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ABSTRACT OF THE DISSERTATION 
 
 

Neuropathology Following Repeated Traumatic Brain Injury and the Influence of 
Inflammatory Status on Injury Outcome 

 
 

by 
 
 

Virginia Dorothy-Marie Donovan 
 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental 
Biology Program 

University of California, Riverside, August 2014 
Dr. Andy Obenaus, Co-Chairperson 

Dr. Monica J. Carson, Co-Chairperson 
 
 
 

Traumatic brain injury (TBI) is an increasing public health concern, 

accounting for approximately 30% of injury related deaths. Clinical and 

experimental studies have demonstrated that the brain remains vulnerable 

following TBI and subsequent injuries may worsen tissue damage.  Following 

injury, microglia, the brain macrophage, have demonstrated both cytotoxic and 

cytoprotective functions.  However, the role of microglial activation in injury 

progression and resolution is not understood. This dissertation examines the 

progression of tissue damage following repeated mild TBI (rmTBI) and 

investigates whether inflammatory status at the time of a moderate-to-severe 

injury influences outcome.  

Using a novel rmTBI model, we found acute 2-fold increases in tissue 

damage on T2-weighted magnetic resonance imaging (MRI) when injuries were 
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induced 7 (7D), but not 3 days (3D) apart.  Furthermore, injuries 7D apart 

resulted in 2-fold more blood deposition, while those 3D apart showed more 

edema.  Though sub-acute grey matter pathology was transient. We therefore 

assessed white matter, not directly underneath the impact, using diffusion tensor 

MRI and electron microscopy at sub-acute (14-day) and long-term (60-day) 

timepoints.  At sub-acute times, we found that rmTBI 7D apart resulted in white 

matter changes localized to regions immediately adjacent to the impact sites.  

However, long-term assessment revealed that changes in white matter integrity 

within rmTBI animals became widespread.  

The effect of inflammatory status on TBI induced hemispheric swelling and 

lesion pathology was tested 7D post injury. We compared MRI pathology with 

inflammatory molecule expression from naïve, wildtype (TBI; no pre-treatment), 

wildtype with LPS-challenge 24-hrs before TBI and TREM2KO animals.  MRI 

showed an 80% reduction in hemispheric swelling within TREM2KO and LPS-

challenged animals compared to wildtype.  Reduced swelling coincided with a 2-

fold increase in microglial expression of inflammatory genes compared to naïve 

animals.  However, LPS-challenged and TREM2KO mice showed a reduced 

inflammatory response from wildtype. Furthermore, comparison of TREM2KO 

microglia with cortical tissue revealed an opposing number of expressed genes. 

Overall, these studies demonstrate that (1) brain vulnerability is dependent 

on the time interval between and location of injuries, (2) rmTBI results in early 
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white matter disruption that progresses long-term and (3) reduced swelling 

occurs during limited microglial activation. 
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Chapter 1 

Introduction 

Traumatic brain injury (TBI) is defined as any bump or jolt to the head that 

disrupts brain function (Faul 2010).  Over 1.7 million civilian TBIs occur annually 

in the United States, costing an estimated 60 billion dollars every year (Faul 

2010, Coronado 2011). Furthermore, head injuries, particularly mild TBI (mTBI) 

or concussions, have been identified as the signature injury in the Iraq and 

Afghanistan wars (Hoge 2008).  Currently, an estimated 3.2-5.3 million 

Americans are living with chronic neurological and/or physical disabilities as a 

result of a TBI that decrease their quality of life and have prolonged economical 

impacts on society (Coronado 2011). 

 

Traumatic Brain injury 

TBI Severity 

Clinically, brain injuries are grossly categorized as mild, moderate or severe.  

Diagnosis of brain injury severity depends on the duration of time in which 

consciousness is lost, altered or amnesia is experienced and on the extent of 

pathology seen on medical imaging (VA/DoD 2009).  Moderate and severe TBIs 

can be difficult to distinguish, so these severity ranges are sometimes combined 

and collectively referred to as moderate-to-severe injuries.  Moderate-to-severe 

injuries generally demonstrate obvious abnormalities on both magnetic 

resonance imaging (MRI) and X-ray computed tomography (CT). Typically, 
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individuals with a moderate-to-severe injury will demonstrate loss of 

consciousness for greater than 30min and altered consciousness and/or amnesia 

for greater than 24hrs following their injury (VA/DoD 2009). Furthermore surgical 

intervention, permanent disabilities and death are often associated with patient 

populations that sustain a moderate-to-severe TBI.  In contrast, mTBI typically 

shows no obvious changes on medical imaging and may result in brief episodes 

of confusion (<1 day), disorientation (<1 day) and/or loss of consciousness (<30 

min). Most individuals that acquire a mild head injury appear to recover normally 

following mTBI.  However, clinical studies have reported that approximately 5-

20% of concussed individuals experience a delayed onset of emotional and/or 

cognitive abnormalities in the weeks to months following an mTBI (Wood 2004, 

Malojcic 2008, Jotwani and Harmon 2010, Konrad 2011).  

 

Repeated TBI 

Mild injuries are the most common form of TBI, accounting for approximately 

75% of all head trauma cases (Faul 2010).  Acute mTBI symptoms are often 

subtle and can easily go unrecognized, leaving individuals susceptible to 

acquiring additional injuries.  Both clinical and experimental studies have 

provided evidence of increased brain vulnerability following head injury to 

additional TBIs (Laurer 2001, Longhi 2005, Vagnozzi 2007, Vagnozzi 2008, 

Donovan 2012, Huang 2013).  Athletes sustaining a second TBI, while still 

showing symptoms from a previous head injury, demonstrated significantly 
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worsened outcomes (Cantu and Gean 2010).  Another clinical study performed 

by Vagnozzi et al. (2008) reported that patients sustaining concussions 10-13 

days apart from each other demonstrated prolonged alterations in brain 

metabolites compared to those individuals only suffering a single injury. This 

study suggests that while patients appear to have recovered from a concussion, 

there are ongoing changes within the brain that may be exacerbated following a 

subsequent injury.  Observations of increased brain vulnerability following TBI 

has sparked an ongoing debate as to when it is safe to “return-to-play” for 

athletes and resume military duty for soldiers. 

Animal models have begun to focus on defining the window of time in which 

the brain remains vulnerable to subsequent injuries.  Studies inducing two 

injuries to the same anatomical location have demonstrated a window of 

vulnerability of approximately 1-5 days following an mTBI, in which a second 

impact resulted in increased lesion volume, axonal injury and inflammation 

(Laurer 2001, Longhi 2005, Shitaka 2011).  However two mTBIs to the same 

anatomical location 7 days apart did not result in exacerbation of injury (Longhi 

2005).  In contrast to previous literature, we have shown that repeated mTBI 

(rmTBI) induced to different anatomical locations did not exacerbate damage 

when injuries were spaced 3 days apart (Donovan 2012).  However, brain 

vulnerability was observed when a second injury was induced 7 days following 

the initial insult (Donovan 2012, Donovan 2014).  These data suggest that brain 
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susceptibility to subsequent injuries is dependent on both the time interval 

between and the anatomical locations of mTBIs. 

 

Neuroimaging: 

Neuroimaging facilitates diagnosis of TBI, injury severity and is also 

essential for surgical planning as it allows clinicians to determine operability and 

provides anatomical locations of lesions (Lee and Newberg 2005).  One method 

for assessing a patient’s need for neuroimaging following injury is the Glasgow 

Coma Scale (GCS), which rates an individual’s consciousness and response to 

various stimuli from 3 (worst) to 15 (normal).  Concussed patients typically score 

a GCS of 13-15, moderate TBI scores 9-12 and severe injuries result in a score 

of 3-8.  Individuals scoring less than 13 typically receive CT imaging.  However in 

addition to GCS, factors such as vomiting, headache and age, are also 

considered in determining whether concussed individuals require imaging (Lee 

and Newberg 2005).  It is important to note that many of the neurological scales 

and tests, such as GCS, are problematic and their efficiency can be affected by 

the rater’s experience level (Namiki 2011). Additionally, clinical studies have 

shown that patients with normal scores on neurological tests and lacking other 

obvious signs of head injury can have hemorrhages on medical imaging (Lee and 

Newberg 2005).  These patients may potentially develop neurological deficits or 

require hospitalization later as studies have shown that hemorrhagic progression 

can occur in approximately 45% of TBI cases (Sifri 2004, Sifri 2006, Narayan 
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2008, Alahmadi 2010).  These data suggest that both medical imaging and 

neurological testing are needed in determining patient care after TBI. 

 

Standard Medical Imaging Techniques 

Following TBI, CT is the preferred neuroimaging method as it has 

increased accessibility, acquisition speeds and is capable of detecting injuries, 

such as fractures and large hematomas, which require immediate surgical 

intervention (Edlow and Wu 2012). Comparison of clinical CT and conventional 

T1-weighted (T1WI) MRI, found that standard MRI techniques detected tissue 

abnormalities, including parenchymal lesions and diffuse axonal injury, at a 

higher rate than CT (Lee 2008).  However when compared to more advanced 

MRI techniques, such as diffusion tensor (DTI) and susceptibility weighted (SWI) 

imaging, conventional MRI, including T1WI and T2-weighted (T2WI), 

demonstrates poor sensitivity and specificity for tissue abnormalities (Zivadinov 

2008).  This is likely due to the low contrast images produced by conventional 

MRI, which creates difficulty in injury evaluation and detection, as tissue changes 

are subtle.  These limitations in standard MRI capabilities potentially explain why 

Lee et al. also found that neither CT nor standard MRI accounted for all observed 

cognitive deficits in their study, as several patients with neurological impairments 

had normal CT and MRI scans (Lee 2008).  
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Quantitating Standard MRI 

Quantitative MRI values can be extracted from conventional MRI, such as 

T2WI, though this is not typically performed in the clinic due to time constraints 

and lack of computer algorithms that can readily analyze MRI scans.  A few 

experimental studies using rodents have begun to develop quantitative semi-

automatic MRI analysis protocols to investigate tissue pathology following 

moderate-to-severe TBI (Immonen 2009, Kharatishvili 2009, Irimia 2011).  Using 

manually defined regions of interest, these studies reported positive correlations 

between T2-relaxation values and poor histological and behavioral outcomes at 

acute and sub-acute times following injury, suggesting that computational 

approaches could be used to predict long-term TBI outcome (Immonen 2009, 

Kharatishvili 2009).  Similarly, we have developed a computational approach to 

semi-automatically categorize lesions into different types of pathology, including 

blood and edema, which have been shown to be detrimental to TBI outcome 

(Donovan 2012).  More recently, an algorithm developed by Bianchi et al. utilized 

textural features from T2WIs of experimental mTBI and was able to identify 

lesion volumes with a 0.93 error rate when compared to manual segmentation 

(Bianchi 2013).  Though, this algorithm limited lesion detection to the cortex, 

which was the region known to have had either an mTBI injury or sham surgery.  

While more work is required to develop automated programs for use in the clinic, 

these studies suggest that quantitative measures extracted from standard MRI 

can improve the diagnosis and prognosis of TBI. 
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Diffusion Tensor Imaging 

Increasingly, DTI is being used in research to non-invasively detect white 

matter pathology following clinical and experimental TBI (Inglese 2005, Kraus 

2007, Mac Donald 2007, Kumar 2009). DTI quantifies the directionality of water 

diffusion, which moves preferentially along white matter fibers with reduced 

movement perpendicular to axonal orientation due to cellular barriers, such as 

the myelin sheath and cytoskeletal structures (Niogi and Mukherjee 2010).  A 

number of measures can be derived from DTI, including axial (AD) and radial 

(RD) diffusivities that represent axonal and myelin integrity, respectively. In 

addition, the mean diffusivity (MD), a reflection of total water diffusion in the 

tissues and fractional anisotropy (FA), an index of directional asymmetry, can 

also be measured using DTI.  Experimental studies using shiverer mice have 

demonstrated that DTI measurements of AD and RD are good correlates of 

macroscopic axonal and myelin integrity, respectively (Song 2002).  However, a 

study of multiple sclerosis using human spinal cord found that RD increased not 

only as a result of demyelination, but also as a result of axonal damage (Klawiter 

2011).  Thus while DTI correlates with particular types of white matter damage 

(myelin versus axonal), these measures are not absolute. 

Clinically, DTI imaging of white matter in mild and moderate-to-severe TBI 

has revealed that all injury severities can result in altered water diffusion along 

fiber tracts (Inglese 2005, Kumar 2009, Kinnunen 2011).  Few DTI studies 

however have been performed following experimental TBI, particularly in models 
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of mild injury.  Interestingly, in a closed head injury model of rmTBI, induced 1 

day apart to the same anatomical location, no DTI changes were detected 

immediately following the second injury, while reduced AD was observed 7 days 

later (Bennett 2012).  Other experimental studies using moderate-to-severe TBI 

models have reported acute decreases in AD followed by delayed increases in 

RD 1-4 weeks post injury that correlated with histological measures (Mac Donald 

2007, Mac Donald 2007, Li 2011, Li 2013).  Using our model of bilateral repeated 

TBI, we have shown a widespread bilateral increase in RD within rmTBI animals 

at 14 and 60 days following injury, while only transient changes in AD at 14 and 

21 days was observed.  Our RD findings were consistent with electron 

microscopy (EM) findings, although EM analysis also revealed ongoing changes 

in axonal integrity not seen using MRI derived AD measures.  Nevertheless, both 

experimental and clinical studies have demonstrated the importance of DTI, 

which can detect tissue abnormalities not visible using standard imaging. 

 
Neuropathology 
 

The extent of TBI pathology is dependent on the accumulation of damage 

caused by both the primary injury and the ensuing secondary cascades. Primary 

injury is unavoidable and occurs at the moment of TBI as a result of the impact 

force, causing skull fractures, brain contusions, diffuse axonal injury, and 

hemorrhage (Graham 1995).  Following TBI, primary injuries immediately trigger 

secondary injury cascades that result in many of the observed TBI pathologies 

including edema formation, hemorrhage progression, white matter damage and 
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neuroinflammation (Povlishock and Katz 2005, Kurland 2012).  Secondary 

damage greatly increases patient morbidity and mortality.  Current TBI research 

focuses on identifying and better understanding secondary cascades, as it is 

thought that these pathways can be attenuated and/or prevented therapeutically. 

 

Edema 

Depending on TBI severity, edema formation peaks 24-48 hours following 

injury and resolves by approximately 7 days (Oehmichen 2003, Obenaus 2007). 

Brain edema is generally categorized as being vasogenic or cytotoxic.  Where 

cytotoxic edema is defined as increased water movement into the cells from the 

extracellular space and vasogenic edema is characterized as increased water 

accumulation in the extracellular space from the vasculature.  Vasogenic edema, 

resulting from blood brain barrier (BBB) disruption, has been reported within the 

first 60min following experimental TBI and resolves over the course of 7 days 

(Barzo 1997).  In contrast, cytotoxic edema, believed to be the dominant form of 

edema following TBI, is observed within the first 24hrs of injury and continues to 

be seen 1-2wks following injury (Barzo 1997, Unterberg 2004). However, edema 

following TBI is believed to be a mix of the cytotoxic and vasogenic forms and 

contributes to brain swelling, which greatly increases the intracranial pressure 

(ICP) as the tissue begins to compress against the skull (Unterberg 2004).  This 

then leads to compression of the vasculature, which reduces blood flow and 

oxygen delivery to the tissue, thus causing further hypoxic ischemic damage.  



 

 
10 

Clinical studies have reported that acute 5-10% increases in brain water 

content are associated with catastrophic outcomes, such as coma, following 

severe TBI (GCS<8) (Marmarou 2000, Ko 2012).  Similarly an animal model of 

moderate TBI reported 2-3% increases in brain water content at 1 day following 

injury that continued to be observed at 1 week (Su 2014).   Furthermore, animal 

models have shown that axonal injury and cell death occur for up to 2 weeks 

following TBI induced brain swelling, potentially leading to long-term white matter 

damage (Wang 2011, von Holst 2012).  Clinically, brain swelling results in 

significantly increased patient morbidity and mortality, resulting in approximately 

50% of all deaths following TBI (Balestreri 2006, Muehlschlegel 2013). Current 

treatments for brain swelling and increased ICP predominantly use osmotic 

therapy, such as hypertonic saline, hypothermia and decompressive 

craniotomies.  However the effectiveness of these therapies are controversial 

and better methods for reducing brain swelling are needed.  We have shown that 

manipulation of the inflammatory status at the time of experimental moderate-to-

severe TBI reduces hemispheric swelling within 7 days of injury (unpublished 

data).  Our data suggests that the immune system is a potential target for 

therapeutics designed to attenuate brain swelling following TBI. 

 

Hemorrhage 

Vessel damage at the time of TBI results in hemorrhage within the brain 

that can lead to further blood deposition in the hours and days following injury.  
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The expansion of an existing or the development of a new hemorrhagic lesion is 

referred to as hemorrhagic progression of a contusion (HPC) (Simard 2010).  

HPC has been observed clinically in both mild and moderate-to-severe TBI cases 

(Xue and Del Bigio 2000, Sifri 2004, Sifri 2006, Alahmadi 2010, Simard 2010, 

Kurland 2012). One clinical study quantified hematoma volume using CT, and 

reported that that 4% of hematomas shrank, 58% were unchanged and 38% 

increased in volume within 72 hours of TBI (mild to severe) (Chang 2006). 

Experimental moderate-to-severe TBI studies have shown that within 12 hours of 

injury, blood volume expanded (2-fold) from the cortical impact site to the 

hippocampus and thalamus (Simard 2009).  Similarly, in our model of repeated 

mTBI, we found significantly increased blood deposition, particularly at the 

second injury site, at acute timepoints when injuries were spaced 7, but not 3, 

days apart (Donovan 2012).     

Hemorrhage within the brain substantially increases tissue damage, as 

blood is particularly neurotoxic. Reactive oxygen intermediates, byproducts of 

aerobic respiration, react with iron to produce free radicals, which can damage 

DNA, lipids and proteins (Gaasch 2007). Experimental studies inducing 

intracerebral hemorrhage demonstrate increased TUNEL stained neurons and 

astrocytes within the lesion and peri-lesion at 24 and 48 hrs post injury 

(Matsushita 2000). Similarly, in vitro studies have shown that treatment of 

neuronal cultures exposed to hemoglobin with free radical scavengers attenuated 

apoptosis (Wang 2002).  Edema formation and BBB disruption have also been 
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reported as a result of iron deposition within the tissue caused by intracerebral 

injection of lysed red blood cells (Xi 2001).  Blocking of cellular cascades 

involved in vessel fragmentation attenuated HPC, decreased necrotic tissue and 

reduced behavioral deficits following experimental moderate-to-severe TBI 

(Simard 2009).  However similar to edema induced brain swelling, current clinical 

management options primarily consist of invasive removal of blood clots that 

contribute to increased ICP and better therapeutics are needed to reduce 

hemorrhage induced tissue damage. 

 

White Matter  

 White matter, comprised of axons (projections from neurons) and the 

myelin (from oligodendrocytes) that ensheathes them, is composed of fiber tracts 

that connects and allows communication between different brain matter regions.  

The long thin structure of white matter makes this tissue particularly vulnerable to 

the shearing forces of the TBI impact, which can stretch and twist these fibers.  

Additionally, neurons and oligodendrocytes can be damaged during secondary 

cascades initiated by blood deposition, edema formation and neuroinflammatory 

processes.  Damage to fiber tracts is believed to play a significant role in the 

development of neurological and cognitive deficits (Kinnunen 2011). Several 

studies using DTI report increased axonal disruption, often involving several 

white matter structures, within the brains of patients exhibiting neurological 

deficits 2-7 years post injury (Kraus 2007, Kinnunen 2011). Histological studies 
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evaluating axonal pathology following human TBI have also reported acute 

(<120hrs) accumulation of amyloid precursor protein (APP) and long-term (27 

days- 3yrs) axonal swelling and APP deposition (Blumbergs 1994, Chen 2009).   

Animal studies have reported early axonal transport abnormalities within 

14 days of injury that appeared to pseudo-normalize by 4 weeks in the absence 

of myelin changes (Spain 2010, Creed 2011, Shultz 2011).  One long-term 

experimental study following a single moderate-to-severe TBI reported 

abnormalities in myelinated axon morphology at 3 months after injury and 

increased myelin debris and white matter thinning in the external capsule at 6 to 

9 months following injury (Rodriguez-Paez 2005).  Additionally, animal models of 

rmTBI have demonstrated white matter abnormalities at 7 days and lasting up to 

7 weeks following injury (Laurer 2001, Shitaka 2011, Bennett 2012). Our data 

shows that repeated TBI induced to different anatomical locations results in both 

axonal and myelin damage at sub-acute times that continues to be observed 

chronically (Donovan 2014).  Taken together these clinical and experimental 

studies demonstrate the evolving nature of white matter pathology, which has 

been shown to persist for years following clinical TBI, and potentially explains the 

chronic neurological deficits that are observed following head injury. 

 

Neuroinflammation: 

Inflammation occurs immediately following TBI and is believed to play a 

significant role in instigating secondary damage.  Microglia, the resident CNS 
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macrophages, are highly motile in their “resting” state and are the first cells to 

respond to injury (Nimmerjahn 2005).  Upon laser-induced lesion to the BBB, 

microglia immediately react by increasing directed contact with the damaged 

area (Nimmerjahn 2005).  However, the benefit of microglial activation and 

response to injury is a topic of debate as animal studies have demonstrated that 

these cells can exert neuroprotective and neurotoxic functions.   

In vitro studies of microglia exposed to necrotic neurons increased 

expression of pro-inflammatory cytokines, including IL-6 and TNF, and enzymes, 

such as iNOS (Pais 2008).  Upon exposing healthy neurons to media collected 

from these activated microglia increased neuronal death was observed, 

suggesting that secreted molecules from microglia are neurotoxic (Pais 2008).  In 

contrast a study exposing neurons to media from a mixed astrocyte/microglial 

culture activated by a toxicant demonstrated increased neuronal survival, 

suggesting that microglial activation in itself is not necessarily detrimental to 

neuron survival (Shinozaki 2014). Rather the type of activation and molecules 

secreted are important.  Activated microglia are critical for the removal of 

apoptotic cells and cellular debris, which if not removed could cause further 

tissue damage.  Our studies using a moderate-to-severe TBI have shown 

reductions in hemispheric swelling that coincide with increases in microglial 

activation compared to naïve animals.  However this increased microglial 

inflammation demonstrates a different gene expression pattern from the whole 

tissue.  Likely the beneficial and/or detrimental role of microglia following injury 
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depends on the pathologic conditions and timing from injury induction, as these 

cells are highly plastic. 

While microglia predominantly mediate the brain response to injury, 

astrocytes and neurons can also contribute to ongoing inflammation through the 

expression of various cytokines, such as TNFα, which can activate microglia and 

play a role in the breakdown of the BBB (Liu 1994, Rosenberg 1995, Dong and 

Benveniste 2001).  Additionally, peripheral leukocytes, including neutrophils, 

macrophages and T-cells, can infiltrate the brain parenchyma and contribute to 

inflammation (Czigner 2007, Hsieh 2013, Roth 2014).  Similar to microglia, 

macrophages and neutrophils can carry out both cytotoxic and cytoprotective 

processes. However the roles of these cells are not well defined.  Kenne et al. 

(2012) reported that depletion of neutrophils following mTBI attenuated tissue 

damage and acute reductions in brain water content, however, Roth et al. (2013) 

demonstrated that reducing neutrophil recruitment to the brain resulted in 

increased cell death following a mild compression TBI.  Additionally, a study on 

the role of macrophages following moderate-to-severe TBI revealed that this cell 

population is heterogeneous with subsets being biased toward pro- or anti-

inflammatory processes (Hsieh 2013).  Though knockout of CCR2, a chemokine 

receptor expressed on pro-inflammatory monocytes, resulted in improved 

cognitive function following a moderate-to-severe TBI, suggesting that limiting 

macrophage infiltration into the brain is beneficial to injury outcome (Hsieh 2014).  

These studies demonstrate that the inflammatory response following brain injury 
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is highly complex, involving many different cell types and depending on injury 

severity.  The interactions between these different cell types in addition to the 

pathways they activate need to be better explored in order to determine how to 

target the immune response for therapeutic intervention. 

 

Dissertation Overview 

 Chapter 2 assesses the time window of brain vulnerability following rmTBI 

induced 3 or 7 days apart.  Based on previous studies we hypothesized that 

injuries induced 3 days apart would result in exacerbated tissue damage, 

whereas a 7-day interval was not expected to show worsened outcomes.  We 

found that rmTBI lesion volume and composition was dependent on location of 

and time between injuries.  The results of this study have been published in 

Neuroimage Clinical (Donovan 2012).  Exacerbated grey matter pathology was 

transient.  We therefore assessed white matter pathology at times following 

resolution of obvious grey matter pathology in Chapter 3.  We hypothesized that 

rmTBI induced 7 days apart would result in predominantly axonal disruption at 

sub-acute times, while myelin damage would be prevalent long-term. We found 

changes in both axonal and myelin integrity following rmTBI at both timepoints.  

However, at sub-acute times white matter damage was localized to regions 

immediately adjacent to the impact sites, while long-term changes in integrity 

appeared widespread.  Long-term examination of white matter damage has been 

published in the Journal of Cerebral Blood Flow and Metabolism (Donovan 
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2014).  In Chapter 4, we assessed the impact of inflammatory status at the time 

of injury on TBI pathology.  Based on studies showing improvements following 

anti-inflammatory administration, we hypothesized that systemic inflammation 

(LPS 24hrs prior to TBI) or deficiency in a microglial anti-inflammatory molecule 

(TREM2) would exacerbate tissue damage following a moderate-to severe injury. 

Unexpectedly, this study revealed acute decreases in hemispheric swelling that 

coincided with limited microglial activation within TREM2KO and LPS-challenged 

animals.  Taken together these studies lay a foundation for future experiments 

exploring the roles of inflammation in tissue damage and recovery following 

single and repeated TBI. 
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Chapter 2 

Repeated Mild Traumatic Brain Injury Pathology is Dependent on the Time 

Between and Location of Injuries. 

Abstract 

Mild traumatic brain injury (mTBI) has become an increasing public health 

concern as subsequent injuries can exacerbate existing neuropathology and 

result in neurological deficits.  Unlike previous studies, which induced mTBIs to 

the same anatomical location, this study investigated the temporal development 

of cortical lesions resulting from two mTBIs delivered to opposite hemispheres.  

We hypothesized that injuries induced 3 (rmTBI 3d), but not 7 (rmTBI 7d), days 

apart would result in worsened TBI damage assessed using MRI.  Unexpectedly, 

quantification of lesion volumes 1d post last injury revealed increased tissue 

abnormalities within rmTBI 7d animals compared to other groups, particularly at 

the site of the second impact.  Histogram analysis of MRI values from abnormal 

tissue suggested increased edematous tissue and blood deposition within rmTBI 

3d and rmTBI 7d animals, respectively.  Quantification of lesion composition 

supported our histogram findings, showing increased edema at the site of second 

impact in rmTBI 3d animals and elevated blood deposition in the rmTBI 7d group 

at the site of the first injury.  Histological measurements revealed spatial overlap 

of regions containing blood deposition and microglial activation within the cortices 



 

 
19 

of all animals.  In conclusion, our findings suggest TBI induced tissue damage is 

dependent on both the time interval between and the location of injuries. 

Introduction 

Traumatic brain injury (TBI) affects an estimated 1.7 million individuals 

and contributes to a third of injury-related deaths annually in the United States, 

with mild TBI (mTBI) accounting for approximately 75% of all TBI cases 

(Tagliaferri 2006, Corrigan 2010, Faul 2010).  Comparison of clinical computed 

tomography (CT) and magnetic resonance imaging (MRI) scans found that MRI 

allows for increased detection of TBI related abnormalities (Lee 2008).  However 

given the standardized definition of mTBI, which describes mild injuries as not 

having observable changes on standard MRI, new approaches are warranted to 

assess mTBI from neuroimaging data (VA/DoD 2009).   

Mild Injuries produce low contrast subtle tissue changes on standard MRI, 

such as T2 weighted imaging (T2WI), creating difficulty in detecting an mTBI. As 

a result, enhanced MRI quantification methods are needed to identify and 

monitor the progression of mild injuries.  Currently, many of the studies 

developing quantitative approaches for analyzing TBI damage have focused on 

moderate-to-severe injuries (Immonen 2009, Kharatishvili 2009, Irimia 2011).  

These studies have used semi-automatic approaches, where regions of interest 

are manually defined following experimental TBI, and reported positive 

correlations between T2 relaxation values and poor histological and behavioral 

outcomes (Immonen 2009, Kharatishvili 2009).  However, little work has been 
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done using models of mTBI. One study in which an automated method of whole 

brain MRI analysis was developed, demonstrated increased abnormal gray 

matter within the first five hours following experimental mild and severe TBI 

(Colgan 2010).  However, long-term (days, weeks) quantitative computational 

MRI analysis of the evolution of neuropathology following mild injuries, and in 

particular repeated injury, remains unexplored. 

One of the many consequences of TBI is microvascular dysfunction, which 

can result in tissue ischemia, edema and hemorrhagic progression (Kurland 

2012).  Depending on the type and severity of brain injury, edema formation 

typically occurs 24-48 hours following injury and resolves by approximately 4-7 

days, while hemorrhagic lesions can occur within 3-4 days and resolution can 

take months (Oehmichen 2003, Obenaus 2007, Kurland 2012).  Hemorrhagic 

progression of a contusion (HPC) is the expansion of an existing or the 

development of a new hemorrhagic lesion (Simard 2010). HPC has been 

reported in observed mild to severe clinical cases and can substantially increase 

tissue damage, as blood is particularly neurotoxic (Xue and Del Bigio 2000, Sifri 

2004, Sifri 2006, Alahmadi 2010, Simard 2010, Kurland 2012).  A study using 

experimental moderate-to-severe TBI has demonstrated that vessel 

fragmentation plays a key role in HPC development and blocking these cellular 

cascades results in less necrotic tissue and improved behavioral outcomes 

(Simard 2009). 
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Most patients who sustain an mTBI appear to recover normally from the 

injury, though there is evidence that sustaining multiple mTBIs can result in 

cumulative detrimental effects (Belanger 2010).  However little is known about 

the underlying pathology and long-term consequences of repeated mTBI 

(rmTBI).  Animal models where two injuries were induced to the same location 

showed increased brain vulnerability if injuries were 1-5 days apart (Laurer 2001, 

Longhi 2005, Shitaka 2011).  However two mTBIs 7 days apart did not result in 

exacerbation of injury (Longhi 2005).  Additional models of rmTBI in which four or 

five injuries were induced to the same location 24 hrs apart, demonstrated 

persistent neurological deficits with no overt cell death or blood brain barrier 

disruption (DeFord 2002, Kane 2012, Shultz 2012).  Surprisingly, all of the 

reported models of rmTBI had repeated injuries to the same anatomical location 

and what remains to be elucidated are the effects of multiple injuries to different 

brain locations. 

The objective of our study was to evaluate whether the ongoing 

neuropathology from an initial mTBI was altered by a second contralateral injury 

induced 3 or 7 days later.  We hypothesized that injuries induced 3d apart would 

result in larger lesion volumes at the site of the second injury, while little or no 

change in lesion volume was expected within groups receiving impacts 7d apart.   
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Methods 

Mild Traumatic Brain Injury 

Fifty adult male Sprague Dawley rats ages 2-4 months were randomly 

assigned to three experimental groups: Single mTBI and repeated mTBI induced 

either 3 (rmTBI 3d) or 7 (rmTBI 7d) days apart (Figure 2.1A).  A mild controlled 

cortical impact (mCCI) was used to induce mTBI as previously described 

(Obenaus 2007), with minor modifications.  Briefly, anesthetized rats (Isoflurane: 

3% induction, 1-2% maintenance) were secured into a stereotactic frame and a 

midline incision exposed the skull surface.  A craniectomy (5mm diameter) was 

performed over the right hemisphere 3mm posterior and 3mm lateral from 

Bregma (Figure 2.1B), where a mCCI (4mm diameter tip, 0.5mm depth, 6.0 m/s 

speed, 200 ms dwell) was delivered using an electromagnetically driven piston 

(Leica Biosystems Inc., Richmond, IL).  Animals within the rmTBI groups 

received a second craniectomy and mCCI on the opposite (left) cortical surface 

(identical Bregma coordinates) 3 or 7 days after the first mCCI (Figure 2.1A, B).  

At the end of each surgery a sterile nylon flap (~1 cm2) was placed over the 

craniectomy and the incision was closed.   

MRI Data Collection: 

Animals were anesthetized (isoflurane: 3% induction, 1% maintenance) for 

MRI at: 1d post first injury (D1), 1d post last injury (D1 Singles, D4 rmTBI 3d, D8 

rmTBI 7d), 14d post injury (D14: 14d post first injury for all animals, D17: 14d 

post last injury for rmTBI 3dl D21: 14d post last injury for rmTBI 7d) and ≥60 (60-
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68) days post first injury (Figure 2.1A).  Due to imaging constraints, all MRI was 

performed within 24 hours of the targeted time point with the exception of the 

rmTBI 3d group, which received imaging at 17d rather than 21d post initial injury.  

In vivo T2 weighted images (T2WI; TR/TE/FA = 3453 ms/20 ms/20°, 25x1 mm 

slices) and susceptibility weighted images (SWI; TR/TE/FA = 39 ms/20 ms/20°, 

48x0.8 mm slices) were acquired with a 256x256 matrix using a 4.7T Bruker 

Avance. SWI was used to identify extravascular blood within tissues and T2WIs 

were used to create T2 maps computed using in-house software (Obenaus 

2007).    

MRI Data Analysis: 

Regions of interest (ROI), manually drawn on T2WIs using Cheshire 

image processing software (Hayden Image/Processing Group, Waltham, MA), 

included the right and left hemispheres and cortical areas containing observable 

abnormalities (hyper/hypo-intense signals).  In a subset of animals (n=20) 

transient edema was observed within the corpus callosum following the initial 

impact that did not expand following a second impact and quickly resolved; in this 

group we only assessed cortical abnormalities.  

T2 value ranges for blood, edema and normal appearing brain (NAB) 

containing voxels were determined by taking the average T2 value of manually 

segregated blood and edema lesion pixels.  This was performed using a training-

set composed of MRI scans (6 MRI scans evaluated) collected at 1d post last 

injury from animals in each group that contained lesion volumes representative of 
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the group average and contained both edema and blood.  From this analysis, 

lesion voxels were classified as blood (<69 ms), edema (>90 ms), NAB (70-89 

ms) or noise (>500 ms) (Figure 2.1C).  T2 histograms of the entire lesion volume 

were created and kurtosis, skewness, mean and peak values were calculated for 

each injury histogram. Total (first+second) histograms were analyzed at 1d post 

last injury and 14d post first injury; first and second injury histograms were 

analyzed at 1d post last injury and 14d post injury (first: 14d post first, second: 

14d post last injury).  

Lesion, edema and blood volumes were divided by the whole brain 

volume to account for differences in brain size between animals.  Total lesion 

volumes (first+second) were analyzed from animals at 1d post last injury, 14d 

post first injury and at the time of final MRI (Single, rmTBI 7d: 60-68d and rmTBI 

3d: 21d post first injury).  First and second lesion, blood and edema volumes 

were analyzed at 1d post last injury and 14d post injury (first: 14d post first, 

second: 14d post last injury).  Calculations for total (first+second), first and 

second lesion volumes and blood and edema volumes were performed where:  

a) Total lesion volume was calculated by dividing the total lesion volume 

(first+second) by the total brain volume, b) first and second lesion volumes were 

calculated by dividing the first or second lesion volume by total brain volume and, 

c) blood and edema volumes were calculated by dividing the volume of blood or 

edema found in either the first or second lesion and dividing this by the 

respective first or second lesion volume.     
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Tissue Collection: 

Following the final MRI session animals were sacrificed via transcardial 

perfusion.  Extracted brains were prepared for staining as previously described 

(Obenaus 2007).  Briefly, brains were post-fixed in 4% PFA overnight, 

undergoing two 30 min PBS washes following fixation. Prior to cryosectioning, 

brains were placed in 30% sucrose and embedded in optimal cutting temperature 

compound (O.T.C., Tissue Tek; Sakura Fine Tek, Torrance, CA). Coronal 

sections (30 μm) were collected using a Leica CM1850 cryostat (Leica 

Microsystems GmbH, Wetzlar Germany) and mounted directly on gelatin-

chrome-alum-coated slides for histological staining (stored at –20°C) or were free 

floating (stored in cryoprotectant solution at 4°C) for immunohistochemistry.  

Histochemistry: 

All staining was performed on slices centered under the lesion site at 14d 

post first injury.  Prussian blue staining was performed as previously described 

(Obenaus 2011) to detect extravascular blood within the tissue.  Degenerating 

neurons were detected using Fluoro-Jade B (Millipore, Temecula, CA) staining 

on thawed tissue sections as previously described (Schmued and Hopkins 2000).   

Immunohistochemistry was performed on free-floating sections as 

previously described (Obenaus 2007). Immunolabeling was performed for 

astrocytes, using glial fibrillary acidic protein (GFAP; Millipore, Temecula, CA, 

1:1000), and microglia, using ionized calcium binding adaptor molecule 1 (IBA1; 
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Wako, Carpinteria, CA, 1:400).  Secondary antibodies used included goat anti-

mouse Alexafluor 488 (Invitrogen, Carlsbad, CA, 1:400) and goat anti-rabbit 

rhodamine (Millipore, Temecula, CA, 1:200). Negative controls omitted the 

primary antibody during the staining procedure. 

The extent of blood deposition (Prussian blue) and activated microglia 

(IBA1) within the tissue was quantified using NIS Elements Software (Nikon 

Instruments Inc., Melville, NY, USA).  A total of three animals (2 sections/animal), 

containing lesion volumes representative of the group average, were selected 

from each experimental group and were used to measure the medial-lateral and 

dorsal-ventral dispersal of blood deposition and activated microglia within the 

injured cortices.  Activated microglia were identified based on visual signal 

intensity and cellular morphology as previously described (Obenaus 2008). 

Statistics: 

To correct for variability following the initial mTBI, data points were 

normalized to each animal’s initial recorded value (current value/initial value), 

such that all animals received a score of 1 for the first impact.  A non-parametric 

Kruskal-Wallis analysis of variance (ANOVA) was used for statistical analysis of 

the total (first+second) lesion volume as this data failed to meet the requirements 

of normality using a Shapiro-Wilk test.  A one-tailed t-test was used to test the 

rmTBI 7d second lesion volume against the Single first lesion volume, as we 

hypothesized that the site of the second impact would have a greater injury 

volume than a Single injury alone.  However, two-tailed t-tests were used to 
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compare the first and second lesion volumes of all groups at 14d post injury.  

Further, two-tailed t-tests were used to evaluate the first and second blood and 

edema volumes at 1d post last injury.  A p value < 0.05 was considered 

significant (n=22 Single, 4 rmTBI 3d, and 15 rmTBI 7d); error bars represent the 

mean ± SEM. 
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Results 

Lesion composition is dependent on the interval between rmTBI. 

Analysis of the mTBI lesion was first evaluated using total lesion 

(first+second) T2 value histograms to ascertain temporal changes and identify 

rmTBI group differences at 1d post last injury. We hypothesized that histograms 

from rmTBI 7d animals would appear similar to those from the Single group.  

Compared to Singles, the rmTBI 3d animals exhibited a rightward shift in the T2 

total lesion histograms suggesting increased edematous tissue that was not seen 

in the rmTBI 7d group (Figure 2.2, top panel).  In contrast, a leftward shift was 

observed in the rmTBI 7d lesion compared to Single animals (Figure 2.2, top 

panel) consistent with increased blood deposition. We then further assessed 

each injury site independently and found that the T2 histogram at the site of the 

initial injury of both rmTBI groups had a leftward shift (increased blood) 

compared to animals receiving only a Single mTBI. However at the site of second 

injury, the rmTBI 3d group exhibited a dramatic shift rightward indicating 

increased edema, while the rmTBI 7d animals demonstrated a similar T2 profile 

to that observed in Single animals (Figure 2.2, top panel).   

At 14d post first mTBI, total brain histograms revealed a strong leftward 

shift in all experimental groups, demonstrating that at this sub-acute time point 

the edema seen at 1d post last injury had resolved. Further, the strong leftward 

shift of the histogram (T2 peak values: Single =52.6ms, rmTBI 3d = 47.8ms, 

rmTBI 7d= 55.5ms; see Table 1.1) in all groups suggests that extravascular 
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blood deposition substantially contributed to the overall lesion composition at this 

later time point (Figure 2.2, bottom panel).  A closer examination of the lesion 

created by the initial impact revealed that all groups exhibited a similar T2 profile 

at 14d post first injury (Figure 2.2).  However at the second impact site, the 

rmTBI 3d animals demonstrated a leftward shift compared to its 1d post last 

injury data and the rmTBI 7d group at 14d post second injury, indicating the 

presence of blood and resolution of acute edema (Figure 2.2).  The site of the 

second impact in rmTBI 7d animals shared a similar T2 distribution to that of 

Singles (Figure 2.2). 

Quantitative evaluation of total lesion histogram features was undertaken 

(Table 1.1) with no significant differences in the T2 peak values between any 

group or time point. However, the mean histogram T2 values within the total 

lesion at 1d post last injury revealed a significant (p=0.015) increase in T2 values 

within the rmTBI 3d group compared to the rmTBI 7d group (Table 1.1).  At 14d 

post first injury there were no significant differences between mTBI groups.  

Analysis of skewness (measure of distribution asymmetry) and kurtosis 

(peakedness of a distribution) revealed significant differences, with the rmTBI 3d 

group having increased skewness (p=0.026) and kurtosis (p=0.034) compared to 

the Single group but only at the 14d post injury time point (Table 1.1).  In 

contrast, the rmTBI 7d group had significant increases in skewness (p=0.042) 

and kurtosis (p=0.03) compared to Singles only at the 1d post last injury time 

point (Table 1.1).    
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Injury volume is dramatically increased at acute time points in rmTBI animals. 

We hypothesized that injuries induced 3, but not 7, days apart would result in 

increased abnormal tissue volume on MRI.  The anterior-posterior extent of the 

mTBI injury volume was assessed computationally and included all tissue 

abnormalities, including blood (hypo-intense) and edema (hyper-intense) (Figure 

2.3A).  A Single mTBI resulted in an average total brain lesion volume of 1.4± 

0.002% of total brain volume at 1d post first injury, which appeared to have a 

heterogeneous mixture of blood and edema (arrowheads; Figure 2.3A).  

Following a second mTBI (1d post last) the rmTBI 3d group exhibited increased 

edematous tissue (white arrowheads) at the site of the second impact, while a 

more heterogeneous lesion appeared at the site of the initial injury (Figure 2.3A).  

However in rmTBI 7d animals, injury was composed primarily of blood at the site 

of the initial impact, while a larger injury of similar composition to that of a Single 

mTBI was observed at the site of second impact (white arrowheads; Figure 

2.3A).  At the time of last MRI, little or no observable abnormalities were detected 

within the tissues (Figure 2.3A). Volumetric 3D reconstruction of mTBI volumes 

illustrates the location and extent of the mild injury of our model revealing an 

increase in total lesion volume within rmTBI 7d animals compared to other 

groups (Figure 2.3B). 

Temporal mTBI injury volumes were further assessed to determine whether 

ongoing pathology from the first mTBI resulted in an exacerbation of lesion 

volume following a second mTBI (Figure 2.3C).  The rmTBI 7d group 
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demonstrated a significantly increased lesion volume (p=0.018) compared to 

other groups at 1d post last injury (Figure 2.3C).  The observed increases in the 

rmTBI 7d lesion volumes were transient with lesion volumes similar to those 

observed in other groups by 14d post first injury (Figure 2.3C).  We then further 

dichotomized the mTBI injury volume by examining independently the first and 

second lesion volumes to test whether differences existed between the first and 

second injuries.  This analysis revealed a significant increase (p=0.029) in lesion 

volume at the site of the second injury within rmTBI 7d animals 1d post last injury 

compared to Single animals, which was not observed in the rmTBI 3d group 

(Figure 2.3D).  The rmTBI injuries seen at the site of initial impact appeared 

similar to that observed in Single animals at 1d post last injury (Figure 2.3D).  By 

14d post injury (first: 14d post first, second: 14d post last injury), significantly 

decreased lesion volumes were observed in all rmTBI animals compared to 

Singles (Figure 2.3D). 

 

Interval between rmTBI dictates injury characteristics: edema versus blood 

We next tested whether the formation of blood and edema differenced 

between the rmTBI groups.  Based on visible MRI changes, we hypothesized 

that rmTBI 7d animals would demonstrate increased blood deposition, while 

rmTBI 3d rats would show more edema formation.  To test this hypothesis, 

computational analyses of the first and second lesions was performed to 

determine the relative contribution of blood and edema (based on T2 values) at 
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each injury site (Figure 2.4). At 1d post last injury, computational analysis of the 

voxels containing blood (green), edema (red) and NAB (blue) at the injury sites 

clearly demonstrates that lesion within Single mTBI animals had a mixture of 

voxels containing blood, edema and NAB as was seen in the MR images 

(arrowheads; Figure 2.4A). In contrast rmTBI 3d animals exhibited predominately 

edema (red) at the site of the second rmTBI, as was observed in T2 MR images 

(hyper-intense signal; arrowheads).  The site of first injury within rmTBI 7d 

animals exhibited almost entirely blood (green) containing voxels, which can also 

be seen in T2 and SWI MR images (arrowheads; Figure 2.4A).   

Quantification of these voxel groups following a second impact in rmTBI 3d 

animals demonstrated a significant (p=0.038) increase in the number of edema 

voxels (increased volume) 1d post last injury, which dramatically resolved by 14d 

post injury (first: 14d post first, second: 14d post last injury) compared to Single 

animals (Figure 2.4B).  Further the rmTBI 3d group had a significantly (p=0.003) 

greater edema volume than rmTBI 7d animals.  The site of initial injury within the 

rmTBI 3d group also showed elevated edema volumes compared to other 

groups, though this was not significant (Figure 2.4B).  In contrast, the second 

injury in rmTBI 7d animals exhibited similar edema volumes to that observed 

after a Single mTBI, while the first lesion had a significant (p=0.001) decrease in 

edematous tissue compared to the Single group at 1d post last injury (Figure 

2.4B).  
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Both injury sites of rmTBI 7d animals demonstrated a significant increase (R: 

p=0.0001; L: p=0.025) in blood volume compared to a Single mTBI at 1d post 

last injury (Figure 2.4C). However, while there was an increase in the total 

amount of blood seen in the rmTBI 7d animals, the first and second blood 

volumes were not significantly different from each other.  Further the rmTBI 7d 

group contained significantly more blood than the rmTBI 3d group (p=0.04). The 

first lesion within rmTBI 3d animals had a similar blood volume to that seen after 

a Single mTBI 1d post injury, while the site of second injury had a smaller blood 

volume compared to other injury groups (Figure 2.4C).  Significant differences 

(p=0.047) in blood volume were still observed 14d following the initial injury, while 

blood deposition at the site of the second mTBI appeared similar between the 

rmTBI groups at 14d post second injury (Figure 2.4C).  

Prussian blue staining for extravascular blood at the site of the lesions was 

performed 14d post first injury and supported our MRI analysis, demonstrating 

increased blood deposition within the rmTBI 7d animals compared to other 

groups (Figure 2.4D).  Blood deposition also appeared concentrated underneath 

the impact site within the Single and rmTBI 3d groups, while the rmTBI 7d 

animals had a more diffuse deposition (see below, Figure 2.4D). 

 

Activated microglia demonstrates spatial overlap with blood deposition. 

We then asked whether increased microglial activation would be present 

within the cortex of rmTBI 7d animals. Based on our computational analysis of 
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lesion composition, we hypothesized that blood deposition would appear more 

diffuse and be associated with increased microglial activation at the site of the 

second injury within rmTBI 7d animals.  We undertook an analysis of the 

distribution of Prussian blue staining (blood) at 14d post first injury (Figure 2.5), 

where we observed a modest increase in the blood containing area at the site of 

the first impact in rmTBI 7d animals (Figure 2.5A).  In contrast, the site of the 

second injury in rmTBI 3d animals revealed blood deposition primarily 

underneath the impact site, while rmTBI 7d animals demonstrated a dramatic 

increase in width and depth of blood (Figure 2.5A), often down to the corpus 

callosum. 

Measurements of activated microglia (IBA1) containing regions revealed a 

similar profile with locations encompassing blood deposition (Figure 2.5A).  The 

site of initial injury demonstrated a smaller area of microglial activation compared 

to blood containing zones in both rmTBI 3d and Single groups, while regions 

were approximately the same size in rmTBI 7d animals (Figure 2.5A).  In 

contrast, the site of second injury in both rmTBI groups had an increased 

dispersion of microglial activation beyond the regions containing blood, which 

was most prominent within the rmTBI 7d group (Figure 2.5A).  

 A modest number of Fluoro-Jade positive cell-bodies were observed at the 

site of the second impact in rmTBI 7d animals suggesting some ongoing 

neuronal degeneration, which was not seen in the first lesion or in other groups 

(Figure 2.6).  However in all mTBI groups punctate staining was observed, 
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reminiscent of axonal or dendritic debris, at the site of the first injury but not in the 

left non-injured cortex of Single animals suggesting ongoing microstructural 

damage (Figure 2.6). 
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Discussion 

 We initially hypothesized that injuries induced 3 days apart would result in 

increased tissue damage, while those given 7 days apart not.  Unexpectedly, we 

found that our starting hypothesis was incorrect. Rather, we found: 1) Increased 

lesion volume within rmTBI 7d animals, which was not observed in the rmTBI 3d 

animals; 2) Hemorrhagic progression of the lesion was detected, using a voxel-

wise comparison, within the lesion of rmTBI 7d animals, while increased 

edematous tissue was observed in rmTBI 3d animals; 3) At the site of the second 

injury, an increased inflammatory response was detected in both rmTBI groups, 

while ongoing neuronal death was only observed in rmTBI 7d animals.  Taken 

together, our study demonstrates that TBI pathology is dependent upon the 

interval between and location of mTBI events.  

 

Lesion histograms predict temporal changes in rmTBI pathology. 

Initially, we used voxel-wise T2 histograms to analyze rmTBI lesions to 

evaluate global temporal changes in tissue pathology. This is the first report 

using T2-histograms in an experimental model of mTBI, as there are no previous 

publications to our knowledge.  In contrast, other clinical studies and animal 

models of central nervous system (CNS) injuries including tumors, spinal cord 

injury and ischemia, have used histogram analysis (Nevo 2001, Kopelman 2005, 

Veltkamp 2005, Emblem 2008). 
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Clinically, histograms have also been employed to quickly assess whole 

brain and tissue-specific (white and grey matter) MRI changes in mild to severe 

TBI (Shanmuganathan 2004, Lipton 2008, Marquez de la Plata 2011). While 

histogram analysis has demonstrated some ambiguity in sensitivity from clinical 

data others have reported its effectiveness to discriminate TBI.  Whole-brain 

histograms in mTBI patients undergoing diffusion tensor imaging (DTI) found no 

differences in the mean diffusivity (MD) and fractional anisotropy (FA) 

measurements between injured and control patients (Inglese 2005). However 

when the histogram analysis was focused to ROIs drawn within white matter 

tracts susceptible to mTBI, increased MD and decreased FA were observed in 

injured patients (Inglese 2005).  In contrast, application of global histograms 

(whole white matter) from DTI images was able to discriminate between mTBI, 

reporting decreased FA without the need for ROIs (Benson 2007).  These clinical 

studies suggest that histograms have the potential to detect subtle tissue 

changes associated with mild injuries when analysis is focused on specific brain 

regions rather than performing whole-brain histogram analysis. In our study we 

observed temporal histogram skewness and kurtosis changes within defined 

mTBI lesions, suggesting tissue heterogeneity associated with edema resolution 

and ongoing blood deposition.  These findings confirm that histogram analysis 

has the potential to discriminate between the mTBI groups as the lesions 

progress and resolve over time.  Our results set a foundation for future 

comparisons of whole brain and regional histogram analysis so that additional 
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methods can be developed for efficient and accurate comparisons of clinically 

defined mTBI.  

 

Exacerbation of rmTBI lesion volume is dependent on the time interval between 

injuries.  

We found that tissue damage was exacerbated following a second mTBI, 

particularly when the injuries were 7d apart. The increased lesion volume was 

predominantly due to exacerbated tissue damage at the site of the second injury.  

This suggests that a Single mTBI can affect distant brain regions in such a way 

that they remain vulnerable to a subsequent injury. 

The neuropathology and long-term consequences of rmTBI are not well 

understood.  Rodent models of experimental rmTBI have demonstrated that 

there exists a window of vulnerability in which two injuries can result in 

exacerbated tissue damage (Longhi 2005, Vagnozzi 2007).  Animals sustaining 

mTBIs 3 or 5 days apart on the same hemisphere exhibited increased cognitive 

deficits for up to a week following injury and cell death and axonal disruption 72 

hours following the last injury (Longhi 2005).  Similarly, an examination of 

changes in energy metabolism using MR spectroscopy, demonstrated the 

greatest changes following mTBIs sustained 3d apart and which persisted for up 

to a week (Vagnozzi 2007).  However, the changes observed by Longhi et al 

(2005) were not observed in animals receiving two impacts 7 days apart, while 

alterations in metabolism described by Vagnozzi et al. (2007) were not observed 
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in animals sustaining injuries 5 days apart.  Collectively, these studies suggest 

that by >5 days the tissue has had enough time to heal and so a second impact 

was similar to sustaining a Single mTBI when delivered to the same hemisphere.  

Additional rmTBI studies inducing two impacts 24 hours apart have further 

supported these findings, where in the absence of gross histological 

abnormalities, increased neurological deficits were persistent for several weeks 

with an acute increase in axonal injury and increased inflammation (Laurer 2001, 

Shitaka 2011).   

However these models induced rmTBI to the same anatomical location, 

while our model induces mTBI injuries distant from each other.  This suggests 

that brain vulnerability is dependent not only on the interval between injuries but 

also the location where the injuries are sustained.  Patients sustaining an mTBI 

demonstrated metabolic tissue deficits for approximately 1 month following injury 

while those sustaining a second mTBI within 10-13 days of the first demonstrated 

a prolonged alteration (Vagnozzi 2008).  While perhaps brain regions close to 

each other may have a shorter window of vulnerability, locations farther apart 

appear to have a delayed or lengthened period of vulnerability.   

 

HPC primarily contributes to the lesion volume of rmTBI 7d animals. 

 Computational analysis of blood and edema contribution to the abnormal 

tissue volume revealed that rmTBI 3d animals had increased edema volumes, 

while the rmTBI 7d group exhibited increased blood deposition.  By 14d post 
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injury (14d post first and 14d post last injury) the lesions of both rmTBI groups 

appeared to have a persistent increase in blood deposition, while edema 

resolved.  It is important to note that extravascular blood can demonstrate a 

temporal change in MRI signature, as observed in an animal model of intracranial 

hemorrhage (IHC) (Belayev 2007).  However due to the mild nature of our TBI 

model and the ongoing blood deposition, as a result of hemorrhagic progression, 

we would expect a different temporal course of extravascular blood deposition 

than that observed following IHC. 

Our findings of increased blood deposition with time concur with the 

concept of hemorrhagic progression of the contusion (HPC), which has been 

modeled experimentally in moderate to severe traumatic brain and spinal cord 

injury (Gerzanich 2009, Simard 2009).  Within 12 hours of a moderate to severe 

TBI, HPC was observed where the blood volume expanded (2 fold) into the 

hippocampus and thalamus (Simard 2009).  Similarly, in our rmTBI 7d model, at 

1d post last injury we observed a 2.5 fold increase in blood volume at the site of 

the initial injury in the rmTBI 7d group.  Several studies have demonstrated 

concordance between Prussian blue staining of tissue iron deposition and T2 

weighted MRI (Thulborn 1990, Belayev 2007, Gupta 2012).  Our histological 

staining for extravascular blood further supported the expansion of bleeding in 

the rmTBI 7d animals, which was not observed in other mTBI groups nor has 

been reported in other models of rmTBI.   
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Models of CNS injury have identified the sulfonylurea receptor1-regulated 

NCCa-ATP channel (SUR1/TRPM4) as a key mediator in the development of HPC 

(Gerzanich 2009, Simard 2009).  These molecules are upregulated following 

trauma and upon depletion of ATP, a deregulation of this channel occurs leading 

to capillary fragmentation and hemorrhage (Simard 2010).  HPC in our model 

was identified using temporal MRI at acute time points and Prussian blue staining 

at sub-acute times following injury. Our tissue was collected at late time points, 

thus we could not identify the cellular cascades, which occur within hours to days 

following trauma (Simard 2009). 

Clinically, HPC has been identified using CT, where approximately 45-

50% of patients develop this pathology following a mild to severe TBI (Sifri 2004, 

Sifri 2006, Narayan 2008, Alahmadi 2010).  In a clinical study quantifying 

changes in hematoma size, using CT following a TBI (mild to severe), found that 

4% shrank, 58% were unchanged and 38% increased in volume within 72 hours 

(Chang 2006).  Clinical evidence of HPC suggests that medical imaging can be 

used to identify this pathology, though future experimental studies of the 

underlying cascades need to be performed to validate and better understand the 

underlying HPC mechanisms. 

Another potential mechanism for our observed increase in blood volume 

could be due to extracellular matrix remodeling and subsequent revascularization 

of the tissue.  In models of ischemic stroke, hemorrhagic transformation has 

been observed and associated with breakdown of the extracellular matrix (ECM), 
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which contributes to microvascular integrity (Hamann 1995, Fukuda 2004).  

Metalloproteinases (MMP) have been shown to be associated with microvessel 

ECM degradation and blood brain barrier permeability following experimental 

models of stroke (Fukuda 2004, Gidday 2005).  In models of moderate to severe 

TBI, MMPs are upregulated with maximal levels being reached at 24 hours and 

can remain high for up to 7 days following injury (Wang 2000, Hayashi 2009).  In 

cell culture models of ischemia, microglia increased secretion of the inactive form 

of MMP-9, which in non-human primate models of stroke demonstrated a linear 

relationship with blood deposition (Del Zoppo 2012).  Treatment of moderate TBI 

with Minocycline, a drug shown to suppress microglial activation, inhibited MMPs 

and resulted in increased synaptic preservation (Ding 2009). Additionally, 

knockout of MMP-9 demonstrated decreased lesion volumes and improved 

neurological outcomes following moderate TBI compared to control mice (Wang 

2000).    Future examination could include tissue collected at these early time 

points for changes in the ECM as a result of MMPs. Collectively these studies 

demonstrate that MMPs play a role in tissue exacerbation following trauma 

though their role in HPC is not clear.   

 

Increased neuroinflammation at the site of the second injury in rmTBI animals. 

 Extravascular blood within brain tissues can result in apoptosis and initiate 

a neuroinflammatory response, including peripheral leukocyte infiltration and 

microglial activation (Gong 2000, Xue and Del Bigio 2000).  We found that there 
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was a distinct overlap of brain regions containing activated microglia and 

extravascular blood, although microglial responses encompassed a slightly larger 

area at the site of the second impact, particularly in the rmTBI 7d group.  

Microglia have been identified as potential aggravators of CNS tissue damage.  

During CNS infection or injury classically activated microglia release reactive 

oxygen species causing further tissue damage, but suppression of microglia 

demonstrates decreased TBI related tissue loss (Boje and Arora 1992, Homsi 

2009).  A study of the inflammatory response to microhemorrhages within brain 

tissue found that microglia within 200�m of blood can remain responsive for up 

to 7 days (Rosidi 2011).  Our observed increase in microglial response and its 

detrimental effects is consistent with increased lesion volumes observed at the 

site of second injury within rmTBI 7d animals. 

 

Conclusions 

 Our new model of rmTBI, in which injuries were induced to opposite 

hemispheres, demonstrated that there exists a window of tissue vulnerability 

following an initial mTBI.  We previously hypothesized that animals receiving 

impacts 7d apart would not exhibit increased tissue damage, while injuries 

sustained 3d apart would result in larger lesion volumes specifically at the site of 

the second injury.  However, our data supports that this temporal window occurs 

at a later time point than previously described (7d vs. 3d) and is likely the result 

of the second injury location being distant from the first.  Analysis of cortical 
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abnormalities using our rapid computational approach revealed increased blood 

deposition within rmTBI 7d animals consistent with HPC, which was not observed 

in the rmTBI 3d group.  This increased blood deposition was also observed to co-

localize with regions of activated microglia, which may further cause tissue 

damage at regions distant from the impact site leading to the increased lesion 

volumes observed in rmTBI 7d animals.  The vulnerability to a second impact 

resulted in both a greater volume of tissue damage and increased blood 

deposition following a second temporally and spatially distant mTBI.  The 

differences in observed blood and edema volumes between the rmTBI groups 

are most likely the result of temporal cellular cascades, such as HPC, initiated by 

an initial injury.  However additional investigations are needed to uncover the 

mechanisms leading to increased brain vulnerability and blood deposition within 

rmTBI 7d animals and determine the long-term effects of this observed tissue 

exacerbation.  Further computational analysis methods need to be developed for 

experimental models of TBI so that they can be optimized for future clinical use. 
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Figure 2.1: Experimental design.  

A. Experimental mTBI and neuroimaging timeline. An mTBI was induced 

to the right cortex on D0 (denoted as an *) in all animals.  A second mTBI 

was induced to the left cortex at either 3 or 7 days later (*). MR imaging 

was performed 1d post first injury (D1), 1d post last injury (D1 Singles, D4 

rmTBI 3d, D8 rmTBI 7d) and 14d post injury (D14: first injury for all 

animals, D17: second injury rmTBI 3d, D21: second injury rmTBI 7d) (red 

circles). B. Illustration of the mTBI locations for the first (right) and second 

(left) injuries. C. Raw T2WIs revealed abnormal signal intensities after a 

Single mTBI (yellow arrows) that were classified as being blood (<69 ms; 

green), edema (>90ms; red), normal appearing brain (NAB; 70-89 ms; 

blue), or noise (>500ms; cyan) containing voxels. 
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Figure 2.2:  Temporal shifts in T2 value distribution following rmTBI. 

A and D. Histograms of the total lesion (first + second) at 1d post last (A) 

and 14d post injury (14d post first injury) (D) demonstrate global changes 

in T2 value distribution between Single (black), rmTBI 3d (red) and rmTBI 

7d (blue) groups.  Background color-coding in the total lesion histograms 

illustrates the range of T2 values for tissue classification: blood (green), 

edema (red), or normal appearing brain (NAB; blue). B, C, E, F. Show the 

total lesion separated into first and second lesion at 1d post last injury (B-

C) and 14d post injury (first: D14, second: D17 rmTBI 3d, D21 rmTBI 7d) 

(E-F) to illustrate the differences in T2 distribution between the two injury 

sites of Single (black) rmTBI 3d (red) and rmTBI 7d (blue) groups. Single 

mTBI histograms in the second lesion graphs (black dotted line) are those 

taken from the injured cortex (first injury) for comparison. 
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Figure 2.3: rmTBI 7d animals have increased lesion volumes.  

A.  T2WIs illustrate the presence of abnormal tissue after the initial (1d 

post first: D1; yellow arrows) and second (1d post last: D4 rmTBI 3d, D8 

rmTBI 7d; white arrows) mTBI. B. 3-D reconstructions of injury volumes 

illustrate the mild nature of the injury, where average total lesion volumes 

from Single (1.4%), rmTBI 3d (0.9%) and rmTBI 7d (2.0%) animals were 

collected 1d post last injury. C.  The temporal evolution of total (first + 

second) mTBI lesion volumes over the experimental period, demonstrates 

a significantly increased lesion volume in rmTBI 7d animals (blue) 1d post 

last injury compared to rmTBI 3d (red) and a Single mTBI (black). D.  

Evaluation of the first and second injuries revealed a transient increase 

(p=0.029) in the second lesion volume of rmTBI 7d animals  (blue) 

compared to a single injury (black) 1d post last injury. Normalized data 

presented as means ± SEM, where *p<0.05. 
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Figure 2.4: Increased blood volume occurred in rmTBI 7d animals.  

A.  MR images taken 1d post last injury reveals abnormal tissue on T2 

(yellow arrows) and blood deposition on SWI (yellow arrows) following 

mTBI.  Computationally color-coded images illustrate voxel 

characterization (green=blood, red=edema, blue=normal appearing brain) 

in these animals. B. Edema volume analysis within the first and second 

lesions revealed changes in edematous tissue at 1d post last injury (D1: 

Single, D4 rmTBI 3d, D8 rmTBI 7d), while no differences were observed 

between groups at 14d post injury (first: D14, second: D17 rmTBI 3d, D21 

rmTBI 7d).  C.  Analysis of blood volume within the first and second 

lesions demonstrated significantly increased blood deposition within rmTBI 

7d animals at 1d post last injury and between the first lesions at 14d post 

injury (first: 14d post first, second: 14d post last injury).  D.  Prussian blue 

staining in the first and second lesions of animals 14d post first injury at 

the site of maximal lesion shows increased blood deposition in the tissues 

from rmTBI 7d animals. Normalized graphs presented as means ± SEM 

where *p<0.05; cal bar = 100μm. 
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Figure 2.5: Microglial activation and blood deposition demonstrates spatial 

overlap within the lesion sites. 

A.  A depiction of the rat cortex illustrates the locations of observable tissue 

damage where blood and microglial measurements were taken.   B.  Depth and 

width graphs demonstrate a spatial overlap in blood and activated microglial 

localization at 14d post first injury within Single mTBI (black), rmTBI 3d (red) and 

rmTBI 7d (blue).  Single data in the second lesion (dotted line) is from the injured 

cortex (first lesion) for comparison. Confocal micrographs were taken of Prussian 

blue (blue) and IBA1 (red) staining from the cortex of rmTBI 7d animals (second 

lesion) and Single mTBI (first lesion) animals.  cal bar = 100µm; inset cal bar = 

20 µm.  
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Figure 2.6: The rmTBI 7d animals reveal Fluoro-Jade positive cell bodies at 

the second injury site. 

The first and second injury sites of Single, rmTBI 3d and rmTBI 7d animals 

showed punctate Fluoro-Jade staining.  However, rmTBI 7d animals also 

revealed Flouro-Jade positive neurons at the site of the second injury, which was 

not seen in other groups.  cal bar=100 µm; inset cal bar=20µm 
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Table 2.1: Total lesion histogram peak T2 values, mean T2 values, skewness 

and kurtosis measurements.   

 Time Point Single rmTBI 3d rmTBI 7d p Value 

T2 (ms) Peak 
1D post last injury 

14d post injury 

70.5 ± 1.5 

52.6 ± 3.0 

74.2 ± 6.1 

47.8 ± 5.4 

68.3 ± 2.5 

55.5 ± 2.8 

p= 0.505 

p= 0.342 

Mean T2 Value (ms) 
1D post last injury 

14d post injury 

85.0 ± 1.4 

63.9 ± 2.9 

92.6 ± 5.3* 

55.8 ± 2.9 

78.8 ± 2.6* 

62.6 ± 3.0 

p = 0.015 

p = 0.263 

Skewness 
1D post last injury 

14d post injury 

2.3 ± 0.12* 

2.4 ± 0.22* 

2.3 ± 0.27 

5.3 ± 0.62* 

2.9 ± 0.2* 

3.8 ± 0.65 

P = 0.042 

p = 0.026 

Kurtosis 
1D post last injury 

14d post injury 

14.8 ± 1.2* 

14.7 ± 1.8* 

13.7 ± 2.2 

47.8 ± 10.4* 

21.3 ± 2.6* 

29.6 ± 7.6 

p = 0.030 

p = 0.034 

 
*Groups that are statistically different from each other.  Measurements ± SEM. 
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Chapter 3 

White Matter Damage Following Repeated Mild Traumatic Brain Injury is 

Progressive and Ongoing Long-Term. 

Abstract  

White matter damage following mild traumatic brain injury (mTBI) 

contributes to the delayed neurological and behavioral deficits observed following 

injury.  Results from previous experimental TBI studies suggest that axonal 

damage occurs early (<7-14 days) and appears to resolve over time, while 

changes in myelin integrity are delayed and observed later (>14-30 days). 

However the progression of white matter damage following mTBI is not well 

understood and even less is known about changes in myelin and axon integrity 

following repeated injuries.  We assessed white matter damage in anterior 

corpus callosum (CC), distant from the impact sites, using a model of rmTBI in 

which two mild controlled cortical impacts were induced to opposite hemispheres 

7 days apart. Animals were sacrificed at sub-acute 14- or 21-day (14D, 21D) and 

long-term 60-day (60D) timepoints for diffusion tensor imaging (DTI) and 

transmission electron microscopy (TEM) analysis. Based on previous findings, 

we hypothesized that axonal damage would predominate at earlier sub-acute 

times, followed by changes in myelin integrity later at our long-term timepoint.   

At sub-acute times, DTI showed a bilateral increase in axial diffusivity 

(axonal) within rmTBI 14D and 21D animals compared to Shams.  Regional 

analysis of the CC revealed that increased axial diffusivity was localized to white 
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matter anterior to the second impact site of rmTBI 14D rats, but by 21D axial 

measures returned to Sham levels. In contrast, radial diffusivity (myelin) 

demonstrated bilateral increases in rmTBI 14D animals compared to other 

groups that appeared to pseudo-normalize by 21D.  However long-term analysis 

of DTI measures revealed a widespread bilateral increase in radial diffusivity 

following rmTBI, which was not seen in Single or Sham animals, while little 

change in axial diffusivity measurements were seen between groups.  

Examination of myelinated axons using TEM revealed that white matter adjacent 

to the second injury within rmTBI 21D animals had decreased axonal caliber and 

myelin thickness compared to the surgery site of Sham controls.  By 60D, the 

rmTBI group continued to demonstrate decreased myelin thickness compared to 

Shams, however, axonal caliber at this later time was significantly increased from 

other groups.   

We assessed oligodendrocytes using Olig2 (progenitor and mature) and 

APC (mature) at sub-acute times to see whether these populations might be 

affected by rmTBI.  We found that rmTBI 21D animals had decreased Olig2, but 

increased APC positive cells in white matter adjacent to the second injury 

compared to the surgery side of Single and Shams.  Additionally, neurofilaments 

(NF200) were evaluated, as changes in the axonal cytoskeleton have been 

correlated with altered axonal caliber. NF200 staining showed decreased signal 

intensity within the rmTBI 21D group at sub-acute times and appeared to resolve 

long-term.  Taken together these data demonstrate that bilateral rmTBI, induced 



 

 
60 

7 days apart, leads to myelin and axon damage that progresses over time and 

provides a morphological basis for neurological abnormalities that are seen 

following repeated injuries in the clinic.  
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Introduction 

Mild traumatic brain injury (mTBI) is a growing public health concern 

accounting for approximately 75% of all reported head injury cases (Faul 2010). 

Following a concussive event a series of pathophysiological processes ensue, 

including changes in metabolism, cerebral blood flow and neurotransmission 

(Barkhoudarian 2011).  Despite these alterations most individuals appear to 

recover normally from mTBI, however several clinical studies have reported the 

presence of long-term emotional and cognitive sequelae following a single mild 

injury (Malojcic 2008, Konrad 2011).  In addition, several clinical and 

experimental studies provide evidence of increased brain vulnerability following a 

mild head injury in which a second mTBI may result in exacerbated tissue 

damage and neurological deficits (Longhi 2005, Vagnozzi 2007, Vagnozzi 2008, 

Donovan 2012). 

Little is understood about the underlying pathophysiology that leads to 

long-term deficits following repeated mTBI (rmTBI).  Clinically, patients sustaining 

a second mild injury 10-13 days following an initial concussion demonstrate 

alterations in brain metabolites (N-acetylaspartate-to-creatine ratio) compared to 

those individuals only suffering a single injury (Vagnozzi 2008).  Experimentally 

animal models in which injuries were induced to the same anatomical location 

revealed a time window of vulnerability, in which a second injury within 3 days of 

the first exacerbated ongoing metabolic, behavioral and tissue changes (Laurer 

2001, Longhi 2005, Tavazzi 2007, Vagnozzi 2007, Shitaka 2011).  These 
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outcomes were not observed if a second injury was induced 5-7 days following 

the first injury, suggesting that the ongoing pathologies appeared to resolve 

(Longhi 2005, Vagnozzi 2007).  However, we have previously reported that 

rmTBI induced to different anatomical locations did not result in exacerbated 

damage when injuries were spaced 3 days apart, but brain vulnerability was 

increased when a second injury was induced 7 days following the initial insult 

(Donovan 2012).  These data suggest that brain vulnerability to subsequent 

injuries may be dependent on both the time interval between and the anatomical 

locations of mTBIs. 

White matter is particularly vulnerable to mTBI.  Damage to white matter 

fibers can develop over time and has been reported years following human 

concussion (Kinnunen 2011).  Difficulties in clinical evaluation of white matter 

integrity have led to the development of diffusion tensor imaging (DTI) to non-

invasively detect myelin and axon pathology (Inglese 2005, Kraus 2007, Mac 

Donald 2007, Mac Donald 2007, Kumar 2009).  In white matter structures, water 

preferentially diffuses along fiber tracts with less movement in the perpendicular 

direction as a result of cytoskeletal structures and the myelin sheath (Niogi and 

Mukherjee 2010).  This asymmetric diffusion of water can be quantified using DTI 

and used to derive axial (AD) and radial (RD) diffusivities, which correlate with 

axonal and myelin integrity, respectively. Clinically, white matter DTI following 

TBI has revealed that mild and moderate-to-severe injuries exhibit altered water 

diffusion along fiber tracts and that this imaging modality can be used to detect 
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damage that may not be visible using standard imaging methods (Inglese 2005, 

Kumar 2009, Kinnunen 2011). Experimental studies investigating the timecourse 

of white matter damage following moderate TBI have reported early decrements 

in AD followed by delayed increases in RD in the weeks following injury (Mac 

Donald 2007, Mac Donald 2007, Li 2011, Li 2013).  Similarly, animal models of 

mTBI have reported changes in RD at 7 and 30 days following blast injury 

(Rubovitch 2011).  Imaging of closed head rmTBI, induced 1 day apart to the 

same anatomical location, demonstrated no immediate changes in DTI 

measures, but by 7 days reduced AD was seen (Bennett 2012).  These studies 

demonstrate the progressive nature of white matter damage following head 

injury.  However, the development of white matter damage following single and 

repeated mTBI is not well understood and further investigations are needed.   

Histological studies evaluating axonal pathology following human TBI 

have reported acute (<120hrs) accumulation of amyloid precursor protein (APP) 

and long-term (27 days- 3yrs) axonal swelling and APP deposition (Blumbergs 

1994, Chen 2009).  Similarly, a long-term experimental study of mTBI using both 

single and repeated injuries reported that both injury types result in corpus 

callosum thinning accompanied by neurological deficits 1 year following injury 

(Mouzon 2014). In contrast, sub-acute experimental mTBI studies have reported 

axonal swelling and transport dysfunction, in the absence of myelin disruption, 

within 14 days of injury that pseudo-normalized by 4 weeks (Spain 2010, Creed 

2011, Shultz 2011). However, a few studies have shown acute and sub-acute 
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changes in oligodendrocyte integrity following TBI (Flygt 2013, Sullivan 2013).  

Flygt et al (2013) have reported that within 21 days following TBI, elevated 

numbers of apoptotic oligodendrocytes are present within the white matter.  TBI 

studies have also reported an early (by 7 days) and sub-acute (21 days) increase 

in oligodendrocyte progenitors within the corpus callosum and increased myelin 

gene transcription 2-7 days following a single TBI, consistent with remyelination 

(Flygt 2013, Sullivan 2013).  Although at this 7-day time point increases in 

redundant myelin sheaths were also observed using electron microscopy, 

indicating that some myelination was abnormal at this time (Sullivan 2013).  

Animal models of rmTBI have also demonstrated exacerbation of axonal and 

myelin abnormalities at 7 days and 7 weeks following injury (Laurer 2001, 

Shitaka 2011, Bennett 2012).  These experimental studies, however, focused 

primarily on white matter changes at sites underneath the impact, despite the 

widespread damage that is often seen following human concussion (Kinnunen 

2011).  Other models of trauma investigating secondary degeneration using optic 

nerve transection have observed chronic axonal swelling and defects in myelin 

compaction within regions spatially distant from the injury site (Payne 2011).  

Due to the vulnerability of white matter to mTBI and the observed evolution of 

pathology following injury, analysis of regions distant from the impact site can be 

useful in assessing the spatial and temporal effects of single and repeated 

mTBIs. 
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Experimental studies of rmTBI, especially those in which injuries are 

induced to different anatomical locations, are critical to understand the clinical 

consequences of repeated injuries on white matter integrity.  Furthermore, due to 

the evolving nature of mTBI, both early and long-term studies evaluating tissue 

distant from the injury site are warranted to better understand how white matter 

damage evolves over time.  The purpose of our study was to evaluate sub-acute 

and long-term axonal and myelin damage within the anterior corpus callosum, a 

region which was not directly under the impact site, following rmTBI in which 

injuries were induced to contralateral locations 7 days apart.  We hypothesized 

that rmTBI would result in predominantly axonal disruption at sub-acute times 

and changes in myelin integrity at long-term timepoints following injury.  
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Materials and Methods 

Animals 

All animal experiments and care were in compliance with federal 

regulations and approved by the Loma Linda University Animal Health and 

Safety Committee.  Male Sprague Dawley rats weighing 250-500g (2-5 months 

old) were housed in a temperature controlled animal facility on a 12-hour light-

dark cycle.  Animals were randomly assigned to Sham control, Single mTBI or 

rmTBI groups (Figure 3.1A).  Sham and Single animals were sacrificed at 14- 

(14D; sub-acute) and 60- (60D; long-term) day timepoints following surgery.  

rmTBI animals were sacrificed at 14D (14 days post first injury), 21 days (21D; 14 

days post second injury) and 60D (60 days post first injury) (Figure 3.1A).  

Following sacrifice, animals underwent either magnetic resonance imaging (MRI) 

followed by histology or transmission electron microscopy (TEM) analysis.  

Controlled Cortical Impact 

The controlled cortical impact (CCI) method was used to induce mild injuries 

as previously described (Donovan 2012). Briefly, a midline incision exposed the 

skull surface of anesthetized rats and a 5 mm craniectomy was performed over 

the right hemisphere 3mm posterior and 3mm lateral from Bregma (Figure 3.1B).  

A mild CCI (4mm diameter tip, 0.5 mm depth, 6.0 m/s speed, 200 ms dwell) was 

then delivered to the cortical surface using an electromagnetically driven piston.  

The rmTBI group received a second craniectomy and mild CCI to the left cortical 

surface using identical parameters and coordinates as the first injury (Figure 
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3.1A, B). Sham controls underwent a single craniectomy and did not receive a 

CCI.  

Ex Vivo Magnetic Resonance Imaging and Analysis 

Animals were sacrificed via transcardial perfusion using 4% PFA and 

extracted brains were then post-fixed in 4% PFA overnight followed by two 30 

minute washes in 1x PBS (Obenaus 2007).  DTI and T2 weighted imaging 

(T2WI) data were collected at room temperature with a 256x256 matrix, 2 cm 

field of view and 1mm slice thickness from ex vivo brains using an 11.7T Bruker 

Avance instrument (Bruker Biospin, Billerica, MA).  T2WIs were acquired with a 

TR/TE= 1769.9/10.2 ms and DTI was acquired from a total of seven directions 

using a spin echo diffusion sequence (TR/TE = 552.5 ms/15.1ms) with a single 

bo value (bo=43.3 s/mm2) and six weighted DTI images (b=2013.3 s/mm2).  

The anterior (bregma, -1.0 to +0.5 mm) corpus callosum (CC) was chosen 

for evaluation because it was not directly under the impact site (Figure 3.1C).  

The anterior CC was manually outlined on three consecutive T2WI slices using 

Cheshire image processing software (Hayden Image/Processing Group, 

Waltham, MA) by investigators blinded to group allocation.  The midline and third 

ventricles were used to identify and facilitate segmentation of the right and left 

CC regions of interest (ROI) (Figure 3.1C, left).  To examine regionally distinct 

CC changes, the center slice was used to separate the CC into 12 ROIs (6 each 

bilaterally) along the medial-lateral axis.  These regional ROIs were drawn on 

T2WIs using boundaries defined by the orientation of white matter fibers 
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observed within RA color maps of Sham animals (Figure 3.1C, right).  To account 

for size and shape differences after injury, the RA color maps of injured animals 

were also used to facilitate manual segmentation.  Since all T2 and DTI images 

were acquired using the same geometry, ROIs drawn on T2WIs were copied 

directly to the exact DTIs and data means were extracted for AD and RD 

(µm2/ms).  The AD, RD and RA were derived using software written in Matlab 

(MathWorks, Natick, MA) as previously described (Sun 2006). 

Tissue Preparation for Histology 

Following MRI, brains from each group were randomly selected and 

prepared for cryosectioning as previously described (Obenaus 2007).  Briefly, 

brains were placed in 30% sucrose and embedded in optimal cutting temperature 

compound (O.T.C., Tissue Tek; Sakura Fine Tek, Torrance, CA). Coronal 

sections (30 �m) were then either mounted directly on gelatin-chrome-alum-

coated slides for Luxol fast blue staining (LFB; stored at –20°C) or were free 

floating (stored in a cryoprotectant solution at 4°C) for immunohistochemistry.  

Luxol Fast Blue Staining and Quantification 

LFB was performed on a minimum of 3 adjacent sections centered within 

the anterior CC to evaluate changes in structural integrity. Staining was 

performed as previously described with modifications (Kluver and Barrera 1953).  

Briefly, mounted slices were thawed to room temperature for 30 minutes and 

placed into a 0.1% LFB staining solution (Solvent Blue 38 in 95% alcohol and 

0.5% acetic acid) overnight at 56ºC.  Excess stain was removed by 95% alcohol 
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and distilled water rinses for 1 minute each.  Stained slices then underwent 

alternating 1-minute immersions in 0.05% lithium carbonate and 70% alcohol 

solutions for approximately 10 minutes.  Subsequently, distilled water and 95% 

alcohol washes were performed for 1 minute each.  Slices were then cleared 

using Histoclear (National Diagnostics Inc., Charlotte, NC) and cover-slipped with 

permount mounting medium (Fisher Scientific, Fairlawn, NJ). 

Slices stained with LFB were imaged on an Olympus BX-51 microscope 

using the same imaging parameters (1.25x objective, 1 sec exposure) and 

illumination.  Quantification of myelin integrity was performed by investigators 

blinded to group allocation using Cheshire image processing software.  

Measures taken included the right and left staining intensity, area (mm2) and 

width (mm) of the whole CC, cingulum (cingulum + CC) and CC adjacent to the 

midline (Figure 3.1D).  The right and left area and width measurements were 

normalized to the respective right or left brain hemisphere area (mm2), in order to 

account for any differences in hemispheric size between animals.  All sections 

were stained simultaneously, but staining intensities for each right and left CC 

were normalized to that in the piriform cortex.  

Immunohistochemistry and Analysis 

Tissue sections centered in the anterior CC underwent 

immunohistochemistry as previously described (Obenaus 2007).  Briefly, free-

floating sections were labeled with primary antibody at 4ºC overnight.  Primary 

antibodies included: anti-rabbit NF200 (Sigma-Aldrich, St. Louis, MO; 1:1000) for 
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axonal integrity, anti-mouse APC (Millipore, Temecula, CA; 1:500) for mature 

oligodendrocytes, anti-mouse Olig2 (Millipore, Temecula, CA; 1:2000) for 

oligodendrocyte precursors and anti-rabbit Ki67 (Abcam, Cambridge, MA; 

1:1000) as a marker for cellular proliferation.  Sections were then stained with 

goat anti-rabbit rhodamine (Millipore, Temecula, CA; 1:1000) or goat anti-mouse 

Alexafluor 488 (Invitrogen, Carlsbad, CA; 1:400) secondary antibody for 1.5 

hours at room temperature. Following the staining procedure, slices were 

mounted onto gelatin-chrome-alum-coated slides using Vectashield hardset 

mounting medium (Vector Laboratories Inc., Burlingame, CA).  Negative controls 

omitted the primary antibody during the staining procedure. 

Micrographs of NF200 immunolabeled tissue sections were taken with 

identical imaging parameters (20x, 1000ms exposure).  ImageJ/Fiji (Schindelin 

2012) was used by investigators blinded to group allocation to detect the mean 

staining intensity of the right and left CC underneath the cingulum, CC adjacent 

to the midline, cingulum and cortex (above the cingulum).  NF200 intensity 

measurements resulted in no significant differences between the groups within 

any of the right and left regions.  As a result, signal intensity measurements from 

the right and left regions were averaged together separately for every animal.  

Olig2, Ki67 and APC staining was imaged using a Zeiss LSM 710 NLO laser 

scanning confocal microscope.  Two images (20x magnification) from both the 

right and left CC above the lateral ventricle were collected from each slice.  

Images underwent deconvolution (fast-iterative) and were filtered for noise (fine 
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filter) using the default settings in Volocity Software (PerkinElmer, Waltham, MA). 

Image-Pro Premier software (Media Cybernetics Inc., Rockville, MD) was used to 

count DAPI, Olig2, APC and Ki67 positive cells within the CC, which was 

manually outlined by a blinded investigator.  Olig2 and APC counts were visually 

inspected to colocalize with DAPI nuclei.  Only those cells that were a minimum 

of 10 pixels were counted and cell splitting was performed using the software 

default settings to separate cells that were in close proximity.  The percent of 

Olig2 and APC was determined by dividing the Olig2 or APC cell counts by the 

total pixel count of the CC ROI. 

Transmission Electron Microscopy and Quantification 

Animals were perfused transcardially with 1x PBS followed by a 2% 

gluteraldehyde (Electron Microscopy Sciences, Hatfield, PA) and 2% 

paraformaldehyde in 1x PBS fixative solution.  Animals were decapitated and 

brains were initially post-fixed in situ at 4ºC overnight in the perfusion fixative, 

followed by further fixation of the extracted brains in 1% gluteraldehyde for 

approximately 3 days.  The anterior brain region was cut coronally 

(approximately 1mm thick) allowing the CC (right CC of Single and Sham 

animals; left CC of rmTBI 7d animals) to be identified under a dissecting scope.  

The CC was carefully dissected as a 1x2 mm2 block 0.5 mm lateral from the 

midline to the end of the cingulum (Figure 3.1D).  Following extraction the tissue 

blocks were then stored in 1x PBS at 4ºC for plastic embedding. 
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Tissue blocks were embedded in epon as previously described 

(Mnatsakanyan 2011).  Briefly, blocks were fixed in 2% osmium tetroxide for 1-2 

hours then rinsed in 0.1M cacodylate buffer followed by distilled water.  Following 

washes, blocks were stained overnight with 1% uranyl acetate at room 

temperature.  Increasing concentrations of ethanol followed by propylene oxide 

were then used to dehydrate the tissue.  Dehydrated tissue blocks were 

incubated in a 50/50 mixture of epon/propylene oxide for 3-4 hours, followed by 

an 80/20 epon/propylene mixture and then 100% epon overnight.  Following 

epon infiltration, the tissue blocks were placed in an embedding mold using 

100% epon, which was polymerized through incubation at 60°C in an oven for 2 

days.   

Ultra-thin sections were cut from the sample using a diamond knife on an 

ultramicrotome and mounted onto copper grids for TEM (JEOL, Peabody, MA).  

Four random fields per grid from a total of two grids were analyzed per animal.  

Five random images within each field were collected at 5000X and analyzed 

using ImagePro Plus (MediaCybernetics, Rockville, MD) by an investigator 

blinded to group allocation.  The axon and total fiber (axon+myelin) diameters 

were determined by taking the average of two separate measurements for every 

myelinated axon, from a minimum of 800 axons for each experimental group, 

where the entire axon had to be visible to be analyzed.  The g-ratio was 

calculated for each myelinated axon by dividing the average axon diameter by 

the average total fiber diameter.  The myelin thickness measurements were 
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calculated by subtracting the total fiber and axon diameter measurements.  TEM 

analysis of the Single mTBI and rmTBI groups sacrificed at 60 days post initial 

injury were compared to Sham controls 14 days following a craniectomy only.   

Statistics 

Statistical analysis was performed using SAS v9.1.3 (SAS, Cary, NC) and 

Sigma Plot Software (Systat Software Inc, San Jose, CA).  Data normality was 

assessed with the Kolmogorov-Smirnov or Shapiro-Wilk tests for each outcome 

variable and experimental group in each experiment. Whole CC DTI and 

histological (LFB and NF200) data were compared among the control and 

experimental groups using the Generalized Linear Model procedure specifying 

an identity link function with a normal distribution. Using a one-way analysis of 

variance (ANOVA) with Bonferroni post-hoc testing animal body weights were 

found to be significantly (p<0.001) different between groups at the time of the 

initial injury, however at the time of perfusion no differences (p=0.250) in weights 

were found between groups.  As a result, body weights at the time of the initial 

surgery in addition to the number of histological sections (LFB 3-6 slices, NF200 

1-2 slices) were included as covariates in statistical testing of the whole CC DTI 

and histological data.  Additionally, the DTI, LFB and NF200 slices were treated 

independently as they spanned a large brain region.  Analysis of the segmented 

CC DTI was performed using a two-way ANOVA with Bonferroni post-hoc tests.  

Electron microscopy data (g-ratio, axon caliber and myelin thickness) were tested 
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using a Bonferroni repeated measures one-way ANOVA.  Data are presented as 

the Mean ± SEM.  A p< 0.05 was considered significant.  
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Results 

rmTBI results in early white matter damage that progress long-term within the 

corpus callosum 

We hypothesized that predominantly axonal disruption would be observed 

at sub-acute times, while changes in myelin integrity would be altered long-term.  

We tested this hypothesis using DTI to quantify axial (axonal; AD) and radial 

(myelin; RD) measures within the anterior corpus callosum (Figure 3.2 and 3.3). 

At sub-acute times we found significant (p<0.009) AD increases within the left 

(second injury) CC of rmTBI 14D animals, which remained elevated at 21D 

compared to the right (first injury) CC of the Single and Sham groups (Figure 

3.2B).  However at this sub-acute time, the right CC of all injured animals 

exhibited similar AD measures that were also significantly (p<0.001) increased 

from Sham controls (Figure 3.2B).  In contrast to AD, RD analysis revealed a 

significant (p<0.035) bilateral increase in measurements from the CC of rmTBI 

14D animals compared to those at 21D, which appeared to pseudo-normalize to 

values seen in the Single group (Figure 3.2C).   

Long-term AD measures found no significant differences between any of 

the groups within the right or left CC (Figure 3.3B). However, a >16% bilateral 

increase (p<0.001) in RD was observed in the rmTBI group compared to Sham 

and Single animals (Figure 3.3C).  Importantly, at 60D these elevations in RD 

were found to be equally bilateral with no differences between the left and right 
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CC within rmTBI animals.  Furthermore, no differences in RD were observed 

between the Sham control and Single mTBI groups (Figure 3.3C).  

 

White matter damage is initially located in regions adjacent to injury sites, but 

becomes widespread throughout the corpus callosum long-term. 

We then asked whether particular regions within the CC were more 

susceptible to damage than others.  We hypothesized that segments immediately 

adjacent to white matter underneath the impact site would demonstrate 

increased white matter damage at both the sub-acute and long-term timepoints.  

We therefore segmented the left and right CC ROIs into smaller regions that 

spanned the medial-lateral axis to test this hypothesis, where segments R2-4 

and L2-4 were immediately adjacent to white matter underneath the first and 

second impact sites, respectively (Figures 3.1). 

Regional examination of the right CC revealed increased AD in segments 

R1 and R3 within rmTBI 14D animals compared to Sham, though these changes 

were no longer observed at 21D (Figure 3.4A).  One segment in Single animals, 

R4, showed significantly (p<0.03) increased AD in the right CC relative to Shams 

at the sub-acute timepoint. Though no significant AD changes were observed 

between the rmTBI 14D and Single groups within the right CC (Figure 3.4A).  

Similarly in the left CC, increases in AD were seen in rmTBI 14D animals within 

segments L1-L3 compared to Shams; region L3 in rmTBI 14D animals also 

exhibited significantly (p<0.05) increased AD compared to the Single group  
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(Figure 3.4A).  However by 21D, none of the CC segments showed any 

significant differences in AD measures compared to Shams (Figure 3.4A).  Unlike 

AD measures, RD was not significantly altered between any of the groups in the 

left CC (Figure 3.4B).  However, RD in the right CC demonstrated significant 

(p<0.05) differences in regions R2 and R3 between rmTBI 14D and Sham 

animals, and in region R1 between Single and Sham controls (Figure 3.4B). 

Though these differences were no longer observed at the 21D timepoint.   

By 60D, no significant differences were found in any of the medial-lateral 

CC segments for AD or RD measurements (Figure 3.5).    Interestingly each of 

the rmTBI CC segmented regions, demonstrated an elevated RD compared to 

other groups suggesting that myelin disruption is widespread and that not any 

single region of the CC predominantly contributes to the overall increase in RD 

observed within the whole CC analysis (Figure 3.3C and 3.5B).  

 

CC thickness is increased after rmTBI, while LFB staining intensity increases 

over time. 

We hypothesized that myelin loss would be observed at the long-term 

timepoint, but not sub-acutely.  We tested this hypothesis using LFB staining to 

assess CC thickness and palor at both the sub-acute and long-term timepoints. 

Quantification of CC measures revealed a significant (p<0.007) increase in the 

left CC area and thickness of rmTBI 21D animals compared to the Sham and 

Single groups (Table 3.1).  Similarly, the right CC of both rmTBI 14D and 21D 
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animals demonstrated a significant (p<0.039) increase in CC area and thickness 

compared to Shams (Table 3.1).  LFB staining density within the left CC and 

width ROIs demonstrated no differences between rmTBI animals and Sham or 

Single groups (Table 3.2).  However, the right CC of rmTBI 21D animals showed 

significantly (p<0.001) decreased LFB staining intensity compared to all 

experimental other groups (Table 3.2).  

Analysis at 60D showed significant bilateral increases (p<0.018 Left, 

p<0.001 Right) in the CC area and midline width ROIs between the Single and 

rmTBI groups, however no differences were found between injured animals and 

Sham controls (Table 3.3).  Furthermore, the left cingulum of rmTBI animals 

demonstrated increased (p<0.001) widths compared to other groups, while the 

right cingulum of rmTBI groups showed significant (p=0.009) increases compared 

to Single animals only (Table 3.3).  LFB staining intensity was also significantly 

increased in all ROIs within the right CC of rmTBI animals compared to Shams 

(Table 3.4).  However, only the left cingulum within rmTBI showed a significant 

(p=0.032) increase from Sham controls long-term (Table 3.4). 

 

White matter ultrastructure is compromised following rmTBI 

We then tested whether changes in myelinated axon morphology 

contributed to the observed DTI pathology following rmTBI.  Similar to our DTI 

experiments, we hypothesized that changes in axonal morphology would be 

observed at sub-acute times, while changes in myelin integrity would be seen 
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long-term. We quantified axonal and myelin morphology within the CC using 

TEM at the site of the second injury in rmTBI animals and at the site of the first 

injury in the Single and Sham groups. We observed normal myelinated axons as 

a compact sheath closely encompassing an axon predominantly within Shams 

(Figure 3.6B1), while injured animals frequently demonstrated various 

abnormalities including separation of myelin from the axon (Figure 3.6B2), 

decompaction (Figure 3.6B3) and fragmentation of the myelin sheath (Figure 

3.6B4-5).  No significant differences in g-ratio were found between any of the 

groups at the sub-acute timepoint (data not shown).  However, axon caliber was 

significantly (p<0.001) decreased sub-acutely in both Single and rmTBI 21D 

animals compared to Shams (Figure 3.6C).  Furthermore, rmTBI 21D animals 

also demonstrated significantly (p<0.001) decreased myelin thickness compared 

to other groups at this sub-acute time (Figure 3.6C).   

Similarly by 60D, the rmTBI group continued to demonstrate changes in 

myelinated axon morphology (Figure 3.7A).  In contrast to sub-acute times, a 

significantly increased g-ratio was observed in rmTBI animals compared to the 

Sham (p=0.017) and Single (p=0.007) groups (Figure 3.7B).  No g-ratio 

differences were observed between the Sham and Single animals.  Axonal 

caliber was significantly increased (p<0.001) in rmTBI animals, but significantly 

decreased (p<0.001) in the Single group compared to Sham controls at 60D 

(Figure 3.7B).  Additionally, myelin thickness measurements revealed that both 
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the Single and rmTBI groups were significantly (p<0.001) decreased from Shams 

(Figure 3.7B). 

We also assessed whether axonal integrity was altered using NF200 

staining, as Jafari et al. (1997) have shown correlations between cytoskeletal 

abnormalities and altered axonal caliber.  NF200 staining in the right CC of 

rmTBI 21D animals demonstrated similar values to those observed in Shams 

(Figure 3.6D).  While significant (p<0.048) increases in NF200 intensity were 

seen in the Single group at the sub-acute timepoint (Figure 3.6D).   However, the 

left CC revealed sub-acute decreases in signal intensity within rmTBI animals.  

Though by 60D, no differences between the groups were observed in either the 

right or left CC (data not shown). 

 

rmTBI alters the oligodendrocyte cell population in the corpus callosum adjacent 

to the second injury site at sub-acute times. 

 We hypothesized that the mature oligodendrocyte population would be 

decreased in the CC, while progenitors would be increased at sub-acute times.  

To test this hypothesis we used both Olig2 staining, to detect progenitor and 

mature oligodendrocyte populations, and APC staining, to identify mature 

oligodendrocytes (Figure 3.8).  In the left CC (second injury) we found that the 

percent of Olig2 positive cells were significantly (p<0.033) decreased in rmTBI 

21D animals compared to other groups (Figure 3.8B).   While increased numbers 

of APC positive cells were observed in the left CC of rmTBI 21D animals 
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compared to the Sham and Single groups (Figure 3.8C).  The right CC (first 

injury) demonstrated no differences in either the number of Olig2 or APC positive 

cells between any of the experimental groups at this sub-acute time.  

Furthermore sporadic Ki67 positive oligodendrocytes were detected within the 

CC of animals, and no differences between groups were found, indicating low 

levels of cell proliferation within the CC at this sub-acute time (data not shown). 
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Discussion 

Initially we hypothesized that in the anterior CC, not directly underneath 

the impact site, rmTBI induced 7 days apart would result in predominantly axonal 

changes at sub-acute times, while altered myelin integrity would be observed 

long-term.  However our TEM data demonstrates that both axonal and myelin 

integrity are altered sub-acutely and persist long-term. DTI analysis revealed a 

localized increase in AD within the left CC of rmTBI 14D animals that was also 

seen at 21D, though increases in AD were no longer focal (Figure 3.9A).  RD 

showed transient sub-acute increases in rmTBI animals, however, by 60D 

bilateral increases in RD were apparent in rmTBI animals compared to other 

groups (Figure 3.9B).  Ultrastructural analysis revealed that myelin within rmTBI 

animals was thinner at both the sub-acute and chronic timepoints compared to 

Shams (Figure 3.9C).  Additionally, while axonal caliber decreased at sub-acute 

times within rmTBI 21D animals, by 60D it was significantly increased compared 

to other groups (Figure 3.9C). Taken together, our findings demonstrate that 

rmTBI results in early white matter changes that progress long-term in regions 

distant from the injury site. 

 

Diffusion tensor imaging of rmTBI identifies focal increases in axial diffusivity that 

are followed by widespread elevation of radial diffusivity long-term. 

Surprisingly, few DTI studies have been performed in animal models of 

mTBI. In the anterior CC, 1-2 mm distant from the injury site, a bilateral increase 
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in AD was observed in rmTBI animals compared to Shams at sub-acute times.  

While RD was also increased bilaterally in rmTBI 14D animals, diffusivity 

appeared to pseudo-normalize by 21D.  This data suggests that sub-acute white 

matter damage in our model is primarily axonal.  Our TEM data however, 

demonstrated that myelin is thinner at this sub-acute time compared to Shams.  

Thus transient sub-acute increases in RD suggest that disruption to myelin is 

short-lived, but TEM data reveals ongoing myelin thinning.  Increased pathology, 

such as inflammation, edema and tissue loss, has been reported to affect the 

sensitivity and specificity of DTI derived measures (Wang 2011).  Therefore, 

ongoing edema and inflammatory processes likely contribute to the absence of 

RD changes in rmTBI 21D animals. An experimental model of rmTBI, inducing 

two closed head injuries 1 day apart, reported decreases in AD within the CC, 

while no changes in RD were detected 7 days following the initial injury (Bennett 

2012).  Though we did find differences in RD at 14D post rmTBI, experimental 

differences between this study and our own, such as location of injury, time 

interval between mTBI events and timepoints assessed, likely contribute to 

differences.   

However by 60D we found a bilateral increase in RD within rmTBI 

animals, while little change in AD was seen between groups. While our TEM data 

were consistent with DTI data, showing thinner myelin at this later time, it also 

revealed changes in axonal caliber. Additionally, our DTI analysis did not detect 

changes in axonal integrity, but a recent human study of multiple sclerosis in the 
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spinal cord found that RD increased not only as a result of demyelination, but 

also as a result of axonal damage (Klawiter 2011).  Thus increases in long-term 

RD may reflect both axonal and myelin disruption.  A model of mild blast TBI also 

observed changes in sub-acute (7 days) and long-term (30 days) RD within the 

hypothalamus and thalamus, however, unlike our study this model resulted in 

decreased RD (Rubovitch 2011).  Though the pathology that ensues following a 

diffuse blast injury is likely to be different than that following a focal mild TBI, 

resulting in different DTI outcomes.  Also, the decreased RD reported by 

Rubovitch et al. (2011) may reflect continued tissue swelling or inflammation not 

observed at our later 60 day time point.   

White matter tracts are particularly susceptible to TBI induced damage 

due to their long thin structure, which can be stretched and twisted as a result of 

head injury.  Axonal injury caused by TBI typically progresses from a focal injury 

in white-matter regions into a more diffuse pathology (Buki and Povlishock 2006).  

This is consistent with our sub-acute DTI data, where we observed that white 

matter segments immediately adjacent to regions directly underneath the impact 

site showed the greatest increases in AD within rmTBI 14D animals, but pseudo-

normalized by 21D.  Further, by 60D we found that rmTBI animals showed 

widespread, along the medial-lateral axis, increases in white matter damage.  

Thus, our data suggests that following rmTBI, white damage is initially focal and 

becomes more diffuse over time, potentially explaining the delayed long-term 

cognitive deficits observed following human concussion.   
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White matter structure is damaged following repeated injuries. 

We found a bilateral increase in CC thickness in rmTBI 21D animals at 

sub-acute timepoints that resolved in all regions by 60D, except the left cingulum, 

compared to Shams.  Taken together with our DTI, which showed transient 

elevation in RD at 14D, increases in rmTBI D21 CC thickness and decreases in 

palor at sub-acute times may be due to ongoing edema at this timepoint.  

Depending on injury severity, edema can be seen for up to 2 weeks following TBI 

(Barzo 1997, Unterberg 2004).  Thus pseudo-normalization of CC thickness 

observed at 60D may then result from resolution of edema at this later timepoint.  

Additionally, the increased thickness seen within the rmTBI cingulum at 60D may 

be the result of the increased axonal caliber we found using TEM.   

LFB staining intensity was decreased within the rmTBI 21D group, but 

increased in rmTBI 60D animals within the right CC ROIs, while the left cingulum 

at 60D also showed increased palor, compared to Sham controls.  Thinned 

myelin as seen on TEM may contribute to the decreased palor observed at sub-

acute times.  Additionally, increased CC size due to swelling, may also decrease 

LFB signal intensity (dilution effect) at sub-acute times.  In contrast, the 

increased palor observed within rmTBI 60D animals may be due to myelin 

fragmentation as we also see thinned myelin using TEM long-term and CC size 

pseudo-normalized at this time.  Similarly, a study using moderate TBI reported 

abnormalities in myelinated axon morphology at 3 months after injury with 

increased myelin debris and white matter thinning in the external capsule at 6 to 
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9 months following injury (Rodriguez-Paez 2005).  Though our LFB data are 

consistent with increased myelin debris seen in this study, we did not observe 

white matter thinning.  However, several reasons exist for the discrepancies 

between this study and our own: (a) our study was only carried out to 60 days 

post injury, (2) we utilized a mild injury and (3) rmTBI could influence the 

temporal evolution of axonal and myelin damage.   

Healthy white matter has a g-ratio of 0.7 to 0.8, where a value of 1.0 may 

suggest overt demyelination or increased axonal caliber (Crawford 2009).  

Quantification of myelinated axon morphology revealed no significant changes in 

g-ratio at 21D, so we examined the axon caliber and myelin thickness (fiber-

axon) as subtle change in morphology could be present in the absence of an 

altered g-ratio.  Comparison of axon caliber and myelin thickness revealed that 

rmTBI animals exhibited significantly decreased axonal caliber and myelin 

thickness at 21D, thus explaining the absence of changes in g-ratio.  Sub-acute 

reductions in axonal caliber were seen in the presence of altered neurofilament 

(NF200) staining.  Stretch injury models have demonstrated that reductions in 

axon caliber correlate with neurofilament compaction, while disorganized 

cytoskeleton (neurofilaments and microtubules) was observed in axons with 

increased caliber (Jafari 1997).  These data suggest that sub-acute reductions in 

axonal caliber within our model are likely due to cytoskeletal disruption, such as 

neurofilament compaction.   
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At 60D, rmTBI animals continued to show reduced myelin thickness on 

TEM compared to Shams.  Furthermore the axonal caliber within rmTBI 60D 

animals was also increased compared to other groups.  However at this late 

timepoint, neurofilament disruption appeared to normalize as we found no 

changes in staining intensity between experimental groups.  Causes of increased 

caliber at this long-term timepoint are not clear and further investigations are 

needed.  However one potential cause of increased caliber is altered microtubule 

integrity, as these cytoskeletal components also play an integral role in 

maintenance of axon integrity.  Both microtubule and neurofilament disruption 

have been shown to result in acute axonal swelling (Tang-Schomer 2012).  

Furthermore, previous studies using axonal stretch and TBI models have 

demonstrated that microtubule density is lost acutely (<6hrs) following injury 

(Maxwell 1996, Pettus and Povlishock 1996). Another potential reason for 

increased caliber is disruption to the axon-myelin relationship.  Previous studies 

have shown that myelin, and specifically its expression of myelin-associated 

glycoprotein, plays a critical role in regulating axonal cytoskeleton and overall 

caliber (Schnaar and Lopez 2009). Additionally, a model of multiple sclerosis has 

shown that axons are damaged by long-periods of demyelination (Crawford 

2009).  Thus it is likely that the relationship and/or communication between 

axons and the myelin that ensheathes is critical for maintenance of integrity.  Our 

findings of decreased myelin integrity at sub-acute and long-term times suggests 
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that disruption to the axon-myelin relationship is occurring and potentially 

contributes to changes in axonal caliber. 

 

rmTBI results in altered oligodendrocyte populations within the corpus callosum 

at sub-acute timepoints. 

Using APC, for mature oligodendrocytes, and Olig2, for mature and 

progenitor oligodendrocytes, we found that white matter adjacent to the second 

injury in rmTBI 21D animals had decreased numbers of Olig2 positive cells, but 

increased APC positive cells, compared to other groups.  An experimental 

moderate-to-severe TBI study demonstrated increased apoptosis of mature 

oligodendrocytes for up to 21 days following injury (Flygt 2013). Furthermore, 

studies using moderate-to-severe models have also shown that Olig2 positive 

progenitors proliferate within 21 days of injury (Flygt 2013, Sullivan 2013).  

However we found no evidence of increased Ki67 positive staining within the CC 

of any of the animals at sub-acute times.  The absence of sub-acute proliferation 

in our model suggests that proliferation may occur sooner after injury than 

reported by other studies.  Future studies however, should include earlier 

timepoints to assess whether proliferation of oligodendrocyte progenitors is 

affected by rmTBI.  Several other possibilities may also contribute to the 

decreased Olig2 positive cell population within rmTBI 21D animals, including 

progenitor apoptosis, reduced migration and accelerated differentiation into 

mature myelinating cells.  However additional studies need to be performed in 
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order to determine the cause of reduced Olig2 positive cells following rmTBI at 

sub-acute timepoints. 

We hypothesize that reduced Olig2 cells are a result of accelerated 

differentiation as increased numbers of APC positive cells were also found in 

white matter near the second injury site. Our TEM data shows that myelin in this 

region is thinned and demonstrates various abnormities, such as decompaction. 

Similarly using TEM, Sullivan et al (2013) assessed myelination 7 days following 

a moderate-to-severe TBI and found increased abnormalities within myelin at 

times in which oligodendrocyte progenitors were increasing expression of mature 

oligodendrocyte genes. This may suggest that remyelination early following TBI 

does not occur normally, perhaps resulting from ongoing axonal damage or 

inflammatory processes.  Aberrant remyelination following TBI may persist long-

term and is consistent with our TEM findings of altered myelin integrity at 60D in 

rmTBI animals.  

 

Conclusion 

Repeated mTBI, compared to a single injury, results in progressive white 

matter damage within the corpus callosum at regions distant from the impact site.  

We hypothesized that rmTBI would result in sub-acute changes in axonal 

integrity, followed by long-term myelin disruption.  However while our DTI data 

supports our hypothesis, unexpectedly we also found evidence of thinned myelin 

at sub-acute times and increased axonal caliber long-term using TEM. These 
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findings clearly demonstrate that repeated mTBI results in sub-acute changes in 

axonal and myelin integrity that persists long-term following repeated injuries. 

Our sub-acute data also suggests that reduced axonal caliber is affected by 

altered neurofilament organization, while axon remyelination may be affected by 

a reduced Olig2 positive oligodendrocyte population. Our experimental results 

provide a potential morphological basis for many of the evolving abnormalities 

reported in clinical studies of mTBI.  However, further investigation of the 

relationship between myelin and axon integrity and the effects of rmTBI on 

oligodendrocyte populations are warranted to delineate the evolution of white 

matter damage following repeated injuries.   
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Figures and Legends 
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Figure 3.1:  Experimental Design and Region of Interest Analysis. 

A.  mTBI (denoted as *) was induced to the right cortex of all injured animals, 

while Sham controls only received a craniectomy.  A second mTBI was then 

induced to the left cortex of rmTBI animals 7 days later (*).  Sham and single 

groups were sacrificed at 14 and 60D, while rmTBI animals were sacrificed at 

14D (14D post first injury), 21D (14D post second injury) and 60D for ex vivo DTI.  

B.  Schematic of the first (right) and second (left) mTBI locations.  C.  DTI images 

were analyzed using the whole right and left corpus callosum (CC; left, yellow 

ROIs).  The CC was then examined using a total of 12 ROIs (6 each bilaterally) 

as shown on the relative anisotropy color maps, which depict the directionality of 

water diffusion along the CC (red: medial-lateral; green: dorsal-ventral; blue: 

anterior-posterior).  D.  Changes in CC integrity were further examined using 

Luxol fast blue staining and transmission electron microscopy.  The area of the 

whole right and left CC (yellow ROI), cingulum (cingulum + CC) width and midline 

CC width (red boxes) were measured in addition to LFB staining intensity.  TEM 

analysis was performed on the right CC of Single and Sham animals and the left 

CC of rmTBI animals (black box denotes CC region). 
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Figure 3.2:  Axial diffusivity is increased in white matter adjacent to the 

second injury following rmTBI.  

A.  Relative anisotropy (RA) color maps illustrate differences in water diffusion 

along the anterior corpus callosum (red: medial-lateral; green: dorsal-ventral; 

blue: anterior-posterior).  B.  Examination of axial diffusivity (AD) revealed 

significantly increased measurements within the left (second injury) CC of both 

rmTBI 14D and 21D animals compared to Singles, while increased diffusivity was 

observed in the right (first injury) CC of all TBI animals compared to Shams.  C. 

Radial diffusivity (RD) analysis showed a bilateral increase in measurements 

taken from rmTBI 14D animals compared to those from the rmTBI 21D group.   

*p<0.05; **p<0.01; ***p<0.001  



 

 
95 
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Figure 3.3: Radial diffusivity is increased in rmTBI animals 60D post rmTBI. 

A.  Representative DTI images illustrate changes in axial (AD) and radial (RD) 

diffusivities between Sham and rmTBI animals.  The relative anisotropy (RA) 

color map reflects overall differences in water diffusion between the groups (red: 

medial-lateral; green: dorsal-ventral; blue: anterior-posterior).  B.  Evaluation of 

AD revealed no significant differences between the injured groups within the right 

and left corpus callosum (CC).  C. A significant increase in RD was observed 

bilaterally within the rmTBI animals compared to the Single and Sham groups. 

*p<0.05; **p<0.01; ***p<0.001 
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Figure 3.4: Axial diffusivity is elevated in white matter regions adjacent to 

the injury site in rmTBI animals at sub-acute times. 

A.  Regional CC analysis demonstrated increased AD within segments found 

immediately adjacent to the first and second impacts in rmTBI 14D animals 

compared to Sham controls that pseudo-normalized by 21D.  B.  RD analysis of 

the segments revealed changes at the site of the first injury within the rmTBI D14 

group that pseudo-normalized by 21D. *p<0.05; **p<0.01; ***p<0.001 vs. Sham; 

#p<0.05 vs. Single  
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Figure 3.5: Radial Diffusivity is Elevated Throughout the Entire Corpus 

Callosum in rmTBI Animals at 60D post rmTBI. 

A.  Schematic depicting the right and left ROIs used to further examine regional 

DTI changes within the CC (red: medial-lateral; green: dorsal-ventral; blue: 

anterior-posterior).  B.  Axial diffusivity (AD) measurements revealed no 

significant changes between the groups within the right (first mTBI) or left 

(second mTBI) corpus callosum (CC).  C. Radial diffusivity (RD) measurements 

taken from the segmented regions showed no significant differences between the 

experimental groups.  However, the rmTBI animals demonstrated elevated RD in 

every segment compared to the Sham and Single groups.   

 

  



 

 
101 

  



 

 
102 

Figure 3.6: rmTBI reveals increased white matter abnormalities 21D post 

TBI on the side of second injury. 

A.  Representative transmission electron microscopy (TEM) micrographs from 

the site of the first injury (right) of Sham and Single controls and second injury 

(left) of rmTBI 21D animals demonstrate increased abnormalities within injured 

animals (black arrows); cal bar= 1μm.  B. Normal myelinated axons appeared 

with a tightly wrapped sheath located near the axon (B1).  Typical abnormalities 

(arrows) within the corpus callosum (CC) included large separations of the myelin 

sheath from the axon (B2), breaking of the sheath layers (B3) and deterioration 

of the myelin (B4, B5); cal bar= 0.2µm. C. The rmTBI 21D and Single groups 

exhibited significantly decreased axonal caliber compared to Shams.  

Examination of myelin revealed significantly decreased thickness within rmTBI 

21D animals compared to other groups.  D.  NF200 staining revealed significant 

differences within white matter adjacent to the second injury (left).  While the side 

of the first injury (right) revealed increased NF200 staining intensity within Single 

animals compared to other groups. *p<0.05; **p<0.01; ***p<0.001 
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Figure 3.7: Ongoing White Matter Damage is Evident in the Corpus 

Callosum at 60D post rmTBI. 

A.  Representative transmission electron microscopy (TEM) images illustrate 

increased white matter abnormalities (arrows) within rmTBI animals (A3) at the 

site of the second injury (left) compared to the site of first injury (right) within the 

Sham (A1) and Single (A2) groups; cal bar= 1µm. B.  The rmTBI group revealed 

a significant increase in g-ratio (axon/fiber diameter) compared to other groups.  

Similarly, the axon caliber of rmTBI animals was also increased compared to 

Sham and Single groups.  The Single group also exhibited a significant decrease 

in axon caliber compared to Shams.  Both the Single and rmTBI groups 

demonstrated a significant decrease in myelin thickness compared to Sham 

animals. *p<0.05; **p<0.01; ***p<0.001  
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Figure 3.8:  Corpus Callosum adjacent to the second injury site revels 

decreased Olig2, but increased APC cell populations 21D following rmTBI. 

A.   Representative Olig2 and APC staining within the left corpus callosum (CC; 

dotted line) of Sham, Single and rmTBI D21 groups.  B. Olig2 staining within the 

CC revealed significant decreases in the left (second injury) CC of rmTBI animals 

compared to other groups, while no significant differences were observed in the 

right (first injury) CC.  C. APC staining showed significant increases in counts on 

the side of the second injury within rmTBI animals, while no differences were 

seen on the first injury side.  Cal bar= 40μm; *p<0.05; **p<0.01; ***p<0.001 
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Figure 3.9: Temporal summary of diffusion tensor and electron microscopy 

data 

Shows the left and right axial (A) and radial (B) diffusivity between experimental 

groups at 14D, 21D and 60D post injury.  C. Depicts the axonal caliber and 

myelin thickness measures from transmission electron micrographs (TEM) for 

each experimental group. Shams (grey dotted line) were only assessed at 14D 

post injury. 
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Table 3.1: Sub-acute Luxol fast blue fast blue area and width measurements 

from corpus callosum regions. 

 Whole CC Area (mm2) Midline CC Width (mm) Cingulum Width (mm) 

Left               Right Left               Right Left               Right 

Sham 4.84 ± 0.51 4.93 ± 0.64 2.19 ± 0.24 2.14 ± 0.16 4.55 ± 0.58 4.28 ± 0.85 

Single 4.84 ± 0.39 5.19 ± 0.42 2.24 ± 0.22 2.24 ± 0.17 4.55 ± 0.41 4.60 ± 0.54 

rmTBI D14 
4.53 ± 0.46 5.09 ± 0.35 2.11 ± 0.38 2.05 ± 0.24 4.20 ± 0.55 5.05 ± 0.38 

rmTBI D21 
5.08 ± 0.83 5.01 ± 1.0 2.25 ± 0.53 2.15 ± 0.48 4.98 ± 0.48 4.73 ± 0.76 

P Value Sham 
vs. Single p=1.000 p=1.000 p=1.000 p=1.000 p=1.000 p=0.381 

P Value Sham 
vs. rmTBI D14 p=0.741 p=0.011 p<0.001 p=0.036 p=1.000 p<0.001 

P Value Sham 
vs. rmTBI D21 p<0.001 p=0.039 p<0.001 p<0.001 p<0.001 p=0.006 

P Value 
Single vs. 
rmTBI D14 

p=0.425 p=0.184 p=0.001 p=0.405 p=1.000 p=0.153 

P Value 
Single vs. 
rmTBI D21 

p<0.001 p=0.525 p<0.001 p=0.024 p<0.001 p=1.000 

P Value 
rmTBI D14 vs. 

rmTBI D21 
p=0.007 p=1.000 p=1.000 p=1.000 p<0.001 p=1.000 

 
 

Area= 10-2 ± 10-2; Width= 10-4 ± 10-4 
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Table 3.2: Sub-acute Luxol fast blue fast blue signal intensity (SI) measurements 

from corpus callosum regions. 

 Whole CC Area (AU) Midline CC Width 
(AU) 

Cingulum Width (AU) 

Left               Right Left               Right Left               Right 

Sham 0.96 ± 0.1 1.03 ± 0.0 1.10 ± 0.1 1.16 ± 0.1 1.01 ± 0.1 1.05 ± 0.0 

Single 1.04 ± 0.1 1.03 ± 0.1 1.17 ± 0.1 1.16 ± 0.1 1.06 ± 0.1 1.06 ± 0.1 

rmTBI D14 0.99 ± 0.1 1.07 ± 0.1 1.11 ± 0.1 1.18 ± 0.1 1.02 ± 0.1 1.10 ± 0.1 

rmTBI D21 0.96 ± 0.1 0.94 ± 0.1 1.05 ± 0.1 1.04 ± 0.1 0.98 ± 0.1 0.96 ± 0.1 

P Value Sham 
vs. Single p=0.071 p=1.000 p=0.338 p=1.000 p=0.690 p=1.000 

P Value Sham 
vs. rmTBI D14 p=0.607 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000 

P Value Sham 
vs. rmTBI D21 p=1.000 P<0.001 p=1.000 p=<0.001 p=1.000 p=<0.001 

P Value 
Single vs. 
rmTBI D14 

p=1.000 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000 

P Value 
Single vs. 
rmTBI D21 

p=0.311 p<0.001 p=0.077 p<0.001 p=0.702 p<0.001 

P Value 
rmTBI D14 vs. 

rmTBI D21 
p=0.790 p<0.001 p=0.082 p<0.001 p=0.701 p<0.001 
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Table 3.3: Long-term Luxol fast blue signal intensity (SI) and thickness 

measurements from left corpus callosum regions. 

 

 
Sham Single rmTBI 

Sham vs.  

Single 

Sham vs.  

rmTBI  

Single vs. 

 rmTBI 

Whole CC 
Area1 

SI (AU) 
5.45 ± 3.6 

0.91 ± 0.1 

5.22 ± 6.5  

0.97 ± 0.1 

5.91 ± 11 

0.98 ± 0.1 

p=1.000 

p=0.558 

p=0.532 

p=0.125 

p= 0.018 

p=1.000 

Midline 

CC 

Width2 

SI (AU) 

2.48 ± 2.1 

1.02 ± 0.1 

2.34 ± 2.3 

1.12 ± 0.1 

2.74 ± 4.3 

1.10 ± 0.1 

p=1.000 

p=0.011 

p=0.208 

p=0.084 

p< 0.001 

p=1.000 

Cingulum 
Width2 

SI (AU) 
5.22 ± 4.8 

0.93 ± 0.1 

4.69 ± 8.3 

1.00 ± 0.1 

6.11 ± 5.4 

1.01 ± 0.1 

p<0.001 

p=0.186 

p<0.001 

p=0.032 

p< 0.001 

p=1.000 

 
1Area= 10-2 ± 10-3 (mm2); 2Width= 10-4 ± 10-5 (mm) 
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Table 3.4: Long-term Luxol fast blue signal intensity (SI) and thickness 

measurements from right corpus callosum regions. 

 
 

 
Sham Single rmTBI 

Sham vs.  

Single 

Sham vs.  

rmTBI  

Single vs. 

 rmTBI 

Whole CC 
Area1 

SI (AU) 
5.53 ± 4.3 

0.95 ± 0.1 

5.23 ± 5.5 

1.01 ± 0.1 

6.08 ± 11 

1.03 ± 0.1 

p=1.000 

p=0.150 

p=0.164 

p=0.005 

p=0.001 

p=1.000 

Midline 

CC 

Width2 

SI (AU) 

2.58 ± 2.6 

1.08 ± 0.1 

2.33 ± 1.4 

1.16 ± 0.1 

2.71 ± 4.3 

1.15 ± 0.1 

p=0.069 

p=0.006 

p=1.000 

p=0.032 

p<0.001 

p=1.000 

Cingulum 
Width2 

SI (AU) 
5.33 ± 6.2 

0.97 ± 0.1 

5.01 ± 12 

1.03 ± 0.1 

6.19 ± 11 

1.05 ± 0.1 

p=1.000 

p=0.212 

p=0.144 

p= 0.005 

p= 0.009 

p=1.000 

 
1Area= 10-2 ± 10-3 (mm2); 2Width= 10-4 ± 10-5(mm) 
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Chapter 4 

Reduced Hemispheric Swelling Occurs in the Presence of Limited 

Microglial Activation 

Abstract 

Traumatic brain injury (TBI) can result in long-term neurological deficits 

and increased risk of neurodegenerative diseases.  The cellular mechanisms that 

exacerbate tissue damage and lead to chronic disability following TBI are not well 

known.  Inflammation and specifically microglia, the CNS resident tissue 

macrophages, can acquire alternative and classical activation states associated 

with cytoprotective and cytotoxic processes, respectively.  A subset of microglia 

exclusively express triggering receptor on myeloid cells-2 (TREM2), which is 

upregulated following CNS injury or systemic inflammation.  Experimental studies 

indicate that TREM2 is a critical anti-inflammatory molecule, where loss of this 

receptor results in early onset dementia and mutation in the receptor’s ligand 

binding pocket correlates with a 3-fold increased risk of Alzheimer’s disease.  

Thus, immune cells are clearly linked to neurodegenerative diseases and their 

ability to participate in cytotoxic and cytoprotective roles have identified them as 

potential aggravators of TBI pathology with the potential for being manipulated 

therapeutically. 

We hypothesized that systemic inflammation or TREM2 knockout 

(TREM2KO) at the time of a moderate-to-severe controlled cortical impact (CCI) 

would exacerbate TBI pathology.  We compared lesion size, hemispheric volume 
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and microglial activation within the impacted cortex 7 days following TBI in 

wildtype, wildtype with systemic LPS challenge and TREM2KO animals and 

activation in naïve wildtype mice.  Unexpectedly, MRI analysis revealed virtually 

no swelling in TREM2KO animals and reduced hemispheric volume in LPS 

challenged mice compared to wildtype at 7 days post TBI.  These changes in 

hemispheric volume occurred in the absence of altered lesion volume or 

composition.  Nanostring analysis of microglial activation showed that while all 

TBI groups demonstrated 2-fold or more expression in inflammatory molecules 

from naïve mice, the LPS challenged and TREM2KOs revealed lower levels of 

activation than wildtype following TBI.  Furthermore, we found that microglia 

showed lower inflammatory molecule expression levels compared to the 

impacted tissue within TREM2KOs.  Taken together these data suggest that 

limited microglial inflammation following TBI is beneficial to hemispheric swelling 

outcome. 
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Introduction 

Traumatic brain injuries (TBI) contribute to a third of all injury related 

deaths and affect an estimated 1.7 million Americans each year (Tagliaferri 2006, 

Corrigan 2010, Faul 2010).  Brain injury severity is grossly categorized as mild, 

moderate or severe, where individuals typically appear to recover normally from 

mild injuries, but can show long-lasting or permanent deficits following a 

moderate-to-severe head trauma. Currently, no effective therapeutics to reverse 

TBI tissue damage exists.  As a result an estimated 3.2-5.3 million Americans 

currently live with a chronic neurological and/or physical disability caused by TBI, 

greatly decreasing their quality of life and having prolonged economical impacts 

on society (Coronado 2011). 

Following TBI, primary injuries immediately trigger secondary injury 

cascades that result in further tissue damage including edema formation, 

hemorrhage progression and white matter damage (Povlishock and Katz 2005, 

Kurland 2012). Brain swelling, which can result from increased edema formation 

and blood deposition, significantly increases patient morbidity and mortality, 

resulting in approximately 50% of all TBI related deaths (Balestreri 2006, 

Muehlschlegel 2013). Hemorrhage is also particularly harmful as it can take 

months to be cleared from the brain and iron within the blood can facilitate the 

production of free radicals that damage DNA, lipids and proteins (Gaasch 2007).  

Moderate and severe TBIs as well as repeated injuries have been associated 

with increased susceptibility to developing neurodegenerative diseases (Smith 
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2013). However the secondary mechanisms that leads to exacerbated and 

chronic TBI pathology remains poorly understood.  Current TBI research focuses 

on identifying the cellular mechanisms responsible for initiating secondary 

cascades as these pathways may be targeted therapeutically to attenuate and 

prevent further tissue damage. 

Inflammatory responses occur immediately after injury and can persist 

years following TBI (Davalos 2005, Ramlackhansingh 2011).  Microglia, the 

resident CNS macrophages, are the first cells to respond to tissue damage and 

can acquire activation phenotypes associated with cytotoxic and cytoprotective 

processes. Thus, they have been identified as having the potential to aggravate 

and instigate secondary damage cascades.  Classically (M1) activated microglia 

and macrophages are functionally associated with neurotoxic processes and are 

characterized by high expression of pro-inflammatory molecules such as iNOS, 

TNFα and IL-1β (Block and Hong 2005).  Studies exposing microglia to necrotic 

neurons or myelin debris in culture, revealed increased microglial activation and 

expression of the classical molecules IL-6, TNF and iNOS (Pais 2008, Pinteaux-

Jones 2008).  Subsequent exposure of healthy neurons to media collected from 

activated microglial cultures increased neuronal death indicating that secreted 

molecules produced by classically activated microglia are neurotoxic (Pais 2008, 

Pinteaux-Jones 2008).  In contrast, alternative (M2) activation states are 

functionally associated with repair processes and characterized by YM1, 

Arginase1 and CD206 expression (Mosser and Edwards 2008). Upon blocking 
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the microglial response to injury via purinergic receptor antagonists or preventing 

microglial process outgrowth resulted in increased lesion size and apoptosis 

following brain injury (Hines 2009, Roth 2014).  Microglia also play critical roles in 

the removal of debris following injury, which is critical for rapid recovery following 

injury (Kotter 2006). While acute treatment using anti-inflammatory compounds 

have shown improved outcomes following TBI, many of these compounds failed 

in clinical trials or have demonstrated adverse effects when used chronically 

(Browne 2006, Kumar and Loane 2012).  Thus a better understanding of the 

roles that classical and alternative microglial activation plays following TBI is 

needed.  

In the CNS, microglia exclusively express triggering receptor expressed 

on myeloid cells-2 (TREM2), which has been shown by several studies to play a 

critical anti-inflammatory role following injury. TREM2 activity blocks the 

expression of pro-inflammatory cytokine expression and is necessary for the 

phagocytosis of cellular debris (Takahashi 2007, Hsieh 2009). Antibody mediated 

blocking of TREM2 following EAE resulted in increased inflammation and 

aggravated pathology (Piccio 2007).  However, intravenous injection of TREM2 

expressing precursor cells alleviated experimental autoimmune 

encephalomyelitis pathology (Takahashi 2007). Unexpectedly, a recent study of 

experimental stroke in TREM2 knockout animals revealed that while pro-

inflammatory cytokine (TNFα, IL-6, IL-1β) expression was reduced, no change in 

lesion volume was observed at 7 or 28 days following injury (Sieber 2013).  
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Clinically, TREM2 loss-of-function results in Nasu-Hakola disease, which is 

associated with early onset cognitive dementia in the 20’s followed by death in 

the 40-50’s (Paloneva 1993).  Recently, a TREM2 mutation in the ligand-binding 

pocket has also been associated with a 3-fold risk in developing Alzheimer’s 

disease (Guerreiro 2013, Abduljaleel 2014).  Since only microglia, and not 

neurons, express TREM2 the occurrence of Nasu-Hakola disease and increased 

susceptibility of Alzheimer’s Diseases provides direct evidence for the role of 

inflammation in neurodegenerative diseases.  

In addition to CNS injury, microglia can be activated by and increase their 

expression of TREM2 in response to systemic inflammation, such as the cold or 

flu (Piccio 2007, Takahashi 2007, Davis 2011). Intraperitoneal (IP) 

lipopolysaccharide (LPS) injections (0.1-2.5mg/kg) have revealed acute (<24hrs) 

changes in microglial morphology and increased expression of both pro-

inflammatory (IL-1β, TNFα) and anti-inflammatory (TGFβ, IL-10, TREM2) 

expression within the rodent brain (Turrin 2001, Davis 2011, Longhi 2011, 

Biesmans 2013).  Peripheral cytokines produced by IP injection of LPS can 

induce neuroinflammation via activating BBB endothelial cells or vagal nerve 

projections that in turn activate cells within the brain (Dantzer 2001, Quan 2008).  

A single low dose (0.1-0.2 mg/kg) injection of IP LPS given within 5 days before 

induction of a moderate-to-severe TBI or experimental stroke resulted in 

decreased lesion volume and altered the inflammatory response (Rosenzweig 

2004, Longhi 2011). However a higher IP LPS dose (4 mg/kg) given immediately 
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following a severe TBI revealed increased cytokine (TNFα, IL-6) expression and 

apoptotic cells 1-7 days following injury (Hang 2004).  These studies suggest that 

the cytoprotective or cytotoxic processes initiated by LPS treatment is both dose 

and time dependent. 

Overall neuroinflammation clearly plays an important role in the 

progression and resolution of TBI.  However the beneficial and/or detrimental role 

of microglial inflammation following TBI is not clear.  We hypothesized that 

deficiency in TREM2 would result in worsened TBI outcome, as it has been 

previously shown to inhibit pro-inflammatory cytokine production and is critical for 

debris clearance.  We also predicted that a high (5 mg/kg) IP LPS dose 24hrs 

prior to TBI would result in worsened tissue damage, as systemic challenge 

increases neuroinflammation. 
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Materials and Methods 

All animal care and protocols were performed in compliance with federal 

regulations and the institutional review boards at Loma Linda University and the 

University of California, Riverside.  

Animals 

A total of 42 adult 6-9 week old male C57Bl/6 (15.6-26.6g; The Jackson 

Laboratory, Bar Harbor, ME) and TREM2KO mice (19.0-23.7g; bred in the 

Carson Lab, UC Riverside) were single-housed in a temperature controlled 

animal facility on a 12-hour light/dark cycle and had access to food and water ad 

libitum.  C57Bl/6 mice were randomly assigned to either naïve, wildtype (TBI, no 

pretreatment) or IP-LPS, 5mg/kg (78-133 µl) 24hrs prior to TBI induction. 

TREM2KOs received no treatment prior to TBI.   

Traumatic Brain Injury 

A controlled cortical impact (CCI) was used to induce a moderate TBI as 

previously described (Donovan 2012), with minor modifications.  Briefly, mice 

were anesthetized and secured into a stereotactic frame equipped with a heating 

pad.  A midline incision exposed the skull surface and a craniectomy (5 mm 

diameter) was performed immediately adjacent to the coronal and sagittal 

sutures over the right hemisphere using an ice cold trephine. Subsequently, a 

moderate CCI (3mm diameter tip, 1mm depth, 5.0 m/s speed, 200 ms dwell) was 

delivered to the right cortical surface using an electromagnetically driven piston 

(Leica Biosystems Inc., Richmond, IL).    Following injury, animals were sutured 
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closed and placed in a warmed recovery chamber until consciousness and 

grooming resumed at which point the animals were returned to their cages.   

Magnetic resonance imaging and analysis 

 Wildtype (n=4), IP-LPS (n=3) and TREM2KO (n=5) mice underwent in vivo 

T2 weighted imaging (T2WI) 3 and 7 days post TBI as previously described with 

minor modifications (Donovan 2012).  During imaging animals were anesthetized 

(isoflurane: 3% induction, 1% maintenance) and body temperature was 

maintained using a heated water pad. T2WIs (TR/TE=2972.1ms/10.2ms, 

25x0.5mm slices) were collected with a 128x128 matrix and a 2cm field of view 

on an 11.7T Bruker Avance instrument (Bruker Biospin, Billerica, MA).  

 T2WIs were analyzed as previously described (Donovan 2012).  Briefly, 

the right hemisphere, left hemisphere and lesioned area were manually 

segmented (Bregma, 1.10 to -3.52) using Cheshire image processing software 

(Hayden Image/Processing Group, Waltham, MA) by a user blinded to the 

groups.  Lesion and hemispheric volumes (mm3) were extracted and the percent 

change in hemispheric volume was calculated by dividing the right hemispheric 

volume by the left hemispheric volume for each animal.  Similarly the percent 

lesion volume was calculated for each animal by dividing the lesion volume by 

the whole brain (sum of the right and left hemispheres) volume.  Lesioned tissue 

was then analyzed for blood, edema and normal appearing brain (NAB) using our 

previously published method (Donovan 2012), with modifications.  The lesioned 

area from n=3 animals (1 per group) was manually segmented into blood and 
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edema containing pixels to determine the appropriate T2 value ranges for blood, 

edema and NAB in this TBI model using mice.  Voxels containing blood (<41ms), 

edema (>55ms) and NAB (42-54ms) were then extracted as volumes and divided 

by the lesion volume so as to determine the composition of lesions following TBI.   

Nanostring gene expression assay and analysis 

 Extracted RNA from purified microglia (n=8-12) and cortical tissue (n=2) 

underwent analysis using Nanostring (Nanostring Technologies, Seattle, WA). 

The Nanostring nCounter GX Mouse immunology kit was used to profile 561 

mouse inflammatory genes.  The assay was performed by Nanostring personnel 

according to the manufacturer’s protocol.  Briefly, 100ng of RNA was incubated 

with bar-coded reporter and capture probes for 16hrs at 65°C.  Following 

incubation un-hybridized probes were removed and RNA molecules hybridized to 

probes were quantified using the nCounter Prep Station and GEN2 Digital 

Analyzer.  Raw counts of RNA transcript numbers were normalized via the 

nCounter software using internal positive control counts and reference 

housekeeping genes.   

 Genes of interest were identified as those with 2-fold changes between 

comparisons.  This 2-fold threshold was selected based on the 95% confidence 

intervals and correlation plot slopes of fold change differences between groups.  

Comparing fold changes between molecules isolated from the microglia of TBI 

groups (wildtype, IP-LPS, TREM2KO) and wildtype naïve animals revealed that 

the 95% confidence intervals fell between 5 and 18 whereas the correlation plot 
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slopes were between 1.2-1.7.  However fold change comparisons of molecules 

isolated from the microglia of IP-LPS or TREM2KO TBI groups and wildtype TBI 

animals showed 95% confidence intervals of -1.6 to 3.3 and correlation plot 

slopes of -0.00001to -0.00002.  Based on these results we determined that fold 

changes of 2 were appropriate for analysis of our data sets, where fold changes 

of -1.9 to 1.9 were considered no change.  Genes of interest were then entered 

into PANTHER Classification System and analyzed using the functional 

classification function (Mi 2013). 

Statistics 

Statistical analysis was performed using Sigma Plot Software (Systat 

Software Inc, San Jose, CA).  Hemispheric volume was analyzed using a 

repeated measures one-way analysis of variance (ANOVA), while the lesion 

volume and composition data were analyzed with a one-way ANOVA.  Tukey 

post-hoc tests were used for all statistical tests. Data are presented as the Mean 

± SEM.  A p< 0.05 was considered significant. 
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Results: 

Reduced hemispheric swelling occurred in the absence of lesion volume or 

composition changes in animals having systemic inflammation or TREM2 

deficiency at the time of TBI.   

We hypothesized that animals having systemic inflammation or TREM2 

deficiency at the time of TBI would demonstrate worsened tissue damage when 

compared to controls.  To test this hypothesis, we used T2WI to assess lesion 

and hemispheric volumes in addition to lesion composition.  T2WIs illustrated 

lesions of similar size and composition, but differences in hemispheric volume 

between the wildtype, IP-LPS and TREM2KO groups at 3 and 7 days post injury 

(Figure 4.1A).  Quantification of hemispheric volume revealed virtually no 

swelling within the TREM2KO group at both timepoints and an 80% reduction in 

swelling within the impacted cortex of IP-LPS animals compared to wildtypes at 7 

days post TBI (Figure 4.1B). Additionally, wildtype animals demonstrated a 37% 

decrease in swelling over the course of 7 days (Figure 4.1B).  Unexpectedly, the 

decreased hemispheric volume within the TREM2KO and IP-LPS animals 

occurred in the absence of significant lesion volume differences from wildtype 

mice (Figure 4.1C). Blood, edema, and NAB volumes within the lesion were also 

not significantly altered between the groups at any time (Figure 4.1D-F). 
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TBI results in increased microglial inflammation within the impacted hemisphere 

by 7 days, independent of inflammatory status at the time of injury. 

 We hypothesized that microglial inflammatory transcript levels, 

independent of inflammatory status at the time of TBI, would be increased in the 

impacted hemisphere of injured animals compared to those found in wildtype 

naïve mice.  To test this hypothesis we used Nanostring technology to analyze 

and compare the fold changes in microglial transcript numbers between the TBI 

groups (wildtype, IP-LPS and TREM2KO) and naïve wildtype animals for each 

inflammatory molecule (Figure 4.2).  TBI animals demonstrated more genes that 

increased (wildtype=391; IP-LPS=362; TREM2KO=359) than decreased 

(wildtype=29; IP-LPS=35; TREM2KO=34) 2-fold from wildtype naïve (Figure 

4.2A).  Also, approximately 75% of the increased genes and 37% of the 

decreased genes were shared between the TBI groups.  Classification of 

increased genes revealed that similar pathways in approximately the same 

proportions were seen within the TBI groups when compared to naïve controls 

(Figure 4.2B).  Additionally, genes that decreased within the TBI groups also 

appeared to have similar pathway representation between the groups (Figure 

4.2B).  We also found that the interleukin (13.8-15%), chemokine (12.4-13.2%) 

and TNF (4.1-5.9%) gene families were predominantly increased from naïve, as 

fewer molecules from these families were seen in the decreased gene list. In 

contrast, the toll receptor, IGF and oxidative stress families showed higher 
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representation within the decreased gene lists as compared to those that were 

increased. 

 

Microglial inflammation is decreased in IP-LPS and TREM2KO groups compared 

to wildtype 7 days following TBI. 

We asked whether inflammatory status at the time of TBI altered the 

microglial inflammatory response to injury and hypothesized that the level of 

gene expression would be similar between the TBI groups.  To test this 

hypothesis we compared the fold changes in microglial inflammatory gene 

transcript numbers of IP-LPS or TREM2KO groups with wildtype animals 7 days 

following TBI (Figure 4.3).  Fold change analysis revealed that IP-LPS and 

TREM2KO mice had more genes with 2-fold decreases (IP-LPS=17; 

TREM2KO=19) than increases (IP-LPS=242; TREM2KO=229) from wildtype TBI 

animals (Figure 4.3A).  Approximately 73% of the decreased and 44% of the 

increased genes were shared between the IP-LPS and TREM2KO groups 

(Figure 4.3A).  The same pathways in similar proportions were observed within 

the decreased gene lists of both IP-LPS and TREM2KOs compared to wildtype 

(Figure 4.3B).  Signaling pathways with the most gene representation included 

cytokines (12.3% - 14.3%), interleukins (13.5% - 15.3%) and TNF (5.2% - 6.1%).  

In contrast, the pathways seen in the increased gene lists varied in 

representation between the IP-LPS and TREM2KO groups, though this is likely 

due to the low gene numbers in these lists. 
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Microglia demonstrate less gene transcripts for inflammatory molecules 

compared to impacted cortical tissue in TREM2KO mice 7 days following injury. 

 TREM2KO microglia were hypothesized to show increased inflammation 

when compared to the impacted cortical tissue 7 days post TBI.  To test this 

hypothesis inflammatory molecules were compared between TREM2KO 

microglia and cortical tissue as fold changes from wildtype microglia and tissue 7 

days following TBI (Figure 4.4).  We found that the TREM2KO impacted 

hemisphere had larger numbers of genes with 2-fold increases, from wildtype 

tissue, than the microglia (cortex=317; microglia=19), which had more genes that 

were decreased 2-fold or more from wildtype microglia (cortex=1; microglia=242) 

(Figure 4.4A).  The increased gene list within the hemispheric tissue showed that 

the interleukin (13.8%), chemokine (14.7%) and TNF (6.0%) signaling pathways 

had the highest representation (Figure 4.4B).  The increases in pathways 

observed within the tissue were similar to those observed in the decreased gene 

list of TREM2KO microglia (seen in Figure 4.3B), thus the tissue and microglia 

demonstrated opposing gene expression patterns.  In contrast, the only gene 

found to be decreased in the TREM2KO tissue compared to wildtype was 

TREM2, as would be expected as these animals lacked TREM2, at 7 days 

following TBI (Figure 4.4B). 
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Inflammatory status at the time of TBI alters microglial expression patterns of 

signaling molecules 7 days following TBI 

 We predicted that when considering all genes tested using Nanostring, 

including those categorized as no-change, microglial and tissue patterns would 

still be observed.  To test this hypothesis, all genes within the TNF, JAK/STAT, 

interleukin and chemokine families, which showed large representation within the 

increased and/or decreased gene lists, were used to generate an expression 

heatmap (Figure 4.5).  We found that heatmaps generated from these gene 

families confirmed the microglial and tissue patterns observed within the gene 

lists. All TBI groups (wildtype, IP-LPS, TREM2KO) demonstrated large numbers 

of microglial genes with at least 2-fold increases from naïve mice in all four gene 

families.  Comparison of the IP-LPS and TREM2KO groups with wildtype 

following TBI, demonstrated that the majority of the genes, though not all, within 

the gene families were decreased.  Furthermore, comparison of the TREM2KO 

microglia with impacted hemispheric gene expression, revealed that the tissue 

had increased numbers of genes with 2-fold or more expression levels in 

inflammatory molecule transcript numbers compared to the microglia (Figure 

4.5).  
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Discussion 

Based on previous findings, we hypothesized that TBI pathology would be 

exacerbated by increased inflammation or TREM2 deficiency at the time of injury.  

Unexpectedly our data did not support this hypothesis.  Rather we found that 

TREM2 deficiency at the time of TBI resulted in little swelling, while systemic 

inflammation led to reduced swelling by 7 days following injury compared to 

wildtype.  Additionally, gene expression analysis of inflammatory molecules 

revealed increased microglial expression within the TBI groups compared to 

Naïve mice.  However the levels of expression for many of these molecules 

showed 2-fold less expression in the IP-LPS and TREM2KOs compared to 

wildtype following TBI.  Furthermore the impacted cortical tissue and microglia 

isolated from TREM2KOs revealed opposing expression levels, where the tissue 

demonstrated increased transcript numbers for many of the inflammatory 

molecules tested.   

 

Hemispheric swelling, but not lesion volume or composition, was reduced 

following systemic inflammation and TREM2 deficiency at the time of TBI. 

Experimental TBI and stroke studies have reported that T2WI provides a 

high correlation with tissue pathology (Kochanek 1995, Gerriets 2004, Walberer 

2007). Kochanek et al. (1995) have specifically demonstrated that T2WI can also 

be used to accurately assess lesion volume non-invasively. Similar to other 

studies we found no changes in lesion volume between the experimental groups, 
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despite differences in inflammatory status at the time of a moderate-to-severe 

TBI.  Models of experimental stroke have also reported the absence of changes 

in the amount of injured tissue in TREM2KOs and LPS challenged mice following 

injury (Denes 2011, Sieber 2013).  We further characterized the composition of 

the lesion using a previously published method from our lab, however we found 

no differences in blood or edema volume within the injured tissue (Donovan 

2012).  Taken together this data indicates that TREM2 deficiency or systemic 

inflammation at the time of injury does not result in aggravation of lesion 

pathology at acute times.   

However human TBI is often diffuse and affects regions distant from 

lesioned areas.  In particular, brain swelling can impact large brain regions and is 

typically seen following moderate-to-severe injuries.  Brain swelling is a result of 

increased edema formation, peaking 24-48 hrs, and/or blood deposition, which 

can continue to deposit over days, following TBI (Obenaus 2007, Simard 2010). 

We therefore assessed swelling as hemispheric volume.  Unexpectedly, we 

found significantly less swelling in TREM2KOs and a non-significant reduction in 

hemispheric volume within LPS challenged animals from wildtype at 7 days post 

TBI.  These hemispheric swelling changes occurred in the absence of lesion 

volume differences, indicating that lesion size was not contributing to differences 

in swelling.  Additionally, our findings demonstrate that systemic inflammation at 

the time of injury does not exacerbate tissue damage and the lack of the putative 

anti-inflammatory molecule TREM2, improves swelling outcome at acute times 
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following experimental moderate-to-severe TBI.  Only one study of CNS damage 

has been performed in TREM2KOs and they did not assess brain swelling 

(Sieber 2013).  However, a model of stroke in which animals received IP LPS 

(0.2-0.4 mg/kg) 3 hrs prior to injury revealed increased edema formation at 24hrs 

(Denes 2011).  This study also found that LPS doses similar to ours (4mg/kg) 

resulted in 100% mortality following stroke (Denes 2011).  Discrepancies 

between this study and ours is likely due to differences in the evolution of 

pathology between stroke and TBI.  These data indicate that the role of 

inflammation varies between diseases states and is likely dependent on ongoing 

pathology within the tissue. 

 

Reductions in hemispheric swelling occur in the presence of increased microglial 

inflammation from naïve controls, independent of inflammatory status  

The majority of TBI studies have focused on morphological and/or 

intensity changes in macrophage/microglial markers, such as Iba1, as indicators 

of cellular activation.  Only a few studies have begun to examine the 

inflammatory gene expression of microglia following TBI.  In purified microglia, 

we found that all TBI groups, despite differences in inflammatory status at the 

time of injury, exhibited increased expression of inflammatory molecules 

compared to naive animals.  Similar to our study, Turtzo et al. (2014) also found 

increases in inflammatory molecules within microglia/macrophages isolated from 

the impact site 1-7 days post moderate-to-severe TBI.  However in contrast to 
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our data, where we observed increased cytokine and interleukin expression 

following TBI, particularly in wildtype animals, this study reported a decrease in 

several interleukins 1-7 days post TBI compared to naïve (Turtzo 2014).   

Moreover there were several experimental differences that could potentially 

contribute to this discrepancy.  Firstly, Turtzo et al. (2014) used female rats, while 

we used male mice.  Secondly their study did not distinguish between microglia 

and infiltrating macrophages, while our study analyzed the inflammatory 

expression patterns only from purified microglia.  Lastly, Turtzo et al. (2014) 

measured cytokine proteins within the tissue, while we measured the gene 

expression of inflammatory molecules. Taken together these data suggest that 

individual cell populations, in addition to the inflammatory tissue environment, 

need to be assessed separately as each cell type is likely expressing different 

molecules that contribute to TBI resolution and progression. 

 

TREM2KOs and IP-LPS mice demonstrate decreased microglial inflammation 

compared to wildtype following TBI. 

Chronic microglial inflammation following TBI has been correlated with 

persistent behavioral deficits in patients (Ramlackhansingh 2011).  Positron 

emission tomography (PET) has revealed that patients with chronic (11mo-17 

yrs) cognitive deficits also showed ongoing microglial activation in brain regions 

distant from the lesion following moderate-to-severe TBI (Ramlackhansingh 

2011).  Administration of anti-inflammatory molecules have been shown in 
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experimental TBI models to reduce the expression of molecules associated with 

both alternative and classical activation states (Cao 2012).  Experimental TBI 

studies using acute administration of anti-inflammatory molecules have 

demonstrated some promise in animal models of TBI, however long-term 

administration of some anti-inflammatories, such as Ibuprofen, have resulted in 

worsened memory deficits (Browne 2006, Kumar and Loane 2012).  Our data 

show that while TREM2KOs and IP-LPS have increased microglial activation 

when compared to naïve animals, this microglial inflammation is not as robust as 

that found in wildtype TBI animals.  This suggests that while some microglial 

activation following TBI is beneficial, as increased inflammation occurred at a 

time of reduced swelling, too much may be detrimental or slow recovery.  

However it is important to note that we assessed numbers of activated genes 

and representation of pathways, but have not performed an extensive pathway 

analysis.  Thus the amount of microglial activation, in addition to cellular 

pathways activated, likely plays an important role in TBI outcome.  This notion is 

consistent with experiments demonstrating improved outcomes following acute 

anti-inflammatory treatments.  However these anti-inflammatory treatments have 

failed to translate into clinical practice likely as a result of poor understanding of 

the mechanisms resulting in secondary damage and the roles of cellular 

pathways activated by various inflammatory cells (Kumar and Loane 2012).  

Future studies on the amount of activation and specific cellular pathways induced 

by microglia are needed to succeed in translation of therapies to the clinic. 
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Microglia demonstrate an opposing gene expression pattern compared to that 

found in the impacted tissue environment within TREM2KOs. 

Microglia only make up approximately 15% of the total cell population 

within the CNS, thus brain tissue contains predominantly RNA from more 

abundant cells, such as neurons and astrocytes.  Astrocytes and neurons can 

also contribute to the inflammatory environment through the release of various 

molecules, such as TNFα (Liu 1994, Rosenberg 1995, Dong and Benveniste 

2001).  Our data show that microglia and impacted cortical tissue from 

TREM2KOs demonstrate opposing gene expression patterns.  These data 

indicate that 1) microglia can behave differently than other cells, which is not 

surprising as they are the CNS resident immune cell, and 2) changes in brain 

swelling can result from manipulation of microglia specifically, as TREM2 is only 

found on this cell population in the CNS.  This provides evidence in support of 

targeting microglia for therapeutic use, however additional studies investigating 

the specific pathways activated or inhibited in TREM2KOs and their role in 

swelling outcome is needed. 

Comparison of cortical tissue from TREM2KOs and wildtype at 7 days 

post injury, we found that knockouts demonstrated a more robust inflammatory 

response as more genes contained 2-fold or higher transcripts levels.  In 

contrast, Sieber et al. (2013) et al demonstrated reduced expression of 

inflammatory molecules, such as TNFα, IL-1β and IL-6, in TREM2KOs 

undergoing experimental stroke compared to Sham at 7 days.  However, the 
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experimental models (TBI versus stroke) and number of inflammatory molecules 

assessed between our study and that performed by Sieber et al. (2013) likely 

contributes to differences in our results.  Thus different inflammatory pathways 

are potentially activated in various CNS diseases and need to be examined 

separately. 

 

Conclusion: 

Our starting hypothesis was that increased systemic inflammation or 

TREM2 deficiency at the time of TBI would result in exacerbated tissue 

pathology.  However our data does not support these findings.  Rather increased 

systemic inflammation, induced using IP LPS, at the time of TBI does not 

exacerbate gross tissue pathology (i.e. swelling or lesion size) within a week from 

injury.  Additionally, the loss of TREM2, a putative microglial anti-inflammatory 

molecule, does not worsen tissue damage 7 days following experimental TBI.  

Rather reductions in hemispheric swelling within the TREM2KOs occurred in the 

presence of increased tissue inflammation from wildtype and elevated microglial 

activation compared to naïve controls.  Thus not all inflammation is created 

equal.  However, TREM2KO and IP-LPS microglial inflammation was not as 

robust as wildtype following TBI.  Therefore the cellular pathways activated as 

well as the amount of cellular activation in the microglia contribute to beneficial 

TBI induced hemispheric swelling outcomes in our model.  We also found that 

microglia and impacted tissue from TREM2KOs showed opposing gene 
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expression patterns, suggesting that other cell types are also contributing to the 

tissue inflammatory environment. Taken together these data show that both the 

type and amount of inflammation are important in determining TBI outcome.  

Further studies are required to better understand and identify cellular pathways 

activated within the microglia and their roles in the progression of pathology. 
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Figures and Legends 
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Figure 4.1: Systemic inflammation or TREM2 deficiency at the time of TBI 

decreased hemispheric swelling, but without affecting lesion volume or 

composition. 

A.  Shows representative T2 MRIs from wildtype (n=4), IP-LPS (n=3) and 

TREM2KO (n=4) animals at 3 and 7 days following TBI.  Superimposed impacted 

(I; red) and contralateral (C; yellow) hemispheres illustrate changes in 

hemispheric volume.  B.  Depicts the percent change between the impacted and 

contralateral hemispheres of wildtype (black), IP-LPS (grey) and TREM2KO 

(white) groups 3 and 7 days post TBI.  C.  Shows the percent lesion of brain 

volume, for wildtype (black), IP-LPS (grey) and TREM2KOs (white) at 3 and 7 

days post TBI.  D-F Illustrates the percent of blood (D), edema (E) and normal 

appearing brain (F; NAB) volume within the lesion of wildtype (black), IP-LPS 

(grey) and TREM2KO (white) animals 3 and 7 days following TBI.  (****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05, One-Way and Repeated Measures One-Way 

ANOVA Tukey post-hoc). 
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Figure 4.2:  TBI results in increased microglial activation in the impacted 

hemisphere regardless of inflammatory status by 7 days post TBI 

compared to naïve animals. 

A. Depicts the number of microglial genes within wildtype (n=8), IP-LPS (n=12) 

and TREM2KOs (n=8) following TBI that demonstrated a 2-fold increase or 

decrease from naïve wildtype (n=7) animals.  B.  Shows the percent of pathway 

representation from 2-fold increased or decreased genes in wildtype, IP-LPS and 

TREM2KOs after TBI from naïve mice, using Panther.  Pathways within the 

legend go in sequential order clockwise beginning at the notch (CAM= cell 

adhesion molecule, GnRHR= gonadotropin releasing hormone receptor; IGF= 

insulin-like growth factor; PDGF= platelet derived growth factor; TNF= Tumor 

Necrosis Factor).  
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Figure 4.3: Microglia within the impacted hemisphere of IP-LPS and 

TREM2KOs demonstrated less inflammation compared to wildtypes 7 days 

following TBI.  

A. Depicts the number of microglial genes within IP-LPS (n=12) and TREM2KOs 

(n=8) that demonstrated a 2-fold increase or decrease from wildtype (n=8) 

animals following TBI.  B.  Shows the percent of pathway representation from 2-

fold increased or decreased genes in IP-LPS and TREM2KOs from wildtype 

following TBI, using Panther.  Pathways within the legend go in sequential order 

clockwise beginning at the notch (CAM= cell adhesion molecule, GnRHR= 

gonadotropin releasing hormone receptor; IGF= insulin-like growth factor; 

PDGF= platelet derived growth factor; TNF= tumor Necrosis Factor).  
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Figure 4.4:  The cortical tissue and isolated microglia demonstrated 

opposing inflammatory patterns within TREM2KOs. 

A. Depicts the number of microglial genes within TREM2KO cortical tissue (n=2) 

and isolated microglia (n=8) that demonstrate a 2-fold increase or decrease from 

wildtype tissue (n=2) and microglia (n=8) following TBI.  B.  Shows the percent of 

pathway representation from 2-fold increased or decreased genes in the cortex 

of TREM2KO from wildtype following TBI, using Panther.  Pathways within the 

legend go in sequential order clockwise beginning at the notch (CAM= cell 

adhesion molecule, GnRHR= gonadotropin releasing hormone receptor; IGF= 

insulin-like growth factor; PDGF= platelet derived growth factor; TNF= tumor 

Necrosis Factor).   
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Figure 4.5:  Microglial expression patterns of signaling molecules are 

influenced by inflammatory status at the time of TBI. 

A-C Illustrates Nanostring analysis of gene transcript levels for TNF and Jak/Stat 

(A), Interleukin (B) and Chemokine (C) signaling pathways within the cortical 

tissue and isolated microglia of TREM2KO and IP-LPS animals following TBI 

compared to either wildtype naïve or wildtype after TBI that increased (2-fold; 

red), decreased (2-fold; green) or did not change (-1.5 to +1.5 fold; black) from 

wildtype (wildtype) controls. 
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Chapter 5 

Discussion 

Traumatic brain injury (TBI) is an ongoing public health concern, 

particularly as awareness increases.  mTBI or concussion can be difficult to 

diagnose as these mild injuries result in subtle transient alternations in cognition 

and no abnormalities on standard medical imaging.  Difficulty in detecting mTBI 

leaves individuals susceptible to subsequent injuries that may exacerbate 

ongoing tissue damage.  The secondary cascades that result in the progression 

and exacerbation of tissue damage following a single or repeated TBI are not 

well understood.  Similar to other CNS diseases, such as stroke, TBI elicits an 

immediate inflammatory response mediated by the resident brain macrophages, 

microglia.  Microglia can acquire classical (M1) or alternative (M2) activation 

states in response to injury or infection, which correlate with cytotoxic and 

cytoprotective processes, respectively.  Thus these cells have been identified as 

potential aggravators of secondary damage, however, the role of microglia 

following TBI is poorly understood.  This dissertation examines the evolution of 

grey and white matter pathology following repeated TBI and the role of microglial 

activation in injury progression and resolution.    

Though patients can appear to recover from a brain injury, clinical and 

animal studies have demonstrated that the brain remains vulnerable to 

subsequent injuries that may result in worsened brain damage.  Previous models 

of rmTBI have suggested short time windows (<5 days) in which the brain 
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remains vulnerable to subsequent injuries (Laurer 2001, Longhi 2005, Bennett 

2012, Huang 2013).  However these models induced mTBI to the same 

anatomical location, which would not occur clinically.  Therefore we developed a 

novel model of repeated TBI in which injuries were given to distant locations on 

opposite hemispheres.  Unexpectedly, using this new model we found that the 

temporal window of brain vulnerability was delayed from that seen previously, as 

injuries induced 7 days apart resulted in worsened outcome, but not those 3 days 

apart. This study also revealed that acute pathology was different between the 

injury intervals. Increased edema was seen when injuries were spaced 3 days 

apart and increased blood deposition occurred in animals with injuries spaced 7 

days apart.  For the first time, this study demonstrated that exacerbation of rmTBI 

is dependent on the location of and time interval between injuries.   

Increased tissue damage following rmTBI 7 days apart was increased at 

the site of second injury, suggesting that distant brain regions are affected by a 

single mTBI.  Neuroinflammatory studies following TBI have shown that microglia 

are activated and cytokines are present in regions distant from the lesion site 

(Ramlackhansingh 2011, Lagraoui 2012).  Long-distance diffusion of 

inflammatory molecules, such as chemokines and cytokines, produced at the 

injury site may activate microglia in distant brain regions in such a way that they 

exacerbate damage following a second injury. Alternatively, signaling via neurons 

that may be damaged by the impact could also activate microglia at distant brain 

regions. Diffusion of inflammatory molecules and/or signaling away from the 



 

 
149 

injury site could explain the delayed time window of brain vulnerability seen in our 

model.  Furthermore, inflammatory molecules may also contribute to 

hemorrhagic progression by acting on endothelial cells, which can themselves 

respond to cytokines (Quan 2008).  Importantly, from our later studies on 

systemic inflammation at the time of injury we conclude that not all inflammation 

is the same.  Thus it may be the diffusion or signaling of specific molecules to 

distant brain regions that increases vulnerability and not simply a general 

microglial activation state. Further studies investigating the mechanisms of 

increased vulnerability following rmTBI in which injuries are induced to distant 

locations are needed to better understand the mechanisms of brain vulnerability. 

 Grey matter pathology observed following rmTBI was transient, thus we 

wanted to determine whether white matter damage was ongoing at timepoints 

where the brain appeared to recover from injury.  Using our rmTBI model, we 

assessed anterior white matter adjacent to, but not directly under, the second 

impact site in rmTBI animals.  We found changes predominantly in axon integrity 

at sub-acute times, while myelin damage was seen chronically using DTI.   

Though EM analysis confirmed our DTI findings, it revealed that myelin around 

axons was thinner at both timepoints, while axons initially had a smaller caliber 

that increased in size over time.  Progression of white matter damage is 

potentially a result of changing neurofilament and microtubule pathology.  

Studies performed by Jafari et al. (1998) have shown that changes in 

cytoskeletal compaction correlated with changes in axonal caliber in a model of 
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optic nerve stretch injury.  Additionally at the second injury site, APC positive 

mature oligodendrocytes were increased in the CC at sub-acute times, 

suggesting an attempt to remyelinate, though the Olig2 positive progenitor 

population was reduced.  Potentially, reductions in Olig2 are a result of 

accelerated differentiation into mature myelinating oligodendrocytes.  

Accelerated maturation onto damaged axons could potentially lead to the 

abnormalities in myelination and decompaction observed chronically.  Similarly, 

in a study of moderate-to-severe TBI in the mouse demonstrated increased 

mature oligodendrocyte gene transcription following injury, however EM revealed 

abnormalities in myelin morphology (Sullivan 2013). Alternatively, replenishment 

of the Olig2 progenitor population may be slowed as we did not see any 

increases in proliferation (Ki67 staining) within the corpus callosum following 

injury.  Sullivan et al. (2013) reported increases in oligodendrocyte progenitors 

within 1 week following injury.  However our study investigated progenitors at 

sub-acute times and so earlier studies should be performed to assess 

oligodendrocyte proliferation.  Future studies of oligodendrocyte maturation and 

remyelination following TBI as well as the cross-talk between oligodendrocytes 

and axons are needed to better understand the mechanisms of white matter 

damage following TBI. 

Microglia are responsible for immune defense and maintenance of 

homeostasis. However following CNS injury or infection, microglia have 

demonstrated both protective and toxic roles based on their acquisition of 



 

 
151 

alternative and classical activation states, respectively.  Therefore increased grey 

and white matter vulnerability following rmTBI led us to investigate the role of 

microglia in TBI damage and resolution.  To assess the effects of microglial 

activation on TBI pathology we altered the inflammatory status at the time of 

injury using TREM2KOs and LPS challenge.  We found that deficiency in 

TREM2, a microglial anti-inflammatory molecule, resulted in little swelling, while 

LPS challenged animals showed no exacerbation of swelling following a 

moderate-to severe TBI compared to wildtype.  Microglia isolated from all TBI 

groups (wildtype, IP LPS, TREM2KO) revealed increased inflammation from 

naïve controls, however, TREM2KO and IP-LPS animals showed a less robust 

inflammatory response compared to wildtype.  This data indicate that while some 

inflammation is beneficial, excessive inflammation may slow recovery or increase 

tissue damage.  Similarly ongoing inflammation, which does not subside, has 

also been shown to correlate with increased tissue damage and ongoing 

neurological deficits (Ramlackhansingh 2011, Loane 2014).  Administration of 

anti-inflammatory molecules, which can reduce both anti- and pro-inflammatory 

molecules, has shown acute improvements following TBI, supporting the notion 

of limited inflammation being beneficial to injury outcome (Cao 2012, Kumar and 

Loane 2012).   

However it is important to note that the specific pathways activated in 

microglia that may contribute to beneficial and/or detrimental outcomes following 

TBI are still unknown.  Thus, while acute anti-inflammatory treatments have 
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shown promise, they have failed to translate to the clinic, likely as a result of also 

reducing inflammatory pathways beneficial to tissue recovery after TBI.  Our data 

show that in TREM2KOs, microglia and the tissue have opposing inflammatory 

patterns.  As the majority of the RNA in the tissue is likely from astrocytes and 

neurons, this data indicate that microglia behave differently from other cell types 

and their role in TBI outcome needs to be studied independently from other cell 

populations. A better understanding of the role of microglial activation and 

induction of specific inflammatory pathways will facilitate the development of 

therapeutics for TBI. 

Overall this work sets a foundation for future studies to investigate the role 

of inflammation and specifically microglia following single and repeated TBI.  Our 

inflammation study is the first to assess microglial activation as other studies 

have only examined inflammation from the whole tissue.  While we have only 

studied the impacted cortex, examining the contralateral tissue will potentially 

give insight into inflammation ongoing in uninjured tissue that may render it 

vulnerable to subsequent TBIs.  Additionally, future investigations should focus 

on specific cellular pathways activated and downstream signaling of inflammatory 

molecules in microglia as this is not known.  As there is no current treatment for 

damage caused by TBI, ongoing research investigating the role of microglia 

following TBI will uncover cellular mechanisms involved in secondary tissue 

damage that can be specifically targeted therapeutically for clinical use. 
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