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ABSTRACT 

 An estimated 1.7 million Americans will sustain a traumatic brain injury (TBI) every year with 

approximately two-thirds of those injuries being classified as a mild TBI (mTBI). Injury severity and 

outcome are affected by a number of factors, which include age, gender, timing between impacts, and 

genetic vulnerability. The temporary loss of brain function after mTBI can manifest into a variety of 

emotional, physical, and cognitive impairments and to date, the only effective course of treatment in 

humans is a period of rest (convalescence). It is unknown how long this recovery period should last, but 

25% of mTBI patients still have symptoms at 3 months, and 5-10% at 12 months post injury. The 

diversity of symptoms that Results after mTBI may be explained by loss of dendritic spines in various 

brain regions.  Dendritic spines are tiny protrusions from dendrites that mark the sites for excitatory 

synaptic transmission. Changes in dendritic spine number are implicated in a number of other 

neurological disorders such as Alzheimer’s disease (AD), Schizophrenia, and Fragile X. 

mTBI has been modeled in mice and rats. The majority of these animal models involves less than 

5 mTBI, and describes neuropathological changes that are not expected after a human mTBI; including 

skull fractures, cell death, axonal injury, and edema. Here, we wanted to develop a clinically relevant, 

extremely mild, highly repetitive injury model that is capable of delivering a higher volume of impacts 

without causing any discernable injury to mice. The purpose of this study was to determine the acute and 

chronic effects of r-mTBI on the development of brain pathology, neuronal architecture changes, and 

functional outcome in mice.  
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Our model resulted in a graded loss of consciousness (LOC) with increased injury severity and no 

evidence of neuroinflammation, cell death, or axonal injury after single mTBI. We found that dendritic 

spine loss occurs after a single mTBI, but not r-mTBI. This, plus the work of others suggests that spine 

loss is a common phenomenon that occurs following all severities of TBI (mild, moderate, and severe). r-

mTBI causes significant white matter pathology in the optic tract that persists up to 2m post injury and 

spontaneously recovers by 12m post injury.      

Recent preclinical studies of r-mTBI suggest that impacts sustained within vulnerable time 

periods will amplify brain pathology and result in cognitive and behavioral deficits, up to a year post 

injury. We found that mice exposed to 30 mTBI over a shorter inter-injury interval (5 consecutive mTBI, 

10 sec interval for 6 days) have attenuated brain pathology yet poorer behavioral outcome compared to 

mice exposed to 30 mTBI over a longer inter-injury interval (1 mTBI, 24h interval for 30 days).    

Genetic predisposition influences severity and recovery following mTBI. The ϵ4 allele of 

Apolipoprotien E is the greatest genetic risk factor for the development of Alzheimer’s disease (AD). The 

ϵ4 allele is synonymous with poorer recovery and death after TBI and the incidence of this gene is 

increased in those diagnosed with chronic traumatic encephalopathy (CTE). CTE is a progressive 

degenerative disease that is caused by exposure to r-mTBI. We found that APOE4 increased dendritic 

spine number and decreased dendritic spine length in a calcineurin-dependent manner following mTBI.  

APOE4 mice appear to have worse white matter pathology in the optic tract, up to 2m post injury 

compared to APOE3 mice. Interestingly, the duration of loss of consciousness after r-mTBI in APOE4 

mice was significantly reduced, compared to injured APOE3 mice.   

Collectivity, our data suggests that inter-injury interval and genetic predisposition influence 

severity and recovery following r-mTBI. 
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Chapter I: Introduction 

 

A. Traumatic brain injury 
 
  Traumatic brain injury (TBI) is the leading cause of death and disability in the United States and in the 

developing world (Hyder et al., 2007). TBI Results from a bump, blow, jolt, or any other external force to the 

head that disrupts normal brain function.   An estimated 1.7 million Americans will sustain a TBI every year (Faul 

et al., 2010) and the increased prevalence of these injuries has led to a serious public health concern. 

Approximately 1,365,000 (80.7%) patients will be treated and released from the emergency department (ED); 

275,000 (16.3%) patients will be hospitalized, and 52,000 (3.0%) patients will die from the injury and/or 

associated complications (Coronado et al., 2011). From 2006-2010, falls were the leading cause of TBI that 

resulted in an ED visit, hospitalization or death (40.5%). The majority of these cases are seen in children from the 

ages of 0 to 14 years (55%) and adults aged 75 and older (81%). The second leading cause of TBI (15.5%) 

Results from unintentional blunt trauma (i.e. being hit by an object). The third overall leading cause of TBI 

(14.3%) and largest percentage of TBI-related deaths (31.8%) are due to motor vehicle accidents. Lastly, 

approximately 10.7% of all TBIs are due to assaults with roughly 75% of all assaults occurring in person 15 to 44 

years of age.  Given that hospitalization rates for TBI-related injuries have increased  (Langlois et al., 2005, 

Langlois et al., 2006b, Faul et al., 2010, Coronado et al., 2011); the prevalence of TBI is likely to be far worse 

than originally estimated. A recent study that factors in military-related TBIs and the approximately 19% of 

unreported TBIs cases (Faul et al., 2010) suggest an estimated 3.5 million Americans will sustain a TBI each year 

(Langlois et al., 2006b, Coronado et al., 2012). The subset of cases that go unreported are comprised of those 

instances where injured people choose not to seek treatment from the ED, treat themselves, and/or seek alternative 

medical solutions that aren’t tracked by national databases (Faul et al., 2010). Conversely, while the overall rate 

of TBI-related deaths is decreasing (Coronado et al., 2011), an estimated 80,000 – 90,000 people are living with a 

TBI-related disability (Thurman et al., 1998, Thurman et al., 1999, Zaloshnja et al., 2008, Corrigan et al., 2010). 

A recent study of nearly 3000 serve TBI cases found that 52% of survivors were still experiencing moderate to 
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severe symptomology at 1 year post injury (Thornhill et al., 2000).The CDC estimates that the growing economic 

burden of TBI ranges from $60-76.5 billion due to loss productivity, hospitalizations, and rehabilitation of TBI 

patients. In addition, there is a significant psychological burden placed on families and friends who have care for 

injured relatives (Brooks et al., 1986). Despite the growing prevalence of TBI in America, only 10% of these 

injuries are considered severe. Approximately 75% of all TBI cases are mild TBI (mTBI) or concussions.  

 

B. Mild traumatic brain injury 

According to the Concussion in Sport Group (CISG) a concussion is defined as a complex 

pathophysiological process affecting the brain, induced by traumatic biomechanical forces (McCrory et al., 2013). 

There are several common features that further define this condition which include: 1) a concussion may be 

caused either by a direct blow to the head, face, neck, or elsewhere on the body with an "impulsive" force 

transmitted to the head. 2) Concussion typically Results in the rapid onset of short-lived impairment of 

neurological function that resolves spontaneously. However, in some cases, symptoms and signs may evolve over 

a number of minutes to hours. 3) Concussion may result in neuropathological changes, but the acute clinical 

symptoms largely reflect a functional disturbance rather than a structural injury and, as such, no abnormality is 

seen on standard structural neuroimaging studies.  4) Concussion Results in a graded set of clinical symptoms that 

may or may not involve loss of consciousness (LOC). Resolution of the clinical and cognitive symptoms typically 

follows a sequential course. However, it is important to note that in some cases symptoms may be prolonged. At 

the Fourth International Conference on Concussion, the CISG acknowledged that the terms mTBI and concussion 

are often used interchangeable however some may believe they refer to different injury constructs (McCrory et al., 

2013). Historically, the term concussion refers to a low-velocity injury that Results in clinical symptoms that may 

or may not be related to a pathological injury. mTBI is primarily used in literature to refer an experimentally 

induced brain injury, thus mTBI will be used throughout the remainder of this report.  

 The temporary loss of brain function after mTBI can manifest into variety of emotional, physical, and 

cognitive impairments such as headache, nausea, fatigue, sleep disturbances, vertigo, gait instability, blurred 
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vision, light sensitivity, memory deficits, difficulty concentrating, mood swings, anxiety, and depression 

(Ponsford et al., 2000). If LOC is observed after mTBI, LOC usually lasts seconds to a couple of minutes, but no 

longer than 30 minutes. If no LOC occurs, injured persons may appear dazed, disoriented, and confused acutely 

after the mTBI.  Over 20% of mTBI patients do exhibit computed tomography (CT) abnormalities. Smits and 

colleagues (2008) used the Glasgow Outcome Score  (GOS) to assess neuropsychological outcome at 15m post-

injury and they demonstrated that out of 237 mTBI patients with CT abnormalities, 63% made a full recovery, 

30% were moderately disabled, 3% were severely disabled, and 4.3% died (Smits et al., 2008). Overall, the 

majority of mTBI patients do recover from their injuries; however 25% of patients still experience symptoms at 

3m post injury while 5-10% will experience symptoms at 12m post injury (King, 2003). 

Protracted symptomology is more likely to occur in those who are over the age of 40, who have suffered a 

previous mTBI (Binder, 1986), and those who are genetically pre-disposed (APOE4) to developing 

neurodegenerative diseases (Teasdale et al., 2005) such as Alzheimer’s disease (AD). Awareness for mTBI has 

increased due to the prevalence of mTBI in military personnel and due to it’s association with early onset 

dementia in retired professional football players. Both populations reported experiencing multiple mTBIs 

throughout their military and/or sports careers.  From 2001 to 2009, the number of ED visits due to sports-related 

concussion injuries skyrocketed to 57% amongst children aged 19 and younger. Langlois et al (2006a) estimated 

that the true numbers of sports-related mTBIs may range from 1.6 to 3.8 million. The gross underestimation and 

chronic sequelae of sports-related (and military) mTBI signifies the need for better diagnostic tools and 

therapeutic interventions for mTBI. To date, the only effective course of treatment in humans is a period of rest 

(convalescence).   

 

C. Chronic traumatic encephalopathy (CTE)  

The correlation between long term cognitive deficits and r-mTBI has been known for decades.  Dementia 

pugilistica or “punch drunk” syndrome was first recognized in 1928 by forensic pathologist, Dr. Harrison 

Marland. He reported in the Journal of the American Medical Association (JAMA) that retired, professional 
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boxers displayed tremors, slowed movement, confusion, and slurred speech (Martland, 1928). Later, Corsellis and 

colleagues (1973) were the first to describe neuropathological changes in post-mortem brains of 15 former boxers 

that was consistent with what is now referred to as chronic traumatic encephalopathy (CTE).  CTE is a slowly 

progressing neurodegenerative disease that typically affects boxers, football players, and others who suffer r-

mTBI over extended periods of time. Symptomology of CTE include irritability, impulsivity, aggression, 

depression, short-term memory loss, and heightened suicidality that usually begins 8–10 years after experiencing 

r-mTBI (McKee et al., 2009) with progression to more severe symptoms such as dementia, gait instability, speech 

abnormalities and parkinsonism (McKee et al., 2013b).  

 CTE is characterized by the widespread deposition of hyper-phosphorylated tau (p-tau) as neurofibrillary 

tangles. CTE is neuropathologically (and clinically) distinct from other tauopoathies as p-tau tangles are primarily 

observed in the superficial layers (layer II/III) of the cerebral cortex compared to the deeper layers (layer IV/V) as 

noted in AD brains (McKee et al., 2009). Based on the previous studies, the diagnosis of CTE was defined by the 

presence of extensive p-tau tangles in the frontal and temporal cortices, particularly around small cerebral vessels 

and at the depths of cerebral sulci; and in limbic regions, specifically the diencephalon and brainstem nuclei 

(McKee et al., 2009, Gavett et al., 2011). CTE is also characterized by white matter degeneration of axons and 

fiber bundles and the presence of TAR DNA-binding protein 43 (TDP-43) intra-neuronal and intra-glial 

inclusions. Interestingly, the majority of all CTE cases have little to no Aβ plaque deposits (Corsellis and 

Brierley, 1959, Corsellis et al., 1973, Hof et al., 1992, McKee et al., 2009, McKee et al., 2010, Costanza et al., 

2011, Gavett et al., 2011, Omalu et al., 2011, Goldstein et al., 2012, Saing et al., 2012, McKee et al., 2013a, 

Omalu, 2014).  In advanced stages of the disease, CTE has been mistaken for other neurodegenerative diseases 

(McKee et al., 2010, Gavett et al., 2011). Mckee at al analyzed 85 post-mortem brains of persons who all report a 

history of r-mTBI. The 85 cases included 64 athletes, 21 military veterans and one individual who engaged in 

chronic head banging behavior.  She found that CTE was the sole diagnosis for 63% of cases, while 12% had 

motor neuron disease, 11% had AD, 16% had Lewy body disease, and 6% had frontotemporal lobar degeneration. 

The frequent association of CTE with other neurodegenerative diseases suggests that r-mTBI promotes the 
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accumulation and deposition of proteins (e.g. p-tau, Aβ, TDP-43, α-synuclein) that are characteristic of such 

diseases.  

 

D. Experimental models of mild traumatic brain injury  
 

Over the years, researchers have modified conventional models of severe TBI in order to study the 

neuropathology and behavioral consequences of mTBI  in rodents (Kanayama et al., 1996, Garey et al., 1998, 

Laurer et al., 2001, Uryu et al., 2002, Longhi et al., 2005a, Yoshiyama et al., 2005, Hamberger et al., 2009, 

Shitaka et al., 2011, Bennett et al., 2012, Kane et al., 2012, Mouzon et al., 2012, Petraglia et al., 2014). So far, a 

large number of animal models have been effective in characterizing the molecular and behavioral consequences 

following a single TBI. However, given that sports-related injuries required a higher number of impacts with a 

rapid head acceleration and rotational component, it has been difficult to decipher whether current animal models 

demonstrate an accurate depiction of a human mTBI. Two of the most widely used diagnostic criteria for mTBI in 

humans is transient LOC and memory dysfunction (Dewitt et al., 2013). Thus, experimental animal models should 

include at least these two criteria. In a recent review, Angoa-Perez et al (2014) identifies six minimal 

characteristics that an animal model should have in order to acutely model a sports-related, repeat brain injury. 

She reports the following:  

1. Impacts have to directly contact the mouse head (no scalp incision or craniotomy required) 

2. Head impacts should occur with high velocity and involve a rapid head acceleration (both rotational 

and angular acceleration) 

3. Single impacts do not cause any discernable injury to mouse including brain swelling, edema, or 

neuronal damage 

4. Animal studies should begin during the adolescent stage of the animal and process through the 

animal’s life span.  

5. The animal model should result in psychiatric manifestations as well as cognitive and motor 

impairments. 
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6. Repeat injury should gradually lead to the development of CTE-like pathology  

Interestingly, Angoa-Perez et al (2014) does not include LOC assessment as one of her criterion. 

Prolonged LOC is more closely associated with a severe TBI even though some studies have reported LOC 

doesn’t correlate with neuropsychological or functional outcome (Hanlon et al., 1999, Lovell et al., 1999). None 

the less, transient LOC is a diagnostic criterion for human mTBI cases (McCrory et al., 2013); therefore this 

should also be reflected in animal models of mTBI. 

The following sections will describe conventional models of TBI and specific modifications that have 

been made in order to model single and repeat mTBI. Keeping in mind the 7 criterion that were previously 

mentioned, it’s evident that the field is in need of a well characterized and effective model of mTBI that closely 

replicates the human condition. 

 

a. Conventional models of TBI: weight drop model, controlled cortical impact, & fluid percussion injury  

The original Marmarou weight drop model is a compression injury that generally Results in contusions 

and bleeding under the impact site (Marmarou et al., 1994).  This model requires the direct loading of the mouse 

head into a stereotaxic frame, with the skull of the mouse brain being exposed to the direct impact of a guided, 

free falling weight. Older variants of this model may involve a craniotomy as demonstrated by the Feeney’s 

weight drop model (Feeney et al., 1981) while others involve no craniotomy and directly drop the weight to one 

side of the unprotected skull (Flierl et al., 2009). Recently, other variants of this model have been redesigned in 

order to eliminate the need for surgery while the weight directly impacts the brain of an unrestrained mouse or rat 

(Kane et al., 2012, Meehan et al., 2012, Mannix et al., 2013). These modifications induce a mTBI with a rapid 

head acceleration and allows for repeated head impacts to anesthetized mice. Other models of TBI, including the 

controlled cortical impact injury (CCI) model and the fluid percussion injury (FPI) model have been heavily 

modified in order to induce a mild brain injury.  



	

7 
 
	

The CCI – injury model is a well – characterized, highly reproducible model of focal TBI (Dixon et al., 

1991). The CCI model uses a pneumatic or electromagnetic driven impactor to deliver a direct impact to the 

exposed dura through a unilateral craniotomy. To study the effects of mTBI in rodents, modifications of this 

device include using an electromagnetically controlled rubber impactor tip (Shitaka et al., 2011) to directly impact 

the closed head without the need for scalp incision or surgery. Studies that induce repeat mild CCI – injuries have 

reported motor deficits, impair Morris Water Maze (MWM) performance (Shitaka et al., 2011, Mouzon et al., 

2012), induce blood brain barrier (BBB) breakdown, (Laurer et al., 2001), axonal damage (Longhi et al., 2005a), 

and reduced dendritic spines (Gao et al., 2011, Winston et al., 2013). 

The lateral FPI model is the one of the most widely used models for diffuse TBI (Thompson et al., 2005). 

Lateral refers to the location of the impact, which occurs over the parietal bone. There is also a midline FPI model 

which centers the impact around the midline (McIntosh et al., 1987). Generally, a fluid pressure pulse is created 

by a pendulum striking a piston of a reservoir of fluid. In severe FPI studies, the impact directly contacts the intact 

dura through a craniotomy however in mild FPI studies, the impact pressure dwell time is reduced and the impact 

directly contacts a closed head. Although FPI has been modified for cats (Sullivan et al., 1976), sheep, dogs 

(Millen et al., 1985) and mice (Alder et al., 2011), the majority of the work that has been done has been in rats 

(Dixon et al., 1988). Kanayama et al (1996) reported abnormal accumulation of microtubule-associated protein 2 

(MAP2) and phosphorylated neurofilament (p-NFH) in neuronal perikarya and dendrites, and tau 

immunoreactivity in deep cortical neurons following 7 mild percussion injuries. Another group reported that 5 

mild percussion injuries resulted in long term cognitive impairments, increased anxiety- and depression-like 

behaviors, and chronic neuroinflammation in rats (Shultz et al., 2012).   The major limitation in using modified 

CCI and FPI injury models is the need for a stereotaxic frame. The use of a stereotaxic frame eliminates the 

induction of rapid head acceleration and increases the likelihood for skull fractures to occur. Moreover, Results 

from these studies have been wildly inconsistent. Some groups’ report repeat mTBI with these modified models 

worsen (Kanayama et al., 1996, Laurer et al., 2001, Longhi et al., 2005a, Hamberger et al., 2009), have minimal 

effect (Creeley et al., 2004), or improve outcome (DeRoss et al., 2002) following injury.   
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In attempts to circumvent these limitations, further modifications of conventional TBI models have been 

made in order to eliminate the need for surgery (craniotomy).  Researchers have designed newer models that 

eliminate the use of stereotactic frames and newer models have been designed to induce rapid head acceleration. 

The impact acceleration (IA) model is a modified weight-drop model where a steel disc is placed over a rat’s skull 

while a guided, free falling weight strikes the disc. The falling weight distributes the force of the impact across the 

rat’s head as it rests on a foam pad. Mild IA Results in little neuronal injury and minor motor deficits; however 

minor subarachnoid bleeding was observed (Ucar et al., 2006). Another group describes an angular acceleration 

model of diffuse TBI (Fijalkowski et al., 2007). In this model, a guided, free falling weight impacts a specially 

constructed helmet worn by an anesthetized rat. They report that the angular accelerations generated by their 

model are equivalent to those recorded from professional football players (Pellman et al., 2003). This model is 

associated with  prolonged periods of loss of consciousness (LOC) in the absence of significant neuronal injury 

(Fijalkowski et al., 2007).  Hamberger et al (2009) and Viano et al (2009) describe what they refer to as the 

“National Football League (NFL) model of concussion.” A pneumatic pressure accelerates a 50 g impactor at 

various velocities to contact a helmet-protected head. The high velocity impact causes comparable accelerations 

seen in human mTBI cases without causing a skull fracture.  A single injury induced at a higher velocity Results 

in gross pathological changes and significant bleeding under the impact site (Viano et al., 2009). Repeat injury at 

lower velocities induced bilateral axonal injury in the cortex, CA1, and corpus callosum, gliosis in white matter, 

and brain edema in various regions (Hamberger et al., 2009). Behavioral assessment has yet to be done using the 

NFL model of concussion. Lastly, Ren et al (2013) describes a “hit and run” model of closed-skull TBI. They 

modified the CCI-injury model by rotating the impactor horizontally and induce a high velocity impact to a mouse 

that has been suspended head-up by their incisors using a metal ring. Ren et al (2013) demonstrated that a single 

impact caused impaired rotarod performance, axonal degeneration and elevated cortical glial fibrillary acidic 

protein (GFAP) however the authors have yet to report the effects of repeated impacts in mice.  



	

9 
 
	

The development of a well characterized, animal model of mTBI will provide better understand of the 

neuropathological and behavioral sequelae of mTBI. Here, our work utilizes a new model of mild TBI in order to 

describe a new pathology (dendritic spine loss) while assessing pathological and behavioral outcome in mice.  

 

E. Dendritic spines 

Dendritic spines were first described by Santiago Ramon y Cajal in 1888 as small protrusions extending 

from the dendrites of chick Purkinje cells. Cajal hypothesized that the function of the spine was to “….increase 

their receptive surface and establish more intimate contact with axonal terminal arborizations.” At that time, Cajal 

was limited in his ability to test this hypothesis as he was only able to visually identify these structures in fixed 

tissue using the Golgi impregnation method.  Years later, Demoor and Stefanowska provided the first 

experimental evidence to suggest that dendritic spines or “pyriform appendages” were highly plastic structures 

that could change size and shape and that these dynamic alterations could have a significant impact on neuronal 

connections (see recent review, (DeFelipe, 2015)). Since then, significant technological advances have aided in 

understanding the structural and functional properties of dendritic spines. In the late 1950s, researchers used 

electron microscopy (EM) to identify the various structural components of a synapse and other associated 

components of the dendritic spine including the post-synaptic density (PSD), the pre-synaptic terminal and 

vesicles, and specific organelles found inside spines (i.e., spine apparatus). Following this discovery, in 1982 

several reports identified the presence contractile actin filaments within dendritic spines.  

The structural characteristics of dendritic spines significantly influence the functional properties and 

biochemical mechanisms that take place within dendritic spines. Dendritic spine morphology is classified into 

three major subtypes: thin, mushroom, and stubby.  Thin spines are long, with thin necks and a small bulbous 

head while mushroom spines have a much larger head and shorter neck length. Stubby spines are described has 

having a large round head with no neck.  Spine heads and spine necks contain actin filaments. Actin filaments 

within spine heads interact with the plasma membrane and PSD and it has been shown that immediately following 

LTP, actin reorganization occurs to mediate spine head enlargement (Matsuzaki et al., 2004). The significance of 
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this modulation confers increased synaptic strength with increasing spine head size, spine head width, and shorter 

spine neck length. This phenomenon has been studied extensively in cerebella Purkinje cells (Harris and Stevens, 

1988), CA1 pyramidal neurons (Harris and Stevens, 1989) and in the olfactory cortex (Schikorski and Stevens, 

1999). This work is also supported by calcium kinetic studies where two-photon imaging in CA1 pyramidal 

neurons demonstrated calcium influx into spines is mediated by N-Methyl-D-aspartic acid (NMDA) and α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and immediately followed by fast diffusional 

equilibration within larger spine heads  (Yuste et al., 2000). Mushroom spines have more AMPA receptors 

(Matsuzaki et al., 2004) while thin dendritic spine necks restrict diffusional calcium influx (Yuste et al., 2000). 

Much of what we know so far about dendritic spine dynamics originated from studies that used fixed brain tissue 

or in vitro cell culture preparations. Today, dendritic spine dynamics can be monitored using live cell imaging in 

the living mammalian brain. These recent advances provide a greater appreciation for dendritic spine dynamics 

and how changes in spine number and morphology contribute to the development and maintenance of neural 

circuitry in the CNS. Conversely, further investigation into dendritic spine abnormalities has uncovered 

pathological consequences as a result of synaptic dysfunction and aberrant neuronal circuitry in the CNS. These 

alterations have been identified in a number of developmental, psychiatric, and age-related neurodegenerative 

diseases.  

a. Disease related changes in dendritic spines  

 A number of developmental and psychiatric diseases report significant spine alterations in either spine 

number and/or morphology. Fragile-X, which is the most common form of inherited mental retardation (Brown et 

al., 1996), first described dendritic spine abnormalities from a single Fragile-X patient. In 1985, Rudelli and 

colleagues (1985) used rapid-Golgi stained post-mortem tissue and reported thin, long, tortuous, dendritic spines 

with prominent heads and irregular dilations on apical dendrites of pyramidal cells in layers III and V of the 

parieto-occipital neocortex. A follow up study which included two more Fragile-X patients also reported similar 

spine characteristics (Hinton et al., 1991) however they didn’t find changes in spine density compared to age-

matched controls. Golgi–Kopsch-stained post mortem tissue from three adult male Fragile-X patients and three 
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age-matched male controls were used in a another study to further characterize apical oblique (AO) and basal 

shaft (BS) dendrites on layer V pyramidal cells in the temporal cortex of these subjects (Irwin et al., 2000). Again, 

they found that Fragile-X patients had longer spines of an immature phenotype on AO and BS dendrites compared 

to controls.  However, they also report that these Fragile-X patients had a significantly greater spine density on 

distal segments of AO and BS dendrites. Taken together, the authors suggest that synaptic pruning and maturation 

mechanisms are significantly impaired in the brains of Fragile-X patients.  

Alterations in dendritic spine number and morphology have also been investigated in animal models of 

Fragile-X. Irwin and colleagues (2000) used Golgi-Cox stained sections from male Fragile-X mice and aged 

match controls to determine that Fragile-X mice had longer, more immature dendritic spines on AO and BS 

dendrites. There were no differences in spine density between Fragile-X and wild-type mice, however, there was a 

trend towards higher spine density in Fragile-X mice on AO dendrites of layer V pyramidal neurons in the visual 

cortex of non-blind mice (Irwin et al., 2000). While long, thin, and immature spines are highly characteristic of 

Fragile-X patients spine abnormities have also been identified in other developmental disorders. Studies using 

Golgi-impregnated postmortem tissue have found an overall reduction in spine density in autistic (Williams et al., 

1980) and Down syndrome patients (Marin-Padilla, 1976, Suetsugu and Mehraein, 1980, Ferrer and Gullotta, 

1990) with normal spine morphology.   

 Schizophrenia is a severe mental disorder that is characterized by altered perceptions of reality, 

hallucinations, delusions, and abnormal social behavior. It emerges in late adolescence or early adulthood and 

affects about 1% of the population. Human post-mortem studies have reported altered spine density in various 

brain regions including the dorsolateral prefrontal cortex (DLPC), superior temporal gyrus, and CA3 region of the 

hippocampus (Garey et al., 1998, Glantz and Lewis, 2000).  

 AD research provides the best correlation between the loss of synapses and cognitive dysfunction. Human 

post mortem brains have been analyzed using immunohistochemistry (IHC) and electron microscopy (EM) 

techniques and they all demonstrated reduced spine density in the brains of AD patients (Ferrer et al., 1990, Ferrer 
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and Gullotta, 1990). Amyloid beta deposition is one of the hallmarks of AD and Aβ pathology is commonly 

associated with dystrophic neurites and synapse loss. Numerous studies have used a variety of experimental 

conditions to demonstrate that Aβ induces synapse loss (Moolman et al., 2004, Shankar et al., 2007, Selkoe, 2008, 

De Felice et al., 2009). Time lapse imaging studies have captured images of the retraction of dendritic spines that 

are in close proximity to amyloid plaques (Bhatt et al., 2009).  In vitro studies have quantified dendritic spine 

number in hippocampal cultures following the exogenously application of Aβ (Hsieh et al., 2006).   

 

F. Apolipoprotein E  

The role of apolipoprotein E (APOE) in modifying neuropathological and behavioral outcome after TBI 

and other neurodegenerative diseases has been reported extensively, however the mechanism which mediates such 

changes are not well understood. APOE is a 299 amino-acid glycoprotein that is responsible for lipid transport 

and cholesterol homeostasis in brain (Liu et al., 2013). APOE is expressed by several tissues types however its 

highest expression is found in the liver and in the CNS. In the CNS, APOE is primarily synthesized by astrocytes 

and microglia and upon release into the extracellular space; APOE gets packaged together into high-density 

lipoprotein (HDL) particles with cholesterol and other phospholipids. APOE is present in the cerebrospinal fluid 

(CSF) where it also plays a major role in lipid transport. These APOE-containing HDL particles are discoidal in 

shape, and bind to cell surface APOE receptors to promote endocytosis. These cell surface receptors belong to the 

low density lipoprotein (LDL) receptor gene family. Upon binding to these receptors, APOE has been shown to 

influence a number of different cellular mechanisms which include neurite outgrowth, neuronal survival, axonal 

guidance, microtubule stability, and synaptogenesis (Liu et al., 2013).  

a. Genetic polymorphism  

 The human APOE gene has various single-nucleotide polymorphisms (SNPs) (Nickerson et al., 2000). 

The most common three isoforms of APOE are APOE2 (cys112, cys158), APOE3 (cys112, arg158), and APOE4 

(arg112, arg158). Although these isoforms differ by only one or two amino acids, these differences significantly 

alter the structure and function of apoE. The differential influence of APOE on disease progression has been 
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studied extensively over the years. In the early 1990s, apoE was found to co-localize with Aβ plaques (Namba et 

al., 1991, Wisniewski et al., 1994). Soon after, APOE4 was found to be the greatest genetic risk factor for the 

development of AD (Corder et al., 1993, Strittmatter et al., 1993a, Strittmatter et al., 1993b). Those who carry at 

least one ϵ4 allele are 2 to 3 times more likely to develop AD and those with two copies of the ϵ4 allele are 12 

times more likely to develop AD (Kim et al., 2009). In addition, APOE4 decreases the age of onset by 8 or 15 

years, depending on whether a person has either one or two ϵ4 alleles present. Given that only 25% of the 

population possesses at least one ϵ4 allele, it’s striking that the prevalence of this allele is over-represented in the 

AD population. Approximately, 65-80% of AD patients possess at least one ϵ4 allele (Mahley and Huang, 2012). 

 The APOE4 allele is synonymous with poorer recovery and death following moderate to severe TBI 

(Sundström et al., 2004). It has also been shown that APOE4 and TBI synergistically combine to increase the risk 

for the development of AD by 10-fold, compared to a 2-fold increase in to those who only possess APOE4 alone 

(Mahley and Huang, 2012). Although it’s more widely accepted now, there are studies that support and negate 

this theory. O’Meara et al (1997) reported that APOE4 had no effect on increasing the risk of AD after TBI, while 

a more recent study confirmed Mayeux et al’s (1995) original findings that there was increased prevalence of 

APOE4 and TBI among AD patients (Mauri et al., 2006).  APOE4 allele carriers are more likely to have impaired 

neuropsychological outcome after mTBI   and the incidence of the APOE4 gene is increased in those suffering 

from CTE (Sundström et al., 2004).  A clinical study of retired professional boxers showed that high exposure 

boxers (i.e. those with > or = 12 professional bouts) with severe impairment possessed at least one APOE4 allele 

(Jordan et al., 1997).  

 
G. Rationale, hypotheses & research objectives   

An estimated 1.7 million Americans will sustain a traumatic brain injury (TBI) every year with 

approximately two-thirds of those injuries being classified as a mild TBI (mTBI) (CDC, 2010).  Injury severity 

and outcome are affected by a number of factors, which include age (Teasdale et al., 2005) gender (Bazarian et 

al., 2010), timing between impacts (Bolton and Saatman, 2014), and genetic vulnerability (Nathoo et al., 2003).  
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mTBI has been modeled in mice and rats (Tang et al., 1997, Laurer et al., 2001, Cernak et al., 2004, 

Longhi et al., 2005b). The majority of these animal models involves less than 5 mTBI, and describes 

neuropathological changes that are not expected after a human mTBI; including skull fractures, cell death, axonal 

injury, and edema. Recent preclinical and human studies of r-mTBI suggest that impacts sustained within 

vulnerable time periods and impacts sustained in those who possess at least one ϵ4 allele will amplify brain 

pathology and exacerbate cognitive and behavioral deficits. mTBI can manifest into variety of emotional, 

physical, and cognitive impairments and to date, the only effective course of treatment in humans is a period of 

rest (convalescence). It is unknown how long this recovery period should last, but 25% of mTBI patients still have 

symptoms at 3m, and 5-10% at 12m post injury  (King, 2003). The diversity of symptoms that Results after mTBI 

may be explained by loss of dendritic spines in various brain regions. 

  Recently, a preclinical study has demonstrated that a lateral fluid percussion injury can cause a transient 

reduction in the number of dendritic spines in the rat cortex (Campbell et al., 2012a, Campbell et al., 2012c). A 

soluble factor known to induce dendritic spine retraction is the Alzheimer disease-related peptide, amyloid-beta 

(Aβ) (Hsieh et al., 2006). Excess Aβ is detrimental to dendritic spine health both in vivo and in vitro and the rapid 

accumulation of Aβ after TBI is well documented in both humans and experimental animal models (Smith et al., 

1999, Smith et al., 2003, Johnson et al., 2010, 2012). These data suggest that spine retraction after Aβ and TBI 

may have a common mechanism of action. TBI-induced spine loss can be prevented with the calcineurin inhibitor 

FK506 (Campbell et al., 2012a, Campbell et al., 2012c) demonstrating the involvement of this calcium-dependent 

pathway in the spine retraction process after injury. Activation of calcineurin is extremely important for rapid 

dendritic spine remodeling, and this mechanism has been implicated in dendritic spine loss in other 

neurodegenerative disorders including epilepsy, Parkinson disease, and Alzheimer disease (Kurz et al., 2008, 

Schulz-Schaeffer, 2010, Wu et al., 2010a). 

a. Overall research hypothesis 

Here, we wanted to develop a clinically relevant, extremely mild, highly repetitive injury model that is 

capable of delivering a higher volume of impacts (30 mTBI) without causing any discernable injury to mice.  
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With our model, the purpose of this study was to determine the acute and chronic effects of single and repeat 

mTBI on the development of brain pathology, neuronal architecture changes, and functional outcome in mice. 

We hypothesize: 

1. Dendritic spine loss is a common event following all severities of TBI.  

2. The generation of the AD related peptide, Aβ, and/or the involvement of calcium-dependent 

pathways such as the activation of calcineurin, plays an important role in the spine degradation 

mechanisms following TBI and mTBI.   

3. r-mTBI will exacerbate spine loss, amplify brain pathology, and induce behavioral changes acutely 

(24h) and chronically (1m, 2m, 6m and 12m) in mice.  

4. Decreasing the inter-injury interval between impacts will amplify brain pathology, and induce 

behavioral changes acutely (24h) and chronically (2m) following r-mTBI in mice. 

5. r-mTBI in combination with the presence of APOE4 will exacerbate spine loss, amplify brain 

pathology, and induce behavioral changes in mice.  
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Chapter II: Methods 

 
A. Mice 

Three different male mice strains were used for all experiments; wild-type C57/BL6 mice (Jackson 

Laboratories; Bar Harbor, Maine), human APOE targeted replacement (TR) mice, and triple- transgenic model of 

AD (3xTG-AD) mice. All mice strains were housed at the Georgetown University animal facility in a 

temperature-controlled room at 22°C and were kept on a 12h/12h light/dark cycle. Food and water were available 

ad libitum.  

The human APOE TR mice were initially donated to the Rebeck Lab (Georgetown University) by Dr. 

Patrick Sullivan (Duke University) in order to establish an in-house colony at Georgetown. All mice were 

backcrossed on a C56/BL6 background.  After their establishment, a subset of this colony was donated to the 

Burn’s lab for experimental use. Human APOE2, APOE3 and APOE4 mice contain chimeric genes that consist of 

mouse 5’ regulatory sequences (mouse exon 1) that are continuous with the noncoding region followed by human 

exons (and introns) 2 and 4. APOE mice were backcrossed on a C57/BL6 these mice express each the human 

isoforms of the APOE gene which is regulated by the endogenous murine APOE reporter.  

 3xTG-AD mice were donated by Dr. R. Scott Turner/Dr. Hyang-Sook Hoe. These mice were first 

described in 2003 by Oddo et al (2003) and more recently in 2008 by Hirata-Fukae et al (2008). These mice 

uniquely express three AD-related transgenes, APPSwe, tauP301L, and PS1(M146V). Briefly, the transgenes 

(APPSwe and tauP301L) were microinjected into single-cell embryos from homozygous PS1(M146V) knock-in 

mice. 3xTG-AD mice develop Aβ plagues, tangle pathology, and exhibit LTP deficits (marker for synaptic 

dysfunction) in an age-related and region-specific manner.  

 

B. Brain injury models 

All animal experiments were conducted in compliance with the rules and regulations of the Institutional 

Animal Care and Use Committee at Georgetown University. 
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a.  Controlled cortical impact (CCI) model of experimental TBI 

CCI-injury was induced using a Leica Impact One Stereotaxic Impactor device (Leica Microsystems, 

Richmond, IL) as previously described (Washington et al., 2012).  Briefly, C57/BL6 mice were anesthetized with 

isoflurane (induction at 3-4% and maintenance at 1–2%) evaporated in oxygen and administered through a nose 

mask. Anesthesia depth was monitored by assessing respiration rate and pedal withdrawal reflexes. The mice 

were placed on a custom-made stereotaxic frame with a built-in heating bed that maintains body temperature at 

37°C. The head was mounted in the stereotaxic frame, the surgical site clipped and cleaned with alternate iodine 

and ethanol scrubs, and bupivacaine was administered intrademally. A 10-mm midline incision was made over the 

skull, and the skin and fascia were reflected to allow a 4-mm craniotomy to be bored on the central aspect of the 

left parietal bone. The cortical impact was induced at a velocity of 5.25 m/sec, an impact depth of 1.5 mm, and a 

dwell time of 0.1 sec. After injury, the incision was closed with staples, anesthesia was terminated, and the animal 

was placed in a heated cage to maintain normal core temperature for 45 min post-injury. Sham injury consisted of 

exposure to anesthesia, stereotaxic mounting, skin and fascia reflection, and incision closing with staples. 

b. Novel models of repeat mild TBI 

The device used for these experiments has been previously published as a diffuse TBI model for rats 

(Cernak et al., 2004, Cernak et al., 2010) with modifications for use in mice. A Teflon impactor tip, 10mm in 

diameter, was driven by a high-velocity pneumatic impactor that was targeted to contact directly onto the top of 

the mouse head. The mouse head was supported by a molded, gel-filled base (Hand-stands, Taiwan), which also 

acts to decelerate the head after impact. The middle diameter of the gel mold is 170mm and its compressibility is 

approximately 64 kPa/mm. Speed, head deflection depth, and surface dwell time can all be individually adjusted, 

and each impact is monitored with a PowerLab System (Stoelting, Wood Dakem IL, USA) for consistency and 

reproducibility. The device has a piston with a stroke length of 101mm and a bore diameter of 27.025mm, and for 

these experiments we used 861.85kPa of pressure, resulting in a force output stroke of 494 Newton (N). With a 

10mm Teflon tip at the end of the impactor, the impact energy delivered to the mouse head was 6.3 Newton per 

square millimeter (N/mm2). The impactor tip had an end velocity of 2.5m/s and total dwell time was 30ms. 
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Mice were anesthetized with 3% isoflurane in oxygen for 120s in an induction chamber, and then 

transferred to the injury device where they continued breathing anesthetic through a pliable/non-fixed nose cone. 

There was no skin deflection or surgery of any kind. The mice head was positioned on the gel pad so that the flat 

surface of the skull was presented perpendicular to the impactor tip and the ears were held away from the impact 

site with tape. The impactor tip was lowered to the surface of the mouse head, retracted and manually dialed down 

to the required deflection depth. Following impact, the mice were removed from isoflurane and placed on their 

backs. The latency to return of righting reflex was determined and used as the primary measure of injury severity. 

For repeat mTBI, mice were impacted at various inter-injury intervals including daily (1) mTBI for 30 days; 5 

daily mTBI for 6 days; or 1 weekly mTBI for 30 weeks. Mice were euthanized at various time points (24h, 1m, 

2m or 12m) after the final impact. Sham mice received similar handling and anesthesia, but received no impact. 

 

C. Golgi staining & microscopic analysis 

For detailed characterization of neuronal processes and spines, Golgi staining was performed using the 

FD Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City, MD) (Winston et al., 2013). Briefly, 24h 

following the final mTBI, all mice were euthanized and perfused with ice-cold phosphate buffered saline. Brains 

were immersed in solutions A and B for 2 weeks at room temperature and then transferred into solution C for 48h 

at 4°C. The brains were sliced using a Vibratome (VT1000S; Leica, Germany) at a thickness of 150µm. Bright-

field microscopy images of pyramidal neurons in layers II/III of the cortex, layers II/III of the entorhinal cortex, 

and granule neurons in the dentate gyrus of the hippocampus were captured using 63x oil-immersion objective on 

a Zeiss Axioplan 2 (Brighton, MI). The number of dendritic spines on apical oblique (AO) and basal shaft (BS) 

dendrites were quantified in in all analyses. Apical oblique (AO) dendrites project off the apical dendrite, and 

dendritic spine counts only incorporated a 20µm section of the primary AO. BS dendrites project directly off the 

cell soma, and all counts incorporated dendritic spines along a 20µm section of the shaft between 30-100µm away 

from soma.  Different neurons were used to quantify apical oblique and basal shaft segments of healthy pyramidal 

neurons of cortical layers II/III.  Images were coded, and dendritic spines were counted in a blinded fashion using 
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Image J Software (National Institutes of Health, Bethesda, Maryland). The group mouse numbers and neuron 

numbers for each experiment are noted in the figure legends.  

 

D. Sholl analysis  

For Sholl analysis, images of Golgi stained pyramidal neurons were overlaid with concentric circles, 

consisting of a 10µm radius between each circle. The concentric circles spanned from 0 to 70µm, with a radial 

interval of 10µm between each circle. The center point of the circles was superimposed over the cell body of 

previously acquired Golgi stained neurons, and the number of apical and basal shaft dendrites crossing each circle 

was manually counted and plotted as number of crossings against distance from soma.  

 

E. Quantitative & densitometry analysis 

The histological sections were assessed for quantitative and densitometry analysis via staining in the 

regions covering the entire the optic tract, approximately between -2.18 mm to -2.70 mm from Bregma, using a 

stereological approach. The number of Iba-1 positive cells were quantified per field of view in the uppermost 

focal plane (Microbrightfield, 40x magnification) by an investigator blinded to animal groups. Three different, 

randomly selected fields were counted for Iba-1 positive cells stained exhaustively in the optic tract; each of these 

images is the result of three to four sequential optical Z sections and overlay images. Helicon Focus software 

(version 3.2) was used for three-dimensional reconstruction of z sections. The average of these three fields 

provided the total number of Iba-1 positive cells/field for each animal. The total number of Iba-1 positive cells 

was expressed in mm2 by multiplying the resulting counts per field by the total area. Bushy microglial cells were 

identified by short thick processes, few branches, and larger cell body volume (Kumar et al., 2013). For 

phenotypic analysis of microglia population, expression level of microglial cells containing this bushy phenotype 

were quantified as the percentage out of total number of Iba-1 positive cells. For densitometry analysis, a total of 

three sections per brain of silver stained images were captured using a 20x objective. These images were 

converted to grayscale with background subtraction, and the mean gray levels were measured with Image J 



	

20 
 
	

software (National Institutes of Health, Bethesda, MD). Five to six animals were analyzed at each time-point after 

injury and for the sham group. Images were taken on an Olympus BX51 microscope, using Olympus CellSens 

software. Only general adjustments of color, contrast and brightness were made using Adobe Photoshop CS5 for 

Macintosh. The images were not otherwise manipulated.  

 

F. Immunohistochemistry & antibodies 

For immunohistochemistry, brains were perfused with phosphate buffered saline (PBS) and fixed in 4% 

paraformaldehyde (PFA). 40µm floating sections were used for all protocols. The standard protocol used included 

pretreatment with 0.3% H2O2 and block with 3% goat serum. The primary antibodies used included: rabbit 

polyclonal Iba1 (Wako Chemicals, Richmond, VA; Cat. # 019-19741); rabbit polyclonal caspase-3 (Asp175) 

(Cell Singaling, Beverly, MA; Cat. #9661); rabbit polyclonal APP (Invitrogen, Camarillo, CA; Cat. # 36-6900). 

The secondary antibody used was a biotinylated secondary antibody, goat anti-rabbit (Vector Labs, Burlingame, 

CA; Cat. # BA-100).  

For silver staining, coronal sections were processed using a modified version of the de Olmos-Ingram 

cupric silver technique, as previously reported (Carlsen and De Olmos, 1981).  

 

G. Biochemistry & immunoassays 

a. Western blot 

Tissue samples were prepared as previously described (Petry et al., 2014). Protein concentrations were 

first determined by BCA assay (Pierce, Prockford, IL) and then diluted in Laemelli buffer containing β-

mercaptoethanol (BME). 5-10µg of protein was separated on SDS-PAGE gels, blotted onto nitrocellulose 

membranes and blocked 1h at room temperature with 5% nonfat dry milk in PBS containing 0.1% Tween 20 

(PBS-T). Membranes were probed with primary antibodies diluted in either 5% nonfat milk or SuperBlock→ 

blocking buffer (Thermoscientific, Rockford, USA) at specific concentrations (see Antibodies section). Blots 
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were then washed 3 times with PBS-T and incubated for 1 hour at room temperature with the corresponding 

horseradish peroxidase-linked secondary antibody diluted in PBS-T containing 5% nonfat dry milk. For Tau 

analysis, an antibody directed against light chain of immunoglobulins was used to detect monoclonal primary 

antibodies to avoid non-specific signals coming from the heavy chains of immunoglobulins (IGs) (Petry et al., 

2014). Membranes were revealed by enhanced chemiluminescence (ECL Plus, GE Healthcare Biosciences, 

Piscataway, NJ) in a Fujifilm LAS4000 imaging system (Fujifilm USA, Valhalla, NY). Densitometric analyses 

were performed with Image Gauge analysis software 3.0. (Fujifilm USA, Valhalla, NY). 

 

b. Calcineurin phosphatase activity assay kit  

Calcineurin (PP2B) activity was assayed using a commercially available, 96-well plate, colormetric assay 

kit (ENZO Life Sciences, Farmingdale, NY). Briefly, cortical tissue samples are homogenized in lysis buffer (Cat. 

#BML-KI135) with protease inhibitors and then transferred to a desalting column in order to remove excess 

phosphate and nucleotides. Desalted protein lysates are incubated in the presence of the RII phosphopeptide 

substrate. Enzymatically cleaved free phosphate is determined based on the Malachite green assay and its 

absorbance reading at 555 nm (Martin et al., 1985, Harder et al., 1994).  

 

c. Aβ40 Enzyme-linked immunosorbent assay (ELISA) 

Human Aβ40 was quantified by ELISA (Invitrogen, Carlsbad, CA). Briefly, the ipsilateral cortex from 

CCI injured mice was homogenized in 10 volumes of ice-cold tissue homogenization buffer containing 250 mM 

sucrose, 20 mM Tris-base, 1 mM ethylenediaminetetraacetic acid and 1 mM ethylene glycol tetraacetic acid (pH 

7.4) with mammalian tissue protease inhibitor cocktail. The homogenate was mixed 1:1 with 0.4% diethylamine 

(DEA), 100 mM NaCl solution using a ground glass pestle in a dounce homogenizer. Following centrifugation at 

135,000× g for 45 min at 4°C, the supernatant was removed (DEA-soluble fraction) and neutralized with 10% 0.5 

M Tris-HCl (pH 6.8). Soluble Aβ40 was measured from this fraction using a commercially available ELISA kit 

(Wako Chemicals, Richmond, VA), according to the manufacturer's instructions. 
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H. Drug administration 
 

a. γ-secretase inhibitor LY450139: 

The γ-secretase inhibitor LY450139 (semagacestat) was dissolved in ethanol and suspended in corn oil. 

Mice received either 30 mg/kg LY450139 or vehicle (5% ethanol in corn oil) at a final volume of 5 mL/kg by oral 

gavage. Treatments occurred at 15 min post-injury and 12 h post-injury; n=5 mice for each group. 

 

b. Calcineurin inhibitor FK506: 

The calcineurin inhibitor (tacrolimus) was dissolved in 10% ethanol with 1% tween 80 in PBS 

methocellulose. Mice were administered a daily i.p. injection of 0.1 mL/ 10g of mouse of 10mg/mL FK506 

(Invivogen USA, San Diego, CA) as previously described (Spires-Jones et al., 2011) or vehicle (methocellulose 

without drug) for 4 days. All mice were sacrificed 24h following the final injection. 

 

I. Animal behavioral testing  

All behavioral testing was conducted during the light cycle phase and in enclosed behavior rooms within 

the animal facility as previously described (Loane et al., 2009, Forcelli et al., 2012, Washington et al., 2012, 

Wurzman et al., 2015). The mice were placed in behavior rooms 30 min for acclimation prior to the onset of 

behavioral testing. The same cohort of mice underwent multiple behavior tests in order to identify comorbid 

cognitive, motor, and neurobehavioral deficits at multiple time-points following r-mTBI.    

a. Morris Water Maze  

Hippocampal-dependent, spatial learning and memory deficits were evaluated following r-mTBI using the 

Morris Water Maze (MWM)  protocol, as previously described (Washington et al., 2012). Briefly, the water maze 

apparatus consisted of a 4-foot diameter pool (San Diego Instruments, San Diego, CA), filled with opaque water 

and maintained at 25°C. Water was made opaque with white paint. Extra-maze visual cues were hung on the walls 



	

23 
 
	

surrounding the pool and a hidden platform (4 inches in diameter) was submerged 1 cm below the surface of the 

water. Tracking software (ANYMaze; San Diego Instruments) was used to record the latency to reach the hidden 

platform, swim speed, and distance traveled in the maze. During the training trials, mice were given 90 sec to 

locate the platform and if found, the mice remained on the platform for 10 sec before being removed. Mice that 

did not locate the platform within 90 sec were gently guided and placed on the platform for 10-20 sec before 

being removed from the maze. There were four training days which consisted of four trials per day.  At the start of 

each trail, each mouse was introduced into the pool at a different geographic location near the extra-maze visual 

cues. On the fifth day of testing, the hidden platform was removed from the maze and the tracking software was 

used to record time spent in each quadrant of the maze and the time spent in the area where the platform use to be 

over a single 60 sec trial. In order to test cognitive flexibility, the platform was moved to a new location, and the 

mice were then retrained to locate the platform.       

b. Elevated plus maze  

The elevated plus maze (EPM) was used to assay anxiety-like behavior following r-mTBI as previously 

described (Washington et al., 2012). Briefly, the EPM apparatus (San Diego Instruments) consists of a 26-inch-

long cross-shaped platform made of non-porous white plastic elevated 15 inches above the ground. One set of 

arms is enclosed with walls (closed arms), and one set is exposed (open arms). Mice naturally prefer dark, 

enclosed spaces therefore a 750-lux illumination is placed over the center of the maze and the open arms. Mice 

are placed at the center junction of the maze facing the open arms and allowed to explore the entire maze for 5 

mins.  The number of entries into each arm, the time spent in each arm, and the total distance traveled in the maze 

(and in each individual arm) was tracked using ANYMaze software. The software tracked the center point of the 

mouse body, and mice were considered to have entered an arm when their center point crossed into the arm  

(Pellow et al., 1985, Walf and Frye, 2007).  

c. Open field 

Gross motor activity and exploratory behavior was assessed using the open-field task as previously 

described (Washington et al., 2012). Briefly, the open field apparatus is a novel, white, circular area that measures 
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3 feet in diameter, and contains a 750-lux illumination positioned over top of the maze. Mice were placed at the 

center of the arena and allowed to explore for 10 minutes. The area was divided into three quadrants (center, 

inner, outer), and the time spent in each of the quadrants, total distance traveled, freezing behavior, average speed 

was tracked using the ANYMaze software. Reduced anxiety-like behavior was assessed by quantifying the time 

spent in the center of the area.  

d. Rotarod 

Motor coordination and motor learning was assessed using the accelerating rotarod as previously 

described (Forcelli et al., 2012) with minor adjustments. The rotarod apparatus consists of five individual lanes 

which 1¼ inch diameter drums that had been covered in skateboard grip tape. (IITC Life Sciences, Woodland 

hills, CA).  The rotarod was set to accelerate from 0 to 45 rmp over a 5 min test. The mice were placed on the 

stationary drums and the latency to fall was recorded during the testing. The average latency to fall was calculated 

from three trials.   

e. Fear conditioning 

 Emotional memory and fear was assessed using the fear conditioning protocol as previously described 

(Wurzman et al., 2015) with minor adjustments. Briefly, the fear conditioning apparatus consists of a moderately 

lit plexiglass chamber with foot-shock bars (Med-Associates Inc., St. Albans, VT). During the conditioning 

portion of the test, mice were placed in the chamber and freezing behavior was tracked using FreezeScan software 

(Clever Sys Inc., Reston, VA). The first 180 sec of the test measured baseline freezing (pre-conditioning), 

followed by three trials that consisted of a 30 sec presentation of a 1000-Hz/70-db tone (conditioned stimulus), a 2 

sec delivery of 1.5mM foot shock (unconditioned stimulus), and a 120 sec inter-trial interval period. Contextual-

dependent fear memory was assessed 48h later by placing the mice back into the conditioning environment and 

measuring freezing behavior during a 300 sec trial. Cue-dependent fear memory was then assessed one hour later 

by placing the mice in a novel, unconditioned environment and measuring freezing behavior during a baseline, 

180 sec period (pre-cue), a 30 sec presentation of a 1000-Hz/70dB tone (cue), and a 120 sec interval (post-cue) 

period.  
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J. Statistical analysis 

All data was analyzed using a one-way analysis of variance (ANOVA), followed by post-hoc analysis 

with Bonferroni multiple comparisons test and presented as the mean ± standard error of the mean (SEM).  All 

statistical tests were performed using GraphPad Prism software, version 5.0d (GraphPad Software, Inc., San 

Diego, CA), and p values of less than 0.05 were considered statistically significant.  
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Chapter III: 

Controlled cortical impact results in an extensive loss of dendritic spines that is not mediated by injury-
induced amyloid-beta accumulation 

 

A. Introduction 

The clinical manifestations that occur following traumatic brain injury (TBI) can include a wide range of 

cognitive, emotional, and behavioral deficits. While deficits in cognitive ability increase as a function of injury 

severity (Levin et al., 1987, Satz et al., 1998, Rapoport et al., 2002, Jamora et al., 2012), episodes of depression 

and anxiety are as prevalent after mTBI as they are after moderate/severe TBI (Levin et al., 1987, Satz et al., 

1998, Rapoport et al., 2002, Jamora et al., 2012). Temporary amnesia, headaches and sleep disorders are also 

common, even after a mTBI. The etiology of such diverse symptomology is unknown; however the loss of 

excitatory synapses may explain the appearance of some of these symptoms.  Dendritic spines are tiny protrusions 

along a neuron's dendrite that receive excitatory input from a single synapse of an axon. Changes in dendritic 

spine numbers and morphology have been implicated in a diverse set of neurological disorders including 

Alzheimer’s disease, Fragile X Syndrome and schizophrenia (Catala et al., 1988, Comery et al., 1997, Garey et 

al., 1998). Recently, a preclinical study has demonstrated that a lateral fluid percussion injury can cause a 

transient reduction in the number of dendritic spines in the rat cortex (Campbell et al., 2012c). TBI-induced spine 

loss can be prevented with the calcineurin inhibitor FK506 (Campbell et al., 2012c), demonstrating the 

involvement of this calcium-dependent pathway in the spine retraction process after injury. Activation of 

calcineurin is extremely important for rapid dendritic spine remodeling, and this mechanism has been implicated 

in dendritic spine loss in other neurodegenerative disorders including epilepsy, Parkinson’s disease and 

Alzheimer’s disease (Kurz et al., 2008, Schulz-Schaeffer, 2010, Wu et al., 2010a). 

 A soluble factor known to induce dendritic spine retraction is the Alzheimer’s disease related peptide, 

amyloid-beta (Aβ). The rapid accumulation of Aβ following TBI is well documented in both humans and 

experimental animal models (Roberts et al., 1994, Uryu et al., 2002, Ikonomovic et al., 2004, Abrahamson et al., 
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2006, Uryu et al., 2007, Loane et al., 2009). Excess Aβ is detrimental to dendritic spine health both in vivo (Spires 

et al., 2005) and in vitro (Hsieh et al., 2006), and similar to spine loss after TBI, Aβ-induced dendritic spine loss 

can be prevented with the calcineurin inhibitor FK506 (Rozkalne et al., 2011). These data suggest that spine 

retraction following Aβ and TBI may have a common mechanism of action through calcineurin activation.  

 As Aβ accumulation and calcineurin-dependent dendritic spine loss both occur after TBI, we wanted to 

assess if TBI-induced Aβ accumulation was responsible for dendritic spine loss after brain injury. To achieve 

these goals, we determined the effect of CCI on dendritic spine levels in the cortex and hippocampus of injured 

mice. We also measured the impact of the γ-secretase inhibitor LY450139 on Aβ accumulation after TBI, and its 

effect on injury-induced spine loss.  

 

B. Results 
 

a. TBI results in a rapid loss of neurons in the cortical area surrounding the primary lesion site 

CCI resulted in the development of a considerable lesion in mice, with tissue loss occurring deep into the 

parietal cortex of the injured hemisphere. In sham-injured mice, Golgi stained neurons had a balanced 

representation in both hemispheres; however in the TBI tissue, the injured hemisphere qualitatively appeared to 

have significantly less neuronal Golgi staining. This was particularly true in the cortical tissue surrounding the 

lesion site, where a 254 ± 3.1 µM ribbon of tissue existed that had almost no Golgi stained neurons. As our brain 

tissue was coronal sliced, this neuronal “dead zone” was particularly evident at caudal and rostral edges of the 

lesion site, even in the absence of a visible lesion (Figure 1A). Neurons that bordered the “dead zone” displayed 

projections that appeared to be retracting away from the lesion site. The dendrites appeared swollen and contained 

multiple bulbous abnormalities that were visible along the length of the dendrite (Figure 1B,C).  

We have previously found that the CCI model of TBI Results in reduced neuronal cells in the 

hippocampus (Loane et al., 2009), and again in this study there were noticeably less Golgi-positive CA1, CA2 and 

dentate gyrus neurons visible in the ipsilateral hippocampus compared to the contralateral hippocampus of the 
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same mouse (Figure 1D). While this gave the qualitative impression of less dendritic complexity, upon closer 

examination it became apparent that the remaining Golgi-stained neurons still appeared relatively normal, with 

normally shaped dendrites and appreciable dendritic spine counts.   

 

b. TBI causes a widespread reduction in dendritic spines 

 Dendritic spine analysis focused on intact neurons in our target areas, and did not include neurons that 

displayed signs of injury such as swelling or axonal abnormalities. Only neurons with appreciable dendritic spines 

were included as we did not want to skew our analysis by including neurons that were actively retracting from the 

lesion site. We sampled from three brain regions in the ipsilateral hemisphere, and the corresponding brain 

regions on the contralateral hemisphere. These sites were 1) Layer II/III neurons in the parietal cortex, 2) Layer 

II/III neurons in the entorhinal cortex, and 3) dentate gyrus neurons of the hippocampus.  We examined the 

parietal cortex as this is the brain region closest to the injury site, and the dentate gyrus and entorhinal cortex 

neurons as they are more distant form the injury site. Neurons from the dentate gyrus and the entorhinal cortex 

form the perforant pathway, an important pathway for learning and memory, which can be seriously disrupted 

following TBI.  

 In the ipsilateral parietal cortex, we found that TBI caused a 27.5% reduction in the total number of 

dendritic spines on Layer II/III neurons (P < 0.0001; Figure 2A). When broken down by dendritic region, this 

included a 24% reduction in the number of spines on apical oblique (AO) dendrites (P < 0.001; Figure 2B) and a 

32% reduction in the number of spines on the basal shaft (BS) dendrites (P < 0.001; Figure 2C). Moving away 

from the primary lesion site, we also found a significant effect of TBI on dendritic spines in the ipsilateral dentate 

gyrus, with spine number being reduced by 20% compared to sham mice (P < 0.0001; Figure 3A). Dendritic 

spine loss also occurred in the ipsilateral entorhinal cortex, with TBI causing a 39% spine loss in Layer II/III 

neurons in this brain region, including a 38% reduction in AO and a 40% reduction in BS spines (P < 0.0001; 

Figure 3B-D).  
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We also examined the intact, contralateral hemisphere of the brain to assess how a unilateral injury might 

alter global neuronal structure. Interestingly, CCI caused almost identical reductions in dendritic spine counts in 

the contralateral hemisphere as in the ipsilateral hemisphere. In the contralateral parietal cortex there was a 23% 

reduction in total spines (P < 0.0001; Figure 2A), with a 22% reduction in AO (P < 0.001; Figure 2B) and 25% 

reduction in BS (P < 0.001; Figure 2C). In the contralateral dentate gyrus there was a 23% reduction in spines (P 

< 0.001; Figure 3A), which similar to the spine loss recorded in the ipsilateral dentate gyrus. Finally, there was a 

12% reduction in total spines in the contralateral entorhinal cortex (P < 0.001 vs sham; Figure 3A). While this 

loss was significant, it was still markedly less than the 39% spine loss recorded in the ipsilateral entorhinal cortex 

(P < 0.0001 vs ipsilateral entorhinal cortex; Figure 3B), and this result may reflect the distance of the region of 

interest from the injury epicenter. 

These data reveal an acute and widespread loss of excitatory synapses at 24h post-injury. This spine loss 

is not restricted to the primary injury site, but instead appears to be a widespread consequence of brain trauma. 

 

c. The γ-secretase inhibitor LY450139 prevents the TBI-induced increase in Aβ40, but does not protect 

against dendritic spine loss after injury 

 We have previously shown that controlled cortical impact causes a rapid and significant increase in the 

production of the Alzheimer’s disease related protein Aβ in mice (Loane et al., 2009, Loane et al., 2011). As Aβ 

can cause dendritic spine loss in vitro and in vivo (Spires et al., 2005, Hsieh et al., 2006), we wanted to determine 

the role of Aβ accumulation on spine loss after TBI.  

 We exposed a cohort of mice to sham or TBI surgery, and treated them with either vehicle or the γ-

secretase inhibitor LY450139. Twenty-four hours post-injury the mice were euthanized and levels of Aβ were 

measured from the ipsilateral cortex. We found that controlled cortical impact caused a significant increase in 

Aβ40 at 24h post-injury compared to sham controls (P < 0.001; Figure 4). Treatment with LY450139 significantly 
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attenuated things increase in Aβ after injury (P < 0.01; Figure 4). These data demonstrate that orally administered 

LY450139 can significantly block Aβ production in the injured brain.  

A second cohort of mice was then exposed to CCI surgery and administered either vehicle or LY450139. 

At 24h the brains were fixed in Golgi solution and dendritic spine counts from the cortex and hippocampus were 

conducted. Similar to our first study, we found that TBI caused a significant decrease in dendritic spines in 

multiple brain regions. In the parietal cortex, we found that TBI caused an 11% reduction in total spine counts in 

vehicle treated TBI mice (P < 0.0001; Figure 5A), with a 10% reduction in AO (P < 0.01; Figure 5B) and an 

11% reduction in BS dendritic spines (P < 0.01; Figure 5C).  In the dentate gyrus of vehicle treated TBI mice, we 

found a 24% reduction in spine levels compared to vehicle sham mice (P < 0.001; Figure 5D). We found that 

LY450139 treatment did not significantly affect spine levels in the ipsilateral cortex or hippocampus (Figure 5A-

D), with LY450139-treated TBI mice displaying a similar reduction in dendritic spines as vehicle-treated TBI 

mice. We also found no significant effect of LY450139 on spine numbers in the contralateral hemisphere (data 

not shown).  

These data demonstrate that TBI-induced dendritic spine loss is independent of Aβ accumulation after 

injury.  

 

C. Discussion 

 In the present study, we find that controlled cortical impact injury in mice causes an acute reduction of 

excitatory synapses, as indicated by a reduction in dendritic spines in multiple regions of the injured brain.  Our 

dendritic spine counts did not include neurons that appeared unhealthy (as indicated by dendritic dystrophy, 

dendritic blebbing, or atrophic cell bodies), but instead focused on the remaining healthy neurons in the parietal 

cortex surrounding the lesion site; in the ipsilateral dentate gyrus of the hippocampus; and of the more distal 

entorhinal cortex. We also included identical sites on the contralateral hemisphere of the brain. Interestingly, we 

found that TBI caused a similar loss of dendritic spines in both the ipsilateral and contralateral hemisphere, 
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indicating that the effects of TBI on neurons are not restricted to the lesion site. Finally, we examined the role of 

γ-secretase and the neurotoxic peptide Aβ on spine loss after injury. We found that a γ-secretase inhibitor 

LY450139 could prevent the TBI-induced increase in Aβ, however it had no effect on dendritic spine loss after 

injury. These data demonstrate that spine loss after TBI is independent of injury-induced Aβ accumulation.  

Dendritic spine loss after a lateral fluid percussion injury was recently reported in rats (Campbell et al., 

2012c). Campbell and colleagues reported that 24h post TBI there was a 21% loss in total spines on the apical 

oblique dendrites of Layer II/III cortical neurons (Campbell et al., 2012c), and loss of synaptic activity has also 

been reported in vitro, where stretch injury of hippocampal neurons Results in a prolonged loss of excitatory 

synaptic transmission (Goforth et al., 2011). In the present study, we found that dendritic spine loss occurred over 

a wide area after a focal TBI, including a significant loss of dendritic spines in the contralateral cortex and 

hippocampus. We believe that our extensive loss of excitatory synapse sites is due to the fact that controlled 

cortical impact causes a much more severe injury than that seen with the unilateral fluid percussion injury model. 

Indeed, the development of a lesion site and the loss of Golgi staining that occurred in our model are not apparent 

in the fluid percussion study (Campbell et al., 2012c). However, the fact that dendritic spine loss has now been 

reported in two very different models of experimental TBI, demonstrate that this may be a common outcome after 

injury.  

One of the major proteins involved in dendritic spines retraction is the calcium/calmodulin dependent 

phosphatase, calcineurin (Schwartz et al., 2009). Following lateral fluid percussion injury in rats calcineurin 

activity, and protein levels of the downstream effector protein p-cofilin, are increased 24h post-TBI (Campbell et 

al., 2012b). These data suggest that the loss of dendritic spines is caused by the activation of calmodulin and 

cofilin, and the subsequent depolymerization of dendritic actin. Indeed, the loss of dendritic spines in the fluid 

percussion injury model can be prevented by administration of the calcineurin inhibitor FK506 (Campbell et al., 

2012c). Similar to TBI, excess levels of Aβ also causes spine loss mediated by calcineurin, and Aβ-induced spine 

loss is also sensitive to the calcineurin inhibitor FK506 (Rozkalne et al., 2011). Aβ accumulates very quickly after 

TBI as Aβ deposits can be identified within as little as 2h post-injury in the human brain (Roberts et al., 1994, 
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Ikonomovic et al., 2004). Furthermore, this accumulation of Aβ also occurs in animal models of TBI (Uryu et al., 

2002, Abrahamson et al., 2006), including mouse CCI (Abrahamson et al., 2006, Loane et al., 2009, Loane et al., 

2011). In the present study, we again report that controlled cortical impact causes a significant and rapid 

accumulation of soluble Aβ40 species. This increase in Aβ can almost be completely blocked with the peripheral 

administration of the γ-secretase inhibitor LY450139. However, preventing Aβ accumulation did not impact spine 

loss after TBI, suggesting that the previously reported effects of TBI on calcineurin are not mediated by the 

presence of excess Aβ. It is important to note that we did not assess the duration of TBI-induced dendritic spine 

loss in our model. So while we can determine that spine loss is not mediated by Aβ in our present study; it is still 

possible that reduced Aβ levels after TBI could improve the extracellular microenvironment to enhance spine 

recovery and reduce functional deficits following injury at later time points 

It is not only the Aβ peptide that is reported to impact dendritic spines, but also γ-secretase itself.  The 

loss of the endoplasmic reticulum from dendritic spines in response to stress has been reported, and treatment 

with γ-secretase inhibitors can prevent this loss (Ng and Toresson, 2008). Conversely, a four-day administration 

of γ-secretase inhibitors DAPT and LY450139 has been found to reduce spine numbers in mice through an APP 

dependent pathway (Bittner et al., 2009). Here we found that γ-secretase inhibition did not alter spine loss after 

TBI, and thus it does not appear that γ-secretase plays a pivotal role in dendritic spine loss after injury. However, 

it is interesting to note that the amount of dendritic spine loss caused by TBI was considerably smaller in the 

LY450139 study than in our initial experiments. We believe that this could be due to the use of ethanol as a 

vehicle, as ethanol has previously been shown to have neuroprotective properties (Kelly et al., 2000, Kochanski et 

al., 2013). Our study effectively delivered a total of 0.1g/kg of ethanol to the mice over two administrations. 

Previous studies have shown that 1 g/kg of ethanol can improve cerebral blood flow and reduce metabolic 

uncoupling after controlled cortical impact in mice (Kelly et al., 2000), and 1.5 g/kg can reduce lesion volume and 

improve outcome in an ischemia model (Kochanski et al., 2013). These neuroprotective effects may translate into 

reduce synapse loss after injury. 
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In our previous work we reported a protective effect of the γ-secretase inhibitor DAPT (Loane et al., 

2009). Here we examined the acute effects of a second inhibitor LY450139, which we would expect to have 

similar protective effects after TBI as DAPT. While we do not see an effect of γ-secretase inhibition on spine loss, 

it is difficult to extrapolate the lack of effect of our acute data to the longer-term motor and cognitive benefit we 

found in a 3-week treatment study. However, as our current data clearly show that LY450139 can prevent the 

acute accumulation of Aβ after TBI, but not dendritic spine loss, we can conclude that dendritic spine loss after 

TBI occurs independently of Aβ. TBI, including mild TBI, causes calcium release (Faden et al., 1989, Bullock et 

al., 1998, Hinzman et al., 2010) that could result in activation of the calcium/calmodulin dependent proteins. 

Specifically at the post-synaptic density, the increase in glutamate after TBI could result in activation of NMDA 

receptors and the influx of Ca2+ into the dendritic spine. Thus the loss of dendritic spines may be a 

neuroprotective event to reduce Ca2+ influx and to allow the neuron to regain calcium homeostasis. However, a 

two photon imaging study in a mouse model of global ischemia showed that a short ischemic insult could cause a 

propagating wave of Ca2+ to induce dendritic spine remodeling (Murphy et al., 2008). This wave traveled 

relatively slowly (3.3 mm/min), and an increase in intracellular calcium occurred simultaneously to the loss of 

dendritic structure. Interestingly, these data contradict the NMDA-mediated spine loss theory, as the loss of 

dendritic spines could not be prevented by treatment with MK801 (Murphy et al., 2008). 

In conclusion, we have demonstrated that a single severe contusion injury can cause the loss of dendritic 

spines, even in brain regions far removed from the impact site. This loss of dendritic spines was not prevented 

with the administration of the γ-secretase inhibitor LY450139, despite a significant reduction in TBI-induced Aβ 

accumulation. We conclude that dendritic spine loss after TBI is not mediated by increased γ-secretase activity, or 

by the accumulation of Aβ. 
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Chapter IV: 

Acute synaptic loss and white matter inflammation in a mouse model of highly repetitive head trauma 

 

A. Introduction 

Athletes participating in contact sports are at high risk of exposure to large numbers of concussive and 

sub-concussive mTBI. Recent studies using head impact telemetry systems have begun to reveal how many head 

impacts an individual football player can receive in the process of playing their sport. In a study of high school 

football players, the number of helmet impacts higher then 20g recorded in a single season ranged from a low of 

226 (average 4.7 per session) to a high of 1,855 head impacts (average of 38.6 per session) (Talavage et al., 2014). 

A similar study of high school and collegiate athletes found an average of 210 impacts per season or 8 impacts per 

week were recorded (Beckwith et al., 2013). The vast majority of these impacts do not result in the clinical 

diagnoses of a concussion, however it is not known if the cumulative effects of these impacts can result in 

increased damage to the brain.  

Mild traumatic brain injury has been modeled in mice and rats (for a recent review of this literature see 

(Angoa-Perez et al., 2014)). The majority of these rodent models administer less than 5 mTBI, and report adverse 

events including intracerebral bleeding, skull fractures, severe axonal injury, neuronal cell death and increased 

mortality (Tang et al., 1997, Laurer et al., 2001, Hamberger et al., 2009, Prins et al., 2010, Creed et al., 2011, 

Kane et al., 2012). These adverse events may occur following a single TBI in humans; however it is unlikely that 

similar events occur amongst those who suffer from sports-related mTBI. The development of these events also 

prevents the scaling up of these animal models to reproduce the highly repetitive mTBI seen in impact sports. 

r-mTBI is a risk factor for the development of chronic traumatic encephalopathy (CTE), a chronic 

neurodegenerative disease most often reported in boxers and football players (Corsellis et al., 1973, McKee et al., 

2009). This disease is associated primarily with the buildup of hyperphosphorylated tau tangles throughout the 
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brain, with up to 50% of cases also presenting with diffuse amyloid-β (Aβ) deposits (Corsellis et al., 1973, 

McKee et al., 2009). 

In this study we examine changes to the neuronal structure and brain pathology after an extremely mTBI 

or repeat mTBI (30 r-mTBI). We are especially interested in changes, i.e. loss of consciousness (LOC), synapse 

loss, and amyloid and tau pathology that can occur in the absence of axotomy or inflammation. Such changes may 

explain the changes in brain function after concussion. Here we characterize a new model of mTBI, determining 

the effects of a single mTBI, and up to 30 r-mTBI, in C57Bl/6 and 3xTG-AD transgenic mice. We also establish 

the effect of a 2 month and 12 month period of convalescence on pathology. Finally, as the cumulative effects of 

r-mTBI in humans may cause the development of CTE, we also used a mouse model of AD to determine the acute 

and chronic effects of r-mTBI on amyloid and tau pathology.  

 

B. Results 
 

a. A new model of extremely mild TBI 

Human concussions involve a closed head injury, a rotational component, a mild level of injury with a 

lack of gross neuropathology, and are never fatal. Therefore these characteristics should be present in any animal 

model of the disease. Here, we use a custom made diffuse TBI model (Figure 6). This model was designed was 

originally designed to deliver diffuse TBI to rats (Cernak et al., 2004) and has now been adapted for mice. The 

speed of impact and depth of head deflection can both be adjusted, allowing adjustment to inflict the lowest level 

of brain injury possible. The major differences between this diffuse TBI device and a standard pneumatic CCI 

device are numerated in Figure 6A. The Teflon impactor tip was changed from stainless steel and the tip size was 

increased from 4mm to 10mm in order to reduce the risk of developing a penetrating injury (Figure 6A, 1). 

Isoflurane delivery occurred through a non-anchored/pliable nose cone which allowed for a rotational head 

movement during impact (Figure 6A, 2). The stereotaxic holder was replaced with a freestanding gel pad. The gel 

pad absorbed the shock of the impact and allowed the force to diffuse away from the mouse head, reducing the 

chance of skull fractures. It also allowed the mouse head to rotate with the impact (Figure 6A, 3). The speed of 
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impact was controlled by microprocessor control valves.  Impact speed was reduced to 3.25 m/s by changing the 

valve opening time, pressure and piston stroke volume (Figure 6A, 4). The newly designed, extremely mild 

model of mTBI was used for all experiments presented here in order to examine pathologies previously described 

after TBI – namely LOC, dendritic remodeling and spine withdrawal, with additional focus on spontaneous 

recovery.  

 

b. Increasing the depth of head deflection results in graded LOC 

While LOC is not a necessary component of mTBI in humans, the presence or absence of LOC is a useful 

tool in grading concussion severity in animal models.  The return of the righting reflex time is an acute 

neurological evaluation of injury severity that we used to quantify the LOC after a single mTBI.  For this 

procedure, all mice received a total of 180 seconds of 3% isoflurane in oxygen. Because of this, all mice, 

including shams, had a period of LOC after withdrawal of anesthesia. We found that sham mice had an average 

LOC of 29.9s. Inducing mTBI with a head deflection setting of 5mm did not result in any change to the LOC time 

(31.0s). When the head deflection setting was increased to 7.5mm, the LOC increased to 53.4s (P < 0.001 vs sham 

and 5mm; Figure 7A). We also piloted a 10mm head deflection, and the LOC was significantly increased to 

330.4s in a small number of animals. This was associated with an increase in what we considered to be adverse 

events including prolonged apnea and LOC, and a single case of skull fracture. As the overall goal of this study 

was to develop and characterize this device as a preclinical model of repetitive injury, we selected the 7.5 mm 

head deflection setting for all subsequent experiments. The Results of our injury severity experiment showed that 

the 7.5 mm head deflection setting provided us with the lowest identifiable and quantifiable LOC in the absence 

of any discernable injury to the mice. 

 

c. The duration of LOC remains static after r-mTBI 

The effect of r-mTBI on the duration of LOC is very difficult to determine in humans, as factors such as 

impact force and impact location vary from one impact to the next. In our model, we were able to deliver an 
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almost identical mTBI on a daily basis, and as a result, we wanted to quantify LOC duration after r-mTBI. In the 

anesthesia alone sham group, we found that the day-to-day LOC could fluctuate from a high of 62 ± 12.5 sec on 

day 26 to a low of 25 ± 2.3 sec on day 22. In order to account for these fluctuations in LOC, we averaged the 

readings from each 5d week so that we could better assess the effect of r-mTBI on LOC (Figure 7B). Repeated 

measures 2-Way ANOVA revealed a significant effect of injury (F1,16 = 29.47; P < 0.0001), but no effect of time.  

There was a significant interaction between time and injury (F5,80 = 3.38; P < 0.01). Posthoc analysis revealed that 

r-mTBI mice had significantly elevated LOC at weeks 1, 2, 3, 4, and 5 (P < 0.05; Figure 7B), but not week 6. The 

increased LOC in sham mice in week 6 is the reason for the lack of significant differences between sham and r-

mTBI mice during the final week. A close analysis of the data showed that the average LOC in week 1 for the r-

mTBI mice was 78 sec and in week 6, it remained consistent at 73.22s. In contrast, the average LOC in sham mice 

was 37 sec in week 1 and 55 sec in week 6. As most of the fluctuation in our data was observed in the sham mice, 

we do not believe that exposure to a consistent r-mTBI either increases or decreases the duration of LOC in mice. 

Over the entire study, the average LOC for sham mice was 44 ± 1.8 sec and 79 ± 6.1 sec in r-mTBI mice (P < 

0.0001; Figure 7C). 

 

d. Neuronal architecture changes after mTBI 

Dendritic spines are protrusions from dendrites that mark the postsynaptic excitatory synapse. We 

recently reported that a unilateral controlled cortical impact (CCI) injury Results in the widespread loss of 

dendritic spines, including in the contralateral cortex (Winston et al., 2013). We speculated that the loss of 

dendritic spines could account for the loss of brain function reported after mTBI, and may be one of the earliest 

neuronal changes that occur after injury. Thus, we quantified dendritic spines of pyramidal neurons in layers II/III 

of the parietal cortex following single and repeat mTBI. We examined these superficial layer neurons as it is these 

cells that primarily accumulate hyperphosphorylated tau in CTE (Hof et al., 1992).  

Following a single (7.5mm) mTBI, 3-4 month old mice were sacrificed at various time-points up to 24h 

post-injury and we visualized individual neurons using Golgi staining. We found no evidence of unhealthy 
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neurons after a single mTBI that would have been indicated by Golgi-positive cells displaying dendritic 

dystrophy, dendritic blebbing, or atrophic cell bodies. Our blinded spine analysis found that mTBI caused a time-

dependent decrease in AO dendritic spines, with a 13% loss of spines at 24h (P < 0.01 vs. sham; Figure 8A). BS 

dendritic spines appeared unaffected by mTBI (Figure 8B). Dendritic complexity was also unaffected, with Sholl 

analysis revealing no differences in neuronal arborization between sham and mTBI mice (Figure 8C).  

We repeated our study using 12m-old C57Bl/6 mice. We found that a single (7.5mm) mTBI resulted in a 

29% reduction in AO dendritic spines at 24h post-injury (P < 0.001; Figure 8D). There was a 13% reduction in 

BS dendritic spines of aged mTBI mice, but this failed to reach significance (P = 0.06; Figure 8D).  

Finally, we quantified dendritic spines in 3-4 month old r-mTBI mice at 24h and 2m post-injury, along 

with a time-matched sham group. Again, we quantified pyramidal layer II/III neurons and we found that at both 

timepoints, there were no changes in dendritic spine numbers on either the AO or BS dendrites in (Figure 8E-F). 

 These data demonstrate that dendritic spine loss occurs after a single, but not r-mTBI. 

 

e. The effects of single mTBI and r-mTBI on neuronal cell death and axonal injury 

Next, we examined the effects of both single mTBI and r-mTBI on axonal injury and neuronal cell death. 

We used silver stain and Fluoro-Jade B to detect degenerating neurons. We found no evidence of dying or 

degenerating cells in the grey matter of single mTBI mice or in r-mTBI mice 24h post-injury (data not shown). 

To determine if our model caused axonal injury, we stained sections with the β-amyloid precursor protein 

(βAPP) and silver stain. We did find evidence of axonal distress in discrete white matter tracts after 30 r-mTBI 

(Figure 9). Strong positive silver staining was observed in disrupted axons in the optic tract of r-mTBI mice 24h 

following the final injury (Figure 9C,c). With negative APP staining in the optic tract at all time-points, we 

conclude that there is no APP accumulation in these axons (Figure 9D-F). We also detected abnormal myelin 

staining (Figure 9I,i), and Fluoro-Jade B-positive staining (Figure 9L,l) in the optic tract, suggesting that the 

supporting cells of the optic tract were degenerating as a result of r-mTBI.  
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f. The effects of single mTBI and r-mTBI on brain inflammation 

To detect changes in glial populations after single mTBI and r-mTBI, we used GFAP as a marker of 

astrocytes, and Iba-1 and CD68 to probe for microglia/macrophages. Once again, we found no detectable effect of 

a single mTBI on inflammatory markers 24h post-injury (Figure 10). However, we found increased 

immunoreactivity for both astrocytes and microglia in the optic tract following 30 r-mTBI (Figure 10). Iba-1 and 

CD-68 positive microglia were found extensively throughout the optic tract (Figure 10F,f, I, i1, i2), with 

infiltration into the lateral geniculate nucleus (LGN) of the thalamus (data not shown).  

 

g. White matter pathology following r-mTBI can spontaneously recover with time 

In order to determine if white matter pathology can recover with time, we allowed cohorts of mice to age 

for 2m and 12m following the final injury. Figure 11 shows the effect of time on pathology after 30 r-mTBI. We 

report a 21.5-fold increase in silver staining of the optic tract 24h following the final injury (P < 0.001; Figure 

11B, E, F). At 2m post-injury there was still a 4-fold increase in silver staining in the optic tract, but this was 

significantly reduced from 24h post-injury mice (P < 0.001; Figure 11C, E, F). At 12m post-injury, there was 

very little silver staining remaining (Figure 11D-F). Concurrent with this amelioration of silver staining, we 

quantified the number of Iba-1 positive cells, and the number of Iba-1 positive microglia with an enlarged, bushy 

phenotype. Quantification of the Iba-1 positive cells in the optic tract revealed a 206% increase in microglia 24h 

after 30 r-mTBI (P < 0.001; Figure 11K), which continued to increase to 249% above sham levels at 2m post-

injury (P < 0.001; Figure 11K). There were 49% more Iba-1 positive cells in r-mTBI 2m post-injury compared to 

24h post-injury (P < 0.001; Figure 11K). The morphology of these cells also continued to develop as 2m post-

injury mice had 78% more microglia with a bushy phenotype compared to mice 24h post-injury (P < 0.001; 

Figure 11L). In 12m post-injury mice, we detected very few bushy microglia (Figure 11L).  
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h. The effects of r-mTBI on amyloid and tau pathology 

As r-mTBI has been implicated in the development of AD and CTE, we wanted to examine the effects of 

r-mTBI on amyloid and tau pathology. We used 18-month-old 3xTG-AD mice for these studies, and due to their 

advanced age we limited them to 20 r-mTBI. We euthanized one cohort of sham and r-mTBI mice 24h after the 

final injury and a second cohort 1m post-injury.  

First, we determined if r-mTBI altered tau phosphorylation in 3xTG-AD mice. For this purpose, tau 

phosphorylation was analyzed by western blotting using a panel of specific anti-tau antibodies that we have 

previously characterized (Petry et al., 2014). We found no changes in tau phosphorylation state in multiple brain 

regions, including the cortex (Figure 12A), hippocampus and midbrain (Figure 13).   

We also examined RIPA soluble and insoluble pools of Aβ40 by ELISA. We found that r-mTBI had no 

effect on cortical Aβ at either time point post-injury (Figure 12B).  

 

C. Discussion  

The purpose of this study was to determine the acute effects of a single mTBI, and the chronic effects of 

r-mTBI on neuronal architecture and the development of brain pathology in mice. We have developed a new 

model of r-mTBI that allows for up to 30 mTBI without the need for head restraint or surgery, and does not cause 

neuronal or glial cell death, axonal breakage, or grey matter inflammation. We designed our studies to replicate a 

recent finding that collegiate and high school football players receive ~8 head impacts greater than 14.4g per 

week (Beckwith et al 2013a,b), by exposing our mice to a daily mTBI of 6.5 N/mm2 of force, 5 days a week for 

six weeks.  

Our model allowed for a highly regulated, reproducible impact to be delivered directly to the mouse head. 

We optimized our model to select the lowest head deflection depth that caused a minor, but statistically 

significant, LOC. This allowed us to have a quantifiable outcome measure to indicate that a mTBI had occurred, 

but with a low enough deflection depth to prevent major structural damage from occurring. This allowed us to 

scale our r-mTBI to 30 mTBI, and will allow us to scale up to more human appropriate numbers for future 
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studies. We were able to increase the duration of LOC by increasing the head deflection depth – suggesting that 

the period of LOC is directly related to the force delivered and rotation of the head after impact.  

Our experiments demonstrate that 6 weeks of r-mTBI do not alter the period of LOC, with all mice 

remaining unconscious for similar periods of time from week 1 – week 6. Recently, it was reported that mice 

exposed to 7 r-mTBI have reduced LOC with increased impact number (Mannix et al., 2014). The authors of that 

study report a significant LOC on day 1 and day 2, but not on days 3-7. Examination of the published data shows 

that the reduction in the difference in LOC between sham and r-mTBI mice are due to a combination of an 

increase in LOC in the sham mice and a reduction in LOC of the r-mTBI mice (Mannix et al., 2014). Indeed, in 

our study we find that on certain days there is not a significant LOC in r-mTBI mice, however to smooth out daily 

variability, we assessed our LOC data by weekly averages. We found that the period of LOC in the r-mTBI mice 

remained consistent for the 6-week duration of the study. We also found that the period of LOC in the sham mice 

increased by almost 50% over the same 6-week period. We interpret this as an effect of repeat isoflurane 

anesthesia, more than an effect of repetitive exposure to mTBI. 

We also report that a single mTBI in mice caused an acute reduction of excitatory synapses, as indicated 

by a reduction in the number of dendritic spines in multiple regions of the injured brain.  We have recently 

demonstrated that a global decrease in dendritic spine numbers occurs in mice following a CCI injury (Winston et 

al., 2013), including a loss of spines in sites far distant from the impact zone such as the contralateral entorhinal 

cortex. Dendritic spine loss also occurs after rat lateral fluid percussion injury (Campbell et al., 2012c), where in 

the absence of a lesion there is a 21% loss in total spines on the AO dendrites of layer II/III cortical neurons 24h 

post-injury (Campbell et al., 2012c). In vitro stretch injury of neurons also causes a prolonged loss of excitatory 

synaptic transmission (Goforth et al., 2011). In the present study, we focused our spine counts on layers II/III of 

the cortex and found that a single mTBI caused a 13% loss of spines in the AO dendrites in young male mice, 

with a greater spine loss occurring after mTBI on the same dendrites in aged male mice.  Combined together, the 

studies of dendritic spines after TBI show that this is a common phenomenon that occurs in a severe TBI model 

(CCI), a moderate TBI model (fluid percussion injury), and our extremely mild TBI model. Thus, our work and 
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that of others demonstrates that the loss of dendritic spines is an event that occurs after all severities of TBI and 

may be one of the common acute events that occur after head trauma, even in the absence of neuronal cell death, 

axonal injury or inflammation.  

Given that dendritic spine loss occurs after all severities of TBI, we predicted spine loss would also be a 

feature of r-mTBI. However, we found that neurons appear to adapt to r-mTBI, therefore resulting in no 

significant differences in dendritic spine numbers between sham and r-mTBI mice at either 24h or 2m post-injury. 

We do not yet understand the mechanisms of action that lead to this adaptation.  

Our intent in developing this model of mTBI was to have a model that presented with minimal cell death 

or neuroinflammation following a low number of impacts. Indeed, we can find no evidence of overt cell death, 

inflammation or axonal injury in the grey matter of the mouse brain after single mTBI, or after 30 r-mTBI. While 

preclinical models of mTBI have been reported by numerous groups, many report serious adverse effects 

including skull fracture, extensive white matter axonal injury, and widespread cell death that would not make 

these models suitable for scaling up to a greater number of r-mTBI (Tang et al., 1997, Laurer et al., 2001, 

Hamberger et al., 2009, Prins et al., 2010, Creed et al., 2011, Kane et al., 2012). More recent models have reduced 

these adverse events, but remain limited in their number of repeat impacts (Shitaka et al., 2011, Meehan et al., 

2012, Luo et al., 2014, Namjoshi et al., 2014, Petraglia et al., 2014, Weil et al., 2014).  

In our model we found no evidence of APP accumulation in major white matter tracts even following 30 

r-mTBI. However, we did find slowly accumulating white matter damage in the optic tract as evidenced by 

positive silver stain. The area most consistently displaying damage was the optic tract, where silver staining was 

intense and covered the entire optic tract following 30 r-mTBI.  Myelin staining also revealed the presence of 

myelin abnormalities in the optic tract following r-mTBI. These changes were observed concurrently with the 

recruitment of Iba-1 positive cells into the optic tract and a change in morphology from ramified microglia to 

large, bushy microglia. These activated microglia also spread into the LGN of the thalamus. We are not the first 

group to observe optic tract abnormalities following mTBI. The optic tract(s) and nerve are also vulnerable in 

blast injury models (Mohan et al., 2013) and in other models of r-mTBI (Namjoshi et al., 2014, Tzekov et al., 
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2014). This vulnerability of the optic tract to r-mTBI may stem from the position of the optic nerve below the 

brain. The vasculature of the optic nerve is derived from the pial arteries and it is possible that any swelling of the 

optic nerve following r-mTBI will cause a localized ischemia that may be exacerbating the injury to this nerve. 

Alternatively, the impact of the TBI may also be causing the eyeballs to bulge out of the eye-sockets, with a 

concurrent stretching of the optic nerve and tract after injury. This sequence of events, known as proptosis, can 

occur in humans after TBI (Kothandaram, 1970). Indeed, a recently published model of r-mTBI shows optic nerve 

and retinal damage leading to functional deficits after r-mTBI Tzekov et al. (2014).  

We also observed that the number of Iba-1 positive cells in the optic tract continued to significantly 

increase through 2 months post-injury. These cells, which were also CD68 positive, presented with a large, bushy 

morphology. Interestingly, the significant increase in these cells from 24h to 2m post-injury corresponded to a 

significant reduction in silver staining from 24h to 2m post-injury, suggesting that their presence is involved in 

the resolution of axonal injury in these mice. Indeed, by 12m post-injury the silver staining and myelin 

abnormalities have completely resolved, and only sporadic Iba1-positive, bushy microglia remains. These data 

show that white matter pathology after r-mTBI has the ability to resolve, however it takes a long time. This long-

lasting inflammation is similar to reports from human TBI brains that show that white matter inflammation is a 

chronic consequence of TBI, with activated microglia residing in white-matter tracts up to 18 years post-TBI 

(Johnson et al., 2013). While other mouse models of 5 r-mTBI have reported chronic inflammation of the corpus 

callosum up to 12m post-injury (Mouzon et al., 2014), in our 30 r-mTBI model, the inflammation appears to have 

almost completely resolved at 12m post-injury. It is also important to note that we have not characterized the 

functional state of the microglia in the optic tract after r-mTBI. Further characterization will be needed to identify 

which glial phenotypes are expressed in these microglia. 

Multiple groups report acute increases in phosphorylated (phospho-tau) epitopes following TBI, including 

following CCI in tau transgenic mice (Tran et al., 2011), blast injury in wildtype mice (Goldstein et al., 2012) and 

closed head injury in wildtype mice (Laskowitz et al., 2010, Namjoshi et al., 2014). There has been one report of 

accelerated phospho-tau accumulation in aged hTau mice exposed to 5 r-mTBI over a 9-day period and 
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euthanized 3 weeks following the final injury (Ojo et al., 2013), however the mechanisms of action driving this 

accelerated tau pathology remains unclear. In this study we found no evidence of increased phospho-tau at either 

24h or 1m post-injury in aged 3xTG-AD mice. One major difference between our study and that of Ojo and 

colleagues is that while they have traumatic axonal injury as evidenced by APP accumulation in the corpus 

callosum in their model (Mouzon et al., 2012); we did not see any APP accumulation in our mice. As increases in 

phospho-tau appears to occur primarily in traumatically injured axons (Tran et al., 2011), this difference between 

the level of axonal injury might explain why we do not see increased phospho-tau in our mice.   

In conclusion, we have described a new model of r-mTBI that can be scaled to mimic the numbers of r-

mTBI that have been reported in professional athletes. We find that the brain has complex reactions to a repeat 

versus a single mTBI with no adaptation to the LOC that occurs after impact, but an adaptation occurring to the 

loss of dendritic spines following a single mTBI. Repeat strain on white matter pathways can result in prolonged 

inflammation that continues to develop even with a 2m period of convalescence in mice – however our silver 

staining data suggests that this inflammatory response may be contributing to spontaneous resolution of the 

pathology as by 12m the majority of the white matter pathology is resolved. The relationship between r-mTBI and 

the development of tauopathy remains complex. Here, we report no phospho-tau accumulation in 3xTG-AD mice 

after r-mTBI – however our model was specifically designed to not cause overt traumatic axonal injury. This 

model will be useful for the study of synaptic loss after mTBI and r-mTBI as a trigger of white matter pathology.   
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Chapter V: 

Varying the inter-injury timing between impacts alters neuropathological and functional outcome 
following repeat mild traumatic brain injury 

 

A. Introduction 

Mild traumatic brain injury (mTBI) is referred to as the “silent killer” amongst retired sports athletes and 

military veterans due to the hundreds and millions of injuries that go unreported and potentially untreated each 

year. In the US alone, approximately 3.5 million will sustain a mTBI each year (Langlois et al., 2006a, Coronado 

et al., 2012). Common short-term sequelae following mTBI include headache, vertigo, fatigue, and memory loss 

and concentration deficits with prolonged symptomology mostly seen in those who suffer repeat mTBI (r-mTBI). 

Currently, there is no pharmacological treatment or intervention for mTBI besides a period of physical and 

cognitive rest. Approximately, 75% of mTBI patients are symptom-free at 3 months, however approximately 5-

10% still experience symptoms up to 12 months post injury (King, 2003). Recent preclinical studies of r-mTBI 

suggest that impacts sustained within vulnerable time periods will amplify brain pathology (Bolton and Saatman, 

2014), and result in cognitive and behavioral deficits (Longhi et al., 2005b, Kane et al., 2012), up to a year post 

injury (Luo et al., 2014, Mannix et al., 2014, Mouzon et al., 2014). Conversely, increasing the recovery time 

between impacts can improve cognitive outcome and attenuate brain pathology following r-mTBI (Meehan et al., 

2012).  

 Chronic sequelae of r-mTBI can manifest into a progressive, neurodegenerative disease called chronic 

traumatic encephalopathy (CTE). CTE is diagnosed, post-mortem, in the brains of individuals who engage in high 

contact sports, such as boxers and football players. CTE is primarily characterized by significant deposition of 

phosphorylated-tau (p-tau) tangles in the superficial layers of the cortex (Corsellis and Brierley, 1959, Corsellis et 

al., 1973, McKee et al., 2009, Gavett et al., 2011). Individuals with CTE tend to show a wide variety of cognitive 

(memory loss, impulsivity), emotional (depression, anxiety, suicidality), and physical impairments (gait 

instability), that generally appear years and sometimes decades after trauma. Increasing the inter-injury interval 

between impacts could attenuate some of the neuropathological and functional changes that occur following r-
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mTBI. Increasing the inter-injury interval can also reduce and potentially eliminate the prevalence of second 

impact syndrome (SIS).  SIS Results from an individual who first sustains an initial mTBI, then sustains a second 

injury, before the resolution of symptoms from the first injury have cleared (Cantu, 1998).  SIS is a rare, usually 

fatal, and a highly controversial condition (McCrory, 2001). Studies suggest that the second impact causes 

dysregulated blood flow, cerebral swelling, and edema however the actual mechanism is not well understood 

(Lauer et al., 1998). Brain swelling and edema are not thought to be hallmarks of mTBI, however the catastrophic 

Results of SIS have influenced clinical management policies that dictate when an athlete should return to play 

once they have sustained a concussion (McCrory et al., 2012).  

 In order to study the neuropathological and behavioral changes that result from r-mTBI, animal models 

have been used expensively to model the human condition (recent review, see (Angoa-Perez et al., 2014). Earlier 

studies reported gross pathological and behavioral changes after as little as 2 mTBI (Prins et al., 2010, Creed et 

al., 2011, Greer et al., 2011). We recently reported that single mTBI caused acute dendritic spine loss while 30 

mTBI (daily mTBI, 24h apart for 30 days) caused persistent white matter pathology in the optic tract up to 2m 

post injury (Chapter IV, Winston et al., 2015, submitted).  In order to follow-up with our previous work, we 

wanted to assess behavioral changes in mice who received a daily mTBI, 24h apart for 30day (r-mTBI-30d mice). 

In addition, in attempts to understand the neuropathological and behavioral consequences of SIS, we exposed a 

second cohort of mice to 30 mTBI, however these mice received 5 consecutive mTBI, approximately 2-3 sec 

apart, for 6 days (r-mTBI-6d mice).  Behavior was assessed in r-mTBI-30d mice at 6m and 12m post injury and 

1m and 2m post injury in r-mTBI-6d mice. After behavioral testing, we used histological techniques to assess the 

presence of neurodegeneration, cell death, inflammation, and axonal injury in the brains of these mice. 

Synaptic loss is a common pathological event that occurs following all severities of TBI (Gao et al., 2011, 

Campbell et al., 2012b, Campbell et al., 2012c, Winston et al., 2013) however not following 30mTBI in 6 weeks 

(Chapter IV, Winston et al., 2015, submitted). This suggests that the brain can adapt to r-mTBI.  Thus, to 

determine if in a third cohort of mice, we increased the inter-injury interval and administered 1 weekly mTBI, for 
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30 weeks (r-mTBI-30wk mice) and visualized neurons and dendritic spines 24h following the final mTBI, using 

Golgi stain.   

 

B. Results 
 

a. Injury induction and behavioral testing timeline 

Figure 14 is a schematic representation outlining the timing for injury induction (6 days for r-mTBI-6d 

mice or 6 weeks for r-mTBI-30d mice) and for all behavioral tests beginning 24h following the final mTBI. 

Behavioral tests were repeated at 1m and 2m post injury in r-mTBI-6d mice and at 6m and 12m post injury in r-

mTBI-30d mice. 

 

b. r-mTBI mice have significantly elevated LOC  

 The temporary loss of brain function following mTBI may or may not involve the loss of consciousness 

(LOC) in human patients. However, measuring LOC in animal models of TBI has been a useful tool in grading 

injury severity after injury. We recently reported that r-mTBI mice had significantly elevated LOC at week 1, 2, 3, 

4, and 5, but not week 6 (Winston et al., 2015, submitted). We concluded that the lack of significant differences 

between the sham and r-mTBI mice during that final week was due to the increase in the LOC in sham mice in 

week 6. Next, we wanted to quantify LOC in mice who received the same number of mTBI over a shorter inter-

injury interval. We exposed mice to 5 consecutive mTBI, within a 2-3 sec interval, for 6 days (r-mTBI-6d) and 

quantified LOC. Again, we found r-mTBI-6d mice had significantly elevated LOC over the course of 6 days. The 

weekly average LOC in r-mTBI-6d mice was 140.8 ± 6.761 sec compared to 58.45 ± 3.474 sec in sham mice 

(Figure 15A).  Posthoc analysis revealed that the LOC in both sham and r-mTBI mice remained consistent over 

the 6 days of testing. The fluctuations in LOC that we had recently reported in our r-mTBI-30d mice (Chapter IV) 

were not apparent in our r-mTBI-6d mice however we did notice that the weekly LOC in both groups are 

significantly different between the two injury protocols (Figure 15B). We initially reported that the average LOC 

in week 1 for the r-mTBI mice was 78 sec while the average LOC in sham mice was 37.2s in week 1 (Chapter IV, 
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Winston et al., 2015, submitted). In both cases, there appears to be close to 50% increase in LOC. We believe that 

elevated LOC in the r-mTBI-6d mice is a result of 5 mTBI being induced within a very short inter-injury interval 

however it’s not clear why the sham mice had different LOC recordings across both experiments. All mice receive 

180s of 3% isoflurane in oxygen with the first 120s of isoflurane exposure occurring in plexiglass chamber. Due 

to the fact that sham mice were processed after the r-mTBI-6d mice, its plausible that over time, higher levels of 

oxygen remained in the chamber, thus allowing the sham mice to fall into a deeper sleep. In subsequent studies, 

the oxygen chamber was periodically flushed through the system in order to lower the levels of oxygen in the 

chamber.    

 

c. Decreased inter-injury interval acutely (24h) attenuates white matter pathology and brain inflammation 
following r-mTBI   

 White matter pathology in the r-mTBI-30d mice was persistent up to 2m post injury however the damage 

had spontaneous recovered by 12m post injury (Chapter IV, Winston et al., 2015, submitted). Similarly, we 

wanted to examine the brains of r-mTBI-6d mice for signs of inflammation and cell death, 24h, 1m, and 3m post 

injury. For neuronal cell death, we used silver stain and Fluoro-Jade C to detect degenerating neurons. Again, we 

found no evidence of dying or degenerating cells in the grey matter of r-mTBI-6d mice at all time-points (data not 

shown). Interestingly, no evidence of silver staining (Figure 16B) or Fluoro-Jade C (Figure 16O) was observed 

in the optic tract in the r-mTBI-6d mice 24h following the final injury. 

 Next, we used Iba1 (Figure 17A-D) and CD68 (Figure 17E-H) to probe for microglia/macrophages. We 

found a modest increase in immunoreactivity for microglia and macrophages in the optic tract of r-mTBI-6d mice 

at 24h following the final injury. Iba1 positive microglia were found sporadically throughout the optic tract at this 

time-point. 
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d. White matter pathology peaks at 1m post injury however subsides by 3m post injury  

In order to determine if white matter pathology worsens with time, we allowed cohorts of r-mTBI-6d 

mice to age for 1m and 3m following the final injury. At 1m post injury, we find strong silver staining of the optic 

tract (Figure 16C), along with myelin abnormities (Figure 16L), and CD68 positive microglia (Figure 16G).  r-

mTBI-6d mice also displayed evidence of axonal damage as indicated by presence of APP immunoreactivity in 

the optic tract (Figure 16H).  Densiometric analysis of threshold silver staining images reveal the strongest silver 

staining is observed at 1m post injury compared to sham mice, and r-mTBI-6d mice at 24h and 3m time-point (P 

< 0.001 vs sham; P < 0.001 vs 24h; P < 0.001 vs 3m). At 3m post injury, silver staining (Figure 16D), myelin 

abnormalities (Figure 16M), and APP immunoreactivty in the optic tract (Figure 16I) is still present however the 

level of immunoreactivity for all markers had decreased. 

We quantified the average number of total microglia, the average number of total CD68 positive cells, 

and the average percentage of total microglia that displayed a large bushy phenotype in r-mTBI-6d and sham mice 

(Figure 17I-K). We found that the average number of total microglia (Figure 17I) and CD68 cells (Figure 17J) 

continued to increase up through 3m post injury compared to sham mice (P < 0.001 vs sham for all time-points). 

Further posthoc analysis revealed that the average total number of CD68 positive cells was not statistically 

different at 24h and 1m post injury; however the number of CD68 positive cells was significantly increased at 3m 

post injury compared to the 24h and 1m time-points (P < 0.05 vs 24h and 1m time-point). Lastly, we found that 

20 ± 2.2% of the total microglial population display a large, bushy phenotype at 1m post injury ( P < 0.001 vs 

sham; P < 0.05 vs 3m; Figure 17K), while 11 ± 2.7% displayed a large, bushy phenotype at 3m post injury (P < 

0.01 vs sham; P < 0.05 vs 3m; Figure 17K). 

 

e. r-mTBI causes dendritic spine loss with increased inter-injury interval 

 Dendritic spines are tiny protrusions that mark the signs for excitatory synaptic transmission and spine 

loss could mediate the diverse symptomology that occurs following mTBI. We recently reported that 24h and 2m 
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following the final impact, there was no significant difference in dendritic spine levels on the AO and BS 

dendrites from pyramidal neurons in layer II/III of the parietal cortex (Chapter IV, Winston et al., 2015, 

submitted). Here, we wanted to determine whether increasing the inter-injury interval had any effect on dendritic 

spine levels. We exposed mice to a weekly mTBI for 30 weeks (r-mTBI-30wk) and visualized neurons and 

dendritic spines using Golgi stain. During the final week of injuries, we also exposed a second and third cohort of 

mice to either a single mTBI or 5 consecutive mTBI to act as a control. All three cohorts of mice were sacrificed 

during the 30th week, 24h following the final injury.   

Following a single mTBI, we found an 11.1% reduction in dendritic spines on AO dendrites and a 13% 

reduction on BS dendrites. Following 5 mTBI, there was an 11% reduction in dendritic spines on AO dendrites 

and an 12% reduction on BS dendrites (Figure 18B, C). Interestingly, in r-mTBI-30wk mice, we found a 14% 

reduction in dendritic spines on AO dendrites and a 10% reduction on BS dendrites. Initially, we reported that 

dendritic spines loss was not sustained at 24h and 2m post injury in r-mTBI-30d mice (Chapter IV).  Here, we 

found that when the inter-injury interval is increased to 1 week, that there is a significant reduction in the number 

total dendritic spines (Figure 18A), and dendritic spines found on AO (Figure 18B) and BS dendrites (Figure 

18C). It’s not clear what the exact mechanism that would explain these changes in spine number following r-

mTBI, however we can infer from these data that the mechanism(s) that led to spine adaption in our first study, 

have returned to a homeostatic state, thus allowing for spine-removal mechanisms to proceed.     

 

f. Assessment of motor impairment following 30 mTBI 

 Motor impairment is commonly assessed in animal models after mTBI due to the large number of human 

clinical cases that report coordination and balance issues after injury. Here, we assessed gross motor function in r-

mTBI-6d mice at 24h, 1m and 2m post injury. r-mTBI-6d mice displayed significantly decreased latency to fall 

off the accelerating rotarod compared to sham mice at 24h and 1m post injury (P < 0.01; Figure 19A). However, 

by 2m post injury, motor function had recovered and there was no significant difference between r-mTBI-6d mice 



	

51 
 
	

and sham mice. Posthoc analysis revealed that there was a 17% improvement in motor performance in sham mice 

and a 17% improvement in motor performance in r-mTBI-6d mice injury at 1m post injury compared to their 

motor performance at 24h post injury. This data suggest that repeated exposure to the rotarod can aid in motor 

recovery following r-mTBI. This data supports other studies that suggest graded exercise may reduce post-

concussion symptoms and improve recovery following head trauma (Baker et al., 2012).     

Given that r-mTBI-6d mice displayed significant motor impairment, in the absence of overt brain 

pathology, at 24h and 1m post injury, we wanted to determine the chronic sequelae of r-mTBI in r-mTBI-30d 

mice. All behavior testing in r-mTBI-30d mice was conducted at 6m and 12m post injury. We found no 

significant impairment in motor function when tested on an accelerating rotarod at 24h or 6m post injury (P < 

0.2124, P < 0.0530 respectively; Figure 19B). However at 12m post injury, there was a modest, yet significant 

decrease in the latency to fall off the accelerating rotarod in r-mTBI-30d mice compared to sham (P < 0.05; 

Figure 19B).  

 

g. Assessment of spatial learning and memory as measured by Morris Water Maze  

 Memory loss and concentration deficits are common symptoms reported after r-mTBI. Therefore, we 

wanted to assess cognitive ability in the injured mice as measured by Morris Water Maze (MWM). r-mTBI-6d 

mice were administered four training trials a day for four days in order to assess learning deficits following r-

mTBI. At 1m post injury, r-mTBI-6d mice displayed the greatest difference in latency to find the hidden platform 

on day 2 of testing (P < 0.001; Figure 20A). On day 2, the average latency for r-mTBI-6d mice to find the hidden 

platform was 54 sec compared to sham mice who had an average latency of 23 sec to find the hidden platform. By 

training day 4, the r-mTBI-6d mice were performing similarly to sham mice with an average latency of 28 sec and 

16 sec, respectively. During the testing, we place the mice at a different geographic location, thus the inflated 

latency times recorded from both groups could reflect a period of adjustment that the mice have to make each 

time they enter the pool. At 2m post injury, r-mTBI-6d mice displayed increased average latency times to find the 

hidden platform on training day 2 and 3 (day 2, 28 sec; day 3, 24 sec) compared to sham mice (day 2, 17 sec; day 
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3, 14 sec), however these data were not significant. By training day 4, r-mTBI-6d mice performed similarly to 

sham mice (19 sec vs. 15 sec), respectively (Figure 20B).  

 On testing day 5, the platform was removed and a single probe trail was conducted in order to assess 

memory deficits following r-mTBI. At 1m and 2m post injury, r-mTBI-6d mice displayed significant deficits in 

memory retention. We assessed the number of platform crossings (P < 0.05; P < 0.01; Figure 20C) and time spent 

in the target quadrant (P < 0. 05; Figure 20D) and we found that the r-mTBI-6d mice performed worse during this 

phase of testing at both time-points. There was no difference in swim speed (Figure 20E) or cumulative distance 

traveled (Figure 20F) in the maze between the groups.  

 

h.  Increasing the inter-injury interval attenuates cognitive deficits in r-mTBI-30d mice  

 Next, we wanted to assess learning and memory deficits in r-mTBI-30d mice at 1 week, 6m and 12m post 

injury. Interestingly, r-mTBI-30d mice displayed no learning or memory deficits at 7d and 6m post injury (Figure 

20G-J). At 12m post injury, we increased the cognitive demand by moving the platform to a new location and re-

training the mice to locate the new platform. Again, both sham and r-mTBI-30d mice performed similarly during 

the training and probe trials at this time-point. This suggests that increasing the inter-injury interval can attenuate 

cognitive deficits in mice following r-mTBI. There was no difference in swim speed (Figure 20K) or cumulative 

distance traveled (Figure 20L) in the maze between the groups 

 

i. r-mTBI-6d mice have reduced anxiety and display increased risk taking behavior in elevated plus maze  

Next, we assessed anxiety-like behavior at 1m, and 2m post injury in r-mTBI-6d mice and sham mice. At 

1m post injury, r-mTBI-6d mice spent significantly more time in the open arms (73 ± 11.47 sec vs. 35 ± 5.752 

sec, P < 0.01; Figure 21A). In addition, at 1m post injury, rmTBI-6d mice spent less time in the closed arms 

(Figure 8C) of the maze compared to sham mice, however these data did not reach significance. r-mTBI-6d mice 

traveled more into the open arms compared to sham mice at 1m post injury (1.390 ± 0.1837 mm vs. 0.5692 ±. 
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0.1602 mm; P < 0.01; Figure 21B). At 2m post injury, we found that r-mTBI-6d mice  spent more time in open 

arms (54 ± 10.22 sec vs. 39 ± 13.27 sec; Figure 21A) compared to sham mice, however these data didn’t reach 

significance. There was no significant difference in distance traveled into the open arms (0.7405 ± 0.1458 vs. 

0.8085 ± 0.2902 mm, Figure 21B) or time spent in closed arms (194 ± 12.15 vs. 204 ± 27.23 sec; Figure 21C) 

compared to sham mice at this time point.  

 

j. r-mTBI-30d mice display increased anxiety  

 Similarly, anxiety-like behavior was assessed at 6m and 12m post injury in r-mTBI-30d mice and sham 

mice. At 6m post injury, r-mTBI-30d mice and sham mice traveled similar distances in the maze, spent the same 

amount of time in the closed and open arms of the maze,  and had a similar number of total arm entries in the 

maze. Although both groups performed similarly in the open and closed arms, we found that r-mTBI-30d mice 

spend a significant amount of time in the center arm of the maze (49 ± 6.234 vs 28 ± 3.648 sec; P < 0.05; Figure 

21G). This data suggests r-mTBI-30d mice display a higher level of anxiety as the injured mice are more hesitant 

to move to a new location (Blanchard et al., 2001).  

At 12m post injury, we found that r-mTBI-30d mice spent significantly less time in the open arms (66 ± 

8.845 sec vs. 122 ± 19.45 sec; P < 0.05; Figure 21D); and traveled less into the open arms (0.9579 ± 0.1915 mm 

vs. 1.572 ± 0.2172 mm; P < 0.05; Figure 21E), and spent more time in the closed arms (169  ± 11.00, vs. 128 ± 

18.58 sec; P < 0.0708; Figure 21F) compared to sham mice. Again, this data suggests that r-mTBI-30d mice 

display a higher level of anxiety compared to sham mice.  

 

k. r-mTBI has no effect on fear learning in rmTBI-6d mice yet reduces fear learning in r-mTBI-30d mice  

 Heightened fear learning following a stressful post-injury event is the hallmark of PTSD and has been 

modeled in rodents using Pavlovian fear conditioning.  We assessed contextual and cued freezing behavior 48h 

following the acquisition of Pavlovian fear conditioning in both cohorts of mice. At 1m and 2m post injury we 
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found that r-mTBI had no significant effect on fear learning at either time-point. r-mTBI-6d mice and sham mice 

performed similarly during the acquisition phase (training trials) (Figure 22A-B), contextual phase (Figure 22C), 

and cued phase (Figure 22D-E) of this test.   

Conversely, we found that r-mTBI had a significant effect on fear learning in r-mTBI-30d mice at 6m and 

12m post injury. During the post-tone/shock intervals, r-mTBI-30d mice exhibited significantly higher freezing 

behavior compared to shams (71 ± 8.040 %freezing vs. 51 ± 10.55 %freezing; P < 0.01; Figure 22F) at 6m post 

injury. These data were averaged across three post-tone/shock intervals. Forty-eight hours later, we found that 

there was no significant effect on contextual fear as both r-mTBI-30d mice and sham exhibited similar freezing 

behavior while being placed in the conditioned area with no white noise presentation (51 ± 4.331 %freezing vs. 41 

± 5.119 %freezing; Figure 22H). One hour later, r-mTBI-30d mice were placed in the novel testing arena and we 

found that the r-mTBI-30d mice exhibited similar freezing behavior compared to sham mice at 6m post injury (82 

± 4.642 %freezing vs. 73  ± 5.363 %freezing; Figure 22I) during the 30 sec tone presentation interval. However, 

r-mTBI-30d mice exhibited greater baseline freezing compared to shams (21 ± 3.994 %freezing vs. 7 ± 1.698 

%freezing; P < 0.05; Figure 22F)and during the post-tone interval period (29 ± 1.765 %freezing vs. 18 ± 3.525 

%freezing; P < 0.01; Figure 22F). This corroborates our previous data which suggests our r-mTBI-30d mice 

exhibit increased anxiety and enhanced fear learning at 6m post injury.  

By 12m post injury, we found an overall reduction in fear learning in r-mTBI-30d mice. On day 1 of 

training, we found r-mTBI-30d mice displayed higher levels of baseline freezing (14 ± 2.145 %freezing vs 8 ± 

1.447 %freezing; P < 0.05; Figure 22D) prior to the presentation of the tone/shock stimuli. We also found that 

that r-mTBI-30d mice displayed higher freezing behavior during second and third tone presentation periods. 

However, further posthoc analysis revealed that the average freezing time recorded across all three tone 

presentation periods didn’t reach significance (67 ± 13.62 sec vs 51 ± 2.19 sec; Figure 22D).  The average 

freezing behavior was also found to be similar between the r-mTBI-30d and sham mice during the post-

tone/shock interval periods.  
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Forty-eight hours later, r-mTBI-30d mice were again placed in the conditioned testing arena and we found 

that the r-mTBI-30d mice exhibited similar freezing behavior compared to sham mice (Figure 22H). One-hour 

later, r-mTBI-30d mice were placed in the novel testing arena and we found that instead of higher freezing 

behavior that we had seen at 6m, r-mTBI-30d mice displayed similar freezing behavior during the baseline 

interval prior to the tone and during the post-tone interval. During the tone presentation interval, r-mTBI-30d 

mice exhibited reduced freezing behavior compared to sham mice (56 ± 7.909 %freezing vs. 79 ± 6.309 

%freezing; P <0.05; Figure 22J). Here, these data suggest that r-mTBI enhanced fear learning and memory and 

induces anxiety-like phenotype in r-mTBI-30d mice at 6m post injury, however by 12m post injury, r-mTBI-30d 

mice display reduced anxiety and fear memory.  

 
C. Discussion 

 Previously, we found that 30 mTBI induces white matter pathology and microgliosis in the optic tract of 

injured mice.  Thus, we wanted extend our previous studies and use our model to characterize behavioral 

consequences of r-mTBI in mice exposed to 30 mTBI over 30 days. A recent preclinical study of r-mTBI 

administered 6 mTBI, with a 2h inter injury interval, for 7 days (Petraglia et al., 2014) and reported 

histopathological and behavioral deficits at 1m and 6m post injury. The authors note that their work is the first 

study to demonstrate brain pathology and behavior deficits in mice following mTBI administered within a very 

short inter injury interval. It’s not well understood if those who sustain mTBI within vulnerable time periods 

display worse long term deficits following injury. Thus, we modified our injury protocol to expose mice to 30 

mTBI over 6 days with 2-3 sec inter-injury interval between each mTBI and assess brain pathological and 

behavioral outcome in these mice.  

 Mouzon et al (2014) reports extensive white matter degeneration and neurobehavioral deficits that 

progresses up to 12m post injury. Here, we find that while the highest level of brain pathology observed in both r-

mTBI-6d mice  and r-mTBI-30d mice (Chapter IV, Winston et al., 2015, submitted) peaked at 1 and 2m post 
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injury, respectively,  these histological changes do not correlate with all of the behavioral changes that we observe 

in these mice.  

Balance and coordination deficits are commonly reported acutely, sub-acutely, and chronically following 

TBI (Basford et al., 2003, Fujimoto et al., 2004, Guskiewicz, 2011). Motor deficits, observed at 24 and 1m post 

injury, spontaneously recovered in r-mTBI-6d mice by 2m post injury. At 1m post injury, we see the highest level 

of brain pathology in these mice, including evidence of axonal injury as measured by APP accumulation in optic 

tract. These pathological changes suggest that white matter degeneration contributes to the impaired motor 

performance we observed in these mice. However in our r-mTBI-30d mice, all white pathology and gliosis in the 

optic tract had resolved by 12m post injury, and this was the only time-point that we observed significant motor 

impairments.  

Although previous reports suggest that cognitive decline progress up to 6m (Petraglia et al., 2014) and 

12m post injury (Mouzon et al., 2014) following r-mTBI, we find the timing between injury induction 

significantly impacts cognitive performance in these mice. Using the MWM, we found that r-mTBI-6d mice 

displayed visuospatial deficits at 1m and 2m post injury while r-mTBI-30d mice were cognitively normal and 

performed similarly to uninjured shams at all three time points. Our data in r-mTBI-6d mice are more consistent 

with the work of Petraglia et al (2014) as they use a similar injury protocol that involves administering a higher 

volume of impacts within 7 days. Our data does suggest that increasing the inter-injury interval from 2-3 sec to 

24h has a positive influence on cognition by attenuating learning and memory deficits in r-mTBI-30d mice 

compared to r-mTBI-6d mice.  

 In attempts to develop a model of CTE, assessing neuropsychological dysfunction is an essential 

component to understanding how the brain responds to r-mTBI. We assessed anxiety and fear learning after 30 

mTBI in both groups. There is a high correlation between mTBI and the development of post-traumatic stress 

disorder (PTSD) in humans (Bryant et al., 2010). The prevalence of PTSD in the military population returning 

from war (Hoge et al., 2008, Brenner et al., 2010) and retired athletes (Guskiewicz et al., 2005) suggest a strong 
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relationship between both conditions. Here, we found that altering the inter-injury interval significantly influenced 

anxiety and fear learning after 30 mTBI. Mice have a natural preference for dark and enclosed places. We found 

that r-mTBI-6d mice spent more time and traveled a longer distance into the open arms compared to sham mice at 

1m post injury suggesting r-mTBI mice displayed reduced anxiety and higher risking behavior at this time point. 

Conversely, r-mTBI-30d mice spent less time in the open arms at 6m and 12m post injury, which corresponds to 

increased anxiety. Increased anxiety-like behavior is more commonly reported in humans however following 

experimental brain trauma in rodents, the reports are inconsistent. While one group reported a significant increase 

in anxiety behavior 48h following a mild CCI-injury (Chauhan et al., 2010) another group reported no difference 

in behavior after experimental TBI (Zohar et al., 2011). A recent report from our own lab demonstrated reduced 

anxiety following a mild, moderate, and severe CCI-injury in mice (Washington et al., 2012).  Anxiety-like 

behavior is increasingly being assessed in r-mTBI animal models due to the increase risk of PTSD. Several 

groups have demonstrated injured r-mTBI mice spend more time in the open arms at 17d and 3m post injury 

(Mannix et al., 2014) at 1m and 6m post injury (Petraglia et al., 2014), and at 12m post injury (Mouzon et al., 

2014). Our work adds to this growing body of work that r-mTBI reduces anxiety acutely, sub-acutely, and 

chronically following injury. However, this phenotypic behavior was only observed in our r-mTBI-6d mice. 

These two groups received the same number of mTBI however at different inter-injury intervals. Thus, our data 

suggests that those who sustain mTBI over a longer period of time are more prone to developing increased 

anxiety-like phenotype compared to those who sustain multiple mTBI during a shorter period of time. It’s 

possible that r-mTBI-6d mice could develop anxiety like behavior at longer time-points post-injury, however 

future experiments would need to be conducted in order determine whether this will occur. 

 Lastly, we used the Pavlovian fear conditioning protocol to investigate the neurobehavioral basis of PTSD 

following r-mTBI.  The neurocircuitry of fear conditioning involves the hippocampus as an input and output 

structure while the amygdala acts as the central relay center for fear processing.The hippocampus is important for 

processing certain types of memories in humans however previous studies suggest that the hippocampus plays a 

complex yet selective role in Pavlovian fear conditioning (Sanders et al., 2003). Amygdala lesions are detrimental 
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to both the acquisition and expression of fear conditioning (LeDoux et al., 1990, Delgado et al., 2008, Maren, 

2008). Inhibition of LTP and synaptic plasticity in this region has also been shown to reduce fear expression 

(Maren et al., 1996, Wilensky et al., 1999). Our histological analysis did not reveal any overt damage to these 

regions, which could explain why both r-mTBI-6d and r-mTBI-30d mice did not enhance in contextual fear 

learning at any time-points. While r-mTBI-6d mice displayed hippocampal-dependent spatial deficits in the 

MWM, it was surprising to find that r-mTBI-6d mice didn’t display enhanced cued fear learning at 1m or 2m post 

injury. It seems as if the neurocircuitry that involves both the hippocampus and the amygdala are intact in these 

injured mice. Conversely, r-mTBI-30d mice displayed increased freezing during the acquisition phases (training 

trials) however spent less time freezing during the presentation of the cued white noise. This suggests that the 

neurocircuitry that involves both the hippocampus and the amygdala are disrupted in these mice. Reger et al 

(2012) found that a concussive brain injury enhanced fear learning in rats despite the lack any gross 

histopathological damage in the hippocampus and BLA of the amygdala. In addition, they found a significant 

upregulation of NMDA receptors in the BLA after injury. This suggests that alterations in dendritic spines in the 

BLA could contribute the enhanced fear learning (Reger et al., 2012). Dendritic spine changes have been reported 

extensively in the hippocampus using other models of r-mTBI (Gao et al., 2011, Campbell et al., 2012b). Future 

studies will include using Golgi analysis to quantify dendritic spine changes in the hippocampus as well as in 

other brain regions such as the BLA of the amygdala in order to determine if synapse loss (or gain) contribute to 

the diverse symptomology after injury in our model.  

In the cortex of r-mTBI-30d mice, we found that dendritic spines adapt or habituate to r-mTBI. (Chapter 

IV, Winston et al., 2015, submitted). We did not quantify dendritic spines in r-mTBI-6d mice as we expected 

dendritic spines to habituate to r-mTBI. Interestingly, we found that r-mTBI-30wk had reduced dendritic spine 

number on AO and BS dendrites of layer II/III pyramidal neurons 24h following the final mTBI. If loss of the 

synapses is a neuroprotective mechanism following mTBI (Winston et al., 2013), then these data support the idea 

that sustaining mTBI outside of a vulnerable time period can potentially attenuate pathology and poor behavioral 

performance in mice.   
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In conclusion, we find that varying the inter-injury interval between mTBI significantly influences brain 

pathology and behavior. We found that increasing the inter-injury interval from 2-3 sec to 24h attenuated learning 

and memory deficits however these mice were prone to developing PTSD-like phenotype. Conversely, 5 mTBI 

sustained within a very short inter-injury interval (2-3 sec) attenuated the development of a PTSD-like phenotype 

however these mice displayed learning and memory deficits. White matter pathology in r-mTBI-30d mice was 

evident at 24h following the 30th mTBI, peaked at 2m post injury, however pathology was resolved by 12m post 

injury (Chapter IV, Winston et al., 2015, submitted). In r-mTBI-6d mice, white matter pathology and 

inflammation was barely visible at 24h following the 30th mTBI; peaked at 1m post injury; and began to resolve 

by 2m post injury. Our future studies will include determining how brain pathology and behavior are affected in r-

mTBI-6d mice at chronic recovery time-points (6 and 12m post injury). By establishing this complex 

histopathological and neurobehavioral profile in our model, we have identified therapeutic target windows for 

intervention that would be specific to treating different behavioral and pathological outcomes. The relationship 

between synapse loss, white matter pathology and the development of behavioral deficits is complex and 

continued use of this model will help gain a better understanding of how all of these components contribute to the 

acute and chronic sequelae of r-mTBI.  
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Chapter VI: 

ApoE4 increases calcineurin (PP2B) activity and alters the molecular response to mild traumatic brain 
injury 

 

A. Introduction 

The ϵ4 allele of Apolipoprotien E (APOE4) is the greatest genetic risk factor for the development of 

Alzheimer’s disease (AD) (Raber et al., 2004). The ϵ4 allele has also been shown to be synonymous with poorer 

recovery and death after brain trauma. Injured ϵ4 allele carriers have increased coma times require longer 

hospitalizations and are at a higher risk for the development of dementia (Sorbi et al., 1995, Friedman et al., 1999, 

Teasdale et al., 2005). ApoE influence on CNS function in the absence of injury has been extensively studied in 

vitro and in vivo. Numerous reports have also investigated how apoE4 mediates secondary injury and promotes 

poorer functional outcome following severe TBI (Hartman et al., 2002, Ariza et al., 2006, Johnson et al., 2011, 

Johnson et al., 2013), however, very few studies have looked at the role apoE following mTBI in animal models 

(Crawford et al., 2002, Mouzon et al., 2012, Mannix et al., 2013, Namjoshi et al., 2013).  

APOE is a 299 amino-acid lipoprotein that is responsible for lipid transport and cholesterol homeostasis 

in brain. APOE targeted replacement (TR) mice were first developed to express each of the human APOE 

isoforms while under the control of the endogenous murine APOE promoter (Sullivan et al., 1997). Since then, 

additional animal models have been developed. These animal models expressing the human apoE isoforms are 

under the control of neuron-specific-enolase (NSE) promoter (Raber et al., 1998) or glial fibrillary acidic protein 

(GFAP) promoters (Sun et al., 1998). The creation of these animal models allowed for the function of the three 

APOE isoforms to be studied in a more physiologically relevant manner. Similarly to what has been reported in 

humans, APOE4 mice have reduced protein levels in the plasma, CSF, brain homogenates (Sullivan et al., 2011).  

APOE also plays an important role in the formation, maintenance, and repair of neurons and dendritic 

spines (Ji et al., 2003, Holtzman et al., 2012). Dendritic spines are small membranous protrusions from neurons 

that provide anatomical substrate for memory storage and synaptic transmission. ApoE4 has also been shown to 
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reduce neuritic outgrowth, delay spine formation and accelerate the elimination of mature spines in vitro 

(Nwabuisi-Heath et al., 2014) In vivo, APOE4 mice have reduced dendritic spine density, (Dumanis et al., 2009, 

Rodriguez et al., 2013), impairments in LTP (Trommer et al., 2004), and learning and memory deficits  (Raber et 

al., 1998, Hartman et al., 2001, Rodriguez et al., 2013). A Golgi impregnation study also revealed dendritic spine 

abnormalities in the dentate gyrus (DG) of human APOE4 patients (Ji et al., 2003). 

Changes in dendritic spine number and morphology have already been implicated in a number of other 

neurodegenerative diseases, such as AD (Catalá et al., 1988), Fragile X (Comery et al., 1997, Irwin et al., 2000), 

and schizophrenia (Garey et al., 1998). We previously reported that experimental TBI causes acute, global loss of 

dendritic spines, 24h following severe TBI (Winston et al., 2013) and mild TBI, but not after r-mTBI (Chapter IV, 

Winston et al., 2015, submitted).  Here, wanted to determine how APOE modulates dendritic spine number and 

morphology, influence brain pathology and functional outcome following single and repeat mTBI. To investigate 

this, we administered a single midline, close-head impact, or 30 mTBI (daily mTBI, 24h apart for 30 days) to 

APOE3 and APOE4 mice and visualized neurons and dendritic spines 24h post injury, using Golgi stain. In a 

separate cohort of mice, injured APOE3 and APOE4 mice underwent behavioral testing in order to assess learning 

and memory deficits and motor performance before and after injury induction. After behavioral testing, we used 

histological techniques to assess the presence of neurodegeneration, cell death, inflammation, and axonal injury in 

the brains of these mice 24h and 2m post injury.  

Calcineurin is Ca2+/calmodulin-dependent serine/threonine protein phosphatase 2B (PP2B) that mediates 

synaptic plasticity under normal (Groth et al., 2003) and pathological conditions (Wu et al., 2010b). Recent 

studies have shown that pharmacological inhibition of PP2B activity with FK506 (tacrolimus) attenuates TBI-

induced spine loss (Campbell et al., 2012c), ameliorates spine density deficits in plaque-bearing AD mice 

(Rozkalne et al., 2011), and promotes spine growth in healthy non-transgenic mice (Spires-Jones et al., 2011). 

FK506 has also been shown to attenuate axonal injury following an impact-acceleration model of TBI (Singleton 

et al., 2001). These data suggest FK506 may be a pharmacological treatment for secondary injury following TBI.  
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FK506 requires the binding of FK506 binding protein-12 (FKBP-12) or immunophilin for activation. This 

complex inhibits the dephosphorylation activity of PP2B (Schreiber and Crabtree, 1992). FK506 is commonly 

used as an immunosuppressant following organ transplant to reduce the risk of organ rejection however serious 

neurological side effects have been reported in over 10% of FK506 treated patients (Wijdicks et al., 1994, Lee et 

al., 2008). FK506 is typically administered over long periods of time following transplantation however side 

effects can manifest within days (Forgacs et al., 2005). Here, we examined the effect of acute administration of 

FK506 on dendritic spine number, morphology, and PP2B activity in non-transgenic and APOE knock-in mice.  

 

B. Results 
 

a. APOE4 decreases LOC with increasing depth of head deflection  

We have previously characterized our repetitive injury model in wild-type mice (Chapter IV, Winston et 

al., 2015, submitted) and we reported that increasing the head deflection setting resulted in graded loss of 

consciousness (LOC). First, we conducted a series of injury severity experiments in order to determine of APOE4 

increased LOC with increasing head deflection. We administered a single, midline mTBI and quantified LOC 

following a 0 mm (anesthetic alone), 7.5mm, and 9mm head deflection setting. Previously, we found that the 7.5 

mm head deflection setting resulted in the lowest identifiable and quantifiable LOC in the absence of any 

discernable injury to wild-type mice (Winston et al., 2015, submitted, Chapter IV).  Here, we found that a 7.5mm 

head deflection setting increased LOC to 102 sec in injured APOE3 mice (P < 0.01; Figure 23) and 64 sec in 

injured APOE4 mice (Figure 1). When the head deflection setting was increased to 9mm, the LOC was further 

increased to 171 sec in injured APOE3 mice (P <0.001; Figure 23) and 81 sec in injured APOE4 mice (P < 0.05; 

Figure 23) These data represent an average LOC from three independent mTBI that occurred in the same mice 

over three different days. Interestingly, our data suggest that APOE4 decreases LOC compared to APOE3 

following a single mTBI.   
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b. APOE4 decreases LOC following r-mTBI   

 Although APOE4 decreased LOC following single mTBI, we hypothesized that the cumulative effects of 

mTBI would manifest into prolonged LOC in injured APOE4 mice over time. We administered a daily mTBI, for 

30 days, with a 24h inter-injury interval between mTBI.   We used the 7.5 mm head deflection setting for all 

subsequent experiments. We averaged the readings from each 5d week and we found that there was no significant 

difference in LOC between sham APOE3 mice and sham APOE4 mice (58 ± 2.792 vs. 65 ± 2.204 sec; Figure 

24A). The day-to-day LOC didn’t fluctuate over the course of the 30 days between the sham groups. Further post-

hoc analysis revealed that injured APOE3 mice had significantly elevated LOC at weeks 1-6 compared to sham 

APOE3 mice. Injured APOE4 mice had elevated LOC only at weeks 1 and 5 compared to sham APOE4 mice (P < 

0.001; Figure 24B). The average LOC across all 30 days in injured APOE3 mice was 98 ± 8.615s and 77 ± 

5.381s in injured APOE4 mice. The greatest difference in LOC was during week 1 when injured APOE3 mice 

had an average LOC of 112 ± 11.69s compared to the average LOC in injured APOE4 mice which was 72 ± 

2.706s. The average LOC in sham and injured APOE4 mice remained consistent across the 30 days of testing 

while the LOC in injured APOE3 mice fluctuated significantly across the 30 days (P < 0.05, P < 0.001; Figure 

24B-C). The lowest average LOC for injured APOE3 mice was 86 ± 6.257s which was observed during week 3 

(P < 0.001; Figure 24B). As most of the fluctuations were observed only in the injured APOE3 mice, we still 

believe that there is a genotype specific effect of LOC following r-mTBI. Here, we find that APOE3 mice are 

prone to longer LOC following r-mTBI.  

Another unique observation that we quantified in our injured mice was what we refer to as the “return of 

spontaneous locomotion.” Early on, we observed that injured APOE3 mice took significantly longer to regain 

active mobility (i.e., walk or run) once they had regained their righting reflex in comparison to injured APOE4 

mice. Therefore, we defined the return of spontaneous locomotion the time after the animal has returned to 

righting reflex and regains active mobility. We quantified this in all mice following a single 7.5 mm mTBI or 

anesthetic exposure. We found that the average time for injured APOE3 mice to regain spontaneous locomotion 

after returning to righting reflex was 272 ± 27.98s compared to sham APOE3 mice that regained spontaneous 
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locomotion in 57.53 ± 4.585s (P < 0.001; Figure 25). The average time for injured APOE4 mice to regain 

spontaneous locomotion after returning to righting reflex was 143 ± 32.87s compared to sham APOE4 mice that 

regained spontaneous locomotion in 49 ± 8.862s (P < 0.05; Figure 25). Further post-hoc analysis revealed that 

injured APOE4 mice regained spontaneous locomotion faster than injured APOE3 mice (P < 0.01; Figure 25).   

 

c. APOE4 increases dendritic spine number following single mTBI  

Our injury induces rapid changes in dendritic spine number at 24h following a single mTBI (Winston et 

al., 2015, submitted, Chapter IV). Given that APOE4 mice have reduced dendritic spine number, we expected a 

single mTBI to further exacerbate dendritic spine loss in APOE4 mice. We quantified dendritic spines on 

pyramidal neurons in layer II/III of the parietal cortex and on granule cell neurons of dentate gyrus (DG) in the 

hippocampus from two independent experiments. Consistent with the work of Dumanis et al (2009), we found 

that sham APOE4 mice have significantly less dendritic spines (P <0.05; Figure SA1A, D) on AO dendrites from 

layer II/III pyramidal neurons compared to sham APOE3 mice. Interestingly, while mTBI reduced dendritic spine 

number on AO dendrites in injured APOE3 mice compared to sham APOE3 mice; we found that there was a 

significant increase in dendritic spine number on AO dendrites in injured APOE4 mice compared to sham APOE4 

mice (P < 0.01, P < 0.001; Figures SA1A, D). The only Results that we found to be consistent with our Golgi 

analysis were the changes that were restricted to AO dendrites found in the superficial layers of the cortex. Our 

Results were not consistent between studies when we assessed dendritic spine number on BS dendrites found in 

the cortex (Figures SA1B, E) and on granule cell dendrites found in the DG (Figures SA1C, F). Although we 

continued to quantify dendritic spine number on both AO and BS dendrites in most of our subsequent 

experiments, we primarily focused our attention to the spine alterations that were observed on AO dendrites for 

further discussion and analysis.  
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d. APOE4 shifts dendritic spines to display a more mature phenotype following single mTBI 

Structural changes in dendritic spines play an important role in the pathogenesis of many 

neurodegenerative diseases. Because of this, we wanted to determine if the mTBI-induced increase in dendritic 

spine number in APOE4 mice were of a more immature phenotype. Initially, we quantified spine morphology 

using a schematic of dendritic spine morphologies that Irwin and colleagues previously published (2000). They 

defined eight different types of dendritic spines based on different morphological shapes that they had 

consistently observed in the brains on their Fragile – X mice. Out of the eight types, five of them were classified 

as immature and three of them were classified as mature. Using this classification, we performed a simplistic 

analysis of spine morphology by classifying every individual dendritic spine that was originally counted in our 

first Golgi analysis, and assigned each individual spine into one of the eight categories (Figure SA2A). We found 

that in sham APOE3 mice, 56% (P < 0.001; Figure SA2B) of total spines on AO dendrites and 55% of total 

spines on BS dendrites (P < 0.001; Figure SA2C) were classified as mature. Following a single mTBI, we found 

that even though there was an overall reduction in dendritic spine number, the percentage of immature to mature 

spines did not change in response to the injury. We found that 59% (P < 0.001; Figure SA2B) of total spines on 

AO dendrites and 58% (P < 0.001; Figure SA2C) of total spines on BS dendrites were still of the mature 

phenotype. Interestingly, sham APOE4 mice had an equal distribution of mature vs immature spines on AO and 

BS dendrites. We found that 52% of total spines on AO dendrites were considered mature while 49% of total 

spines were considered immature (Figure SA2B).  Following a single mTBI, we found that the increase in 

dendritic spine number we observed in injured APOE4 mice corresponded with an overall shift in spine maturity. 

We found that 54% (P < 0.05, Figure SA2B) of total spines on AO dendrites and 56% (P < 0.001; Figure SA2C) 

of total spines on BS dendrites were classified as being mature in injured APOE4 mice. Thus, it appears that 

APOE4 increases dendritic spine number and promotes a more mature phenotype following mTBI.  
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e. Pharmacological inhibition of PP2B with FK506 increases dendritic spine and decreases spine length in 

wild-type mice.  

There is growing recognition that synapse loss is the major correlate of cognitive impairment in affected 

patients that suffer from dementia and other neurodegenerative diseases (Scheff et al., 2007, Milnerwood and 

Raymond, 2010). FK506 has already been shown to attenuate TBI induced spine loss acutely after experimental 

brain trauma (Campbell et al., 2012c) therefore, we wanted to determine whether the mTBI-induced spine loss we 

observed in the injured APOE3 mice and the mTBI-induced spine growth in injured APOE4 mice is PP2B – 

dependent. Thus, we investigated the effect of FK506, pharmacological inhibitor of PP2B, on dendritic spine 

levels in wild-type mice and APOE TG mice.  

All mice received a daily i.p. injection of 0.1 mL/ 10g of mouse of 10mg/mL FK506 (Invivogen USA, 

San Diego, CA) as previously described (Spires-Jones et al., 2011) or vehicle (methocellulose without drug) for 4 

day. All mice were sacrificed on day 5. Mouse brains were excised quickly following perfusion with 1x PBS. We 

separated the two hemispheres and one half of the brain was used for Golgi staining while the other half was used 

to measure PP2B activity. In order to measure PP2B activity, cortical tissue samples were homogenized in lysis 

buffer with protease inhibitors and then transferred to a desalting column in order to remove excess phosphate and 

nucleotides. Desalted protein lysates were incubated in the presence of the RII phosphopetide substrate in order to 

detect enzymatically cleaved free phosphate. As expected, we found that FK506 significantly reduced PP2B 

activity following FK506 treatment in wild-type mice (P < 0.05; Figure 26A). This reduction in PP2B activity 

correlated with a modest yet significant increase (10.7%; P < 0.05, Figure 26C) in dendritic spines on AO 

dendrites from layer II/III pyramidal neurons, which is consistent with the work of Spire-Jones et al (2011). We 

did not find any changes in dendritic spine number on BS dendrites from layer II/III pyramidal neurons (Figure 

26D). 

Spine morphology also plays a critical role in synaptic plasticity therefore we used Image J software to 

measure the spine length of individual spines from sham and FK506-treated wild-type mice. We quantified these 

measurements from the AO and BS dendrite segments that were previously used to quantify spine number in 
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these mice. The cumulative distribution of spine length revealed a slight shift towards shorter spines that were 

found only on BS dendrites, however these data did not reach significance (Figure 26F). There was no change in 

morphology on AO dendrites in FK506-treated mice or sham mice (Figure 26E). We do not fully understand why 

AO and BS segments respond differently to FK506 however it does suggest that inhibition of PP2B activity plays 

a role in spine formation.    

 

f. APOE4 increases PP2B activity    

So far, we have shown that pharmacological inhibition of PP2B with FK506 increases dendritic spine 

number and decreases dendritic spine length in vivo, which is consistent with previous reports. Given that APOE4 

promotes spine loss that may be PP2B - dependent; we wanted to determine how the inhibition of PP2B with 

FK506 influenced dendritic spine number and morphology in APOE4 and APOE3 mice. Again, we administered 

either a daily injection 10mg/mL FK506 (Invivogen USA, San Diego, CA) as previously described (Spires-Jones 

et al., 2011) or vehicle (methocellulose without drug) for 4 day to APOE3 mice and APOE4 mice. All mice were 

sacrificed all mice on day 5. We separated the two hemispheres and one half of the brain was used for Golgi 

staining while the other half was used to measure PP2B activity. 

We found that FK506 reduced PP2B activity in both APOE3 and APOE4 mice (P < 0.05 and P < 0.001 

respectively, Figure 27B). More interestingly, we found an overall increase in total phosphatase activity in sham 

APOE4 mice compared to sham APOE3 mice (P < 0.01, Figure 27A). Further analysis reveals that APOE4 mice 

had significantly elevated cortical PP2B activity compared to APOE3 mice (P < 0.05, Figure 27B). We believe 

we are the first group to report that APOE4 increases basal PP2B activity in the cortex of mice suggesting that the 

reduced dendritic number observed in APOE4 mice is PP2B – dependent. 

 

g. FK506 attenuates spine loss and decreases spine length in APOE4 mice 

 Given that APOE differently influence dendritic spine density in vivo and these alterations are PP2B – 

dependent, our next step was to determine how APOE isoforms differently influence dendritic spines levels and 
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spine morphology following FK506 treatment. Again, we quantified dendritic spines on AO dendrites from 

pyramidal neurons in layer II/III of the parietal cortex and found that FK506 had no effect on dendritic spine 

number in FK506-treated APOE3 mice compared to vehicle treated APOE mice (Figure 27C). We measured the 

spine length of individual spines in these mice and we also found no effect of spine morphology in FK506-treated 

APOE3 mice compared to sham APOE3 mice (Figure 27D). These Results were surprising, as we expected PP2B 

inhibition to increase dendritic spine number similarly to what we had previously observed in our wild-type mice. 

Conversely, we found that FK506 increased dendritic spine number on AO dendrites of layer II/III pyramidal 

neurons in APOE4 mice compared to sham APOE4 mice (P < 0.001, Figure 27C). We also found that this 

increase in dendritic spine number corresponded to a decrease in spine length (P < 0.01, Figure 27D) as the 

cumulative distribution of spine length shifted towards shorter spines in FK506-treated APOE4 mice compared to 

sham APOE4 mice (Figure 27E) however these data were not significant. Finally, we also found that there was 

no difference in dendritic spine number spine number and morphology in vehicle-treated APOE4 and vehicle-

treated APOE3 mice, which again is inconsistent with what we originally observed in our first Golgi study 

(Figure 27C-D). It is not fully understood at this point why our Results in APOE3 mice are inconsistent with our 

previous findings, however our data does support the idea the APOE4 differently influences dendritic spine 

number in a PP2B – dependent manner. The positive influence that FK506 has on dendritic spine number and 

morphology in APOE4 mice suggest that ϵ4 allele carriers may respond differently to certain pharmacological 

interventions. The role of FK506 would have to be investigated further in order to confirm whether these spine 

alterations are beneficial in APOE4 mice; i.e., increased spine number enhances synaptic transmission following 

FK506 treatment.   

 

h. APOE4 increases PP2B activity following mTBI  

Initially, we demonstrated that mTBI increased dendritic spine number in APOE4 mice 24h post injury 

(Figure SA1, Figure 28A). In order to determine if these spine alterations are PP2B- dependent, we measured 

PP2B activity, as previously described, in APOE3 and APOE4 mice following single mTBI (Figure 28).  We 
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administered a 0mm (anesthetic alone) or a single, midline, 7.5 mm mTBI to APOE3 and APOE4 mice and 

sacrificed all mice 24h post injury. As previously described, desalted protein lysates were incubated in the 

presence of the RII phosphopeptide substrate in order to measure PP2B activity. In addition, brain lysates were 

also prepared for western blot in order to measure PP2B protein levels in all four cohorts of mice. 

 We found that injured APOE3 mice had significantly elevated cortical PP2B activity compared to sham 

APOE3 mice (2.59 nmol PO released vs 1.65 nmol PO released; P < 0.05, Figure 28B), while injured APOE4 

mice had reduced cortical PP2B activity compared to sham APOE4 mice (1.28 nnmol PO released vs. 1.99 nmol 

PO released, Figure 28B). Despite the overall increase, these data failed to reach significance in APOE4 mice. 

Further posthoc analysis revealed that sham APOE4 mice had more cortical PP2B activity compared to sham 

APOE3 mice; however these data also failed to reach significance. Injured APOE3 mice had significantly 

elevated cortical PP2B activity compared to injured APOE4 mice (P < 0.01). Taken together, these data suggest 

that the significant reduction in dendritic spine number we observed following mTBI in APOE3 mice is a result of 

increased PP2B activity while the significant increase in dendritic spine number following mTBI in APOE4 mice 

is a result of decreased PP2B activity.  

We measured protein levels of PP2B in sham APOE3, sham APOE4, injured APOE3 and injured APOE4 

mice 24h following mTBI using western blot. We found that there were no significant changes in PP2B protein 

levels in all groups (Figure 28D).  

 
i. APOE4 increases dendritic spine number and reduces PP2B activity following r-mTBI 

 
We used Golgi stain to assess alterations in dendritic spine and morphology following 30 mTBI. All mice 

were sacrificed 24h following the 30th mTBI. Again, the hemispheres were separated in halves, one for Golgi 

analysis and the other for measuring PP2B activity.   

Initially, we reported that  r-mTBI had no effect on dendritic spine levels in wild-type mice at 2h or 2m 

post injury (Chapter IV, Winston et al., 2015, submitted), therefore we were not surprised to find that there was 
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only a 6% reduction of dendritic spines on AO dendrites in injured APOE3 mice compared to sham APOE3 mice. 

However, we did find a modest yet significant increase (11%; P < 0.05, Figure 28A) in dendritic spines on AO 

dendrites in injured APOE4 mice compared to sham APOE4 mice following r-mTBI. Again, these data suggest 

that APOE4 differently influences dendritic spine levels following single mTBI and r-mTBI. Future experiments 

would have to be conducted in order to determine if PP2B activity is altered in APOE4 mice following r-mTBI.   

Desalted protein lysates were prepared from cortical homogenates in order to measure PP2B activity 

following single mTBI and 30 mTBI in APOE3 and APOE4 mice. PP2B activity was increased in injured APOE3 

mice compared to sham APOE3 mice following a single mTBI (P < 0.05, Figure 28B) PP2B activity was 

decreased in injured APOE4 mice compared to sham (Figure 28B), however these data did not reach significance. 

We also found that Injured APOE3 mice had increased PP2B activity compared to injured APOE4 mice (P < 

0.001, Figure 28B).  

Initially, we reported that dendritic spine loss was not sustained following r-mTBI in wild type mice 

(Chapter IV) and in the present study; we also find that dendritic spine loss is not sustained following r-mTBI in 

APOE3 mice (Figure 28A). In addition, we found that there was no significant difference in PP2B activity in 

injured APOE3 mice compared to sham APOE3 mice (Figure 28C). Together, these data suggest that the spine 

adaptation mechanism that occurs following r-mTBI is directly related to PP2B activity being unchanged in the 

brains of these mice. The idea that the spine alterations that we observed in our mice is PP2B – dependent is 

further confirmed here in this study due to the significant reduction in PP2B activity that we observed in injured 

APOE4 mice compared to sham APOE4 mice (P < 0.05; Figure 28C) following r-mTBI. These data suggest that 

the increase in dendritic spine number that we observe in the cortex of APOE4 mice following single and repeat 

mTBI are PP2B – dependent.  

 Protein levels of PP2B were measured in cortical protein lysates prepared from APOE3 and APOE4 mice 

following single mTBI. We wanted to determine in the changes in PP2B activity also correlated with changes in 

protein expression. We found no significant changes in PP2B protein levels across all groups (Figure 28D).  
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j. Acute motor impairments was not influenced by APOE genotype following r-mTBI 

 In separate cohort of mice, we assessed behavioral changes acutely and chronically in APOE3 and 

APOE4 mice following 30 mTBI. Gross motor function was assessed at three different time points: pre-injury, 

24h and 2m post-injury. As expected, all mice performed similarly in this task prior to injury induction. We found 

that there was no significant difference in the latency to fall off of the accelerating rotarod between all groups. At 

24h post injury, we found that injured APOE3 mice displayed significantly decreased latency to fall off of the 

accelerating rotarod compared to sham APOE3 mice (P < 0.01, Figure 29). In addition, injured APOE4 mice also 

displayed significantly decreased latency to fall off of the accelerating rotarod compared to sham APOE4 mice (P 

< 0.05, Figure 29). Further posthoc analysis revealed that there was no significant difference in motor 

performance between injured APOE3 and injured APOE4 mice. We found that across both genotypes, all the 

mice displayed similar levels of impairment in this task at 24h post injury. At 2m post injury, we found no 

significant impairment in motor function when tested on the accelerating rotarod. Both injured APOE3 mice and 

injured APOE4 mice performed similarly to their pre-injury performance level. Here, we find that r-mTBI Results 

in acute motor impairment that is not influenced by APOE genotype.  

 

k. APOE genotype and mTBI do not synergistically combine to exacerbate cognitive impairment following 

r-mTBI 

 Young APOE4 mice exhibited impaired spatial learning and memory in the Barnes maze compared to 

APOE3 mice however cognitive performance in the hidden platform MWM was not strongly influenced by 

APOE genotype  (Rodriguez et al., 2013). Thus, we assessed the influence of APOE genotype on cognitive 

performance before and after r-mTBI.  All mice were administered four training trials a day for four days in order 

to assess cognitive ability before and after the induction of r-mTBI. Prior to r-mTBI, we found that the average 

latency to find the hidden platform was significantly higher in APOE4 mice on day 1 and day 2 of training 

compared to APOE3 mice (Figure 30A). On day 1, the average latency to find the hidden platform was 77 sec for 
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APOE4 mice compared to 51 sec for APOE3 mice (P < 0.001, Figure 30A). One day 2, the average latency to 

find the hidden platform was 54 sec for APOE4 mice compared to 23 sec for APOE3 mice (P < 0.01, Figure 

30A). By day 4, there was no statistically significant difference between the groups as the average latency to find 

the hidden platform was 29 sec for APOE4 mice compared to 17 sec for APOE3 mice. During the training, we 

placed the mice in a different geographic location in the pool, therefore we conclude that the inflated latency 

times recorded from both groups reflects a period of adjustment that all the mice had to make each time they 

entered the pool.  

On testing day 5, the platform was removed and a single probe trial was conducted in order to assess 

memory deficits in these mice in the absence of injury. We assessed the number of platform crossings and time 

spent in the target quadrant and we found that APOE4 mice spent less time in the target quadrant and made fewer 

entries into the platform zone compared to APOE3 mice.  APOE3 mice spent an average 27 sec in target quadrant 

compared to APOE4 mice that spent an average of 19.6s in the target quadrant (P < 0.05, Figure 30B). APOE4 

mice also made 3.1 entries into the platform zone compared to 4.6 entries made by APOE3 mice (Figure 30C); 

however these data did not reach significance. These data suggest that APOE4 significantly impacts cognition in 

the absence of injury. There was no significant difference between swim speed and cumulative distance traveled 

between both groups (Figure 30D-E).  

Next, we wanted to determine if r-mTBI and APOE4 synergistically combine to exacerbate cognitive 

deficits in mice. We exposed APOE3 mice and APOE4 mice to a 30 mTBI and assessed cognitive ability using 

the MWM. Forty-eight hours following the final mTBI, mice were administered four training trials over four days 

in order to learn the location of the hidden platform. By day four of training, the average latency for injured 

APOE3 mice to find the hidden platform was 40  ± 5.549 sec while the average latency for sham APOE3 mice to 

find the hidden platform was 38 ± 3.740 sec (Figure 31A). The average latency for the injured APOE4 mice to 

find the hidden platform was 47 ± 3.064 sec while the average latency for sham APOE to find the hidden platform 

was 38 ± 3.794 sec (Figure 31B). We acknowledge the latency times for all groups are unusually high for all 

recorded training days and we do not fully understand why this is the case.  All mice received 30 exposures of 
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anesthetic and it’s not well understood if repeated exposure to anesthetic alters cognitive ability in mice. 

Nonetheless, all groups appear to be performing at the same level by day four of training, so on day 5, we 

administered a single probe in order to assess memory deficits in these mice.  

Acutely following r-mTBI, we found that that there was no significant difference in the average time 

spent in the target quadrant between injured APOE3 mice and sham APOE3 mice (21 ± 3.137 vs. 26 ± 5.930 sec, 

Figure 31C) Injured APOE3 mice made an average number of 2.5 crossings into the platform zone compared to 

sham APOE3 mice that made and average number of 4.2 crossings into the platform zone (Figure 31D), however 

these data did not reach significance. In APOE4 mice, we found that injured APOE4 mice spent an average 19 ± 

5.633 sec in the target quadrant compared to sham APOE4 mice that spent an average 29 ± 5.399 sec in the target 

quadrant (Figure 31C). Injured APOE4 mice made an average number of 2.0 crossings into the platform zone 

compared to sham APOE4 mice that made an average number of 5.1 crossings into the platform zone (P < 0.05; 

Figure 31D).  

We assessed swim speed and cumulative distanced traveled in the maze during the probe trial, pre- and 

post – injury (Figure 31E–F). Prior to r-mTBI, there was no significant difference in swim speed or distance 

traveled between APOE3 and APOE4 mice (Figure 30D-E), which suggests that both groups swam freely in the 

maze in an attempt to locate the hidden platform. Acutely following r-mTBI, we found that injured APOE4 mice 

demonstrated significantly less swim speed (P < 0.05, Figure 31E) and traveled significantly less in the maze (P 

< 0.01, Figure 31F) compared to sham APOE4 mice, injured APOE3 mice, and sham APOE3 mice. In fact, 

30.1% of the injured APOE4 mice (4 out of 13) failed to swim upon entering the water maze.  Injured APOE4 

mice appeared to have abandoned all efforts in trying to find the platform. This behavior is consistent with a 

depressive – like phenotype.  
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l. APOE4 and r-mTBI synergistically combine to exacerbate white matter pathology and brain 

inflammation 

Finally, we wanted to determine if APOE4 and r-mTBI synergistically combine to exacerbate white 

matter pathology and brain inflammation in mice. We assessed pathological changes in the brains of injured 

APOE3 and injured APOE4 mice following 30 mTBI at 24h and 2m post injury. We used caspase- 3 and silver 

stain to detect apoptotic and degenerating neurons and we found no evidence of dying or degenerating neurons in 

the grey matter of injured APOE3 or injured APOE4 mice compared to their sham littermates (data not shown).  

Next, we assessed the β-amyloid precursor protein (β-APP) and silver stain to determine if APOE 

genotype influenced axonal injury. At 24h post injury, we found strong silver staining in the optic tract of both 

injured APOE3 and injured APOE4 mice suggesting axonal distress in this region (Figure 32). However, the 

optic tract was negative for β-APP staining at this time-point for all the brains that were analyzed (data not 

shown). At 2m post injury, we found strong silver staining in the optic tract of both injured APOE3 and injured 

APOE4 mice (Figure 32).  Here, we find that r-mTBI induces white matter pathology that resolved over time, 

even though the injuries have ceased and this appears to be independent of APOE genotype.  

To assess the development of brain inflammation in these mice, we used GFAP as a marker for 

astrocytosis and Iba-1 as marker for microgliosis. Once again, we found increased immunoreactivity for both 

astrocytes (data not shown) and microglia (Figure 32) in the optic tract following 30 r-mTBI at 24h and 2m post-

injury. We quantified the number of total Iba-1 positive cells and the number of Iba-1 positive microglia with an 

enlarged, bushy phenotype. A quantitative and densitometry analysis revealed that there is a 188% increase in 

total microglia at 24h post injury in injured APOE3 mice remained elevated to 93.9% above sham levels at 2m 

post injury (P < 0.01, Figure 33A). There were 27% more total Iba-1 positive cells in injured APOE3 mice at 2m 

post injury compared to 24h post injury (P < 0.01, Figure 33C). In APOE4 mice, there is a 123% increase in total 

Iba-1 positive cells at 24h post injury that continued to increase to 152% above sham levels at 2m post injury (P < 

0.01, Figure 33A). There were 41% more total Iba-1 positive cells in injured APOE4 mice at 2m post injury 

compared to 24h post injury (P < 0.01, Figure 33C). The morphology of these cells continued to develop only in 
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injured APOE4 mice. There was no significant change in the number of bushy microglia observed in the optic 

tract of injured APOE3 mice at 2m post injury compared to injured APOE3 mice at 24h post injury (Figure 33B). 

However, we find that there were 120% more microglia with a bushy phenotype at 2m post injury compared to 

injured APOE4 mice at 24h post injury (Figure 33B). Together, these data suggest that APOE4 exacerbates white 

matter pathology and brain inflammation, up to 2m following r-mTBI.  

The thickness of the optic tract was measured in the brains of all mice as an indirect measurement of 

axonal degeneration. We found no significant differences in the optic tract width across all groups and across both 

time-points (Figure 33D).  

 

C. Discussion 

The overall goal of this study was to determine if APOE4 differently influences brain pathology and 

functional outcome in mice following r-mTBI. Human cases involving all severities of TBI in combination with 

the APOE4 have been shown to increase the risk of dementia and neuropsychological dysfunction in affected 

patients (Teasdale et al., 1997, Friedman et al., 1999, Crawford et al., 2002, Teasdale et al., 2005, Ariza et al., 

2006, Sundström et al., 2007, Luukinen et al., 2008). Conversely, there is a growing body of literature that refutes 

this claim and reports that APOE4 does not adversely impact outcome following TBI (Millar et al., 2003, Nathoo 

et al., 2003, Chamelian et al., 2004a, Han et al., 2007, Moran et al., 2009). Here, we wanted to address these 

discrepancies by using a recently published model of mTBI from our group.  

Very few groups have used APOE knock-in mice to study the neuropathological and behavioral changes 

following r-mTBI. Based on previous reports, we expected APOE4 mice to have increased LOC compared to 

APOE3 mice (Mannix et al., 2013). In this study, Mannix et al used a modified weight drop model of r-mTBI and 

demonstrated that irrespective to r-mTBI, APOE4 mice had prolonged LOC after anesthesia exposure. In their 

study, anesthesia exposure was strictly controlled to a 45s exposure of 4.5% isoflurane in a 70:30 mixture of 

nitrous oxide and oxygen.  We found that APOE4 mice demonstrated reduced LOC following a single exposure 
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of 3% isoflurane in oxygen for 180s and following 30 repeated exposures of isoflurane over 30 days. A previous 

clinical study reported APOE4 patients displayed prolonged cognitive deficits after inhaled anesthesia exposure  

(Cai et al., 2012).  Cai et al did not quantity whether ϵ4 carriers took longer to return to consciousness once 

anesthesia administration has ceased. If APOE4 promotes neuropsychological dysfunction following anesthesia 

exposure, then that would suggest that ϵ4 patients would have a harder time coping with the anesthetic exposure 

and would have prolonged recovery times. Here, our injury severity data and spontaneous ambulation data shows, 

that not only does APOE4 protect against prolonged LOC in mice, these mice appear to return to normal activity 

at a faster rate than APOE3 mice.   

APOE4 mice already display reduced dendritic spine number and impaired cognition in the absence of 

injury, therefore we hypothesized that (1) synapse loss mediated the poor cognitive performance in APOE4 mice 

prior to injury induction and (2) that mTBI would exacerbate spine loss and exacerbate behavioral dysfunction in 

APOE4 mice following mTBI. In the present study, we quantified dendritic spine number in two separate cohorts 

of mice while focusing our attention on the cortical layer II/III pyramidal neurons. We found that sham APOE4 

mice have decreased spine number compared to sham APOE3 mice, in the absence of brain injury. Similarly to 

our previous findings in wild-type mice, we found that APOE3 reduced dendritic spine number on AO and BS 

dendrites following single mTBI that is not sustained following r-mTBI. To our surprise, we found that not only 

does APOE4 increase dendritic spine number following mTBI; these spines display a more mature phenotype. 

Despite finding significant Results, using this method of quantifing spine morphology has severe limitations. This 

method is a qualitative assessment of spine morphology and is subject to increased rater bias and variability.  In 

addition to the 8 spines that Irwin et al (2000) described, there were additional shapes of dendritic spines that we 

observed that did not fall into one of the original 8 categories. In order to reduce the level of rater bias, in our 

remaining studies, we used Image J software to measure the spine length of individual spine in order to gain a 

more comprehensive quantitate measurement of spine morphology.   

PP2B activity has been consistently been implicated as a major mediator for spine loss (Rozkalne et al., 

2011, Spires-Jones et al., 2011, Campbell et al., 2012c). We believe that increased basal PP2B activity mediates 
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reduced cortical dendritic spine number in the brains of APOE4 mice.  Modulation in PP2B activity is one of the 

many spine degradation mechanisms that may occur in the cortex of these mice. Other brain regions (i.e., 

hippocampus) would need to be investigated in order to determine if the learning and memory deficits that we 

observe in the absence of injury, is a direct result of the synapse loss that has been previously reported.  

We found that the inhibition of PP2B with FK506 increases spine number in wild – type mice and in 

APOE4 mice following mTBI however we failed to show an overall decrease in PP2B activity in injured APOE3 

mice. The cellular assay that is used to measure PP2B is severely limited in the number of samples that can be run 

at one time. Increasing the sample size would increase the power of our study and either confirm or reject out 

current hypothesis, which proposes PP2B as a major mediator of spine loss following mTBI in APOE3 mice.  We 

believe that if we increased the sample size for all the groups, we would be able to reach significance and confirm 

that PP2B mediates spine loss following mTBI in APOE3 mice.  

The increase in PP2B activity in APOE4 mice could be explained by an increase in PP2B protein 

expression (Bales et al., 2010). We find that protein levels are not changed across both genotypes, which is 

analogous to the work that has done in other models of TBI (Kurz et al., 2005, Campbell et al., 2012b). In an AD 

mouse model, D'Amelio et al (2011) reported that cleaved caspase-3 mediates early synaptic dysfunction due to 

the creation of a constitutively-active fragment of PP2B. It is possible that APOE4 mice are prone to increased 

activation of apoptotic signaling cascades that would result in the formation of this constitutively-active fragment 

of PP2B however those studies have yet to be conducted. Alternatively, there could be a release of endogenous 

Ca2+ from intracellular Ca2+ stores that could mediate this overall increase in basal cortical PP2B activity.  

Impairments in APOE receptor signaling could also explain this phenomenon that we observe in APOE4 

mice. Dumanis et al (2011) reported for the first time, that the interaction between cytoplasmic adapter protein, 

PSD-95 and ApoEr2 promotes dendritic spine formation in vivo and in vitro.  These data suggest ApoEr2 is 

required for spine formation. ApoEr2 belongs to a family of apoE transmembrane protein receptors that mediate 

endocytosis of lipoprotein particles followed by receptor cycling back to the cell surface. Earlier reports have 
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shown that apoE4 retards receptor trafficking properties by sequestering apoE receptors (Heeren et al., 2004) and 

glutamate receptors (Chen et al., 2010) within the cell and preventing their reinsertion into the cell surface which 

ultimately prevents Ca2+ influx into the cell. In another study, (Qiu et al., 2003) found that chronic exposure of rat 

hippocampal cultured neurons to apoE4 resulted in a significant increase in intracellular Ca2+ and subsequent 

neurotoxicity in response to NMDA stimulation. The authors conclude that the interaction between NMDA 

activation and the binding of apoE4 to an apoE receptor synergistically combined to alter intracellular calcium 

homeostasis and enhance neurotoxicity in vivo. Altered Ca2+ homeostasis appears to be the link between increased 

PP2B activity and dendritic spine alterations in APOE4 mice before and after injury. Future studies including in 

vitro culture preparations and calcium imaging in order to determine how apoE4 medicates extracellular and 

intracellular Ca2+ would provide significant insight.   

Our behavioral analysis demonstrated that r-mTBI induced acute motor impairments at 24h post injury 

however by 2m post injury motor impairments had spontaneously recovered in both cohorts of mice.  This deficit 

appears to be independent of APOE genotype. Other transgenic APOE knock-in models have been used to assess 

motor function following severe TBI. One study reported that the administration of the apoE mimetic, COG1410, 

following CCI – injury improved motor performance in PDAPP/APOE4TR mice but had no effect on functional 

recovery in PDAPP/APOE3TR mice (Laskowitz et al., 2010). In another study, APOE-deficient mice 

demonstrated more severe motor deficits up to 40 days following a closed head injury model of TBI (Chen et al., 

1997). These data provide some preliminary insight into how APOE genotype influences motor performance 

following brain injury.  

Similarly, we find that APOE genotype does not strongly influence cognition after r-mTBI. Injured 

APOE3 mice spent the same amount of time in the target quadrant as sham APOE3 mice however they made 

fewer entries into the platform zone which suggests modest memory impairment. Given that APOE4 mice were 

cognitively impaired prior to injury induction, it is difficult to conclude if r-mTBI and APOE4 synergistically 

combined to exacerbate these deficits following injury. However, our data does suggest that r-mTBI induces a 
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depressive-like phenotype in APOE4 mice.  We found that approximately 30% of the injured APOE4 mice (4 out 

of 13) made no attempts to look for the hidden platform. This behaviors is described as “behavioral despair” in 

which the animal loses hope to escape the stressful environment of the water maze (Porsolt et al., 1977). The 

emergence of a depressive-like behavior in injured APOE4 mice is similar to what has been reported in human 

cases however some studies question wither this is APOE-genotype specific effect. A recent study utilized a 

number of different neuropsychiatric measurements and tracked 90 adults who suffered from a mild to moderate 

TBI for six months and found that there was no association between ϵ4 allele and poor outcome across all 

measurements (Chamelian et al., 2004b). Around the same time, another study reported that APOE4 correlated 

significantly with the development of dementia in patients who had suffered a TBI however the occurrence of 

other psychiatric disorders did not differ in affected patients with or without an ϵ4 allele (Koponen et al., 2004). 

Future studies will include testing for the development of other neuropsychological conditions such as anxiety (as 

measured by EPM) and PTSD (as measured by contextual and cued fear conditioning).  

Chronic inflammation and persistent axonal injury has been observed in human cases up to 18 years 

following TBI (Ramlackhansingh et al., 2011, Johnson et al., 2013) and in the brains of mice following TBI 

(Chen et al., 2004) and r-mTBI up to 12m post injury (Mouzon et al., 2014). To our knowledge, there is not a 

study that has been conducted in APOE knock-in mice that assesses brain pathology and behavior up to 12m 

following r-mTBI. However numerous reports suggest that chronic inflammation and axonal pathology are key to 

the neurodegenerative process following TBI. ApoE4 has been shown to mediate a more pro-inflammatory state 

in the brain (see review, (Jofre-Monseny et al., 2008)), therefore it was not surprising that the number of large, 

bushy microglia continued to increase through 2m post injury and to a greater extent compared to injured APOE3 

mice.  Numerous in vitro and in vivo studies have characterized the two opposing roles that microglia can fulfill in 

response to injury (see review, (Loane and Byrnes, 2010)). Once microglia have transformed into an activated 

state, it is difficult to distinguish activated microglia from the other supporting macrophage cells types in the 

CNS. It’s also impossible to determine which role these microglia will sub-serve just based on morphology. 

Additional histological assessment is required in order to confirm whether the activated microglia that we 
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observed in the optic tract of injured APOE3 and APOE4 mice are reparative or neurotoxic. The accompany silver 

staining data suggests that these microglia are phagocytic microglia and they are responsible for clearing the 

debris from the dying supporting cells that reside in this area following r-mTBI.  Future studies include using 

histological markers to determine the functional state of the microglia (M1 vs. M2) as well as assess cognitive and 

neuropsychiatric dysfunction at various time-points, up to 12m post injury.  

Repeated anesthetic exposure is one of the major limitations of this model. The administration of 

anesthetics prior to injury induction can alter cognitive, motor, and histological outcomes following TBI  (Rowe 

et al., 2013). Nonetheless, we do find that only the APOE4 mice demonstrated increased immobility and freezing 

in the MWM, which are all signs of behavioral despair and/or depression. Thus we conclude that irrespective of 

the repeated anesthetic exposure, our injury model induces a behavioral consequence in mice that may be APOE 

genotype specific. We have since modified our injury protocol to administer 5 mTBI daily for six days. This is 

will significantly reduce the number of anesthetic exposures each mouse will receive so that we can better assess 

the effect of APOE genotype on behavioral performance following r-mTBI.   

In conclusion, we provide preliminary data to suggest that ϵ4 allele provides acute resilience to the effects 

of mTBI.  The high incidence of individuals with CTE and those who possess an ϵ4 allele could suggest that this 

gene is over-presented in populations that are at a higher risk of sustaining r-mTBI.  The notion that sports 

athletes can be genetically pre-disposed to being more or less resilient to certain types of injuries requires suggests 

that targeted therapies need to be generated in order to treat the acute and chronic symptomology of r-mTBI. The 

continued use of this animal model will be helpful for studying the role of APOE genotype on the acute and 

chronic effects spine alterations, brain pathology and behavior following r-mTBI.  Understanding whether this 

gene confers acute resilience to r-mTBI symptomology could have significant implications for how sports head 

injuries are managed in those ϵ4 carriers that appear to be asymptomatic following head trauma.   
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Chapter VII:  

Overall discussion & future directions 

 

The purpose of this study was to develop and characterize an extremely mild, highly repetitive injury 

model of mTBI. The model that we designed was milder than any other published model at the time, as we are 

able to deliver a larger volume of impacts (30 mTBI) without causing any discernable injury or increasing 

mortality to mice. Our extensive characterization studies demonstrate that our injury model includes 6 out of 7 

criterions necessary for modeling the human condition (Dewitt et al., 2013, Angoa-Pérez et al., 2014). No surgical 

intervention is required for our model as we directly impact the mouse head that is resting on a gel pad. We 

eliminated the use of a rigid stereotaxic frame and use an enlarged Teflon impactor tip in order to prevent the 

development of skull fractures and edema. Our highly regulated device delivers a high velocity impact that 

induces rapid head acceleration and is scalable to include different severities of mTBI based on LOC.  We found 

that a single mTBI does not induce neuroinflammation, axonal injury, or cell death.  However, we were able to 

use our model to describe a new pathology, dendritic spine loss, which we conclude is an early and transient 

consequence of mTBI. All of our r-mTBI studies begin during the adolescent stage of the animal (3-4 months) 

and progressed throughout the life of the animal. Lastly, we utilized two different injury protocols and we found 

that our injury model can result in psychiatric manifestations as well as cognitive and motor impairments. We 

have yet to determine if repeat injury gradually leads to the development of CTE-like pathology. We did 

investigate the effect of r-mTBI on AD (Aβ and tau) pathology in aged 3xTg-AD mice however we did not find 

any significant changes in these mice.  

The work that was done in order to characterize our model was driven by three specific questions, (1) 

what is the mechanism that contributes to spine loss following brain injury; (2) does spine loss contribute to poor 

behavioral performance following brain injury; and (3) will certain factors (i.e. genetic pre-disposition, varying 

the inter-injury interval exacerbate neuropathological and behavioral consequences following brain injury. Here, 

we found that the inhibition of Aβ following a CCI-injury does not attenuate TBI-induced spine loss, but the 
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involvement of Ca2+-dependent pathways, such as PP2B activation, plays an important role in the spine 

degradation mechanisms following mTBI. Given that r-mTBI led to spine adaption in r-mTBI-30d mice, this 

suggests that that dendritic spine loss does not directly correlate with poor cognitive performance following 

injury. However we can’t completely abandon this hypothesis, given that we did not assess dendritic spine 

alterations in r-mTBI-6d mice that did display cognitive impairments following injury.  

  We initially proposed that the diversity of symptoms resulting after mTBI may be explained by loss of 

dendritic spines in various brain regions. Based on our findings, we believe that we have generated enough 

preliminary data to support the notion that dendritic spine loss is an acute, neuroprotective mechanism to prevent 

permanent spine loss and/or to avoid the activation of Ca2+-mediated neurotoxic events such as mitochondrial 

dysfunction, caspase activation, formation of reactive oxygen species, and cell death (Dong et al., 2009). 

Continuous activation of NMDA receptors by glutamate leads to intracellular Ca2+ overload and dysregulated 

Ca2+ homeostasis. Given that all severities of TBI increase extracellular concentrations of glutamate at the post 

synaptic density (Faden et al., 1989; Katayama et al., 1990; Hinzman et al., 2010), it’s very likely that the overall 

reduction in dendritic spines is an innate cellular mechanism that serves to avoid the activation of such neurotoxic 

events following injury.  

  Our most significant contribution is the work we conducted using the APOE knock-in mice. Dumanis et 

al (2009) reported that APOE4 decreased spine density in vivo, therefore it was surprising to find that APOE4 

increased dendritic spine number in mice following mTBI. We also found that dendritic spines in APOE4 mice do 

not adapt to the injury and spine levels continued to remain elevated following 30 mTBI. Taken together, we 

believe that the innate cellular mechanism(s) that confers the neuroprotective response in wild-type and APOE3 

mice are not activated in APOE4 mice. In order to better understand these events, we first compiled a schematic 

representation of how APOE isoforms differently influence dendritic spine changes before mTBI. Next, we used 

these data in addition to our own work to speculate how APOE4 mediates dendritic spine growth, acutely 

following mTBI.  
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  We generated a schematic model of apoE3-meidated (Cartoon 3, Chapter VIII) and apoE4-mediated 

(Cartoon 4, Chapter VIII) spine loss following mTBI. Under physiological conditions, Reelin and APOE 

compete for binding to ApoER2 (and VLDLR). (1) Reelin binds to ApoER2 with high affinity and Results in their 

clustering at the plasma membrane. This clustering promotes the activation of Src family tyrosine kinases (SFKs), 

which SFKs functionally couples with NMDA receptors by inducing tyrosine phosphorylation of GluN2 subunits. 

Reelin activation of downstream signaling cascades coupled with increased NMDA receptor (NMDAR) activity 

Results in enhanced synaptic function, neuronal survival, and increased dendritic spine formation and complexity. 

(2) Similarly to Reelin, ApoE3 binds to ApoER2 and activates downstream mechanisms including synapse 

formation, neuronal survival, lipid transport, cholesterol metabolism (see review, Holtzman et al., 2012). In 

addition, ApoE3 induces clathrin-mediated endocytosis and readily recycles back to the cell surface. (3) 

Following mTBI, increased calcineurin activity promotes AMPAR dephosphorylation; APMAR trafficking to 

endosomes, and dendritic spine loss. In this case, again we propose that this phenomenon is an acute, 

compensatory mechanism to prevent permanent spine loss and/or to avoid the activation of Ca2+-mediated 

neurotoxic events. 

  Several groups have reported potential mechanisms that may contribute to apoE4-mediated dendritic 

spine loss. (4) Chen et al (2010) reported that ApoE4 retards ApoER2 recycling to cell surface, sequestered 

ApoER2, NMDAR, and AMPAR inside intracellular compartments thus inhibiting glutamatergic receptor 

activation. This ultimately leads to long term suppression of synaptic plasticity. Although the authors did not 

directly measure spine number in their study, we believe that the inhibition of glutamatergic receptor activation 

and synaptic suppression observed in response to apoE4 would also result in dendritic spines loss (Chen et al., 

2010). (5) Alternatively, Veinbergs et al (2002) reported that apoE4 mediates dysregulated Ca2+ homeostasis, 

which we also believe to be a major mediator of dendritic spine loss. Veinbergs et al (2002) reported that apoE4 

treatment cells showed increased levels of cytosolic Ca2+ that was associated with increased cell death in a dose 

dependent manner. In addition, they report that source of the Ca2+ was from the influx of extracellular Ca2+ 

through cell surface Ca2+ channels. Taken together, we speculate that homeostatic imbalance of Ca2+ inside apoe4-
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treated cells is the primary mechanism which contributes to the increased calcineurin activity we observe in 

cortical lysates prepared from APOE4 mice (Chapter VI). Thus, increased basal calcineurin activity mediates 

AMPA receptor (AMPAR) dephosphorylation, APMAR endocytosis, trafficking to endosomes, and spine loss. 

  Under pathological conditions, mTBI has been shown to transiently increase excitatory neurotransmitters, 

suggesting that glutamatergic receptor channels may be open for prolonged lengths of time (McIntosh et al., 

1997).  If mTBI-induced spine loss is neuroprotective mechanism, we propose that mTBI and apoE4 

synergistically combine to mediate continuous glutamatergic receptor activation and increased Ca2+ influx. These 

events lead to the suppression of calcineurin activity (Chapter VI) and potentially lead to the activation of 

Ca2+/calmodulin-dependent kinases, such as CaMKII. (6) CamKII phosphorylates AMPAR and promotes their 

rapid insertion into the synapse to mediate spine growth. The redistribution of AMPAR subunits is another 

mechanism that could mediate apoe4-induced spine growth following mTBI. The GluA1 subunit is highly 

phosphorylated by kinases to enhance LTP while the GluA2 subunits are mostly found in the Ca2+-impermeable 

form of AMPAR.  Thus, we speculate that apoE4 may play a role in the redistribution of AMPAR composition by 

increasing the expression of GluA1 subunits following mTBI. Again, this would also the continuous activation of 

glutamatergic receptor activity, prolonged synaptic transmission and triggers the activation of neurotoxic events. 

Increased dendritic spine growth could mediate the improved behavioral performance that has been reported in ϵ4 

allele carriers acutely after injury however having too many sites available for synaptic transmission could also 

mediate the long-term cognitive deficits that has also been reported in ϵ4 allele carriers after injury.  

  Initially, we hypothesized that APOE4 would exacerbate spine loss and significantly impair behavioral 

performance following mTBI. However, we found that APOE4 mice have reduced LOC and returned to 

spontaneous ambulation faster than APOE3 mice.  This suggested that APOE4 mice are more resilient to the 

acute effects of mTBI compared to APOE3 mice. This is consistent with recent human studies that report ϵ4 allele 

carriers perform better on certain neuropsychiatric and cognitive measurements following brain injury (Han et al., 

2007, Moran et al., 2009).   
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The work of Jordan et al (1997) was one of first studies to determine the relationship between APOE 

genotype and chronic TBI (CTBI). They reported findings from 27 retired boxers and 3 active boxers all who had 

varied exposure to the sport. Approximately 37% (7 out of 19) of the high exposure boxers in this study possessed 

at least one ϵ4 allele. These individuals had significantly greater chronic brain injury (CBI) scores than the higher 

exposure non - ϵ4 carriers and the low exposure boxers, irrespective of genotype. Taken together with our current 

hypothesis and the fact that the prevalence of the ϵ4 allele is 24% in the general population, we predict that 

individuals who possess at least one ϵ4 allele may be overrepresented in populations who are at higher risk of 

sustaining repeat head injury (i.e. sports athletes, military personnel).   In combat sports such as boxing and mixed 

martial arts, a “fighter’s chin” refers to one’s ability to tolerate significant physical trauma to the head and body 

without being knocked unconscious. In contrast, those who are known to having a “glass chin” or “glass jaw” are 

those who are not able to handle even the lightest of blows to the head without being knocked out. We believe 

that the ϵ4 allele confers acute resilience to the effects of r-mTBI which affords these subjects or athletes the 

ability tolerate significant physical trauma at higher threshold then “glass jaw” fighters and/or athletes. This has 

led us to design and execute a new research study with young professional boxers that potentially may confirm 

the work of Jordan et al (1997). In this study, we will determine if the ϵ4 allele is over-represented in this 

population. We will also determine if the subset of boxers that possess an ϵ4 allele have a reduced rate of acute 

concussion symptomology.  Data from these studies could explain why there is a higher incidence of those with 

an ϵ4 allele who display long term deficits following r-mTBI.  

In conclusion, our work demonstrates the importance of developing a well characterized animal model for 

studying the acute and chronic sequelae of r-mTBI.  mTBI is highly complex disease process that is influenced by 

a number of different risk factors. Here, we focused our studies on the influence of APOE genotype; however the 

effect of age, gender, as well as substance abuse can also synergistically combine to promote a worse outcome 

following brain injury.  Assessing these different risk factors in combination with r-mTBI will better our 

understanding of the underlying mechanisms that mediate the diverse symptomology reported following mTBI. In 

addition, this will allow for more preclinical studies to be translated into targeted therapeutics for mTBI.  
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Future directions with this model include assessing the chronic neurobehavioral and pathological profile 

of r-mTBI in APOE knock-in mice. Given that the majority of human concussion injuries are sub-concussive 

impacts, we also want to investigate the effect of repeat sub-concussive blows mTBI. These investigations will 

help us better understand the neurobiology behind individuals who are asymptomatic following injury. This injury 

would correspond to an impact depth < 7.5 mm (i.e., 5 mm) and does not result in significant LOC. We would 

also investigate these effects in wild-type and APOE knock-in mice. We plan to use acute administration of 

FK506 following mTBI to see if increased dendritic spine number equates to improved behavioral performance 

after injury. Lastly, we plan to establish a stretch injury model of mTBI so that we can investigate the underlying 

mechanism associated with deregulated Ca2+ homeostasis in apoE4 treated neuronal cultures and neuronal co-

cultures created with astrocytes derived from APOE3 and APOE4 mice.  

Overall conclusions summary: 

1. Dendritic spine loss is an early, transient consequence of TBI and is a common phenomenon following all 

severities of TBI. 

2. Dendritic spine loss is not mediated by Aβ accumulation following CCI-injury 

3. Ca2+ homeostasis plays a major role in mediating dendritic spine alterations and the pro-inflammatory 

response to brain injury.  Transient loss of dendritic spines is an innate cellular response to avoid the 

activation of neurotoxic events that are initiated by excess Ca2+ influx and deregulated Ca2+ homeostasis. 

4. Increasing the inter-injury interval between mTBI can attenuate cognitive impairment but induce the 

development of neuropsychiatric symptomology. 

5. Under basal conditions, PP2B activity is increased in the cortex of APOE4 knock-in mice.  

6. The ϵ4 allele promotes resilience to the acute effects of r-mTBI and individuals who possess at least one 

copy of this allele may be over-represented in populations that are at higher risk of sustaining r-mTBI. 
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Appendix: 

Figures & figure legends  

 

Cartoon 1. 

 

 

Cartoon 1. Schematic representation of age, injury induction, recovery time, and outcome measurements in 
wild-type mice. Three to four month old wild-type mice were administered either a single (1x) mTBI or repeat 
(30x) mTBI. Different cohorts of mice were sacrificed at various time points (24h, 1m, 2m, 6m, and 12m) post 
injury. Brains were harvested based on previously described protocols and/or manufacture instructions (see 
Methods section, Chapter II) for analysis of desired outcome measurements.    
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Cartoon 2.  

 
 

Cartoon 2. Schematic representation of age, injury induction, recovery time, and outcome measurements in 
transgenic mice. Three to four month old APOE TR mice or 3x TG-AD mice were administered either a single 
(1x) mTBI or repeat (30x or 20x) mTBI. Different cohorts of mice were sacrificed at various time points (24h, 1m 
and 2m) post injury. Brains were harvested based on previously described protocols and/or manufacture 
instructions (see Methods section, Chapter II) for analysis of desired outcome measurements.    
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Cartoon 3. 

  

 

 

Cartoon 3. Schematic model of apoE3-mediated spine loss following mTBI. See Overall Discussion & Future 
Directions Section, Chapter VII.  
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Cartoon 4.  

 

 

 

Cartoon 4. Schematic model of apoE4-mediated spine loss following mTBI. See Overall Discussion & Future 
Directions Sections, Chapter VII.  
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Figure 1.  
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Figure 1. Traumatic brain injury Results in rapid loss of neurons in the cortical area surrounding the 

primary lesion site.  A) Representative image of a mouse brain coronal section with Golgi staining at 24 h post-

injury. A neuronal “dead zone” exists around the lesion where no Golgi stain is taken up into neurons. This is 

especially evident at the rostral edge of the lesion, marked by an asterisk, where no Golgi stain has been taken up 

by neurons, but the lesion itself is not present. B) Image of Golgi-stained neurons with dendrites that appear to be 

retracting from the dead zone surrounding the lesion. Arrows show dendrites on the left side of the neuron that 

have swelling and abnormalities associated with dendrite retraction. The dendrites on the side facing away from 

the dead zone appear to still have dendritic spines and do not show dendritic abnormalities. C) High 

magnification image of a dendrite protruding into the dead zone, showing numerous swellings and abnormalities. 

D) Representative Golgi-impregnated images of the contralateral and ipsilateral dentate gyrus (DG) of the same 

mouse. Although there appears to be less dense staining of granule cells in the ipsilateral DG compared with the 

contralateral DG, the stained neurons do not show overt signs of injury and have dendritic spines. 
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Figure 2.  

 

Figure 2. TBI causes dendritic spine loss in Layer II/III neurons at 24h post-injury. A) Controlled cortical 

impact (CCI) causes a reduction in dendritic spines on the pyramidal neurons of cortical layers II/III in both the 

ipsilateral (ipsi) and contralateral (contra) cortex. B) Representative Golgi-stained apical oblique (AO) dendrites 

of pyramidal neurons of layer II/III of the parietal cortex, and a graphic representation of the average spine 

number for each experimental condition. C) Representative Golgi-stained basal shaft (BS) dendrites of pyramidal 

neurons of layer II/III of the parietal cortex, and a graphic representation of the average spine number for each 

experimental condition. One-way ANOVA with Student-Newman-Keuls post-hoc test; *** P<0.001 vs. sham. 

TBI, traumatic brain injury. 
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Figure 3.  

 

Figure 3. TBI causes dendritic spine loss in the hippocampus and entorhinal cortex at 24 h post-injury. A) 

CCI reduces dendritic spine numbers in the dentate gyrus. Representative images of Golgi-stained dendrites from 

granule neurons of the dentate gyrus taken from the ipsilateral (ipsi) and contralateral (contra) hemispheres of a 

traumatic brain injury (TBI) brain, and the graph of the average spine count. (B–D) Spine counts from layer II/III 

neurons of the ipsilateral and contralateral entorhinal cortex at 24 h post-injury. Total, B) apical obliques (AO), 

C) and basal shaft (BS), D) dendritic spine counts are included. One-way ANOVA with Student-Newman-Keuls 

post-hoc test; *** P<0.001 vs. sham. 
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Figure 4.  

 

Figure 4. Traumatic brain injury-induced Aβ40 accumulation in the ipsilateral cortex is attenuated with 

the γ-secretase inhibitor LY450139. Controlled cortical impact (CCI) causes an increase in soluble Aβ40 levels 

at 24 h post-injury that is significantly reduced by treatment with LY450139. Aβ40 levels quantified by enzyme-

linked immunosorbent assay. One-way ANOVA with Student-Newman-Keuls post-hoc test; *** P<0.001 vs. 

sham. One way ANOVA with Student-Newman-Keuls post-hoc test; ** P<0.01, vehicle vs. LY450139.  
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Figure 5. 

 

 

 

Figure 5. Traumatic brain injury-induced dendritic spine loss is not attenuated by the γ-secretase inhibitor 

LY450139. A) Total dendritic spine counts of layer II/III neurons in the parietal cortex of mice after CCI and 

treatment with LY450139. Spine counts on the apical oblique (AO) dendrites B) and basal shaft (BS) dendrites C) 

of layer II/III neurons of the parietal cortex after CCI and treatment with LY450139. D) Dendritic spine counts 

from granule cells of the dentate after CCI and treatment with LY450139 treatment. One-way ANOVA with 

Student-Newman-Keuls post-hoc test; ** p<0.01; *** p<0.001; sham vs CCI. One-way ANOVA with Student-

Newman-Keuls post-hoc test; ** P<0.01, sham vs. LY450139. 
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Figure 6.  

 

Figure 6. A mouse model of extremely mild TBI. A) Photograph of the pneumatic piston and controls for the 

mTBI device. Highlighted are 1) 10mm Teflon impactor tip; 2) the pliant anesthesia nose cone; 3) the gel head-

rest; 4) the microprocessor controlled valves to regulate piston velocity and dwell time. B) An image of the mouse 

in the apparatus. C) Instant feedback monitoring provides information on piston velocity and dwell time. The 

enlarged inset (ci) shows that at the time of impact the piston had a velocity of 2.35m/s and a maximum force 

dwell time of 31.5ms.   
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Figure 7.   

 

 

 

Figure 7.  Loss of consciousness (LOC) after single and repeat mTBI. A) LOC time in seconds for mice 

exposed to isoflurane followed by a head deflection of 0mm, 5mm or 7.5mm.  LOC was determined by the time 

for the righting reflex to return after impact. One Way ANOVA with Bonferroni post-hoc test. n = 9-11. B) The 

average weekly LOC for 30 r-mTBI mice. Each week represents the average LOC of 5 daily time-points to 

control for daily variability. The grey box highlights that there is no appreciable decrease in the LOC duration in 

r-mTBI mice from week 1 through week 6. Two-Way Repeated Measures ANOVA with Bonferroni post-hoc test. 
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* = P < 0.05; **= P < 0.01; *** = P < 0.001; **** = P < 0.0001 vs sham at the same time-point. n = 9. C) The 

average LOC of all 30 time-points for the sham vs r-mTBI groups. Unpaired t-test. **** = P < 0.0001, n = 9. 
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Figure 8.  
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Figure 8. Single, but not repeat, mTBI causes dendritic spine loss in Layer II/III of the cortex. A) A single 

7.5mm mTBI causes a time dependent loss of apical oblique (AO) dendritic spines in the superficial layers of the 

parietal cortex, B) but has no effect on the basal shaft (BS) spines. Results represent an average of 32-76 neurons 

per timepoint from 3-6 mice per group. One Way ANOVA with Bonferroni post-hoc test. ** = P < 0.01. C) mTBI 

had no impact on dendritic arborization at 24h post mTBI. D) The loss of AO spines is more pronounced in 12m-

old C57Bl/6 mice at 24h post-injury. n = 16-26 neurons from 3 mice in each group. E and F) There was no effect 

of 30 r-mTBI on dendritic spine numbers in Layer II/III of the cortex at either 24h or 2m post-injury. n = 53-60 

neurons from 5 mice in each group. 
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Figure 9.  

 

 

Figure 9. The effect of single and repeat mTBI on degenerative markers in the optic tract. Representative 

images of silver stain (A-C), APP (D-F), myelin (G-I), and Fluoro-Jade B (J-L) staining in the optic tract of 

sham, 1 x mTBI and 30 x mTBI mice. Insets show enlarged silver (c), myelin (i) and Fluro-Jade B (l) staining in 

the 30 x mTBI mice demonstrating evidence of axonal injury, blebbing, myelin abnormalities, and also 

degenerating cells. Scale bar for A-L = 50 µm; for c, i1, l = 20 µm, n= 4-6.  
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Figure 10.  

 

 

Figure 10. The effect of single and repeat mTBI on inflammation in the optic tract and lateral geniculate 

nucleus. Representative images of GFAP (A-C), Iba-1 (D-I) and CD68 (J-L) in the optic tract and lateral 

geniculate nucleus (LGN) of sham, 1x mTBI and 30 x r-mTBI mice. Insets show enlarged images demonstrating 

the change in morphology and the increase of GFAP positive astrocytes (c), Iba-1 positive microglia (f) and CD68 

positive microglia (i1 and i2) in 30 x r-mTBI mice at 24h after the final injury.  Scale bar for A-I = 50 µm; for c, 

f, i, i1, and i2 = 20 µm, n = 4-6.     
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Figure 11.   
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Figure 11. The effect of recovery time on optic tract pathology in r-mTBI mice.  Silver stain pathology is 

absent in the optic tract of sham mice A), but is present in 30x mTBI mice at 24h after the final injury B). Silver is 

still present 2m after r-mTBI C), but is beginning to resolve. Silver pathology has fully resolved by 12m post-

injury D). Silver staining quantification E) of representative thresholded images for each time-point after injury 

and F) sham optic tract (AU, arbitrary units). There are no Iba-1 positive microglia with activated morphology in 

the optic tract of sham mice G), but both the total number of Iba-1 cells and the number of Iba-1 cells with a 

bushy morphology are increased at 24h (H, inset h) and continue to increase through 2m post-injury (I, inset i). 

The number of Iba-1 cells and bushy Iba-1 positive cells are close to sham levels by 12m post-injury, however 

sporadic activated microglia remain (J, inset j). The number of Iba-1 positive microglial cells was quantified in 

the optic track K) and pie charts represent the percentage of bushy microglial cells out of total Iba-1 population 

L). Three fields per animal were counted and data is represented as means ± SEM vs sham. One way ANOVA 

with Newman-Keuls Multiple Comparison Test, ***P < 0.001. n = 5-6. Scale bar for A-D, G-J = 50 µm; for h, i, j 

= 20 µm, n = 4-6.  
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 Figure 12. 
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Figure 12.  Repeat mTBI does not alter tau phosphorylation or Aβ accumulation in the cortex of 3xTG-AD 

mice. 3xTG-AD mice were exposed to 5 mTBI per week for 4 weeks (20 mTBI) and euthanized at 24h or 1m 

post-injury. Tau phosphorylation was examined in the RIPA fraction of cortical extracts by Western blot. No 

changes were observed in the cortex of r-mTBI mice at either timepoint. Representative Western blots are 

quantified using densitometry analysis (Arbitrary units, A.U.) and data is represented as means ± SEM. n = 5-6 

per group. B) Cortical RIPA (soluble) and formic acid (insoluble) Aβ40 were quantified by ELISA. No changes 

were observed in the cortex of r-mTBI mice at either timepoint. Means ± SEM. n = 5-6 per group.   
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Figure 13.  

 

Figure 13. Repeat mTBI does not alter tau phosphorylation in the hippocampus or midbrain of 3xTG-AD 

mice. 3xTG-AD mice were exposed to 5 mTBI per week for 4 weeks (20 mTBI) and euthanized at 24h or 1m 

post-injury. A) Representative images of phosphorylated tau epitopes after r-mTBI. No changes were observed in 

either the hippocampus or the midbrain. 
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Figure 14. 

 

 

 

 

Figure 14.  Injury Induction and Behavioral Testing timeline. Schematic representation outlining the timing 

for injury induction (6 days for r-mTBI-6d mice or 6 weeks for r-mTBI-30d mice) and for all behavioral tests 

beginning 24h following the final mTBI. Behavioral tests were repeated at 1m and 2m post injury in r-mTBI-6d 

mice and at 6m and 12m post injury in r-mTBI-30d mice. (EPM, Elevated Plus Maze; FC Training, Fear 

conditioning training; FC Con & Cue; Contextual Fear conditioning & Cued Fear condition; MWM, Morris 

Water Maze.   
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Figure 15. 

1 2 3 4 5 6
0

50

100

150

200
Sham
mTBI

Days

***

***

***
**

* **

se
co

nd
s 

af
te

r m
TB

I

Day 1

0

50

100

150
***

Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I

Day 2

0

50

100

150

200

***

Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I
Day 3

0

50

100

150 ***
Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I

Day 4

0

50

100

150

200

*

Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I

Day 5

0

50

100

150

200

*

Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I

Day 6

0

50

100

150 **

Sham
mTBI

se
co

nd
s 

af
te

r m
TB

I

A.

B.

 

Figure 15: Loss of consciousness (LOC) after repeat mTBI. LOC, as measured by time in seconds, for mice 

exposed to anesthetic (isoflurane) followed by 5 consecutive mTBI, with a 2-3 sec inter-injury interval. Each 

mTBI induced at a head deflection of 7.5 mm. LOC was determined by the time for the righting reflex to return 

after impact. A) These data represent an average LOC for all 6 time-points for the sham vs. r-mTBI groups. Two 

way ANOVA with Bonferroni post hoc test. * = P < 0.05; **= P < 0.01; *** = P < 0.001; vs sham. B) The 

average daily LOC for all mice following 5 consecutive, 7.5 mm mTBI. Unpaired t-test. * = P < 0.05; **= P < 

0.01; *** = P < 0.001; vs sham at the same time-point; n = 15 per group.  
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Figure 16.   
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Figure 16: The effect increasing recovery on degenerative markers in the optic tract in r-mTBI-6d mice. 

Representative images of silver stain (A-D), APP (F-I), myelin (J-M), and Fluoro-Jade C  (N-Q) staining in the 

optic tract of sham mice, and r-mTBI-6d mice at 24h, 1m, and 3m post injury. Insets show the lack of silver in 

sham mice (a) and enlarged silver in r-mTBI-6d mice at 24 (b), 1m (c), and 3m (d) following the final mTBI. E) 

Silver staining quantification of representative thresholded images for each time-point after injury and sham optic 

tract (AU, arbitrary units). One-way ANOVA with Newman-Keuls Multiple Comparison post hoc test * = P < 

0.05, *** = P < 0.001 vs sham; ### = P < 0.001 vs 1m time-point. Scale bar for A-Q = 50 µm; n= 4-6.  
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Figure 17.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. The effect of increased recovery time on inflammation in the optic tract in r-mTBI-6d mice. 

Representative images of Iba-1 (A-D) and CD68 (E-H) in the optic tract of sham mice and r-mTBI-6d mice at 

24h, 1m, and 3m post injury. Quantification of the average total number/mm2 of Iba-1 positive cells I) and CD68 

positive cells J) in optic tract of r-mTBI-6d mice at 24h, 1m, and 3m post injury. K) Quantification of percentage 

of total microglial population that displays a large, bushy phenotype. One-way ANOVA with Newman-Keuls 

Multiple Comparison posthoc test. * = P < 0.05, ** = P < 0.01, *** P < 0.001 vs sham. Scale bar for A-H = 50 

µm, n= 4-6.  
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Figure 18. 

Layer II/III (Total)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

1x 30x5x

*********

Sham
mTBI

sp
in

e 
nu

m
be

r /
 2

0
µ M

Layer II/III (AO)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

*****

1x 30x5x

Sham
mTBI

sp
in

e 
nu

m
be

r /
 2

0
µ M

Layer II/III (BS)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

1x 30x5x

****

Sham
mTBI

sp
in

e 
nu

m
be

r /
 2

0
µ M

A.

B. C.

 

Figure 18: Increasing the inter-injury interval causes dendritic spine loss in layer II/III of the cortex. Mice 

were exposed to a 7.5mm mTBI at varying inter-injury intervals. Twenty-four hours following the final mTBI, all 

mice were sacrificed and dendritic spines were visualized using Golgi stain. 30x mice received a weekly for 30 

weeks. 1x mice received a single mTBI and 5x mice received 5 consecutive mTBI within a 2-3 sec inter-injury 

interval on the last day that that 30x mice received their final impact. All group were sacrificed 24h following the 

final injury. All injuries caused dendritic spine loss of A) total spines; B) apical oblique (AO); and B) basal shaft 

(BS) dendritic spines in the superficial layers of the parietal cortex. Results represent an average of 45 neurons 

from 4-5 mice per group. One Way ANOVA with Newman-Keuls Multiple Comparison post-hoc test. * = P < 

0.05; ** = P < 0.01; *** = P < 0.001.  
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Figure 19.  
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Figure 19: The effect of 30 mTBI on motor function. Motor impairment as measured by the latency to fall off 

the accelerating by rotarod was assessed at 24h, 1m, and 2m in r-mTBI-6d mice and at 24h, 6m, and 12m, in r-

mTBI-30d mice following the 30th mTBI. A) r-mTBI-6d mice display motor impairment at 24h, and 1m following 

the final injury while B) only modest motor impairment is observed in r-mTBI-30d mice at 12m following the 

final injury. One-way ANOVA with Newman-Keuls Multiple Comparison post-hoc test. * = P < 0.05; ** = P 

<0.01; n = 10 to 15 mice per group.  
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Figure 20.  
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Figure 20. The effect of 30 mTBI on cognitive performance. Cognitive performance was assessed in the hidden 

platform Morris Water Maze (MWM). All mice were administered four training trials over four days in order to 

learn the location of the hidden platform.  r-mTBI-6d mice displayed increased latency to reach hidden platform at 

1m A) and 2m B) following the final mTBI.  G) r-mTBI-30 mice performed similarly to sham mice at 7d and 6m 

following the final mTBI. H) Cognitive flexibility was assessed by training the mice to learn a new location for 

the hidden platform and r-mTBI-30d mice performed similarly to sham mice at 12m following the final injury. 

Spatial memory retention was assessed by number of entries into the platform zone and time spent in the target 

quadrant following the removal of the hidden platform.  r-mTBI-6d mice made less entries into the platform zone 

less, and spent less time in the target quadrant compared to sham mice at C) 1m and 2m post injury while r-

mTBI-30d mice performed similarly to sham mice at I-J) 7d, 6m, and 12m following the final injury. Both groups 

demonstrated similar swim speeds E, K) and traveled a similar cumulative distances F, L) in the maze during the 

60s probe trail.  Two way Repeated Measures ANOVA with Bonferroni post-hoc test. * = P < 0.05; ** = P < 

0.01; *** = P <0.001; n = 10 to 15 mice per group.  
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Figure 21.  

Closed arms: Time

0

50

100

150

200

250

1m 2m

Ti
m

e 
in

 C
lo

se
d 

Ar
m

s 
(s

ec
)

Sham
r-mTBI -6d

Open arms: Time

0

20

40

60

80

100

1m 2m

**
Sham
r-mTBI -6d

Ti
m

e 
in

 O
pe

n 
Ar

m
s 

(s
ec

)

Open arms: Distance travelled

0.0

0.5

1.0

1.5

2.0

1m 2m

**
Sham
r-mTBI -6d

D
is

ta
nc

e 
tra

ve
lle

d 
(m

m
)

Closed arms: Time

0

50

100

150

200

6m 12m

Sham
r-mTBI -30d

Ti
m

e 
in

 C
lo

se
d 

Ar
m

s 
(s

ec
)

Open arms: Time

0

50

100

150

200

6m 12m

*

Sham
r-mTBI -30d

Ti
m

e 
in

 O
pe

n 
Ar

m
s 

(s
ec

)

Open arms: Distance travelled

0.0

0.5

1.0

1.5

2.0

6m 12m

Sham
r-mTBI -30d

D
is

ta
nc

e 
tra

ve
lle

d 
(m

m
)

A. B. C.

D. E. F. G.
Time: center

0

20

40

60
*

6m

Sham
r-mTBI -30d

Ti
m

e 
in

 C
en

te
r (

se
c)

 

Figure 21: The effect of 30 mTBI on anxiety and risk taking behavior. Anxiety – like behavior was 

determined based on the time spent in the open arms of the elevated plus maze (EPM) in r-mTBI-6d mice and r-

mTBI-30d mice.  r-mTBI-6d mice spent more time A) and traveled a further distance B) into the open arms at 1m 

post injury compared to sham mice while r-mTBI-30d mice spent more time in the center arm of the EPM G) at 

6m and less time in the open arms D) at 12m post injury. One- way ANOVA with Newman-Keuls Multiple 

Comparison post-hoc test. * = P < 0.05; ** = P <0.01; n = 10 to 15 mice per group.  
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Figure 22. 
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Figure 22: The effect of 30 mTBI on fear learning. PTSD – like fear learning was assessed 48h following 

acquisition of Pavlovian fear conditioning. Fear learning was acquired 48h prior to contextual and cue testing. 

The percentage of freezing behavior in r-mTBI-6d mice at 1m and 2m post injury during the acquisition period 

(A-B) and in r-mTBI-30d mice at 6m and 12m post injury (F-G). One-way ANOVA with Newman-Keuls 

Multiple Comparison post-hoc test. * = P < 0.05; ** = P < 0.01. The percentage of contextual freezing behavior, 

48h following acquisition of Pavlovian fear conditioning in r-mTBI-6d mice at 1m and 2m post injury (C) and in 

rmTB-30d mice at 6m and 12m post injury (H). The percentage of freezing behavior during the presentation of 

novel context (Pre-cue), white noise (Cue), and during interval following noise presentation (Post-cue) in in r-

mTBI-6d mice at 1m and 2m post injury (D-E) and in rmTB-30d mice at 6m and 12m post injury (I-J).  Unpaired 

t test, * = P < 0.05 vs sham. n = 15 per group. 
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Figure 23.  
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Figure 23. APOE3 exacerbates loss of consciousness (LOC) with increasing head deflection. LOC, as 

measured by time in seconds, for mice exposed to anesthetic (isoflurane) followed by a head deflection of 0 mm, 

7.5 mm, or 9 mm. LOC was determined by the time for the righting reflex to return after impact. These data 

represent an average LOC from three independent mTBI that occurred in the same mice over three different days. 

Two Way ANOVA with Bonferroni post-hoc test, * = P < 0.05, ** = P < 0.01, *** < P 0.001 compared to sham; 

n = 9 to 10 per group per genotype.   
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Figure 24.  
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Figure 24. Loss of consciousness (LOC) after repeat mTBI. A) The average weekly LOC for all mice 

following a daily 7.5 mm mTBI. B) Each week contains the average LOC for 5 daily time-points to control for 

daily variability. One-way ANOVA with Turkey’s Multiple Comparison post-hoc; * = P < 0.05; ** = P < 0.01; 

*** = P < 0.001 vs sham at the same time-point.  C) The average LOC of all 30 time-points for the sham vs r-

mTBI groups. Two-way Repeated Measures ANOVA with Bonferroni post-hoc test * = P < 0.05; *** = P < 

0.001, n = 17-21 per genotype per group. 
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Figure 25.  
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Figure 25. Injured APOE4 mice return to spontaneous locomotion faster than injured APOE3 mice. The 

return of spontaneous locomotion is determined by the time after the animal has returned to righting reflex and 

regains active mobility (i.e., attempt to walk or run). These data represent an average time to return to 

spontaneous locomotion following a single, 7.5 mm mTBI in APOE3 and APOE4 mice. APOE4 mice regained 

active mobility faster than injured APOE3 mice. One-way ANOVA with Turkey’s Multiple Comparison post-hoc 

test; n = 9 to 11 mice per group per genotype; * = P < 0.05; *** = P < 0.001 vs sham.    
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Figure 26.  
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Figure 26. Inhibition of PP2B with FK506 increases spine number and decreases spine length in wild-type 

mice.  All mice received a daily injection of 10mg/kg FK506 dissolved in methocellulose or vehicle, i.p., for 4 

days. Brains were quickly excised on day 5 and PP2B activity was measured from desalted protein lysates. A) 

PP2B activity is significantly reduced in wild-type mice following FK506 treatment. Unpaired t-test * = P < 0.05. 

B) FK506 causes a significant increase in total spines on pyramidal neurons in cortical layers II/III. Results 

represent an average of n = 1563 spines from the FK506 treatment group and n = 1127 spines from the vehicle 

treatment group. n = 5 mice per group; Unpaired t-test; ** = P<0.01. C) FK506 causes a significant increase in 

dendritic spine number on apical oblique (AO) dendrites (n=780 spines from FK506 and n = 587 spines from 

vehicle group; Unpaired t-test; * = P < 0.05) but not on D) basal shaft dendrites (n = 783 spines from FK506 

group and n = 540 spines from vehicle group). Cumulative distribution of dendritic spine length E-F) reveals a 

slight shift toward shorter spines on BS segments only; however, these data were not significance.  Kolmogorov–

Smirnov test; n.s.   
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Figure 27.  
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Figure 27. APOE4 increases cortical PP2B activity, reduces dendritic spine number and spine length.  All 

mice received a daily injection of 10mg/kg FK506 dissolved in methocellulose or vehicle, i.p., for 4 days. Brains 

were quickly excised on day 5 and PP2B activity was measured from desalted protein lysates. A) Total 

phosphatase activity is significantly reduced in APOE4 mice following FK506 treatment compared to vehicle-

treated APOE4 mice. Total phosphatase activity is significantly increased in vehicle-treated APOE4 mice 

compared to vehicle-treated APOE3 mice. One-way ANOVA with Newman-Keuls Multiple Comparison post-

hoc test (* = P < 0.05; *** = P < 0.01; n = 4 mice per group). B) PP2B activity is significantly reduced in APOE3 

and APOE4 mice following FK506 treatment. Vehicle-treated APOE4 mice have significantly increased cortical 

PP2B activity compared to vehicle-treated APOE3 mice. One-way ANOVA with Newman-Keuls Multiple 

Comparison post-hoc test (* = P < 0.05; *** = P < 0.01; n = 4 mice per group). C) FK506 treatment significantly 

increased dendritic spine number on AO dendrites of pyramidal neurons from cortical layers II/III in APOE4 

mice. There was no change in dendritic spine number on AO dendrites in FK506-treated and vehicle-treated 

APOE3 mice.  One way ANOVA with Newman-Keuls Multiple Comparison post hoc test (*** = P < 0.001). 

Results represent and average of n = 79 to 104 neurons from 4-6 mice per group. D) FK506 causes a significant 

reduction in dendritic spine length on AO dendrites in APOE4 mice. There was no change in dendritic spine 

length on AO dendrites in FK506-treated and vehicle-treated APOE3 mice. One-way ANOVA with Newman-

Keuls Multiple Comparison post-hoc test (** = P < 0.01). E) Cumulative distribution of dendritic spine length 

reveals a slight shift toward shorter spines on AO dendrites; however, these data didn’t not reach significance. 

Kolmogorov–Smirnov test; n.s.  
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Figure 28.  
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Figure 28. APOE4 increases dendritic spine number and reduced PP2B activity following mTBI and repeat 

mTBI.  A) At 24h post injury, a single mTBI causes a significant decrease of AO dendritic spines in layer II/III 

pyramidal neurons in APOE3 mice, however r-mTBI has no effect on dendritic spine number at 24h following the 

final 30th mTBI. Conversely, a single mTBI causes a significant increase of AO dendritic spines in layer II/III 

pyramidal neurons in APOE4 mice that is sustained at 24h following 30th mTBI.  One-way ANOVA with 

Newman-Keuls Multiple Comparison post hoc test * = P < 0.05 vs sham; n = 40 – 78 neurons from 4-6 mice per 

group; single mTBI APOE3 mice vs. r-mTBI APOE3 mice; P < 0.001; single mTBI APOE4 mice vs. r-mTBI 

APOE4 mice; P < 0.01. Data is presented as percent genotype of sham, B) PP2B activity was measured from 

desalted protein lysates that had been prepared from sham and injured APOE3 and APOE4 mice, 24h following a 

single mTBI. PP2B activity is increased in sham APOE4 mice compared to sham APOE3 mice; however, these 

data failed to reach significance. PP2B activity is significantly increased in injured APOE3 mice compared to 

APOE3 sham mice and compared to injured APOE4 mice. One-way ANOVA with Newman-Keuls Multiple 

Comparison post-hoc test; P < 0.05 and P < 0.001 respectively; n = 4 per group. PP2B activity is reduced in 

injured APOE4 mice compared to sham APOE4 mice; however, these data did not reach significance. C) PP2B 

activity was measured from desalted protein lysates that had been prepared from sham and injured APOE3 and 

APOE4 mice, 24h following the 30th mTBI. PP2B activity is significantly reduced in injured APOE4 mice 

compared to sham APOE4 mice. One-way ANOVA with Newman-Keuls Multiple Comparison post-hoc test; * = 

P < 0.05. D) Protein levels of PP2B were measured in cortical protein lysates prepared from APOE3 and APOE4 

mice following single mTBI. There were no significant changes in PP2B protein levels found in all groups.   
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Figure 29. 
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Figure 29. Acute motor impairment was not influenced by APOE genotype following r-mTBI. Motor 

impairment as measured by the latency to fall off of the accelerating rotarod was assessed at three different time-

points: pre-injury, 24h, and 2m following the 30th mTBI. Acute motor impairments were observed in both injured 

groups however these impairments were not influenced by APOE genotype. By 2m post-injury, all groups 

performed similarly to their pre-injury performance level.  Two way Repeated Measures ANOVA with 

Bonferroni post-hoc test, * = P < 0.05; ** = P <0.01; n = 10 to 15 mice per group per genotype. 
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Figure 30. 
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Figure 30. APOE4 mice display learning and memory deficits in the absence of injury. A) Cognitive 

performance was assessed in the hidden platform Morris Water Maze (MWM). Prior to r-mTBI, all mice were 

administered four training trials over four days in order to learn the location of the hidden platform. On day 1 and 

day 2 of training, APOE4 mice displayed the greatest difference in latency to find the hidden platform however, 

by day 4 of training; there is no significant difference in latency to find the hidden platform between both groups. 

Two way Repeated Measures ANOVA with Bonferroni post hoc test; *** = P < 0.001, n = 18-21 mice per group.  

On day 5, the hidden platform was removed and a single probe trial was conducted in order to assess memory 

deficits in the absence of injury. B) APOE4 mice spent less time in the target quadrant. Unpaired t-test; * = P 

0.05, n = 18-21 mice per group C) APOE4 mice made fewer entries into the platform zone compared to APOE3 

mice however these data were not significant.  D) Both groups displayed similar swim speeds and E) traveled 

similar cumulative distances in the maze during the 60s probe trial.  
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Figure 31.  
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Figure 31. APOE4 and r-mTBI do not synergistically combine to exacerbate cognitive deficits. Cognitive 

performance was assessed in the hidden platform MWM, 48h following 30th mTBI and/or 30th exposures of 

anesthetic. All mice were administered four training trials over four days in order to learn the location of the 

hidden platform.  A-B) There was no significant difference in latency to find the hidden platform across all groups 

during the training phase of the MWM. On day 5, the hidden platform was removed and a single probe trial was 

conducted in order to assess memory deficits following 30 mTBI and/or 30 exposures of anesthetic. Two way 

Repeated Measures ANOVA with Bonferroni post-hoc test. C) Injured APOE3 mice and injured APOE4 spent 

less time in the target quadrant however these data did not reach significance. D) Injured APOE3 mice made 

fewer entries into the platform zone compared to sham littermates however these data did not reach significance.  

Injured APOE4 mice made significantly few entries into the platform zone compared to sham littermates. One-

way ANOVA with Newman-Keuls Multiple Comparison post-hoc. * = P < 0.05, n = 8-10 mice per group. E) 

Injured APOE4 mice displayed reduced swim speed compared to sham APOE4 mice. Injured APOE4 mice 

traveled shorter cumulative distances in the maze during the 60s probe trail compared to injured APOE3 mice. 

One-way ANOVA with Newman-Keuls Multiple Comparison post-hoc, ** = P <0.01, n = 8-10 mice per group.  
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Figure 32. 

 

Figure 32. White matter inflammation and damage of optic tract persist up to 2 months following repeat 

mTBI. Representative images of Iba-1 and silver staining of sham APOE4, rmTB-30 APOE3, and r-mTBI-30 

APOE4 mice at 24h and 2m following the 30th mTBI. Data not shown for sham APOE3 mice. The first panel 

includes representative images of Iba-1 staining of coronal sections taken from sham APOE4, injured APOE3, 

and injured APOE4 mice at 24h post injury. There is no discernable injury in the gray matter or cavitation of 

tissue in the brains of these mice following r-mTBI. The second and fourth panel includes representative images 

of Iba-1 staining in the optic tract while the third panel includes representative images of silver staining in the 

optic tract of sham APOE4, rmTB-30 APOE3, and r-mTBI-30 APOE4 mice at 24h and 2m following the 30th 

mTBI. The inserts represent high power images (20x) of the optic tract, 24h and 2 months following the 30th 

mTBI. 
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Figure 33.  
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Figure 33. APOE4 and r-mTBI synergistically combine to exacerbate white matter pathology and brain 

inflammation. The total number of Iba1 positive cells and the total number of Iba-1 positive cells with a large, 

bushy phenotype were manually counted in the optic tract of sham and injured mice from both genotypes. A) At 

24h post injury, there is no difference in the total number of Iba-1 positive cells observed in the optic tract of 

injured APOE3 and APOE4 mice. However, by 2m following the 30th mTBI, the total number of Iba-1 positive 

cells is significantly increased in both groups compared to the 24h time point with more total Iba-1 positive cells 

being observed in the optic tract of injured APOE4 mice.  One way ANOVA with Newman-Keuls Multiple 

Comparison post-hoc test. ** = P < 0.01; *** = P < 0.001. B) The total number of Iba-1 microglia with a large, 

bushy phenotype is not statistically different between the injured APOE3 and injured APOE4 mice at 24h post 

injury. By 2m following the 30th mTBI, the total number of Iba-1 positive cells with a large, bushy phenotype is 

significantly increased only in the optic tract of injured APOE4 mice. One way ANOVA with Newman-Keuls 

Multiple Comparison post-hoc test. ** = P < 0.01; *** = P < 0.001.  C) A densitometry analysis which measured 

threshold intensity for Iba-1 stained sections from sham and injured mice (AU, arbitrary units) revealed that the 

average size of a Iba -1 positive particle continued to grow through 2m post injury with more significant increases 

observed in injured APOE4 mice at both 24h and 2m post injury. Two way ANOVA with Bonferroni post-hoc 

test, ** = P < 0.01; *** = P < 0.001, 3-4 fields per animal were counted from n = 5-6 mice per group per 

genotype. D) Thinning of the optic tract was quantified using Imgae J software. The average width of the optic 

tract was measured from two to three images per animal per group per genotype. There were no significant 

differences in the width of the optic tract across all groups. Two-way ANOVA with Bonferroni post-hoc test, n.s.  
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SA1. APOE4 increases dendritic spine on AO dendrites following mTBI.  A single, 7.5 mm mTBI or 

anesthetic alone was administered to APOE3 and APOE4 mice and all mice were sacrificed 24h post -injury. We 

quantified dendritic spines on pyramidal neurons in layer II/III of the parietal cortex and on granule cell neurons 

of dentate gyrus (DG) in the hippocampus from two independent experiments (A-C and D-F). A) In our first 

study, we found that sham APOE4 mice have significantly less dendritic spines on AO dendrites from layer II/III 

pyramidal neurons compared to sham APOE3 mice. These data represent an average of 25-40 neurons from n = 3 

mice per group per genotype. One-way ANOVA with Newman-Keuls Multiple Comparison post-hoc test; * = P < 

0.05. In a second study (D-F), we increased the sample number to n = 5-7 mice per group, per genotype and found 

that D) sham APOE4 mice have significantly less dendritic spines on AO dendrites. One-way ANOVA with 

Newman-Keuls Multiple Comparison post-hoc test; * = P < 0.05. Although, mTBI reduced dendritic spine 

number on AO dendrites in injured APOE3 mice compared to sham APOE3 mice only in our 2nd study (D); we 

found that there was a significant increase in dendritic spine number on AO dendrites in injured APOE4 mice 

compared to sham APOE4 following single mTBI in both studies (A, D). One-way ANOVA with Newman-Keuls 

Multiple Comparison post-hoc test; * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Our Results were not consistent 

between studies when we assessed dendritic spine number on BS dendrites found in the cortex (B, E) and on 

granule cell dendrites found in the DG (C, F). One-way ANOVA with Newman-Keuls Multiple Comparison post-

hoc test.  ** = P < 0.01, *** = P < 0.01.  
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SA2. APOE4 shifts the percentage of dendritic spines on AO and BS dendrites to a more mature phenotype 

24h following mTBI. A) Schematic of dendritic spine morphologies defined as immature or mature (Irwin et al., 

2000). B) Individual dendritic spines were assigned to one of the eight categories as previously described (Irwin 

et al., 2000). Data represents the average percentage of immature (Imm) vs mature (Mature) spines on AO 

dendrites in APOE3 mice and APOE4 mice from 35 to 75 neurons per group from 3-5 mice.  One-way ANOVA 

Newman-Keuls Multiple Comparison post-hoc test. * = P < 0.05; *** = P < 0.001). C) Data represents the 

average percentage of immature vs mature spines on BS dendrites in APOE3 mice and APOE4 mice from 35 to 

75 neurons per group from 3-5 mice.  One-way ANOVA with Newman-Keuls Multiple Comparison post-hoc test. 

*** = P < 0.001. 
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