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Abstract 

Concussions are the injury and symptoms that can result from transmission of a 

biomechanical force to the brain. They represent a significant global health burden, and are the 

subject of a growing body of medical research. A concussion can only be definitively diagnosed 

by a medical professional based on symptoms, although advanced neuroimaging and 

biomarker-based approaches are promising future diagnostic tools. There is no treatment for 

concussion beyond following return-to-work or -play guidelines, which recommend avoiding 

strenuous physical and cognitive activities until they no longer exacerbate symptoms.  

Preclinical models of concussion have been used to examine pathophysiological processes 

underlying symptoms, which is an important step in developing tools for diagnosis and 

treatment. Historically the clinical translation of preclinical concussion research has been 

limited, and the use of anaesthesia, and preference for adult male rats may contribute to this. 

These means of reducing variability are justified, but preclinical research moving forward 

should address these limitations to translatability by including more clinically relevant subjects 

and avoiding anaesthesia. To this end, we developed a new preclinical model for pediatric 

concussion. Our awake closed head injury (ACHI) model is well-suited to this purpose because 

it produces a helmeted closed-head injury involving vertical and rotational displacement of the 

head, and does not require anaesthesia. Before the ACHI model can be used to investigate 

concussion mechanism, diagnosis, and treatment, it needs to be characterized to demonstrate 

that it produces clinically relevant neurobehavioral and pathological changes.  We developed a 

modified neurologic assessment protocol to test neurologic function immediately after each 

injury. The Barnes maze, elevated plus maze, open field, and Rotarod were used to measure 

injury-related changes in cognition, anxiety, and motor function. The Barnes maze reversal task 

was used to detect more subtle cognitive impairments of executive function. Structural MRI was 

used to search for visible lesion, hemorrhage, or atrophy; and silver-stain histology was used to 

detect neurodegeneration. We determined repeated ACHI produced acute neurologic 

impairment with the NAP, and a mild spatial learning deficit potentially mediated impaired 

cognitive flexibility in the Barnes maze and reversal training. These were accompanied by 

neurodegeneration in the optic tract, hippocampus, and ipsilateral cortex during the first week 

of recovery.  Thus, following the internationally recognised definition developed by the 

concussion in sport group, we demonstrated 1) an “impulsive” force transmitted to the head 

results in 2) the rapid onset of short-lived neurologic impairment that resolves spontaneously. 

This occurs 3) with normal structural neuroimaging, and 4) produces cognitive impairment, and 

LOC in a subset of cases.  The ACHI model is the first in Canada to forego anaesthesia, and this 

is the first demonstration of neurocognitive impairment accompanied by diffuse 

neurodegeneration in the absence of structural MRI abnormalities after mild traumatic brain 

injury in juvenile male and female rats. 
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 -Introduction 

1.1 Defining Concussion 

Concussion is a term used to clinically describe the immediate and transient symptoms 

of a mild traumatic brain injury (mTBI) (McCrory, Feddermann-Demont, et al., 2017). 

Concussions can result from any biomechanical force transmitted to the brain (Ellis, Bauman, 

Cowle, Fuselli, & Tator, 2019; McCrory, Feddermann-Demont, et al., 2017).  Acute neurologic 

abnormalities and short-lived loss of consciousness can occur at the time of injury (Castile, 

Collins, McIlvain, & Comstock, 2012; Charyk Stewart, Gilliland, & Fraser, n.d.; Guskiewicz, 

Weaver, Padua, & Garrett, 2000; Marshall, Guskiewicz, Shankar, McCrea, & Cantu, 2015).  

Concussions do not involve skull fracture or significant bleeding in the brain, which are signs of 

a more severe traumatic brain injury (McCrory, Meeuwisse, et al., 2017; Teasdale & Jennett, 

1974). Instead, they are thought to involve microscopic damage and metabolic changes that 

manifest as a variety of symptoms in the following days to weeks. These symptoms can include 

headache, cognitive deficits, motor and reflex impairment, vision abnormalities, sleep 

disturbance, and numerous others (Ellis et al., 2019; Christopher C Giza & Hovda, 2014; 

McCrory, Feddermann-Demont, et al., 2017; Polinder et al., 2018; Theadom et al., 2016). 

Concussions are extremely heterogeneous injuries, with great individual differences in 

symptom severity and duration (Polinder et al., 2018). Notably, they occur in the absence of any 

visible focal lesion and cannot be detected with typical neuroimaging. Although they are 

categorized as mild, those who have been diagnosed with concussion often do not perceive their 

symptoms as mild. 
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Owing to the variability in etiology and outcomes, and the absence of visible injury, 

defining concussion has posed a historical challenge. The experiments described here are based 

on the definition for sport-related concussion (SRC) developed by the Concussion in Sport 

Group (CISG). These criteria were first established in 2001 by an international group of medical 

and research professionals with extensive concussion expertise (Aubry, 2002), and have been 

refined several times into their fifth iteration (CISG 5) (McCrory, Meeuwisse, et al., 2017).  CISG 

5 defines concussion as follows: 

Sport related concussion is a traumatic brain injury induced by biomechanical forces. 

 Several common features that may be utilised in clinically defining the nature of a 

 concussive head injury include: 

1. SRC 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. SRC typically results in the rapid onset of short-lived impairment of neurological 

function that resolves spontaneously. However, in some cases, signs and 

symptoms evolve over a number of minutes to hours. 

3. SRC may result in neuropathological changes, but the acute clinical signs and 

symptoms largely reflect a functional disturbance rather than a structural injury 

and, as such, no abnormality is seen on standard structural neuroimaging 

studies. 

4. SRC results in a range of clinical signs and symptoms that may or may not 

involve loss of consciousness. Resolution of the clinical and cognitive features 
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typically follows a sequential course. However, in some cases symptoms may be 

prolonged. 

The clinical signs and symptoms cannot be explained by drug, alcohol, or medication 

use, other injuries (such as cervical injuries, peripheral vestibular dysfunction, etc.) or 

other comorbidities (e.g., psychological factors or coexisting medical conditions) 

(McCrory, Meeuwisse, et al., 2017). 

This definition is endorsed by the Canadian Guideline on Concussion in Sport 

(Parachute, 2017), which was developed as an education guide for the recognition, diagnosis, 

and management of suspected concussions sustained in an athletic exposure.  It is also endorsed 

by several international or national governing bodies for contact sports including American 

football, Australian football, basketball, cricket, equestrian sports, soccer, ice hockey, rugby 

league, rugby union, and skiing (Patricios et al., 2018). This demonstrates an international 

interest in developing uniform concussion diagnosis and management.  A globally consistent 

definition facilitates collaborative research across borders. Although these documents define 

sport related concussion, authors emphasize that the diagnostic and management guidelines are 

broadly applicable to concussions that occur outside of sport as well.  

 It is important to distinguish a concussion, which is categorised as a mild traumatic 

brain injury (TBI) from a moderate or severe TBI.  They can be distinguished with structural 

neuroimaging, where moderate or severe TBI may have a visible lesion, but mTBI does not.  

mTBI typically involves short-lived LOC of less than 30 minutes, if at all; altered mental state 

and post-traumatic amnesia for less than 24 hours; and a maximum Glasgow Coma Scale (GCS) 

of 13-15 within 24 hours of injury.  In comparison, moderate TBI is characterized by 30 minutes 
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to 24 hours of loss of consciousness (LOC); greater than 24 hours of altered mental state; 1-7 

days of post-traumatic amnesia; and a GCS maximum score of 9-12 in the first 24 hours of 

recovery.  Severe TBI involves greater than 24 hours LOC; greater than 24 hours of an altered 

mental state; greater than 7 days of post-traumatic amnesia; and a maximum GCS below 9 

within 24 hours of recovery (categorisation reviewed in (Blennow et al., 2016)). 

1.1.1 Post-Concussion Syndrome 
The majority of concussions resolve spontaneously, with a graded recovery lasting 

seven days to a month (Ellis et al., 2019; McCrory, Meeuwisse, et al., 2017). In a subset of cases 

referred to as post-concussion syndrome (PCS), symptoms can last for months or years 

(Hiploylee et al., 2017; McMahon et al., 2014; Polinder et al., 2018; Theadom et al., 2016; 

Voormolen et al., 2019). One study found that patients with symptoms persisting longer than 

three years never recovered (Hiploylee et al., 2017). Differing definitions of PCS provided by the 

Diagnostic and Statistical Manual, International Classification of Diseases, and Rivermead Post 

Concussion Symptoms Questionnaire make it difficult to estimate the incidence, because 

studies using differing diagnostic criteria find different incidences (Voormolen et al., 2018). A 

study that used these different criteria to diagnose PCS in a group with concussion history 

found the rate of PCS ranged from 6 to 38% depending on the criteria used (Voormolen et al., 

2018). The reasons why some individuals are more vulnerable to long-term impairment remains 

under investigation, but white matter damage appears to contribute to PCS pathology (Khong, 

Odenwald, Hashim, & Cusimano, 2016; Messé et al., 2012). PCS can have significant social and 

professional consequences in addition to causing daily distress. Continuing research is needed 

to determine how to predict, prevent, and mitigate PCS.  
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1.2 Epidemiology and Etiology of Concussion  

 A World Health Organisation report estimates 600/100,000, or 420 million people sustain 

a concussion annually, and this accounts for between 70 and 90% of all traumatic brain injuries 

(Cassidy et al., 2004). The report found a global annual average of 300/100 000 individuals 

received treatment in a hospital for a concussion, but emphasize that this underestimates the 

true incidence because not all who sustain a concussion seek out medical attention. This is one 

of several challenges associated with estimating concussion incidence, along with regional 

differences in diagnostic criteria, diagnosticians, healthcare access, and niche populations 

available for study (e.g., athletes). Hon et al. suggest that these differences underlie the 

substantial regional disparities in concussion incidence reported in a  global review of 11 

concussion epidemiology studies ( 2019).  They note that the majority of research comes from 

Canadian and American populations, and more studies outside of North America are needed to 

accurately estimate global concussion incidence. 

The Canadian National Health Population Survey found 110/100000 Canadians reported 

a concussion as their most serious injury in the last 12 months (Gordon, Dooley, & Wood, 2006). 

An alarming Ontario study found an average of 147, 815 individuals, or 1153/100 000 of the 

population were diagnosed with concussion annually between 2008 and 2016 (Langer, Levy, & 

Bayley, 2020).  A middle value of these estimates, for example 500/100 000 concussions per year, 

would represent a new concussion every three minutes in Canada.  Concussion incidence 

appears to be increasing, although this may be due in part to increased public recognition 

resulting in more individuals seeking out medical attention (Langer et al., 2020). The rise in 

public recognition has accompanied increasing awareness that contact sports can put an athlete 
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at risk for long-term disability due to repeated concussions. Indeed, sports are the most 

common cause of concussion, and at least half of concussions occur during a sporting event or 

practice (Cassidy et al., 2004; Faul, Wald, Xu, & Coronado, 2010; Haarbauer-Krupa et al., 2018; 

Hon et al., 2019). Recent attempts to quantify head impact exposure in college athletes have 

indicated that football players experience an average of 6.3 head or body impacts per practice, 

and 14.3 impacts per game (Crisco et al., 2010). In the USA there are an estimated 1.6-3.8 million 

sports-related concussions per year (Daneshvar, Nowinski, McKee, & Cantu, 2011; Harmon et 

al., 2013; Langlois, Rutland-Brown, & Wald, 2006).  A Canada-wide study of 5223 hockey 

players age 10-25 years old found 22% of athletes self-reported having sustained at least one 

concussion in their lifetime (Renton, Howitt, & Marshall, 2019).  This rate is much higher than 

the 1.2% found in the non-sport-specific Ontario study (Langer et al., 2020), and the 6% WHO 

global estimate (Cassidy et al., 2004).  These disparities suggest that athletes represent a higher-

risk population for sustaining a concussion. 

 Increased recognition of SRC has led to public consideration of the ethical implications 

of professional athletes risking their health for entertainment.  Clinical and pre-clinical 

concussion research is needed to develop diagnostic and treatment strategies to help athletes 

and other stakeholders make more informed decisions about their participation in contact 

sports in the context of their personal concussion risk.  A positive outcome of this has been 

increased resources for concussion detection and management in professional sports. However, 

concussions also pose a great threat to non-professional and young athletes, who do not receive 

financial compensation or have access to the same high-quality educational, diagnostic, 

screening, and rehabilitation resources as professional athletes. For example, insufficient or 
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poorly fitted equipment may increase the likelihood of sustaining a concussion, whereas 

coaching on proper falling and player contact technique may reduce the likelihood of sustaining 

a concussion.  Ongoing preclinical and clinical research should aim to develop efficient 

accessible diagnostic and treatment strategies that can be used in non-professional and non-

athlete populations. 

Athletic populations are common in concussion research, but epidemiology findings 

from exclusively athlete sample populations need to be taken in context. Contact sports teams 

provide convenient samples of individuals that can be expected to have a high number of 

exposures to impacts that could cause a concussion throughout the season, and they often share 

demographic traits relevant to controlling experiments. Findings from these studies have 

informed an increasingly detailed understanding of trends in SRC, but they may be less 

relevant to non-athlete populations.     

An interesting confound that has arisen in clinical sport concussion research is athletes 

deliberately concealing their concussions. Return-to-play recovery guidelines mandate athletes 

with suspected concussion be removed from games and practices as long as participation 

exacerbates symptoms (Parachute, 2017). To avoid being removed from play, they may lie about 

self-reported symptoms, or perform purposely poorly during baseline analysis. This highlights 

the need for ongoing clinical and pre-clinical research to develop more objective diagnostic 

strategies and effective treatments. 

Outside of contact sports, other common causes of concussion include combat exposure, 

vehicular and bicycle accidents, workplace accidents, assault including intimate partner 

violence, and falls (Cassidy et al., 2004; Faul et al., 2010; Haarbauer-Krupa et al., 2018; Hon et al., 
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2019; McCrory et al., 2013). Importantly, many of these are events that an individual has limited 

capacity to take preventative action against. For example, it is not reasonable to expect never to 

experience an accident. From a public health and research perspective, this means preventive 

medicine cannot be the primary strategy to address concussions, and effective diagnosis and 

treatment must be a priority.  Additional pre-clinical research is needed to develop such 

diagnostic and treatment technologies.  

1.3 Risk Factors for more Severe Outcomes  

 Several risk factors have been identified for concussion. Ongoing research is needed to 

understand why these populations are at higher risk for sustaining a concussion, or for 

experiencing more severe and persistent symptoms. Identifying new risk factors may help to 

identify concussion in previously under-recognised populations, and to target research, 

education, and treatment resources where they can be most efficiently used. 

1.3.1 Repeat injury 
Concussion history is a risk factor for sustaining an incident concussion, also known as 

repeated mTBI (Barkhoudarian, Hovda, & Giza, 2011; HIDES et al., 2017; Tremblay et al., 2013; 

Tsushima, Siu, Ahn, Chang, & Murata, 2019; Van Pelt et al., 2019; Zemper, 2003). This may be 

due to lifestyle and environmental factors that predispose an individual to this type of injury, or 

to deficits caused by the initial injury (Guskiewicz et al., 2003; McCrory et al., 2013). Those who 

have had multiple concussions tend to experience more severe and persistent symptoms 

(Guskiewicz et al., 2003; Oyegbile, Dougherty, Tanveer, Zecavati, & Delasobera, 2020). Repeated 

mTBI is associated with learning and memory impairment (Bijur, Haslum, & Golding, 1996; 

Matser, Kessels, Jordan, Lezak, & Troost, 1998; Wall et al., 2006), slowed balance recovery 
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(Slobounov, Slobounov, Sebastianelli, Cao, & Newell, 2007), impaired visuospatial perception 

(Matser et al., 1998), difficulty in concentration, and increased incidence of headaches (Gaetz, 

Goodman, & Weinberg, 2000). While symptoms of a single concussion are more likely to resolve 

spontaneously, repeated injuries are more likely to cause symptoms to persist for extended 

periods (Arciniegas, Anderson, Topkoff, & McAllister, 2005; Halstead & Walter, 2010; Pellman, 

Viano, Tucker, Casson, & Waeckerle, 2003). Moreover, increasing evidence suggests a link 

between repeated mTBI and increased risk of developing dementia (Guskiewicz et al., 2005) and 

other neurodegenerative diseases (Masel & DeWitt, 2010; McKee et al., 2009). This is especially 

problematic for athletes in contact sports, military, or workers in other occupations with greater 

rates of exposure to physical injury. Given the lack of treatment options, they may be left with a 

difficult choice knowing that maintaining athletic and occupational commitments puts them at 

risk for multiple concussions. More research is needed to determine why cumulative damage by 

repeated concussions can produce worse outcomes. 

1.3.2 Sex and Gender 
Clinical studies agree there are sex difference in the incidence and severity of 

concussion, but findings are variable with resect to which sex experiences worse outcomes. 

Most studies find females are more likely to experience higher incidence (Black, Sergio, & 

Macpherson, 2017; Cnossen et al., 2018; T. Covassin, Elbin, Harris, Parker, & Kontos, 2012; 

Tracey Covassin, Savage, Bretzin, & Fox, 2018; Kraus & Nourjah, 1988; Scopaz & 

Hatzenbuehler, 2013; Styrke, Sojka, Björnstig, Bylund, & Stålnacke, 2013; Van Pelt et al., 2019), 

and more severe and persistent symptoms (Bretzin et al., 2018; Broshek et al., 2005; Tracey 

Covassin, Moran, & Elbin, 2016; Oyegbile, Delasobera, & Zecavati, 2017; Silverberg et al., 2015), 



10 

 

but others show males experience higher incidence (Cassidy et al., 2004; Rosene et al., 2017). 

Some studies find no difference in concussion prevalence between males and females(Renton et 

al., 2019). Two studies have found that across multiple sports males were more likely to sustain 

a concussion overall, but within sports that had equivalent governance and rules regarding 

contact in male and female leagues, females were more likely to sustain a concussion (Bretzin et 

al., 2018; Marar, McIlvain, Fields, & Comstock, 2012). A systematic review of sex-differences 

after concussion noted that outcomes were variable with respect to the type and severity of 

symptoms experienced (Merritt, Padgett, & Jak, 2019). A recent meta-analysis of 38 concussion 

incidence studies found incidence was higher in females in soccer and basketball, but there was 

no sex difference in incidence in baseball, hockey, lacrosse, swimming, or track (J. Cheng et al., 

2019). 

Sex differences in concussion outcomes reflect physical factors including physiology and 

biomechanics, as well as gendered differences in socio-cultural factors like symptom reporting, 

and method of injury (Daneshvar et al., 2011). Within similar sports, males are more likely to 

sustain concussions resulting from player to player contact, while female athletes are more 

likely to sustain a concussion resulting from contact with a playing surface or object (Chandran, 

Barron, Westerman, & DiPietro, 2017; Dick, 2009).  The local social and cultural context should 

be taken into account when considering how societal gender roles explain sex differences in 

concussion risk factors on a clinically relevant individual basis. For example, gendered 

differences in contact sport participation or governance may be driven by regional cultural 

norms. Similarly, cultural expectations of stoicism in males may differentially discourage 
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discussion of discomfort or personal injury, especially in cases like concussion where the injury 

is not immediately visible.  This can lead to under-reporting of concussion in males. 

There are also physical sexual dimorphisms that contribute to sex differences in 

concussion outcome. On average, males tend to have greater muscle density and strength, 

including in the neck, and a smaller head to body ratio. This might make them more resilient to 

head movement and resultant damage during a rapid acceleration or deceleration (TIERNEY et 

al., 2005). While biomechanical differences appear to favour males, they may be masked by 

hormonal differences, as estrogen appears to be neuroprotective after TBI (Kövesdi, Szabó-

Meleg, & Abrahám, 2021; Naderi, Khaksari, Abbasi, & Maghool, 2015). Notably, one study 

showed the majority of concussions occurred during the luteal phase of the menstrual cycle in 

female athletes (La Fountaine, Hill-Lombardi, Hohn, Leahy, & Testa, 2019). During this phase, 

estrogen levels are diminishing and reach the cyclical minimum. With respect to brain 

microstructure, sexual dimorphisms have been identified in neurogenesis, neuron morphology 

and distribution, and synaptic plasticity (reviewed in (Choleris, Galea, Sohrabji, & Frick, 2018; 

Sheppard, Choleris, & Galea, 2019), all of which may be differentially affected by concussion. 

1.3.3 Age 
Age can affect concussion risk and symptom severity. Concussion incidence is higher in 

children and adolescents than middle-age adults (Cassidy et al., 2004; Tsushima et al., 2019; A. 

L. Zhang, Sing, Rugg, Feeley, & Senter, 2016). Younger age groups are also more prone to 

persistent symptoms compared to middle-aged adults (Tracey Covassin, Elbin, Harris, Parker, 

& Kontos, 2012; Field, Collins, Lovell, & Maroon, 2003; McCrory et al., 2013; Nelson et al., 2016b; 

Scopaz & Hatzenbuehler, 2013). Although these age-based differences are common findings, 



12 

 

they are not universal. Other studies have found no differences in concussion outcomes 

between high school and collegiate athletes (Lee, Odom, Zuckerman, Solomon, & Sills, 2013; 

Nelson et al., 2016a). Findings of age-based differences in concussion outcomes are often 

variable based on what type of symptoms are assessed. One study found emotional symptoms 

were worse in adults, but memory symptoms were worse in children (Tracey Covassin, Elbin, 

Larson, & Kontos, 2012). Emerging evidence also suggests older adults are vulnerable to more 

severe and persistent concussion symptoms than middle-age adults (Gardner, Dams-O’Connor, 

Morrissey, & Manley, 2018).  

Age-based differences in concussion incidence and outcomes may be explained by 

behavioural differences. For example, adult athletes are typically more experienced. They may 

be able to better anticipate head-impacts during game play, and therefore position themselves 

to avoid it, or absorb the motion in a way that minimises damage to the head and brain (Mihalik 

et al., 2010). A study comparing collegiate and high school football players found concussion in 

high school players were more likely to result from player contact, whereas in colligate athletes 

concussions were more likely to result from contact with the playing field or game apparatus 

(Lynall, Campbell, Wasserman, Dompier, & Kerr, 2017).  

Age-based differences in concussion outcomes involve a combination of behavioural, 

biomechanical, and physiological differences between young and old populations (Ommaya, 

Goldsmith, & Thibault, 2002). Biomechanical studies of concussion have suggested that since 

children’s brains are smaller they require a greater application of force to sustain concussive 

damage than an adult brain (Ommaya et al., 2002). Children tend to have a larger head to trunk 

ratio, and relatively weaker neck muscles. These physical factors mean children are less able to 
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prevent the transmission of force and motion to the brain during an impact or rapid acceleration 

(Proctor & Cantu, 2000)..  

The developing brain is a unique physiological environment, and responds differently to 

trauma than the adult brain. Damage sustained during a concussive injury will not only affect 

current structure and physiological processes, but may also affect developmental processes.  

Brain development continues into early adulthood in humans (Sowell, Thompson, Tessner, & 

Toga, 2001). Until then the brain is in a constant state of dynamic changes in structural and 

functional connectivity (Watson, DeSesso, Hurtt, & Cappon, 2006). Axonal myelination occurs 

throughout development, plateauing during adulthood (Levitt, 2003). This is noteworthy in 

light of a preclinical study that found unmyelinated axons are more vulnerable to injury, with 

greater injury-induced impairment of electrophysiological function compared to myelinated 

fibers (Reeves, Phillips, & Povlishock, 2005). Regional distributions of cell populations, 

including the distribution and function of immune cells, also change throughout development. 

Disruption of developmental processes may exacerbate long-term impairments after pediatric 

concussion. 

1.4 Diagnosis 

Concussions are diagnosed by a physician according to their assessment of observed 

signs and self-reported symptoms, which is facilitated by standardised assessments like the 

GCS or the sport concussion assessment tool (SCAT5) (Echemendia, Meeuwisse, McCrory, 

Davis, Putukian, Leddy, Makdissi, Sullivan, Broglio, Raftery, Schneider, Kissick, McCrea, 

Dvorak, Sills, Aubry, Engebretsen, Lossemore, Fuller, Kutcher, Ellenbogen, Guskiewicz, 

Patricios, Herring, et al., 2017; McCrory et al., 2013; Teasdale & Jennett, 1974).  Objective 
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diagnosis can be challenging, despite increasing their incidence and notoriety in medical 

research (Zemek et al., 2017), because there are no definitive diagnostic tools for concussions 

(Ellis et al., 2019; McCrory, Feddermann-Demont, et al., 2017). They cannot be detected with 

standard neuroimaging scans like computed tomography (CT) or structural MRI (Hughes et al., 

2004; McCrory et al., 2013).  Biofluid-based concussion biomarkers and advanced diagnostic 

imaging techniques are able to detect physiologic and microscopic structural changes resulting 

from concussion (D. K. Wright, Trezise, et al., 2016), but currently concussion can only be 

formally diagnosed with symptomatic assessment by a medial professional (Ellis et al., 2019; C. 

C. Giza et al., 2013; McCrory, Meeuwisse, et al., 2017). This demonstrates a clear need for 

ongoing concussion research.  

1.4.1 Symptoms 

 Since there is usually no visible injury associated with concussion, diagnosis is based on 

presentation of a constellation of any of a large group of common symptoms. The concussion 

recognition tool handily summarizes the most common and recognisable concussion signs and 

symptoms, which are shown in Table 1 (“Concussion recognition tool 5©,” 2017a). The 

symptoms listed there are not exhaustive, but they are useful in early recognition since they 

may arise soon after injury. Any unexplained behavioural or physical symptom including mild 

impairment to neurologic, cognitive, reflexive, or sensorimotor function, which appears a short 

time after a head impact, may be a sign of concussion. 

A positive outcome of increasing concussion education and awareness is that athletes 

are more likely to recognise when they have sustained one, and know what steps to take during 

recovery (McCrea, Broglio, McAllister, Zhou, et al., 2020). However, as concussion awareness  
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Table 1.1: Concussion signs and symptoms. The information here is extracted from the Concussion in Sport Group’s 

Concussion Recognition Tool 5 (“Concussion recognition tool 5©,” 2017b; McCrory, Meeuwisse, et al., 2017). Red flags 

for more severe injury requiring emergency medical attention are highlighted**. 

 

  

Symptoms Headache or head pressure* 

Neck pain 

Dizziness 

Nausea 

Vomiting 

Sound sensitivity 

Light sensitivity 

Vestibular impairment 

Fatigue: low energy and drowsiness 

Difficulty concentrating 

Difficult remembering 

 

Confusion 

Feeling: 

  “Slowed down” 

 “In a fog” 

 “Not right” 

Sadness 

Nervousness 

Anxiety 

Irritability 

Increased emotion 

 

Visible Signs Loss of consciousness 

Reduced responsiveness 

Laying motionless on ground 

Slow to get up 

Unbalanced or uncoordinated 

Falling 

Seizure 

Grabbing/ reaching at head 

Clutching head 

Dazed, vacant expression 

Confusion about recent events or 

 current situation 

 

Memory  Failure to answer any of the following may suggest concussion*** 

“What venue are we at today?” 

“Which half is it now?” 

“Who scored last in this game?” 

“What team did you play last game?” 

“Did your team win the last game?” 

Red Flags** Neck pain 

Increasing confusion or irritability 

Seizure or convulsion 

Weakness or tingling/burning in 

limbs 

Deteriorating/ loss of consciousness 

Severe or increasing headache 

Unusual behaviour 

Double vision 

*Headache caused by concussion is heterogeneous, but typically mild to moderate, global, pounding, throbbing, 

or dull. Severe, thunderclap, or progressively worsening headache may be a sign of intracranial hemorrhage 

requiring emergency medical attention(Ellis et al., 2019). 

**If any red flag is reported, immediate assessment by a medical professional is required. If no medical 

professional is available, consider transpiration by ambulance for emergency medical assessment. 

***In non-sport injuries use contextually relevant orienting questions 
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increases, a concurrent problematic trend is athletes masking symptoms in order to avoid a 

concussion diagnosis that removes them from game-play (Garrick et al., 2005). There are  

complex contexts that can predicate such an attempt to mask symptoms and continue playing. 

Ultimately this behaviour puts an individual at higher risk for sustaining a second concussion 

during a vulnerable recovery period. An important consideration in this trend is that executive 

dysfunction is a symptom of concussion (Kunker, Peters, & Mohapatra, 2020), meaning decision 

making may be impaired during the recovery period. In other words, concussion may impair an  

athlete’s ability to consider the consequences of masking symptoms.  Their ability to 

weigh the consequences of a short term removal from play, against long term disability that 

may be caused if they do not take time to recover, is impaired. Thus, an important goal for 

concussion diagnostics and management is to develop objective biomarkers that cannot be 

easily masked. 

1.4.2 Biomarkers 

Biological and computerised tests 
 A biomarker-based strategy is a promising approach for objective concussion diagnosis. 

There is likely no single biomarker that will definitively diagnose concussion, but convergent 

evidence from multiple biomarkers for concussion will provide a more objective diagnosis than 

symptom assessment alone(Costello, Kaye, O’Brien, & Shultz, 2018).  Good potential 

biomarkers include consistent detectible biological changes that result from concussion. A 

growing list of potential blood-based biomarkers for concussion have been identified, and 

ongoing studies attempt to determine a combination of blood-based biomarkers that can be 
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assayed to reliably diagnose concussion (reviewed in (O’Connell et al., 2018; Papa, Ramia, 

Edwards, Johnson, & Slobounov, 2015)). For example, the NCAA and Department of Defense 

CARE consortium tested blood samples from collegiate athletes for changes in glial fibrillary 

acidic protein (GFAP), Ubiquitin C-terminal hydrolase-L1, neurofilament light chain (UCH-L1), 

and tau protein, which are potential molecular biomarkers that are typically found to have 

increased concentration in the blood TBI. They found GFAP, UCH-L1, and tau were 

significantly elevated in athletes that had been diagnosed with concussion (McCrea, Broglio, 

McAllister, Gill, et al., 2020).  Conversely, a systematic review summarizing 4352 publications 

examining s100 calcium-binding protein β (S100β), tau, neuron-specific enolase , and GFAP as 

putative blood-based biomarkers found that S100β was the only molecule that reliably 

predicted concussion (O’Connell et al., 2018). An important limitation of biomarker analysis is 

that individual baseline measurements are often needed to detect subtle changes resulting from 

concussion, since most of these biomarkers are endogenously expressed in lower levels in 

individuals that have not been diagnosed with concussion.  It is more often the change in 

expression of a biomarker rather than its absolute absence or presence that signifies brain 

trauma (Asken et al., 2018).  Shortened telomere length may also be a biological detectible sign 

of concussion. In preclinical studies, neuronal telomeres were shortened in response to 

concussion, which correlated with a shortening of telomere length in epidermal cells (Hehar & 

Mychasiuk, 2016; D. K. Wright, O’Brien, Mychasiuk, & Shultz, 2018). This correlation is 

important because epidermal cells can be collected non-invasively. 

The ability to be measured with minimally invasive methods is an important goal in 

developing concussion biomarkers. To this end, computerised tests of vision and reflexive 



18 

 

changes are another promising approach to concussion evaluation. The use of standardised 

assessment tools like the SCAT5 or CRT are ubiquitous in concussion assessment, and non-

invasive, but because they must be administered by a medical professional (i.e. a human) the 

results can be affected by misunderstanding, bias, or inconsistent interpretation (Echemendia, 

Meeuwisse, McCrory, Davis, Putukian, Leddy, Makdissi, Sullivan, Broglio, Raftery, Schneider, 

Kissick, McCrea, Dvorak, Sills, Aubry, Engebretsen, Lossemore, Fuller, Kutcher, Ellenbogen, 

Guskiewicz, Patricios, Herring, et al., 2017). Similarly, computerised surveys of self-reported 

symptoms can be prone to bias or manipulation (Broglio et al., 2018). Computerised and 

automated tests of vision, balance, and coordination may be less susceptible to these issues, and 

have demonstrated capacity to differentiate between concussed and non-concussed individuals  

(Lysenko-Martin, Hutton, Sparks, Snowden, & Christie, 2020; Maruta, Spielman, Rajashekar, & 

Ghajar, 2018; Massingale et al., 2018). Such tests are useful because they are non-invasive and 

can even be entertaining, which helps increase patient engagement. These types of 

computerised and automated tests are limited because they may require apparatus that not all 

those with suspected concussion have access to (Holden et al., 2020). These also typically 

require a baseline performance comparison in order to diagnosis concussion on an individual 

basis. With ongoing refinement, computerised and automated tests are becoming increasingly 

valuable tools for diagnosing concussion, especially when used in combination with other 

biomarkers. 

1.4.2.1 Advanced Diagnostic Neuroimaging 
 Concussions cannot be detected in typical structural neuroimaging (McCrory, 

Meeuwisse, et al., 2017). Computerised tomography (CT) and structural magnetic resonance 
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imaging (MRI) are typically only used to rule out a more severe injury, which would be denoted 

by any visible lesion or bleeding. More recently developed advanced neuroimaging methods 

are able to detect changes associated with concussion, but these methods require further 

refining before they are sensitive enough to provide conclusive concussion diagnosis. Diffusion 

weighted imaging (DWI) is an advanced MRI method that uses specialized software and filters 

to interpret the MRI signal to provide a visual representation of the relative probability of 

diffusion of water molecules within brain tissue (Alexander et al., 2011). Water molecules 

undergoing random Brownian motion diffuse more freely in the axis parallel to organized 

structures (axial diffusion), since diffusion is more restricted by cellular membranes and 

organelles in the perpendicular axes (radial diffusion) (Alexander, Lee, Lazar, & Field, 2007). 

Both axial and radial diffusion restriction in can be increased by tissue damage, and this can be 

detected using DWI (Shenton et al., 2012). 

Diffusion tensor imaging (DTI) is a common application of DWI. While DWI measures 

the relative ease of diffusion of water molecules, DTI is able to derive the degree and direction 

of diffusion of water molecules (K. lin Xiong, Zhu, & Zhang, 2014). This directional diffusion 

information can be interpreted to create in vivo maps of white matter tracts (Alexander et al., 

2007). Fractional anisotropy (FA) is one DTI measure, which describes the fraction of diffusion 

that is anisotropic. Anisotropic diffusion is much greater axially than radially, whereas isotropic 

diffusion occurs equally in all three axis. Water diffusion near white matter tracts is more 

anisotropic in the direction parallel to the tract (i.e. higher fractional anisotropy), and water 

diffusion in grey matter tends to be less anisotropic (Alexander et al., 2007).   FA is sensitive to a 

variety of white matter abnormalities including changes in structural integrity, fiber density, 
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axonal caliber, and degree of myelination (Alexander et al., 2007; Wilde et al., 2008). 

Microscopic damage to white matter tracts can increase diffusion restriction in the axial plane, 

which reduces fractional anisotropy.  Indeed, FA is frequently reduced after clinical concussion  

(Bazarian et al., 2007; Niogi et al., 2008; Toledo et al., 2012; Wilde et al., 2008; Yuh et al., 2014).  

Mean diffusivity (MD) is another DTI measure that may be altered by concussion  

(Cubon, Putukian, Boyer, & Dettwiler, 2011; Toledo et al., 2012).  While FA measures the 

proportion of diffusion that is axial, in order to determine a direction of diffusion, MD 

calculates the average magnitude of axial and radial diffusion, in order to determine the rate of 

diffusion. It is less sensitive to white matter changes, and more sensitive to changes in edema or 

cell proliferation (Alexander et al., 2007). Track weighted imaging (TWI) is a recent advance in 

in DWI which may be more sensitive to white matter pathology (Calamante, Tournier, Smith, & 

Connelly, 2012). It allows properties of the tractograph including density, curvature, and path 

length, to be manipulated in order to more closely examine structural pathologies. TWI 

estimates the contents of each individual voxel based on the continuity of information through 

long-distance fiber tracks traversing them (Pannek et al., 2011). Note that the fiber tracks 

described here refer to digitally rendered streamlines, and not to neural tracts in this context.  

This provides super-resolution (sub-voxel) structural information, and can be interpreted to 

measure white matter integrity (Calamante et al., 2012; Pannek et al., 2011). Although DWI 

cannot yet provide a definitive concussion diagnosis, it provides convergent evidence of injury 

along with fluid-based biomarkers and symptomatic assessment. Ongoing work to develop 

these techniques will refine them towards more individual utility in concussion diagnosis. 
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1.5 Management 

To date no  pharmaceutical, biotechnology, or medical device has been approved to 

reduce symptom duration or severity in concussion management (Ellis et al., 2019; McCrory, 

Meeuwisse, et al., 2017). Because there are no effective treatments for this type of injury, and 

intense exertion tends to exacerbate symptoms, recovery guidelines such as the Parachute 

framework (Parachute, 2017) used in Canada recommend that concussion patients avoid 

demanding physical and cognitive activities, until those activities no longer exacerbate 

symptoms (Asken et al., 2016; Brown et al., 2014; Ellis et al., 2019; C. C. Giza et al., 2013).  They 

suggest a graded return to work or play, advocating for an immediate 24-48 hour total rest 

period, followed by a gradual increases in daily activities that do not aggravate symptoms (Ellis 

et al., 2019). Notably, the activity exposure in itself is an important part of recovery.  Moderate 

exercise of an intensity that does not exacerbate symptoms can improve recovery outcomes 

(Leddy, Haider, Ellis, & Willer, 2018).Furthermore, concussion patients that completely avoid 

exercise for an extended period of time tend to have prolonged symptoms (Silverberg & 

Iverson, 2013).  In fact, in healthy individuals, several days to a week of total bed rest can cause 

headache, restlessness, vestibular and mood disturbance, and difficulty sleeping; which are all 

analogous to concussion symptoms (Fortney, Schneider, & Greenleaf, 2011).  Thus, it would 

appear excessive rest could confound concussion symptoms during recovery.   In other words, 

if conservative approaches to return-to-work/play involve extended periods of total rest, the 

treatment itself could exacerbate symptoms.  Symptoms are currently the main diagnostic 

indicator of recovery progress.  This highlights the importance of having objective diagnostic 

options to track recovery. 
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Although concussion symptoms typically resolve spontaneously within the first week to 

month after the injury (Tracey Covassin, Elbin, & Nakayama, 2010; Ellis et al., 2019; Holmes, 

Chen, Yahng, Fletcher, & Kawata, 2020; McCrory, Meeuwisse, et al., 2017; Nance, Polk-

Williams, Collins, & Wiebe, 2009), distress caused by symptoms, and by limitations imposed by 

return to work or play guidelines, can cause severe disruption to daily life during recovery 

(McMahon et al., 2014; Voormolen et al., 2019). An important goal of concussion research is to 

identify treatment methods that can significantly shorten concussion recovery time, and reduce 

symptom severity. 

1.6 Animal Models of Concussion 

Animal models of TBI are an important tool to help understand the pathophysiology of 

concussions, and for developing diagnostic and treatment strategies (Shultz et al., 2017). 

Modelling concussions in animals is a unique challenge because concussions are clinically 

identified as a constellation of symptoms, and there is no distinct macro-structural injury or 

pathology to replicate like other common disease or trauma models. Instead concussion models 

use some form of mechanically-induced brain disruption to produce a constellation of 

behavioural changes that relate to clinical concussion symptoms, and then examine the 

resulting pathophysiological changes. Several animal models have been developed to study 

TBI, and they have been instrumental in understanding how the brain reacts to trauma 

(Anthony L Petraglia, Dashnaw, Turner, & Bailes, 2014; Shultz et al., 2020, 2017; Y. Xiong, 

Mahmood, & Chopp, 2013). Four common types are weight drop, fluid percussion, controlled 

cortical impact, and impact acceleration deceleration (See (Y. Xiong et al., 2013) for a detailed 

review of each methodology). 
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While these models have provided the basis for a growing understanding of the 

complex neurometabolic changes that accompany TBI (Christopher C Giza & Hovda, 2014), it is 

important to acknowledge that technical aspects of some of these models, such as the surgical 

disruption of the skull and the use of anaesthesia may limit how these models can be used to 

understand the unique pathophysiology that results from mild closed head injuries (Flower & 

Hellings, 2012; Statler, Alexander, Vagni, Dixon, et al., 2006; Statler, Alexander, Vagni, 

Holubkov, et al., 2006). Historically, preclinical concussion models focused disproportionately 

on adult male subjects. Clinical studies show significant sex differences in concussion outcomes, 

and that younger age groups are a higher risk population. Representative animal models are 

needed to understand how concussion uniquely affects these higher risk groups. The historical 

focus on adult subjects in preclinical research is problematic because the developing brain may 

be more susceptible to traumatic damage, and injury may impair developmental processes in 

addition to brain function. Preclinical concussion models should be representative of all age 

groups, as this may allow for age-based optimization of clinical concussion management. To 

address this, rodent concussion models have been adapted for younger age groups (Eyolfson et 

al., 2020; Mychasiuk et al., 2014; Pham et al., 2021; Prins, Hales, Reger, Giza, & Hovda, 2011; 

White, Pinar, Bostrom, Meconi, & Christie, 2017).   Similarly, the inclusion of female subjects in 

preclinical studies has increased (for example: (Eyolfson et al., 2020; Mychasiuk et al., 2014; D. 

K. Wright, O’Brien, Shultz, & Mychasiuk, 2017)). Findings from these models should translate 

better to a broader range of clinical populations.  

The constellation of symptoms that arise after concussion are often complex, transient, 

and subtle. Individuals report that experiencing deficits intermittently, or only during greater 
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physical and cognitive challenges. Some of these subtle deficits may be difficult to recapitulate 

in rodent models because they involve advanced executive processing that is unique to humans. 

As well, concussion is a biomechanically induced injury, and more often results from impacts 

that produce a great rotational acceleration in the head. In humans, the cervical flexure of the 

brainstem means the ventral aspect of the brain and spine are on perpendicular axes, which are 

parallel in rodents.  This limits the extent to which such rotational forces can be accurately 

replicated between species. As well, the rodent brain is lissencephalic, thus any human 

concussion pathologies caused by biomechanical forces unique to gyrencephalic structural 

organisation will not be reproduced in rodents. Although the translatability of information from 

animal models to clinical practices is be limited by these factors, animal models remain essential 

because they allow experimenters to investigate these injuries using controlled manipulations 

that are not possible in clinical studies. 

1.6.1 Anaesthesia in preclinical concussion models 

Until recently, anaesthesia has been used ubiquitously in animal models of concussion 

for ethical purposes, and to restrain the subject for precise impact targeting (Ahlers et al., 2012; 

A. Petraglia et al., 2014; Anthony L. Petraglia et al., 2014). This may be a problem because 

anaesthesia has known neuroprotective properties (Flower & Hellings, 2012; Gray, Bickler, 

Fahlman, Zhan, & Schuyler, 2005; List, Ott, Bukowski, Lindenberg, & Flöel, 2015; Luh et al., 

2011; Patel, Drummond, Cole, & Goskowicz, 1995; Rowe et al., 2013; Statler, Alexander, Vagni, 

Dixon, et al., 2006; Statler, Alexander, Vagni, Holubkov, et al., 2006). This potential confound 

may contribute to difficulty with clinical translation of therapeutic strategies from previous 

models. Isoflurane is a common anaesthetic in animal concussion modelling. It significantly 
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improved motor function and reduced hippocampal neuronal death after experimental mild 

brain injury (Statler, Alexander, Vagni, Dixon, et al., 2006). Isoflurane is thought to be 

neuroprotective primarily because it increases vasodilation and reduces excitotoxicity, which 

are important mechanisms contributing to acute brain damage. Isoflurane also increases 

cerebral blood flow, which may reduce post traumatic hypo-perfusion (Hendrich et al., 2001) It 

might reduce excitotoxic damage by reducing glutamate release (Patel et al., 1995). Isoflurane 

also appears to inhibit N-methyl-D-aspartate receptors, which reduces intracellular calcium 

(Gray et al., 2005). These processes are implicated in the neurometabolic pathologies associated 

with concussion (Christopher C Giza & Hovda, 2014) In fact, anaesthetics are recommended in 

the clinical treatment of more severe head trauma to reduce overall damage and long term 

deficits by modulating intracranial pressure and cerebral metabolism (Flower & Hellings, 2012). 

Using anesthetics in experimental concussion may limit the clinical translatability of preclinical 

findings. 

1.7 Concussion Mechanisms 

There is no single mechanism on or pathological hallmark for concussion. Rather, these 

injuries reflect complex and heterogeneous involvement of multiple interconnected pathologies. 

These are often categorised as being part of either the primary or secondary injury. The primary 

injury occurs at the time of impact, and includes a rapid but short-lived physical, ionic, and 

metabolic disturbance brought on by mechanical tissue disruption. The secondary injury 

describes the cascade of pathophysiological processes that result from this initial disruption in 

the following minutes to weeks. 
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1.7.1 Primary Injury 

The moment of impact produces an instant of dysregulation in the otherwise highly 

organized and tightly regulated brain. As brain tissue is rapidly displaced, neuronal soma, 

organelles, and processes, as well as glia and blood vessels are deformed. Tissue is compressed 

where the brain meets the skull. Structures are displaced differently depending on their size, 

shape, density, and connectivity. A cadaver study using high-speed biplane x-ray to measure 

brain displacement and deformation during concussive movement found the brain was 

displaced a maximum of 7mm relative to the skull (Hardy et al., 2007). This contributes to 

diffuse axonal injury, which is a common form of damage associated with concussion in which 

axons are twisted, torn, and sheared as a result of the rapid deformation of brain tissue (Romeu-

Mejia, Giza, & Goldman, 2019). Complex microstructural elements such as dendrites, axons, 

and astrocytic processes are at higher risk for sustaining damage, as tension is applied to these 

fine processes when bulky soma are pulled or twisted away from distant terminals (Christopher 

C Giza & Hovda, 2014).  

Cellular membranes and axolemma, only two molecules thick, may develop multiple 

sublethal defects through mechanoporation, which is the mechanical induction of microscopic 

holes in the membrane that may permit dysregulated ion flux (Christopher C Giza & Hovda, 

2014). While axons are normally ductile and compliant during body movement, the rapid 

application of force that occurs during a concussion can cause the strained tissue to 

momentarily become brittle (Johnson, Stewart, & Smith, 2013; D. H. Smith, Wolf, Lusardi, M-Y 

Lee, & Meaney, 1999). This facilitates membrane damage in the form of microscopic holes that 

permits efflux of potassium ions, and influx of calcium and sodium ions (Romeu-Mejia et al., 
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2019). Further, mechanosensitive sodium ion channels in neurons can be opened by the rapid 

tissue displacement, as membrane movement displaces anchored protein subunits associated 

with the channels, causing a structural change that allows influx of sodium ions through the 

channel (Maxwell & Graham, 1997; Wang et al., 2009). Increased intracellular sodium ion 

concentration can activate local voltage sensitive ion channels, and reverse the transport 

direction of sodium calcium ion exchange across the membrane, which increases intracellular 

calcium.  

These multiple sources of calcium ion influx initiate depolarisation and dysregulated 

neuronal signalling, including excess glutamate release (Katayama, Becker, Tamura, & Hovda, 

1990; Weber, 2012). ATP-driven membrane-bound pumps work in excess to restore membrane 

potential, resulting in excess ADP, hyperglycolysis, and a rapid depletion of energy reserves 

(Christopher C Giza & Hovda, 2014; Yoshino, Hovda, Kawamata, Katayama, & Becker, 1991).  

An acute state of hyperglycolysis is common after TBI, and may occur in neurons in response to 

increased activity (Manlio Díaz-García et al., 2017), or in astrocytes in response to increased 

glutamate uptake demands (Pellerin & Magistretti, 1994). Simultaneously, mitochondria 

sequester excess calcium as a method of restoring balance, which ultimately leads to 

widespread mitochondrial dysfunction (Weber, 2012). This exacerbates the metabolic and 

energetic crisis and impairs neuronal firing (Kim, Han, Gallan, & Hayes, 2017; Pivovarova & 

Andrews, 2010). 

1.7.2 Secondary Injury 

 The initial hyperglycolytic state is relatively short lived (several hours) and is followed 

by a week to ten days of impaired glucose metabolism (Christopher C Giza & Hovda, 2014). 
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Studies have identified this hypometabolic state as a higher risk period for sustaining more 

serious injuries if a second impact is sustained during this time. This is accompanied by a 

period of global cerebral hypoperfusion, which may further exacerbate metabolic and energetic 

crisis by limiting metabolite transport and waste removal (Choe, 2016; Christopher C Giza & 

Hovda, 2014). 

 Neurodegeneration 

Axonal Degeneration 

Intra-axonal calcium flux can result in phosphorylation and resultant collapse of 

neurofilament side-arms, as well as proteolytic damage to other cytoskeletal components 

including spectrin (Pettus & Povlishock, 1996). Increased intracellular calcium activates calpain-

mediated protease activity on microtubule associated proteins, which contributes to further 

microtubule destabilisation and a loss of axonal structural integrity (Weber, 2012). Physical 

disruption of microtubules interferes with bidirectional axonal transport of metabolites and 

neurotransmitters to and from the synapse, and can cause axonal disconnection in severe cases  

(Romeu-Mejia et al., 2019; Tang-Schomer, Johnson, Baas, Stewart, & Smith, 2012). 

Another important outcome is detectable axonal accumulation of beta amyloid 

precursor protein (βAPP), which is a histological indicator of diffuse axonal injury (Gentleman, 

Nash, Sweeting, Graham, & Roberts, 1993; Johnson et al., 2013)Cell Death 

 The extent of apoptosis or necrosis that occurs after a single concussion is unclear. 

Preclinical studies of more severe or open-skull TBI frequently observe cell death using 

histological markers (Gao & Chen, 2011; Pullela et al., 2006), but this occurs inconsistently in 

mild injury models (Dikranian et al., 2008; Prins et al., 2011; Sauerbeck et al., 2018). Clinical 
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evidence has identified diffuse brain atrophy following repeat concussion (McCrea, Broglio, 

McAllister, Zhou, et al., 2020).  In the most extreme cases such as professional athletes who 

sustain hundreds to thousands of head impacts throughout a lifetime, repeated head injuries 

can result in a progressive neurodegenerative disorder known as chronic traumatic 

encephalopathy (CTE) (Martland, 1928; Mez et al., 2017). 

 Neuroinflammation 
One of the pathophysiological mechanisms thought to underlie concussion is 

maladaptive neuroinflammation (Corps, Roth, & McGavern, 2015). The inflammatory response 

activates specialized immune cells in response to trauma or infection. This promotes healing 

and reduces damage in most circumstances, but in the case of concussion neuroinflammation 

appears to contribute to pathology (Loane & Byrnes, 2010). Perturbation of ongoing 

neuroinflammatory processes is thought to contribute to the increased severity in symptoms 

experienced if an individual sustains a new concussion while recovering from a recent one 

(Aungst, Kabadi, Thompson, Stoica, & Faden, 2014).  

The central nervous system is a unique immune environment because the blood brain 

barrier limits the infiltration of circulating immune cells (Ransohoff & Brown, 2012). Astrocytes 

and microglia are the primary resident immune cells of the CNS, and they mediate 

neuroinflammation after concussion (Hugh Perry & Teeling, n.d.; Myer, Gurkoff, Lee, Hovda, & 

Sofroniew, 2006; Ransohoff & Brown, 2012; J. a. Smith, Das, Ray, & Banik, 2012). Animal models 

of traumatic brain injury commonly report activation of microglia and astrocytes after injury  

(Aungst et al., 2014; Dhananjay R Namjoshi et al., 2014; A. Petraglia et al., 2014; Potts et al., 2006; 

Webster et al., 2015).  
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Microglia are CNS-specific macrophages (Hugh Perry & Teeling, n.d.). These motile cells 

can take on several distinct morphologies depending on their activation state, and have been 

extensively characterized (Kettenmann, Hanisch, Noda, & Verkhratsky, 2011). Ramified 

(resting) microglia move throughout brain tissue surveilling for signs of trauma or infection 

(Nimmerjahn, Kirchhoff, & Helmchen, 2005). They have a relatively small cell body and many 

long branching processes that constantly extend and retract as they sample their environment. If 

a sign of trauma or infection is detected they become activated, and they retract their processes 

and take on a more amoeboid shape. Activated microglia have phagocytic capabilities that 

allow them to remove dead and damaged cells and debris. Activated microglia increase 

expression of Iba1, which is a soluble cytosolic protein with actin-binding properties that 

modulates actin cytoskeletal elements to facilitate phagocytosis and cell migration (Ohsawa, 

Imai, Sasaki, & Kohsaka, 2004). They also release pro-inflammatory cytokines like interleukin 1, 

interleukin 6, and tumor necrosis factor α, which can recruit other microglia to the site of 

trauma (J. a. Smith et al., 2012), and stimulate activation of astrocytes (Klein, Möller, Jones, & 

Bluethmann, 1997).  

Astrocytes have a complex role in the brain including providing metabolic and 

structural support to neurons (Y. Chen & Swanson, 2003), and regulating transportation of 

water, ions, and metabolites across the blood brain barrier (Sofroniew & Vinters, 2010). When 

they become activated they increase expression of GFAP – an intermediate filament protein that 

contributes to cyto-architectural dynamics (Pekny & Pekna, 2004).  GFAP is commonly used as a 

marker to identify astrocytes, and changes in its expression are measured to detect their 

activation (Pekny & Nilsson, 2005; Pekny & Pekna, 2004). Activated astrocytes affect structural 
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plasticity after trauma chemically through the release of inflammatory cytokines, growth 

factors, and physically through the formation of glial scars that prevent neural regrowth (Corps 

et al., 2015; J. a. Smith et al., 2012; Sofroniew, 2009). Activated astrocytes are also thought to 

contribute to excitotoxicity through perturbations in their glutamate reuptake function  

(Obrenovitch & Urenjak, 1997; Rothstein et al., 1996).  Reduced glutamate reuptake produces an 

excess of glutamate at the synapse that leads to over activation of glutamate receptors and 

deregulated neural firing (Christopher C Giza & Hovda, 2014). This can cause a neural 

metabolic crisis that culminates in cell death (Yi & Hazell, 2006). Excitotoxicity is a well-

established mechanism of cell death in severe traumatic brain injury, but the extent to which it 

is present after mild injuries requires further investigation.  

1.8 Summary of Project Aims 

 Preclinical research using animal models of concussion has provided an increasingly 

detailed understanding of the complex pathophysiological mechanisms that underlie 

concussions, but the clinical translation of putative diagnostic and treatment strategies 

identified in preclinical studies has been limited. This demonstrates a need for continued 

development of preclinical models to ensure they replicate the numerous etiology and 

symptomology associated with clinical concussion. To meet this need, we developed a novel 

preclinical model of pediatric concussion.  Our awake closed head injury (ACHI) model is 

unique in that it does not require anaesthesia, and was designed for use in a juvenile 

population.  Before the ACHI model can be used to investigate concussion pathophysiology, it 

must be characterized to demonstrate that it induces behavioural and structural changes 

analogous to clinical concussion symptoms.  
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We considered the CIGS5 definition of concussion, and aimed to show that the ACHI 

model 1) provides an “impulsive” force transmitted to the head, which 2) results in the rapid 

onset of short-lived neurologic impairment that resolves spontaneously. This 3) does not result 

in structural imaging abnormalities, and 4) results in evolving cognitive and clinical symptoms, 

and LOC in a subset of cases.  Chapter 3 summarises our characterisation of acute neurologic, 

cognitive, and motor changes; anxiety; and structural MRI outcomes after single and repeated 

ACHI.  In Chapter 4 we refined our characterisation of acute neurologic impairment, examined 

cognitive flexibility as a more subtle form of cognitive change, and performed histology to 

detect neurodegeneration after repeated ACHI. 
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 - General Methods 
Methods in this chapter are published as follows: 

Christie, B. R., Trivino-Paredes, J.*, Pinar, C.*, Neale, K. J.*, Meconi, A.*, Reid, H., & Hutton, C. P. 

 (2019).A rapid neurological assessment protocol for repeated mild traumatic brain injury in 

 awake rats, Current Protocols in Neuroscience, 89(1), https://doi.org/10.1002/cpns.80 

* I am listed as contributing equally with the other graduate students in the laboratory to reflect my 

exclusive role in developing the ACHI procedure in our lab; my development of the original NAP 

procedure upon which this refined scoring method was based; my collection of a portion of the NAP 

score data; and manuscript preparation. 
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Meconi, A.**, Wortman, R. C.**, Wright, D. K., Neale, K. J., Clarkson, M., Shultz, S. R., &  Christie, B. R. 

 (2018). Repeated mild traumatic brain injury can cause acute neurologic impairment without 

 overt structural damage in juvenile rats. PloS One, 13(5),  e0197187. 

 https://doi.org/10.1371/journal.pone.0197187 

 

**I am listed as co-first author with Ryan. R. Wortman to reflect his extensive contributions to the 

characterisation of this model in partial fulfillment of the requirement of his Masters thesis. A.M. was 

exclusively responsible for ACHI procedure development and primarily responsible for ACHI induction 

and NAP score collection, with assistance from R.C.W. A.M. was exclusively responsible for Barnes 

experiment. R.W. and K.J.N. optimized the open field, elevated plus maze, and Rotarod methods in our 

laboratory; A.M. collected and analysed these behavioural data. D.K.W and S.R.S. contributed all MRI 

scanning and analysis. M.C. contributed cresyl violet histology.  
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 2.1 ACHI procedure 

We developed the ACHI model to produce a mild closed head injury in juvenile rats 

without the use of anaesthesia. It is adapted from procedures reported in adult mice (A. 

Petraglia et al., 2014; Anthony L. Petraglia et al., 2014). As shown in Figure 2.1, beginning on 

PND 25-28, rats were immobilized using clear plastic restraint cones (Model DC-200, Braintree 

Scientific, Braintree, MA). The cones have an opening at the nostril to provide ventilation, and 

are held closed behind the haunches using a plastic clip (Fig. 2.1A, B). Custom 3D printed 

(Replicator-2, MakerBot, Brooklyn, NY; 1.75 mm ABS plastic filament) plastic helmets were 

used to help dissipate the force of the blow across the skull and reduce the chance of skull 

fracture (Open arrows, Fig. 2.1A, B). The helmets were held in place with an elastic band and 

double-sided tape. The back of the helmet was aligned with the interaural line, and a flat 

circular surface (7 mm diameter) on the top of the helmet aided in targeting the impact over the 

left parietal cortex. A modified controlled cortical impact device (Impact One, Leica Biosystems 

Inc., ON, Canada) was mounted on a stereotaxic frame. The impactor was modified with the 

addition of a 7 mm diameter flat rubber tip (Closed arrows, Fig. 1A, 1B). The rats were placed 

on a soft foam platform (3” thick Super-Cushioning Polyurethane Foam Sheet, McMaster-Carr, 

OH) directly below the impactor. The impactor tip was carefully targeted over the left parietal 

cortex, and an electromagnetic piston drove the impact tip into the helmet at a speed of 6 m/s, 

and depth of 10 mm. The impactor was retracted immediately (100 ms dwell time) to prevent 

ricochet. After each impact rats were immediately removed from the restraint bag for 

assessment. 
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2.2 Loss of Consciousness 

Three common tests were performed immediately after each procedure to provide a 

convergent assessment of the animals’ level of consciousness.  

Apnea: After being removed from the restraint bag and placed upright on a clean surface each 

 rat was initially examined for apnea. If they were not breathing, the amount of time 

 from the start of the test until breathing returned was recorded as the latency to 

 recovery.  

Toe Pinch Reflex: The toe pinch reflex was then assessed by gently extending the rat’s 

 contralateral (to injury hemisphere) hind limb and pinching sharply and firmly. If the 

 rat did not immediately retract the limb, the pinch was repeated at five second 

 intervals on alternating hind limbs. The time from the first pinch until the rat 

 retracted their limb was recorded as latency to recovery.  

Figure 2.1 ACHI procedure and apparatus. (A,B) Rats were placed in a soft plastic restraint bag on a foam 

platform. A custom 3D printed helmet (open arrowhead) was placed on the head, with the impact site 

centered over the left parietal cortex. (C) A modified Leica Impact One controlled cortical impactor was 

used to generate the injury. It was modified by adding a 7 mm diameter rubber impact tip (closed 

arrowhead), and was set to a velocity of 6 m/s and dwell time of 100ms. The impactor was centered over the 

helmet target and adjusted to depress a depth of 10 mm, and the control box was used to initiate the impact.  
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Righting Reflex: The righting reflex was determined by placing the rat on their back. The 

 rat should immediately flip themselves upright, and if they did not, the amount of 

 time taken for the rat to right themselves was recorded.  

2.3 Neurological Assessment Protocol 

  The ACHI model uniquely allowed us to immediately perform a neurological 

assessment after each impact, without being delayed or affected by recovery from anesthesia. 

Similar to others, (Ding et al., 2013; Schaar, Brenneman, & Savitz, 2010; Shapira et al., 1988; 

Shohami, Novikov, & Bass, 1995) our NAP score assessed four basic neurological outcomes 

after each procedure. It consists of four simple reflexive and motor tasks, which can be tested 

within the first minute after the ACHI or sham. A different scoring method was used for each 

chapter, due to evolving improvements to this novel approach. In the Chapter 3 cohort a binary 

scoring method was used. Each task was scored as a pass or fail. Table 2.1 shows 

representatives photographs of a control and impaired response in each task, as well as the 

scoring method used in the Chapter 4 cohort. The task criteria are described as follows: 

Startle Reflex: The rat is placed in the center of a clean, empty, standard housing cage, and 

 the researcher claps loudly above the center of the cage. The rat should flinch, freeze, ear 

 or tail twitch, blink, etc. in reaction to the clap. (Table 2.1, A) 

Limb Extension: The rat is grasped by the base of the tail and raised 30-50 cm in the air to 

 examine the limb extension response. The rat should fully extend both forelimbs, and a 

 deficit is indicated if one or both are contracted or immobile (Table 2.1, B). 
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Balance Beam: The animal is placed on a flat narrow balance beam and their ability to balance 

 and walk is assessed. The beam itself is 100 cm long x 2 cm wide x 0.75 cm thick, and is 

 placed 22 cm above a cushioned work surface that extends from an empty cage to the 

 animal’s home cage. The rat is placed squarely balanced on the center of the beam, 

 facing the home cage. Deficits are indicated by immobility, slipping or failing to grasp 

 the beam with any limb, or falling from the beam. (Table 2.1, C). 

Rotating Beam: The rat’s ability to navigate a slowly rotating beam is assessed. The  rat is 

placed squarely balanced on the center of the beam used in the previous task  at a height of 

75 cm above a cushioned work surface, and the beam is rotated once per  second for 4 rotations. 

Falling from the beam indicates impairment (Table 2.1, D). 

Table 2.1: Scoring criteria for Neurologic Assessment Protocol 
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 - Repeated ACHI caused acute 

neurocognitive impairment without structural MRI 

abnormalities 
 

Experiments in this chapter are published as follows: 

 
Meconi, A.**, Wortman, R. C.**, Wright, D. K., Neale, K. J., Clarkson, M., Shultz, S. R., &  Christie, B. R. 

 (2018). Repeated mild traumatic brain injury can cause acute neurologic impairment without 

 overt structural damage in juvenile rats. PloS One, 13(5),  e0197187. 

 https://doi.org/10.1371/journal.pone.0197187 

 

**I am listed as co-first author with Ryan. C. Wortman to reflect his extensive contributions to the 

characterisation of this model in partial fulfillment of the requirement of his Masters thesis. AM. was 

responsible for ACHI development. AM. was primarily responsible for ACHI induction and NAP score 

collection, with assistance from RCW. AM. was exclusively responsible for Barnes experiment. RW. and 

KJN. optimized the open field, elevated plus maze, and Rotarod methods in our laboratory; AM. 

collected and analysed all behavioural data. DKW and SRS. did all MRI scanning and analysis. MC. 

contributed cresyl violet histology.  
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3.1 Chapter Abstract 

Repeated concussion is becoming increasingly recognized as a serious public health 

concern around the world. As is the potential for repeated pediatric concussions to 

detrimentally alter the structure and function of the developing brain. To better study this issue, 

we developed an awake closed head injury (ACHI) model that enabled repeated concussions to 

be performed reliably and reproducibly in juvenile rats. A neurological assessment protocol 

(NAP) score was generated immediately after each ACHI to help quantify the effects of 

repeated injury on level of consciousness, and basic motor and reflexive function. We show that 

repeated ACHI (4 impacts in two days) can be administered in male and female juvenile rats 

without significant mortality or distress. We found that both single and repeated injuries 

produced acute neurological deficits resembling clinical concussion symptoms, which can be 

measured using the NAP score. Behavioural analyses found repeated ACHI acutely impaired 

spatial memory in the Barnes maze, and memory impairment correlated moderately with 

poorer NAP score performance in a subset of females. These cognitive impairments occurred in 

the absence of motor impairments on the Rotarod, or anxiety changes in the open field and 

elevated plus mazes. Magnetic resonance imaging (MRI) indicated that repeated ACHI did not 

produce visible structural damage or hemorrhage. MRI also confirmed there was no volumetric 

loss in the cortex, hippocampus, or corpus callosum of animals at 1 or 7 days post-ACHI. 

Together these data indicate that the ACHI model is a reliable, high throughput means to study 

the effects of concussions in juvenile rats. 
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3.2 Materials and Methods 

3.2.1 Rats 

All procedures used in this study were approved by the University of Victoria Animal 

Care Committee and are in compliance with Canadian Council for Animal Care guidelines. 

Juvenile Long Evans rats (n=94) were obtained from (Charles River Laboratories, St. Constant, 

PQ) or bred at the University of Victoria. Offspring were weaned at postnatal day (PND) 21 and 

housed in same-sex groups of 2-3. They were then assigned to one of three experimental groups 

(sham control, single ACHI, or repeated ACHI) so that no more than two rats from any one 

litter were assigned to any one experimental group. Average weight at the time of the first 

procedure was 70.0 g for males and 66.1 g for females. All rats were housed under standard 

laboratory conditions including automatically controlled temperature, humidity, ventilation 

and a 12-hour light/dark cycle with ad libitum food and water access. All purchased animals 

were allowed to adapt to the vivarium for at least one week prior to experimental procedures. 

After injury or behavioural testing animals were returned to their home cages unless otherwise 

specified. Two cohorts of rats were used for Chapter 3. Animals in cohort 1 were used for NAP 

testing, MRI analysis. Animals in cohort 2 were tested with the NAP, Barnes maze, Rotarod, 

elevated plus maze, and open field maze. Both cohorts followed the same injury timeline. 

3.2.2 Experimental Timeline 

The injury and experimental timeline used in Chapter 3 are summarized in Figure 3.1. 

The ACHI and NAP procedure are described in detail in Chapter 2. Animals in the repeat 

ACHI group received two impacts per day, with a two-hour interval between injuries, for two 



41 

 

days. The single ACHI group received three sham procedures followed by one impact, on the 

same timeline as the repeat ACHI group. Sham control animals received four sham procedures 

on the same timeline as the other groups. All rats were tested for consciousness and NAP 

immediately after each ACHI or sham, and a subset from cohort 1 were tested again 24 hours 

later.   

3.2.3 Rat Welfare Monitoring 

Restraint Tolerance 
During all ACHI or sham procedures animals were assessed for tolerance of the restraint 

cone. Animals were scored on a scale of 0-4 (Table 3.1) based on willingness to enter the cone, 

and on movement and vocalisation while restrained. Any animal that reached a score of 4 or 

Figure 3.1: Experimental timeline. Two cohorts of male and female juvenile Long Evans rats 

underwent two separate sets of experiments. Animals in cohort 1 were used for neurologic severity 

scoring, MRI analysis, and cresyl violet histology. Animals in cohort 2 were trained for the Barnes maze 

and Rotarod in the two days immediately before ACHI, and then were tested in the Barnes maze, 

Rotarod, elevated plus maze, and open field maze at one hour and one day after the final ACHI. Both 

cohorts followed the same injury timeline: Animals in the repeat ACHI group received two impacts per 

day, with a two-hour interval between injuries, for two days. The single ACHI group received three 

sham procedures followed by one impact, on the same timeline as the repeat ACHI group. Sham 

control animals received four sham procedures on the same timeline as the other groups. All subjects 

were tested for consciousness and NAP immediately after each ACHI or sham, and a subset from 

cohort 1 were tested again 24 hours later.   
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greater (e.g. >10 instances of vocalisation or movement; restrained in cone for 5 minutes) was 

immediately removed from the restraint and returned to the home cage for 15 minutes 

minimum. Protocol required that the procedure be re-attempted up to three times, and if it 

could not be completed the animal be removed from the study, however no animals were 

removed from the current study. 

Pain Assessment 
All animals were assessed immediately before, and for several days after, each ACHI for 

indications of pain or discomfort that included changes in locomotion (i.e. immobility, slowness 

of movement), behaviour (i.e. hunched posture, piloerection, excessive stretching, teeth 

grinding) pain on palpitation of the impact site (i.e. vocalization, withdrawal of head), skin 

turgor (i.e. increased tenting), and changes in weight relative to age and sex-matched littermates 

(decreased by more than 5%). Table 2.2 shows scoring scales developed with our institutional 

Table 3.1: Restraint scoring during ACHI. The following scoring criteria are to be used by experimenters 

implementing the ACHI procedur in order to monitor rats’ tolerance to restraint during the procedure 
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Table 3.2: Pain scale and monitoring checklist after ACHI. The following criteria can be used in the 

days and weeks following ACHI to monitor rats level of discomfort and decide how to proceed if 

significant signs of distress appear 
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Animal Care Committee. Animals were rated in each of the 5 categories on a scale of 0 (normal) 

to 3 (severe) with a score of greater than 2 in any category, or a combined score of greater than 

3, requiring the animal be given supportive care. Animals with a score of 3 in any category or a 

combined score of greater than 6 were to be removed from the study and euthanized. 

3.2.4 MRI Acquisition & Analysis 

To further examine structural damage in the ACHI model we performed ex vivo 

structural MRI on both male and female cohorts of sham, single- or repeated ACHI rats at one 

and seven days after injury. The number of brains scanned for each of the groups were: sham, 1 

day = 8 (3 males, 5 females); sham, 7 days = 9 (4 males, 5 females); single mTBI, 1 day = 11 (4 

males, 7 females); single mTBI, 7 days = 7 (5 males, 2 females); repeated mTBI, 1 day = 11 (5 

males, 6 females); repeated mTBI, 7 days = 7 (3 males, 4 females). Animals were perfused as 

described above, and after the brains were removed, they were embedded in agar gel (Webster 

et al., 2015) and scanned using a 4.7 Tesla Bruker Advance III MRI fitted with a BGA12S2 

actively shielded gradient set. Actively decoupled volume transmit and 4-channel surface 

receive coils (Bruker, Germany) were used to acquire a multi-echo, T2*-weighted image with the 

following imaging parameters: repetition time = 8 s; 12 echoes with the first echo at 15 ms and 

an echo spacing of 7.5 ms; field of view = 2.304 × 2.048 mm2; matrix size = 144 × 128; resolution = 

160 × 160 μm3; number of slices = 74; slice thickness = 160 μm; and number of excitations = 2. 

Spatial intensity in homogeneity in T2*-weighted images was corrected by estimating the 

bias field with N4 Bias Correction (Tustison et al., 2010) and template images generated for 

sham, single and repeated injury cohorts at each time point using Advanced Normalization 

Tools (ANTs, http://stnava.github.io/ANTs/) (Avants et al., 2011). The resulting template images 

http://stnava.github.io/ANTs/
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were then combined using ANTs into a study-specific template (D. K. Wright, Liu, et al., 2016; 

D. K. Wright, Trezise, et al., 2016) that was segmented into different tissue classes using FAST 

(Y. Zhang, Brady, & Smith, 2001). The FAST segmentations were used to guide the tracing of six 

a-priori regions of interest (ROIs) including the ipsilateral and contralateral cortex, corpus 

callosum and hippocampus (Johnstone et al., 2015; X. L. Tan et al., 2016; Webster et al., 2015). 

The ROIs were registered to rat space using inverse rat-to-template diffeomorphisms and the 

total volumes for each structure were calculated using FSL stats, a component of FMRIB’s 

Software Library (FSL, www.fmrib.ox.ac.uk/fsl). MRI analysis was conducted by a researcher 

who was blinded to the experimental conditions. 

3.2.5 Behavioral Assessment 

  In addition to the NAP, four behavioural tasks were employed to examine the 

behavioral sequelae to repeated ACHI in both male and female animals. A cohort of repeated 

ACHI (n= 9 female, 9 male) and sham injured rats (n= 9 female, 9 male) were assessed using the 

following behavioural tasks at one hour and one day after final injury: 

Barnes Maze 
The Barnes maze was used to assess spatial memory after injury. The Barnes maze 

(Maze Engineers, Cambridge, MA) is an elevated circular platform (122 cm diameter) with 20 

holes (10cm diameter) spaced evenly around the perimeter. One hole leads to an escape box that 

remains in the same position throughout the experiment, and the other holes are open. The 

maze was placed in a room with distinct distal visual cues to allow for spatial navigation. The 

training paradigm used was adapted from common procedures in order to suit the timeline of 

this experiment and the juvenile age group (Rosenfeld & Ferguson, 2014). All rats were trained 
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to locate the escape hole for two days before ACHI or sham. The first training day consisted of 4 

trials, and on the second training day trials repeated until criterion was reached. The training 

criterion was determined as the ability to locate the escape hole using a direct search method 

with ≤ 1 error in two trials. Immediately before the first training trial rats were enclosed in the 

escape box to acclimatize for 2 minutes. Then they were moved directly to the center of the 

maze and allowed to explore freely for 5 minutes. If they found the escape box during this time, 

they remained there for 15 seconds before being returned to their home cage. If they did not 

find the escape box, they were led there by the researcher and allowed to remain there for 15s 

before being returned to their home cage. All remaining training trials were the same as the 

first, except the acclimatization period was not repeated, and instead rats were placed in the 

center of the maze directly from their home cage at the start of the trial. A test trial was 

completed one hour and one day after injury. Like the training trials, rats were placed in the 

center of the maze and allowed to explore freely for up to 5 minutes. The total distance travelled 

and number of errors made before locating the escape hole was measured as an indication of 

spatial memory. Movement in the maze was tracked using EthoVision XT 11.5 software 

(Noldus, Netherlands). Error tracking was performed manually by a researcher blinded to 

group. An error was scored if the rat moved any portion of their head over a hole that did not 

allow escape. All maze components were wiped down with Virkon disinfectant/cleaner and 

allowed to dry completely between rats.  

Rotarod 
  Motor coordination and balance were assessed using the Rotarod (Rat Rotarod NG, 

Model 47750; Ugo Basile, Varese, Italy). The apparatus consists of a rotating rod (6 cm diameter) 
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with machined grips, divided into four equal 8.7 cm wide sections raised 30 cm above trip 

boxes. Rats were trained to use the Rotarod one day before the first ACHI or sham. In training 

trials, rats were placed on the rod, which was rotating at a constant speed of 10 rpm. The 

training trial continued until the rat able to stay on the rod for 60 consecutive seconds without 

falling, turning around, or clinging to the rod. If they fell from the rod or turned around, they 

were placed back on the rod correctly and the timer restarted. In test trials, an accelerating 

protocol was used with the speed of rotation increased from 10 – 50 rpm over 300 s. Each trial 

was terminated if an animal fell, clung and rotated for two full rotations, or remained on for 

>300s. Latency to fall (s) were automatically recorded for each trial. The average of the three 

trials was calculated and used for analysis. Training trials and baseline values were recorded 24 

h prior to ACHI procedure. The Rotarod apparatus was wiped down with Virkon and allowed 

to dry completely between rats.  

Open Field 
The open field was used to assess anxiety-like behaviour, and overall locomotion. 

Animals were placed in the center of a circular white, arena (100 cm diameter, 50cm walls in a 

brightly lit room and given 5 min to explore freely (N. C. Jones, Cardamone, et al., 2008; Shultz 

et al., 2015; X. L. Tan et al., 2016). Animals were tracked with EthoVision XT 11.5 software 

(Noldus, Netherlands). Increased time spent in the perimeter (thigmotaxis) or decreased time 

spent in the center area (70 cm diameter) are measures of anxiety-like behaviour (N. C. Jones, 

Salzberg, et al., 2008; Prut & Belzung, 2003). Secondary measures included proportion of time 

moving and average velocity of movement. The maze was wiped down with Virkon and 

allowed to dry completely between rats. 
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Elevated Plus Maze 
Anxiety like behaviour was also assessed in the elevated plus maze after ACHI 

(Brocardo et al., 2012; Hawley, Morch, Christie, & Leasure, 2012). A raised plus-shaped maze 

with two opposing enclosed arms and two opposing open arms in a brightly lit room was used. 

Rats were placed in the center of the maze facing a closed arm, and allowed to explore freely for 

5 minutes. Animals were tracked using EthoVision XT 11.5 software (Noldus, Netherlands). The 

proportion of time spent in the open arms was measured as an indication of anxiety. Secondary 

measurements taken were proportion of time moving, and average velocity. The maze was 

wiped down with Virkon and allowed to dry completely between rats. 

3.2.6 Statistical Analysis 

A Kruskal-Wallis test with Nemenyi post hoc analysis were used to compare the 

composite NAP, as this is a non-parametric dataset. Two-way ANOVAs with injury group and 

post-injury time point as the between subject factors were used to analyze MRI volumetrics for 

each ROI. For Barnes maze training trials, mixed ANOVA with trial number as within subject 

factor and sex as between subjects factor was used to analyze individual trial path lengths. A 

Greenhouse-Geisser correction was used to adjust for violation of Mauchly’s test of Sphericity. 

Two-way ANOVA with injury group and sex as between subject factors was used to analyze 

total path distance. Mixed ANOVA with injury group and sex as between subjects factors, and 

post injury time point as the within subjects factor were used to analyze behavioural task 

outcomes. Statistical significance was set at p<0.05. Linear trendlines and correlation coefficients 

in the comparison of NAP scores to Barnes maze outcomes were determined using Excel 

(Microsoft, Redmond, WA). Power analyses were performed using G*-Power to determine 
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group sizes required for appropriate statistical analyses. Statistical analyses were performed 

using RStudio (RStudio, Boston, MA) and SPSS statistics software (IBM, New York, NY).  

3.3 Results 

3.3.1 Rat welfare 

The animals’ welfare and comfort were prioritized by taking extra care to actively 

monitor and respond to changes in each animal’s tolerance of the restraint, and signs of pain 

post injury.  

Restraint tolerance 
 Animals were assessed for restraint tolerance according to a predetermined scoring 

index approved by our institutional Animal Care Committee. Overall the rats tolerated the 

restraint well. Common indications of low tolerance were mild vocalisation, and shifting 

position in the restraint. The ACHI was only performed if the rat was motionless for the impact 

component and was not vocalizing during the procedure. In the current cohort (n=97), there 

were no instances where a rat had to be removed from the study due to restraint intolerance. 

There was one instance (repeated ACHI male, 4th injury) where the rat was returned to their 

home cage due to persistent movement, but the procedure was successful on the second 

attempt.  

Pain assessment 
 Rats were regularly assessed for signs of pain, and scored according to a predetermined 

index throughout the experiment and following days. Rats showed almost no signs of pain 

across all criteria, and no animals received a combined pain scale score of greater than 2, so 

supportive care and/or analgesics were not required for any rats in these test populations. 
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Mortality 
 The overall mortality rate for this model was relatively low at 2.5% (3/119). These cases 

were all males from the repeated ACHI group, following their fourth ACHI procedure. In all 

three cases, it was immediately obvious that the rat was moribund, so they were immediately 

euthanized and removed from the study. There were no cases where a rat initially appeared 

normal, and then escalated to a moribund state.  

These data indicate that the ACHI procedure is a simple and high throughput method of 

producing a mild closed head injury. The ACHI procedure was consistently completed, 

including the NAP, in less than 5 minutes per animal. 

3.3.2 Neurologic impairment and loss of consciousness after ACHI 

Loss of Consciousness 
We were able to assess three indicators of loss of consciousness (LOC) (apnea, toe pinch 

reflex, and righting reflex) immediately after each ACHI or sham procedure, without the 

potential confound of recovery from anaesthesia. As expected, rats in the sham group did not 

exhibit any indication of LOC for any of the three indicators.  Apnea was not observed 

following the ACHI procedure in any of the 93 rats in any of the conditions (sham, single, 

repeat). The toe pinch reflex was absent in one animal from the repeated ACHI group for 5 

seconds. The righting reflex was briefly impaired in 11% of single ACHI animals and 20% of 

repeated ACHI rats (Fig. 3.2A). For these rats, the average latency until the righting reflex 

recovered was 4 seconds in the single ACHI group and 21.75 seconds in the repeated ACHI 

group. Chi square analysis indicate there are no significant differences in the proportion of 

animals from each group that failed toe-pinch (χ2 (2, N=58) =1.93, p=0.38) and righting reflex 

tests (χ2 (2, N=58) =4.33, p=0.11).  
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Neurological Assessment Protocol 
NAP score analysis was completed in a cohort of 58 rats immediately after each ACHI or 

sham (n=18-20 per group), and in a subset of these it was repeated 24 hours later (n=8-11 per 

group). NAP tasks successfully completed by each animal was quantified for each group and 

presented as a composite score, where a score of 4 indicates perfect performance and 0 indicates 

severe impairment. Immediately after the procedure, average NAP scores for the sham, single 

ACHI, and repeated ACHI groups were 3.8, 2.9, and 2.1 out of 4 respectively (Fig. 3.2B). 

Kruskal-Wallis analysis revealed a significant effect of injury group (χ2 (2) =19.35, p=0.000063), 

Figure 3.2: ACHI caused short-lived loss of consciousness and acute neurologic impairment. (A) Righting 

reflex was assessed immediately after ACHI or sham. 100% of sham subjects self-righted immediately, whereas 

only 89% of single ACHI, and 80% of repeat ACHI rats self-righted immediately.  This delay to self-right 

indicated a short-lived loss of consciousness. (B) NAP testing began immediately after the righting reflex test, 

and was repeated one day later in a subset of animals. They were assessed in the startle reflex, limb extension, 

beam walk, and rotating beam tasks, and given a point for each successfully completed task so that a score of 4 

indicates perfect performance, and a score of 0 indicates severe impairment. Immediately after injury or sham 

the average NAP was significantly lower in single and repeat ACHI groups compared to sham. 1 day after 

ACHI or sham there were no significant differences in NAP. (* p<0.05; **p<0.01|ACHI awake closed head injury; 

NAP neurologic assessment protocol) 
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and Nemenyi post hoc analysis showed that both single (p<0.05) and repeated ACHI (p<0.001) 

groups had significantly lower scores than sham animals. One day after the final ACHI, there 

were no significant differences between any of the treatment groups in NAP scores (χ2 (2) =5.25, 

p=0.07). 

Since this is a new condensed format of components routinely performed in other 

common neurological assessments(Hsieh et al., 2017; Anthony L. Petraglia et al., 2014; Schaar et 

al., 2010; Shapira et al., 1988) we also assessed each task individually in order to determine how 

effectively they discriminate between injury groups. The success rates for each task (i.e. the 

percentage of rats in each group to pass each task) are shown in Figure 3.3. In the startle 

response and limb extension tasks, 100% of shams passed, whereas only 55% and 40% of repeat 

injured rats passed, respectively. The beam walk and rotating beam tasks appeared to be more 

innately challenging, since a subset of sham rats failed this task as well. The beam walk still 

Figure 3.3: Comparison of success rate for each NAP component. The four tasks used in our modified NAP can 

individually distinguish between injury groups with varying success. Startle response was lost in one single injured 

subject, and in 45% of repeat injured rats. Limb extension was impaired in 33% of single injured rats, and in 60% of 

repeat injured rats. Beam walk performance was impaired in 55% of repeat injured and 50% of single injured 

animals, but may have been more challenging overall as 10% of shams also failed.  Similarly, 15% of sham controls 

failed to complete the rotating beam task, however injury-related impairment was evident as 22% of single- and 35% 

of repeat injured rats also failed. Error bars show standard error of the proportion. (NAP neurologic assessmet 

protocol). 
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appeared to differentiate between experimental groups, since 90% of the sham group passed, 

compared to 45% of repeat injured rats. The rotating beam task may be less effective for 

differentiating between groups, since only 85% of the sham group passed compared to 65% of 

repeat injured rats.  

3.3.3 No volumetric changes in structural MRI after ACHI 

Significant structural damage is unusual in clinical cases of concussion(McCrory et al., 

2013), but common in many rodent models of traumatic brain injury where the brain is directly 

impacted through a craniectomized skull (e.g.,(D. K. Wright, Trezise, et al., 2016)). Structural 

MRI was performed on a separate cohort of animals to determine if the ACHI procedure led to 

volumetric changes in several regions of interest. As shown in Figure 3.4A, no significant 

regions of damage could be identified with the structural MRI performed on the brains of 

animals that received either single or repeated ACHI. This observation was supported by the 

lack of a significant injury or recovery time effect or interaction on volumetric measures from 

the six ROIs (Fig. 3.4B). 

3.3.4 More errors were made in the Barnes maze probe after 4xACHI 

Memory deficits are a common cognitive symptom of concussion in clinical populations 

(McCrory et al., 2013) and rodent models alike(Luo et al., 2017; A L Petraglia et al., 2014; Shultz 

et al., 2012; D. K. Wright, Trezise, et al., 2016), and in these experiments we used the Barnes 

maze to determine whether our ACHI model impairs recall memory. Rats were trained to locate 

a small escape hole on an open elevated circular platform using distal spatial cues (n=9 per 

group) prior to undergoing the ACHI procedure. After the ACHI procedure, their ability to 
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Figure 3.4 ACHI does not produce structural MRI abnormalities. Single and repeat ACHI did not 

lead to overt brain damage observed in ex vivo structural MRIs in juvenile male and female rats. (A) 

Representative coronal slices of MRI scans at one and seven days following sham, single, or repeat 

ACHI show no obvious damage. (B) The volume of the ipsilateral and contralateral cortex, 

hippocampus, and corpus callosum were measured at PID1 or PID7. There was no significant effect of 

injury, or injury and recovery interaction in each of the six regions of interest. There was a significant 

effect for recovery time on volumes of the ipsilateral and contralateral corpus callosum. (* p<0.5; ** 

p<.01| ACHI awake closed head injury; MRI magnetic resonance imaging; PID post injury day) 
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remember the location of the escape hole was assessed. There was a significant effect of time (F 

(4.402, 149.680) = 14.681, p<0.001) but no interaction with sex across training trails, indicating 

that all rats were able to learn the location of the escape hole (Fig. 3.5A). On average this 

required 10 training trials). After randomly assigning rats to injury groups, no differences were 

found in the total distance travelled during training (Fig. 3.5B) confirming that groups were 

equally proficient in the task before injury.  

The total number of errors, and total distance taken to locate the Barnes maze escape 

hole were measured one hour and one day after ACHI. As shown in Figure 3.5C, a significant 

main effect of injury group (F (1, 32) = 5.857, p=0.021), indicated that across both sexes and both 

time points, the animals from the repeated ACHI group made more errors during testing. A 

significant main effect of sex (F (1, 32) = 4.874, p=0.035), indicates that across injury groups and 

time points, females made more errors than males. There were no significant effects of time 

point, or interactions between factors. As shown in Figure 3.5D There were no significant 

interactions or effects on the total distance to locate the escape hole, (F (1, 32) = 4.156, p=0.050) 

with a moderate effect size (ηp2 = 0.115), indicating further exploration is warranted. 

 In order to determine if a subset of rats are more impaired than most, the number of 

errors made (Fig 3.5E) and distance to escape (Fig 3.5F) were plotted individually against NAP 

scores for repeated ACHI rats. This also allowed us to determine whether NAP scores may 

predict cognitive outcomes. In the female repeated ACHI group, moderate negative correlation 

was observed between the number of errors made and NAP score (R2 = 0.667), and the distance 

travelled to escape (R2 = 0.739). This was not present in the males, and had subsided in the 

females at PID 1 (R2 <0.1). 
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3.3.5 Anxiety and motor performance were not affected by ACHI 

 We used the Rotarod apparatus to examine learned motor skills after either single or 

repeated ACHI (n=9 per group). All rats were trained to the same criterion on the Rotarod prior 

to ACHI, and then tested after injury. The test protocol accelerated from a speed of 10 to 50 

RPM in 5 minutes, and the latency to fall was recorded. As shown in (Figure 3.6A), there were 

no significant group, sex, or time point effects or interactions in Rotarod performance, 

indicating no motor impairment.  

The total distance travelled by animals in an open field maze can also be used as a 

convergent means to assess motor function (Fig. 3.6B). As is shown, there was no effect of ACHI 

on the total distance travelled in any group, providing further evidence that mobility was not 

impaired. Further support comes from the fact that the average speed and percentage of time 

spent moving in the Barnes maze, open field, end elevated plus maze was equivalent across 

groups (Fig. 3.7). In all mazes, there were no significant injury effects or interactions on the 

average speed or time spent moving, confirming the absence of ACHI-induced motor 

impairment. Conversely, in the Barnes maze there was a significant effect of sex (F(1,32) = 4.296, 

Figure 3.5: Repeat ACHI produced mild acute cognitive deficits in the Barnes maze. (A) Rats were trained to 

use distal spatial cues to locate the escape hole in a Barnes maze in a series of 5 minute training trials over two 

days. The predetermined training criterion was to locate the hole using a direct search strategy with 1 or fewer 

errors in two trials. Rats were able to reach the training criterion within an average of ten trials. There was a 

significant effect of trial number, but no significant interaction with sex. (B) The total combined distance 

travelled during all training trials was equivalent between groups, indicating that all groups were equally 

proficient in the task before ACHI or sham. (C) There was a significant main effect of injury, indicating the 

4xACHI group made more errors regardless of sex or time point. There were no significant interactions of 

injury, sex, or post injury time point. Similarly, a significant effect of sex indicates that across injury groups, 

females made more errors than males. (D) There were no significant differences in the total distance travelled to 

escape during test trials. (E-F) The number of errors and distance to escape versus NAP for the 4xACHI group, 

in order to determine whether NAP performance predicted cognitive outcomes. ( E ) In females only, a 

moderate negative correlation was observed between NAP and errors (R2 = 0.667); and (F) between NAP and 

distance taken to escape (R2 = 0.739) the Barnes maze at one hour. (* p<0.05, *** p<0.001 | PID post-injury day) 
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p<0.046) on average speed, indicating that the females were moving significantly faster on both 

days, regardless of injury group. 

Figure 3.6: Repeat ACHI did not produce significant motor impairments or anxiety like behaviour. (A) There 

was no significant effect of injury, sex, or timepoint on the latency to fall from the Rotarod. Rats were trained to use 

the Rotarod prior to injury, and then tested on a protocol accelerating from 10 to 50 RPM in a 5 minute interval. (B) 

Rats were placed in a 100 cm diameter open field maze and allowed to explore freely for 5 minutes. Repeat ACHI 

did not impair overall mobility, as there were no significant differences in the total distance moved. A significant 

effect of post injury time point indicates all groups and sexes travelled a shorter distance on PID one. (B) There was 

no significant effect of sex or injury on the average proportion of time time spent in the center (70cm diameter) of 

the open field maze, but all rats spent significantly less time in the center on PID 1. (D) There was a significant 

effect of sex on the amount of time spent in the open arms of the elevated plus maze, indicating that across groups 

and time points females spent less time in the open arms. (* p<0.05; ** p<0.01; *** p<0.001 | PID post-injury day | n 

shown at base of graph in A were also used in B,C,D). 
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The amount of time spent in the center (70cm dia) of a round open field maze, and in the 

open arms of an elevated plus maze were used to examine signs of anxiety after ACHI (n=9 per 

group). In the open field there were no significant injury group effects, sex effects, or 

interactions for the amount of time spent in the center (Fig. 3.6C). Similarly, there were no 

significant injury group effects on time spent in the open arms in the elevated plus maze,  

indicating ACHI did not lead to acute elevations in anxiety (Fig. 3.6D). There was a significant 

effect of sex (F(1,32) = 4.976, p=0.021) meaning that females in all groups spent significantly less 

time in the open arms on both days, which is a putative indicator of anxiety. Conversely, the 

Figure 3.7: Speed and movement in behaviour mazes. The average speed, and proportion of time moving in the 

Barnes, open field, and elevated plus mazes were recorded as secondary measures of general locomotion. There 

was a significant effect of sex on both speed, and percentage of time moving in the Barnes maze. There were no 

significant effects or interactions of group or sex in the open field and elevated plus maze. All groups travelled 

significantly slower and spent significantly less time moving in the open field on PID1. ( * p<0.05, ** p< 0.01; *** 

p<0.001  PID post-injury day; ACHI awake closed head injury) 
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significant effect of time on open field distance (F (1, 32) = 102.577, p<0.001); open field speed (F 

(1, 32) = 102.577, p<0.001); open field time moving (F (1, 32) = 102.577, p<0.001); and elevated 

plus maze time moving (F (1, 32) = 102.577, p<0.001), provided evidence of normal changes in 

performance following multiple exposures to these mazes. 

3.4 Chapter Summary and Conclusions 

 

We set out to design and characterize a model that produces mild closed head injury in 

juvenile rats that it is relevant to pediatric concussion. Taken together these observations reflect 

all four of the criteria that define a concussion outlined by the most recent consensus statement 

on concussion in sport (McCrory et al., 2013). We have shown that 1) an “impulsive” force 

transmitted to the head results in 2) the rapid onset of short-lived neurologic impairment that 

resolves spontaneously. This occurs 3) in the absence of overt structural changes, and 4) 

involves LOC and cognitive impairment in a small subset of cases. These results demonstrate 

the utility of the ACHI model for continuing preclinical research on concussions in the 

developing brain. Future studies should use a more challenging behavioural context to identify 

more subtle cognitive impairments. They should also use histological and advanced MRI 

approaches to identify microscopic damage not visible on structural MRI. 
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 – Repeated ACHI caused diffuse 

neurodegeneration and impaired cognitive 

flexibility in the first week of recovery  
 

The following experiments are summarized in a complete manuscript that has been prepared 

for submission, but not yet submitted as of March 1, 2021. 

Contributions: 

 A.M was responsible for all experimental design, ACHI induction, behavioural 

experiments, histology design and optimisation, some histological processing, statistical 

analysis, writing, and figure preparation. Erin McDonagh assisted with histological staining, 

imaging, and image processing in partial fulfillment of the requirements of her Honours thesis. 
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4.1 Chapter Abstract  

Concussions are closed-head injuries that can result from transmission of biomechanical 

force to the brain. Symptoms vary greatly between individuals, and can include acute 

neurologic dysfunction, cognitive impairment, and executive dysfunction, amongst numerous 

others. Although concussions are categorized as a mild traumatic brain injury, symptoms can be 

severe and disruptive to daily life. Preclinical animal models that replicate the effects of human 

head injuries in laboratory animals are an essential tool for investigating concussion 

pathophysiology. This is an important step to identify new treatments and diagnostic strategies. 

A variety of models are needed to address the vastly heterogeneous etiology and 

symptomology of these injuries. We developed a new preclinical concussion model for juvenile 

rats, which does not require anaesthesia. In a previous characterisation we found repeated 

injury produced acute neurologic impairment in the NAP, and mild memory impairment in 

Barnes maze acquisition, in the absence of structural MRI abnormalities.  A subsequent study in 

this cohort found white matter abnormalities using in diffusion weighted MRI (Wortman et al., 

2018). Continued characterisation is needed to identify potential sources of these white matter 

abnormalities, and to demonstrate additional clinically relevant behavioural outcomes. We 

hypothesized that axonal degeneration contributes to white matter abnormalities observed after 

repeat injury, and that the Barnes maze reversal task would reveal more subtle cognitive 

deficits. To address this, juvenile Long Evans rats were given eight awake closed head injuries 

in two days. Our neurologic assessment protocol was used to test neurologic function 

immediately after each injury. The Barnes maze and reversal task were used to detect cognitive 

impairment in the first three days of recovery. FD NeuroSilverTM II histology was used to 
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identify neurodegeneration in several regions of interest on post-injury day three and seven. We 

found that repeated awake closed head injury produced acute neurologic deficits in the 

neurologic assessment protocol. A mild impairment to spatial learning mediated by impaired 

cognitive flexibility was observed in Barnes maze reversal training on post-injury day two. 

Diffuse neurodegeneration was observed in the optic tract and hippocampus on post-injury 

days three and seven, and in the cortex on post-injury day seven. These are analogous to clinical 

trends, further establishing ACHI as a clinically relevant model of pediatric concussion. 

4.2 Materials and Methods 

4.2.1 Subjects 

A total of 16 female and 16 male juvenile Long Evans rats were used for these 

experiments. The Long Evans strain was selected because they perform better in cognitive 

behavioural tasks (Turner & Burne, 2014).They were purchased from Charles River Laboratories 

(Montreal, QC) and transported to the University of Victoria on postnatal day (PND) 10-14. 

They were transported and housed with their dam in litters of 10. On PND 21 they were 

weaned, and housed in same-sex groups of two to three littermates. They were pseudo-

randomly split into the repeated injury group or cage control group, with sexes divided evenly 

into each. They were housed so that each cage held rats from both the control and repeated 

injury groups. All procedures were approved by the University of Victoria’s Animal Care 

Committee, and followed the Canadian Council for Animal Care’s guidelines. Figure 4.1 

summarises the group breakdown and experimental timeline. 
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4.2.2 Experimental Timeline 

The ACHI model was used to induce repeated, helmeted, closed head injuries over the 

left parietal cortex without anaesthesia (Meconi et al., 2018). Beginning on PND 25-26, rats 

underwent the ACHI procedure as we have previously described (Christie et al., 2019a). Briefly, 

rats were loosely restrained in a soft plastic restraint cone. A 3D-printed plastic helmet was 

positioned, with the impact surface centered over the left parietal cortex. The rat was placed on 

a soft foam pad, and positioned under a Leica Impact One electromagnetic piston (Leica 

Biosystems, Buffalo Grove, IL) modified with a rubber impact tip (5mm diameter). An impact 

with a displacement of 10mm at a speed of 5m/s and a dwell time of 0.1 seconds was delivered 

to the impact surface on the helmet. The rat was immediately removed from the restraint in 

order to monitor the recovery. Rats in the repeated injury (8xACHI) group received 4 injuries 

per day for two days, with a two hour interval between each injury. LOC was determined by 

observing rats for apnea, delayed toe pinch reflex, and delayed righting reflex as described 

previously (Meconi et al., 2018). Cage control rats underwent the LOC tests on the same 

timeline. 

4.2.3 Neurologic Assessment Protocol Scoring Update 

In order to measure acute neurologic impairment, rats underwent our previously 

established NAP immediately after LOC tests (Christie et al., 2019a; Meconi et al., 2018). The 

NAP consists of four tasks that assess reflex and motor function. It can be administered rapidly 

within a minute after injury, and has an analogous purpose to rapid clinical assessment tools 

like the cSCAT5 (Davis et al., 2017), SCAT5 (Petit, Savage, Bretzin, Anderson, & Covassin, 2020), 

and CRT (Echemendia, Meeuwisse, McCrory, Davis, Putukian, Leddy, Makdissi, Sullivan, 
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Broglio, Raftery, Schneider, Kissick, McCrea, Dvorak, Sills, Aubry, Engebretsen, Lossemore, 

Fuller, Kutcher, Ellenbogen, Guskiewicz, Patricios, & Herring, 2017). Each of the four NAP tasks 

is scored on a scale of 0-3 and then they are summed, so that a total maximum score of 12 

indicates no impairment, while a minimum score of 0 indicates severe impairment. The first test 

is the limb extension, where the rat is suspended by the tail and the extension, contraction, or 

absence of tone is recorded. The second test is the startle response, where the rat is placed in an 

empty cage and their response to a loud clap sound is recorded. The third test is the beam walk, 

where their ability to walk across a narrow flat beam without falling or slipping limbs. The final 

test is the rotating beam, which measures their ability to walk on a narrow rotating suspended 

beam. Each rat did a baseline NAP test before receiving their first ACHI, and then repeated the 

procedure immediately after each injury. Cage control rats received the LOC assessment and 

NAP on the same timeline as the 8xACHI group. 

4.2.4 Barnes Maze and Reversal 

The Barnes maze and reversal tasks were used to detect impairments to spatial learning 

and memory, and cognitive flexibility after repeated ACHI (Barnes, 1979; Gawel, Gibula, 

Marszalek-Grabska, Filarowska, & Kotlinska, 2019; Rosenfeld & Ferguson, 2014; Stalnaker, 

Takahashi, Roesch, & Schoenbaum, 2009). Before beginning the task, the rats were allowed to 

acclimatize to the testing room in their home cages for 30 minutes, and to the handler for two 

minutes. The Barnes maze apparatus (Rat; Maze engineers, Skokie, IL) was a 122 centimetre 

diameter flat circular maze surface elevated 100 cm from the ground. The maze had no walls, 

and had 20 ten centimeter diameter holes evenly spaced around the outer edge (Fig. 4.1). The 

maze was brightly lit, and surrounded by high contrast extra-maze visual cues. The researcher 



66 

 

was behind a curtain, 150 centimeters from the maze. One of the holes led to a dark box, and the 

rats are naturally motivated to enter the box to escape the brightly lit maze. The purpose of the 

task is for rodents to learn to use the distal visual cues to navigate to the escape hole over a 

series of training trials. In each training trial, the rat was placed in the center of the maze and 

allowed to explore freely for five minutes. If they found and entered the escape box in that time 

period, they remained there for 15 seconds before being returned to their home cage. If they did 

not find the escape box in five minutes, the handler gently guided them there and then placed 

them inside where they remained for 15 seconds before being returned to the home cage. In this 

case rats received four trials per day for two days (total eight) with a minimum 30 minute 

interval between trials. 

Rats were trained before receiving ACHIs, and then tested in a probe trial 1-hour after 

the final injury. The probe tests their ability to remember the location of the escape hole by 

Figure 4.1: Barnes maze and reversal apparatus showing key areas of measurement for probe 

trials. Time in the target zone includes the total duration of time spent within the area labelled 

(Reversal) Target Zone, including the Escape Hole. Number of escape hole visits was calculated as 

the total number of times any part of the head crossed over the escape hole. Since repeat ACHI may 

lead to motor impairment, the total distance travelled and average speed of rats in the probe trail 

was measure in order to determine whether changes in motor function after ACHI affected Barnes 

maze performance. The maze diameter was 122cm, and it was elevated 100cm off the ground. The 

escape-hole diameter was 10cm. 
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removing the escape box, and then allowing them to freely explore the maze for 90 seconds. The 

amount of time spent in the target zone and the number of times the escape hole was 

approached indicated how well the location was remembered. 

In the reversal task, the escape box location was moved 180° to the opposite side of the 

maze, and the rats were re-trained to learn the new location. Beginning on PID 2 rats received 

three reversal training trials per day for two days (total six) with a minimum of 30 minutes 

between trials. One hour after the final training trial on PID 3 rats did the reversal probe test. In 

the reversal probe the escape box was removed, and the rats were allowed to freely explore the 

maze for 90s. The amount of time spent in the new target zone, and the number of times the 

new escape hole was approached were determined as an indicator of how well the new location 

was remembered. In both probe trials, velocity and distance travelled were also measured in 

order to rule out motor impairments. EthoVision XT 11.5 software (Noldus, Netherlands) was 

used to analyse tracks captured from a ceiling-mounted camera. 

4.2.5 FD NeuroSilverTM II Histology 

 After behavioural testing, tissue was processed for histology to identify 

neurodegeneration on PID 3 and 7. Rats were humanely euthanized with isoflurane overdose 

(>5% inhalant) and immediate transcardial perfusion of 150ml PBS and 200ml 4% formaldehyde 

was performed. After perfusion, full brains were extracted and post-fixed in 4% formaldehyde 

in PBS for 48 hours, then transferred to a 30% sucrose with 0.05% sodium azide for a minimum 

of 48 hours, all at 4°C. The brains were submerged in ice cold PBS, and 50 µm coronal slices 

were taken using a Vibratome 3000 (Ted Pella Inc., Redding, CA, USA). Only slices that 

included a cross section of the hippocampus were used in this experiment. Slices were 
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distributed sequentially into six samples containing PBS with 0.05% sodium azide for storage at 

4°C. Each sample included four to eight coronal slices spaced 250µm apart. One of these 

samples (four to eight slices) per animal was stained in this experiment. 

Slices were incubated in 4% formaldehyde in saline-free phosphate buffer (0.1M) for a 

minimum of six days, then processed with the FD NeuroSilverTM II kit (FD NeuroTechnologies, 

1997, 2018; Dhananjay R Namjoshi et al., 2014; Switzer, 2000). The kit included proprietary 

solutions A-G, and a standardized protocol which we optimized with minor modification as 

follows. They were stained in a 6-well plate with nylon well nets, and staining was carried out 

at room temperature with moderately vigorous mechanical agitation unless otherwise stated. 

Slices were rinsed with two washes of distilled water for five minutes. They were incubated in 

solution AB twice for ten minutes each, and then for ten minutes in solution ABE. Sections were 

transferred to solution CF for two minutes, twice, with vigorous manual agitation. Slices were 

covered from light for the remaining steps and subsequent storage. Slices were transferred to 

solution DF for five minutes with vigorous manual shaking. They were rinsed with distilled 

water twice for three minutes each, then transferred to 1X solution G for two five-minute 

washes. They were left in the second wash of 1x solution G for one hour at 4°C with gentle 

agitation. 

Slices were mounted in 1X solution G onto SuperFrost slides, and allowed to dry 

overnight at room temperature in a fume hood. Slides were cleared with Citrisolv three times 

for three minutes each, and then cover-slipped using Permount. Slides were allowed to dry 

overnight at room temperature before imaging. Slices and ROIs that were damaged during 
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processing were excluded from imaging, and in the end a minimum of four slices per animal 

were used for further imaging and analysis. 

Mounted slices were imaged with an Olympus bright field BX51TF microscope (MBF 

Bioscience, Williston, VT, USA). In order to account for potential between-batch staining 

differences, light intensity was standardized to 0.7 transmittance for each slide. 

StereoInvestigator software version 11.03 (MBF Bioscience, Williston, VT, USA) was used to 

capture selected regions of interest (ROI): the optic tract, hippocampus, corpus callosum, and 

cortex. A very low magnification image (4x objective) was obtained of each section, and this 

image was used to manually trace each region of interest ROI according to atlas boundaries 

(Paxinos, Watson, Pennisi, & Topple, 1985). Each ROI was then imaged completely at higher 

magnification (20x objective). The higher magnification images were processed in FIJI to 

determine the percentage of the area in each ROI that was positive for silver stain uptake. To 

measure this, each ROI was manually traced, and then the Savuola auto filter was applied with 

radius 9. This created a black and white image in which all pixels with dense enough silver 

uptake to meet the filters threshold were assigned a black colour value, and the remaining 

pixels with very weak or no silver uptake were assigned white. The percentage area stained in 

each ROI, or the percentage of black pixels in the ROI, was determined using these thresholded 

images.  

 How does FD NeuroSilverTM histology identify degenerating neurons? 

 The FD NeuroSilverTM II kit is well established in its ability to detect degenerating 

neurons (FD NeuroTechnologies, 2018), but FD NeuroTechnologies do not disclose the solution 

contents, and provide a vague summary of the mechanism by which silver granules are able to 
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selectively deposit on degenerating neurons. They explain that under conditions created by 

proprietary kit solutions, the lysosomes, axons, and terminals of degenerating neurons become 

argyrophilic, and readily bind to silver ions. Under further processing, silver ions form metallic 

granules that can be seen under an electron or light microscope (FD NeuroTechnologies, 1997). 

Silver-staining to detect neural cytoarchitecture is not a novel technique. It has been over 

a century since the Nobel Prize for Physiology and Medicine was awarded to Camillo Golgi and 

Ramón y Cajal in recognition of their work elucidating neural structure using Golgi’s silver-

stain technique (reviewed in (E. G. Jones, 1999)).  Around the same time, silver-staining was in 

common use in neuropathological studies, and was famously used by Alois Alzheimer to 

identify senile plaques (i.e. Amyloid plaques), neurofibrillary tangles, and Pick bodies in 

patients displaying “certain peculiar diseases of old age” decades before the biological 

composition of these pathological deposits were revealed ((Alzheimer, 1911); English 

translation (Alzheimer, Förstl, & Levy, 1991)). 

Today, many variations of silver-stain remain common tools for characterisation of 

neural microstructure and pathology. The variations differentially process tissue to direct silver 

aggregation to sites of interest. For example, aggregation is facilitated by electromagnetic 

attraction between silver ions and sites of deposition. Silver is introduced to the solution as an 

ion or complex salt, which will deposit on tissue elements to which it has a high electromagnetic 

affinity. These salt or ion deposits cannot be visualized in this form, and the silver ion or salt 

must be reduced to visible metallic silver through additional chemical processing. These two 

criteria can be manipulated to identify different structures. The affinity of silver ions to tissue 

elements, and the degree that silver ions are reduced to metallic silver, change in response to 
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several experimental factors Uchihara, 2007). These include changes in pH, temperature, silver 

ion concentration, and other reagent concentrations (Gallyas, 1979). Further, silver ion 

deposition is a gradual processes that reaches a maximum after 15 minutes under various 

experimental conditions (Gallyas, 1979). Thus, differential profiles of silver aggregation can be 

created by manipulating these conditions over time. 

 The specific molecular targets of aggregation, and the reasons why these are selectively 

stained under different conditions, are not well understood (Uchihara, 2007). Intrinsic 

differences in silver ionic affinity for target sites predicate this selectivity, but it also appears to 

be affected by interference with other colloidal metal particles (Interpreted by (Uchihara, 2007)).  

That is, the presence of other metal particles in solution affect the rate at which silver ions 

deposit at different target sites. The rates of silver ion deposition and reduction are also affected 

by ultrastructural tissue characteristics like fiber density. That is, very tightly packed tissue or 

microstructural elements may create steric hindrance that limits access to argyrophilic sites. 

Conversely, loosely packed tissue or soluble molecules may not possess the structural integrity 

to bind and retain bulky silver deposits. Certain molecules including glutathione, creatine, and 

adrenaline have the endogenous ability to reduce silver deposits to metallic silver, but these 

require additional chemical reduction for clear visualisation (Feigin & Naoumenko, 1976; 

Uchihara, 2007). 

 The stain characteristics observed by ourselves and others using this the FD 

NeuroSilverTM kit suggest it may use a variant of the Bielschowsky method, similar to a 

modification that was “refined by Ms. Glenna Smith” in the Yamamoto-Hirano laboratory in 

the late 1900s (Uchihara, 2007; Yamamoto & Hirano, 1986). This method selectively stains 
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degenerating axons and terminals, and has strong positivity for Amyloid plaques. It is 

differentiated from other common silver stain approaches in that it does not have very strong 

affinity for neurofibrillary tangles (Uchihara, 2007). The staining pattern we observed fits this 

profile, and other studies using this kit have observed positive staining in degenerating axons 

and Amyloid plaques (Broglio et al., 2018; W. H. Cheng et al., 2019; FD NeuroTechnologies, 

2018; Liu et al., 2008; D R Namjoshi, Martin, Donkin, Wilkinson, & Stukas, 2013). Thus, the 

argyrophilic target(s) of FD NeuroSilverTM II histology must be abundant in degenerating axons 

and Amyloid plaques, but not in neurofibrillary tangles. There may be numerous molecules that 

fit this description, and the stain may reflect deposition at several different target sites that 

become more argyrophilic in degenerating neurons, but the β-amyloid (Aβ) protein and its 

precursors are plausible candidates.  

It is possible β-amyloid precursor protein (βAPP) is a site of silver deposition that 

facilitates selective labelling of degenerating axons by FD NeuroSilverTM histology. The 

composition of Amyloid plaques is well-characterized (Atwood, Martins, Smith, & Perry, 2002). 

As their name suggests, Amyloid plaques are primarily Aβ polymers, but they can also 

associate with other proteins and metal particles. A parsimonious explanation for high FD 

NeuroSilverTM-stain positivity in Amyloid plaques is that silver aggregates at a site found on 

Aβ. Aβ is well known to associate with metal ions (Tiiman et al., 2016; Wallin, Friedemann, et 

al., 2020; Wallin et al., 2016, 2017), and an in vitro study found that silver specifically aggregates 

at the N-terminus of the Aβ protein (Wallin, Jarvet, et al., 2020). This was discussed in the 

context of discovering methods of reducing the rate of Aβ polymerisation in AD, since they 

found silver deposition at the N-terminus of Aβ transiently reduced Aβ fibril formation. This 
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finding may have significant implications here as well. Silver deposition on Aβ does not explain 

why FD-NeuroSilverTM staining is seen in degenerating axons, since Aβ is a soluble extracellular 

protein. Polymerized Aβ within plaques may have sufficient structural integrity to support 

metallic silver deposition, but soluble Aβ likely cannot support a similar extent of deposition, or 

may be washed away during tissue processing. However, it is possible that an Aβ precursor 

retains the argyrophilic property at the N-terminus, is localized in axons, and provides a more 

structurally stable site for silver-deposition. 

Owing to its hallmark status in Alzheimer’s pathology, Aβ is well characterized. It is 

derived from sequential splicing of the membrane-bound amyloid precursor protein (APP) 

(reviewed by (J. Z. A. Tan & Gleeson, 2019)). Under normal circumstances, APP is processed 

into non-toxic products. It appears to have a role in synaptic neurotransmission and axonal 

transport, and has been shown to complex and co-transport to the presynaptic terminal with 

GABAB receptor 1a-containing dimers (Tang, 2019). In pathogenic circumstances, under what is 

termed the amyloidogenic pathway of APP processing, APP is cleaved on the extracellular 

membrane surface by β-secretase (BACE1), leaving membrane-bound βAPP (Fig. 5.1 B-D) (J. Z. 

A. Tan & Gleeson, 2019). βAPP is then cleaved by gamma secretase into Aβ, which dissociates 

from the membrane on the extracellular surface. Notably, BACE1 cleaves APP at the site that 

eventually becomes the N-terminus of the Aβ protein (Fig 5.1). That means the extracellular 

exposed N-terminus of the membrane-bound βAPP is analogous to the N-terminus of Aβ. It is 

unclear whether structural reorganisation that would affect argyrophilic properties of the N-

terminus occurs when βAPP is cleaved into Aβ. If the argyrophilic property 



74 

 

  



75 

 

 

Figure 4.2: Amyloidogenic processing of APP provides a putative target of FD NeuroSilverTM stain deposition. 

FD NeuroSilverTM histology stains the axon, terminals, and somata of degenerating neurons, in addition to 

amyloid plaques. Like other silver-staining techniques, it directs the deposition of silver ions to argyrophilic target 

sites of interest. The experimental manipulations that facilitate specific binding is held as proprietary information, 

and the molecular site of silver aggregation remains unknown. Convergent evidence from the literature suggests 

the N-terminus of βAPP is a putative target of silver aggregation in degenerating neurons. (A) βAPP secretion has 

been demonstrated in the somata, axons, and terminals of neurons. (B-D) The amyloidogenic pathway of APP 

processing involves sequential cleavage of membrane-bound APP to βAPP, and then soluble Aβ. This proteolytic 

cleavage is mediated by BACE1 and γ-secretase, respectively. APP processing shifts towards the amyloidogenic 

pathway in pathologic conditions including TBI.  Amyloidogenic APP processing is facilitated by endocytic 

sequestration of APP and BACE1. There are several trafficking steps where APP and BACE1 can co-localize in 

vesicles, including (B) somatic endosomes/lysosomes, (C) axonal transport vesicles, and (D) at presynaptic 

terminals. Amyloidogenic processing can also occur on the cell membrane, especially at the presynaptic terminal. 

(E) After FD NeuroSilverTM histology, any APP that has been cleaved by  BACE1, but not yet by γ-secratase, 

remains membrane bound but has an exposed, putatively argyrophilic N-terminus. This can occur anywhere APP 

and BACE1 are sequestered together, i.e. the somatic exosomes/lysosomes, axons, and terminals of degenerating 

neurons. These are also the sites detected by FD NeuroSilver histology, thus βAPP is a putative target of this 

staining technique. (F) With respect to disruption of GABAergic signalling after TBI: APP can form complexes 

with GABAB receptor dimers containing at least one R1 subunit, which appears to have a role in anterograde 

transport of GABABr1. Amyloidogenic processing of APP might prevent complexing with GABAb dimers, thus 

preventing the initiation of anterograde transport. Alternatively it is possible amyloidogeneic processing does not 

significantly affect complexing or transport initiation of GABAB dimers, but they do not reach the terminal because 

all axonal transport is affected by the energetic crisis and cytoskeletal disruption resulting from TBI. (Aβ amyloid 

beta; AG silver; APP amyloid precursor protein; βAPP beta amyloid precursor protein; BACE β-secretase; GABA 

gamma-aminobutyric acid; GABAB GABA B type receptor; GABABr1 GABA B type receptor with R1 subunit) 
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is retained, βAPP represents a neuronal membrane-bound argyrophilic site that is more 

abundant in pathogenic circumstances. Furthermore, amyloidogenic APP processing can occur 

wherever APP and  BACE1 trafficking converge, including in lysosomes and endosomes in the 

soma (Pasternak, Callahan, & Mahuran, 2004), axonal transport vesicles, and on membranes 

and endosomes at the presynaptic terminal. (J. Z. A. Tan & Gleeson, 2019). Importantly, βAPP 

secretion has been observed in axons, somata, and terminals (Niederst, Reyna, & Goldstein, 

2015) (Fig 5.1). Thus, the staining profile that would be expected from silver aggregation at the 

N-terminals of Aβ and βAPP is identical to what is seen in FD NeuroSilverTM histology.  

The amyloidogenic pathway of APP processing is not exclusive to Alzheimer’s disease, 

and Amyloid plaques are seen to a lesser extent than Alzheimer’s in multiple 

neurodegenerative disorders. This notably includes CTE, a progressive neurodegenerative 

tauopathy caused by repetitive mild traumatic brain injury (Martland, 1928; McKee et al., 2009; 

Mez et al., 2017). There is considerable evidence TBI promotes amyloidogenesis  (Blasko et al., 

2004; Uryu et al., 2007) (reviewed in (Edwards, Moreno-Gonzalez, & Soto, 2017)). A shift in APP 

processing towards the amyloidogenic pathway requires an increase in BACE1 activity. 

Precisely how this occurs after concussion is still under investigation, but it appears that BACE1 

transcription factors are regulated by neuroinflammatory signalling pathways.  For example, 

BACE1 expression is upregulated by NF-κB (C. H. Chen et al., 2012), a transcription factor with 

a complex role in neuroinflammation, which is upregulated after TBI (Merchant-Borna et al., 

2016; Sanz, Acarin, González, & Castellano, 2002). Importantly, immunohistochemical staining 

has confirmed axonal localization of BACE1 (Uryu et al., 2007) and βAPP after TBI (Gentleman 

et al., 1993; Sblano et al., 2012; Sherriff, Bridges, & Sivaloganathan, 1994). 
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The co-localization of APP and GABAA in transport vesicles is interesting in light of a 

recent finding that GABAergic signalling is disrupted after TBI, and this is accompanied by a 

reduction in GABAA and GABAB receptors at the terminal (Parga Becerra, Logsdon, Banks, & 

Ransom, 2021). If APP has a functional role in GABA receptor transport to the synapse, it is 

possible that an injury-induced transition to the amyloidogenic pathway disrupts GABA 

receptor transport. The disruption of bidirectional axonal transport is an established concussion 

mechanism, but it is thought primarily to be driven by cytoskeletal and microtubule damage, 

and energetic crisis (Christopher C Giza & Hovda, 2014). Thus, amyloidogenic APP processing 

may be coincidental rather than causal to GABAergic signalling disruption.  

Axonal varicosities are often visible in traumatized neurons stained with FD 

NeuroSilverTM .  This suggests that silver deposition may occur on a molecule involved in 

axonal transport, which accumulates in axonal varicosities due to TBI-induced transport 

disruptions (Tang-Schomer et al., 2012). The widened portions of varicosities may represent 

sites where transport vesicles and apparatus accumulate due to transport disruptions and 

microtubule damage (Tang-Schomer et al., 2012).  Axonal varicosities are also present in normal 

unmyelinated axons where they are often found at presynaptic boutons, and the membrane 

diameter differentials are thought to modulate electrical signalling (Shepherd, Raastad, & 

Andersen, 2002).  TBI leads to increased formation of axonal varicosities (Tang-Schomer et al., 

2012), which may represent a new form of mechanosensitive modulation of plasticity (Gu, 

2021).   

All together this suggests the N-terminus of βAPP may be a target of silver aggregation 

in FD NeuroSilverTM-staining. If this is the case, it also suggests that amyloidogenic processing 
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of APP is an outcome of ACHI. Future experiments with the ACHI model should explore the 

extent to which injury promotes amyloidogenesis, for example through immunohistochemistry, 

or molecular assays for changes in the distribution and relative abundance of BACE1 or βAPP 

and other APP variants. FD NeuroSilverTM can also be visualized using electron microscopy, 

which may be used to explore the ultrastructural localisation of silver deposition. 

4.2.6 Statistics and Graphing 

 Data were organized on Microsoft Excel 2016 (Microsoft, Redmond, WA), and analyzed 

in R Studio version 3.6.2 (RStudio, PBC, Boston, MA). Graphs were created in Microsoft Excel or 

R studio. NAP scores across all trials were analysed using mixed factorial ANOVA with injury 

group and sex as between-subjects factors and ACHI number as within-subjects factors. 

Interactions were assessed using post hoc pairwise comparisons. A Greenhouse Geisser 

correction was used to correct for departure from sphericity. The NAP score after the final 

ACHI was compared to control using a Wilcoxon rank-sum test with a continuity correction. 

Barnes maze and reversal training data were analyzed using mixed factorial ANOVA with trial 

number as within-subjects factor, and sex and injury group as between-subjects factors. 

Interactions were investigated using pairwise comparisons. The probe trials were analyzed 

using factorial ANOVA with sex and injury as between-subjects factors.  

 FD NeuroSilverTM histological data were assessed using factorial ANOVA with injury 

group and sex as between-subjects factors. This was done for each day (i.e. PID 3 and 7) and for 

each ROI (i.e. optic tract, hippocampus, corpus callosum, and cortex). The percent area stained 

was first calculated individually for each hemisphere in the hippocampus and optic tract. In 

these regions, the average area stained were compared between hemispheres using mixed 
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factorial ANOVA with sex and injury as between-subject factors, and hemisphere as within-

subject factor. There were no significant effects or interactions of hemisphere, so the results for 

each hemisphere were pooled for the analysis and findings described in Figure 3B. 

An independent sample two tailed T-Test was used to compare weight between controls and 

8xACHI rats at the time of their experimental endpoints. Welches adaptation of the student T-

test was used to account for unequal variances between groups. 

4.3 Results 

4.3.1 Subjects 

 A total of 32 juvenile Long Evans rats were used with an equal number of males and 

females. Half of these rats received eight ACHIs beginning on postnatal day (PND) 25-26, and 

the rest were age- and sex- matched cage controls. All original rats met their experimental 

endpoints, which were three and seven days after the final ACHI. The experimental timelines 

are summarized in Figure 4.2A, and group sizes and breakdowns are shown in Figure 4.2B. 

Weights were measured at experimental endpoints, and there were no differences in the 

average weight of control or 8xACHI groups, regardless of sex. On PID 3, the average weight of 

female cage controls was 93.75 g, which was not significantly different than the female 8x ACHI 

group at 95g, as confirmed by Welches two-sample t-test [T6=0.1412, p=0.8924]. Similarly, cage 

control males weighed an average of 97.75g, and 8xACHI males weighed an average of 956, 

which was not significantly different [T (5.836) =0.2928, p=0.7798]. On PID 7 the cage control 

females weighed an average of 144.5g, which was not significantly different than those that  
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Figure 4.3: Experimental timeline and group breakdown for behavioural and histological characterisation 

of repeated ACHI. (A) On the first day rats were habituated to the handler for two minutes, and to the testing 

room for thirty. The following two days included four trials each of Barnes maze acquisition training. On day 

three, all rats completed the baseline NAP, then were pseudo-randomized into the control or 8xACHI group. 

Littermates and cage-mates were distributed evenly between groups. The 8xACHI group received four head 

impacts per day, for 2 days, with 2 hours between each injury (total 8 injuries) using the ACHI model. They 

were assessed using the NAP immediately after each ACHI. The control group did the NAP tests on the same 

timeline as the 8xACHI group. The Barnes maze probe test occurred one hour after the final ACHI, on day 

four. Barnes reversal training happened on PID 2-3, which included three trials per day. Rats did the reversal 

probe trial one hour after the final reversal training trial. One hour later, half of the rats were killed via 

transcardial perfusion, so that tissue could be extracted for FD NeuroSilverTM histology. The other half were 

perfused on PID 7. (B) A total of 32 juvenile Long Evans rats were used for these experiments. The first ACHI 

or NAP was completed on postnatal day 25-26 (PND 25-26). The 32 rats included an even number of females 

and males (16 each). They were split evenly into 8xACHI or cage control groups. The 8xACHI group received 

eight ACHIs over two days, while the cage control remained in their cages. Both groups underwent all NAP 

and Barnes maze training and testing, such that there were a total of eight animals in each of the four injury 

groups (i.e. control female; 8xACHI female; control male; 8x ACHI male). After NAP and Barnes testing was 

complete, these groups were split evenly so that four per group were perfused for FD NeuroSilverTM stain 

histology on PID3, and the other four on PID7. (ACHI awake closed head injury; NAP neurologic assessment 

protocol; PID post-injury day; PND postnatal day) 
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received 8xACHI at 137.75g [T (5.981) =0.3750, p=0.7206]. The average weight of the male cage 

controls was 123.25g, which was not significantly different than males that received 8xACHI at 

116g [T (5.512) =0.7792, p=0.468]. 

3.2 Loss of Consciousness 

 All rats were assessed for LOC at baseline, and immediately after each injury. No rats at 

baseline, and no control rats showed signs of changes in consciousness. No apnea was 

observed. A small subset of rats in the 8xACHI group had impaired toe pinch and righting 

reflexes. The smaller subset of data was statistically underpowered, but can be summarized as 

follows. There was a five second delay in toe pinch reflex in one female after the sixth injury, 

and in one male after the eighth injury. Figure 4.3 shows the latency to self righting after each 

ACHI. Six females and seven males experienced at least one instance of delayed righting reflex. 

In total, 33 out of the 272, or (12.5%) of impacts resulted in a delayed righting reflex. Within this 

subset of rats that had a delayed righting reflex, the average latency to self right was six seconds 

in the females and 31 seconds in males.  

Figure 4.4: Righting reflex was impaired in a subset of 

rats. Rats were placed on their back, and the latency to 

flip into an upright position was measured. All rats in 

the control group self-righted immediately in every trial. 

Six females and seven males in the 8xACHI group 

experienced at least one instance of delayed righting 

reflex. Within this subset of rats, there were 14 instances 

of delayed righting reflex in the females with an average 

latency to self right of six seconds, and there were 19 

instances of delayed righting reflex in the males with an 

average latency to self right of 31 seconds. Due to the 

data being non-parametric, with only small subset 

providing non-zero values, these results were not 

sufficiently powered for meaningful statistical analysis. 

(ACHI awake closed head injury) 
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4.3.3 Neurologic Assessment Protocol  

NAP (Christie et al., 2019; Meconi et al., 2018) was administered at baseline, and 

immediately after each ACHI. The cage control group did NAP testing on the same timeline. A 

score of 12 indicates no neurologic impairment and a score of 0 indicates severe impairment. 

The average NAP score for each group after each ACHI is shown in Figure 4.4A. Rats from the 

8xACHI group scored equivalently to cage controls at baseline, but their NAP score was 

significantly lower after the first injury and declined until the final injury.  

Mixed factorial ANOVA confirmed significant main effects of injury [F (1, 28) =179.8, 

p<0.0001, ges=0.63], of sex [F (1, 28) =5.38, p=0.03, ges=0.05], and of ACHI number [F (4.02, 112.52) 

Figure 4.5: NAP score was significantly impaired after 8xACHI. Neurologic function was measured using the 

NAP at baseline before the first injury, and immediately after each injury. The NAP consists of 4 simple tests of 

basic motor and reflex function, each scored from 0-3. The total NAP score is the sum of the scores for each task, 

with a maximum score of 12 indicating no impairment and a minimum score of 0 indicating the most severe 

impairment. (A) 8x ACHI significantly impaired NAP performance after a single impact, and impairment 

persisted through the final impact. At baseline, all groups performed equivalently and achieved a near-

maximum score. In the 8xACHI group only, males performed worse than females (*). (B) After the final injury 

the 8xACHI group performed significantly worse than the control group. (*: p<0.05; **: p<0.01; ***: all p<0.001| 

ACHI awake closed head injury; NAP neurologic assessment protocol; PID post injury day)  
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=13.76, p<0.001, ges=0.26]. There were significant interactions between injury*ACHI [F (4.02, 112.52) 

=11.32, p<0.001, ges=0.23] and injury*sex [F (1, 28) = 4.33, p=.046, ges=0.04]. A Greenhouse Geisser 

correction was used to correct for departure from sphericity in calculating main effects and 

interactions of ACHI number.  

Post hoc pairwise contrasts to examine the main effect of ACHI number showed that 

baseline performance was better than all other tests (all p<0.0001). Pairwise contrasts to examine 

the injury group*ACHI number interaction found the control group performed equivalently to 

the 8xACHI group at baseline, with scores of 11.38 and 11.44, respectively [T (202) =0.085, 

p=0.9320], and then scored significantly higher than ACHI rats in all post-injury tests (all 

p<0.0001). Pairwise contrasts to examine the ACHI number*injury group interaction found that 

8xACHI rats performed significantly better at baseline than all other trials (all p<0.0001). Their 

scores in trials 1, 2, and 4 were significantly higher than in 5, 6, and 8 (all p<0.01). Pairwise 

comparisons to examine the sex*injury group interaction males performed worse than females 

in the 8xACHI group [T (28) = 3.11, p=0.0043]. In the control group, the sexes performed 

equivalently [T (28) = 0.169, p=0.8674].  

The final NAP score, taken immediately after the 8th ACHI, is shown in Figure 4.4B. The 

8xACHI group performed significantly worse than the control group [W=265, p<0.0001] with 

average scores of 4.13 and 11.28 respectively. There was no difference in performance between 

sexes [W=141, p=0.63] in this trial. 
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4.3.4 Barnes Maze  

Acquisition 
 The Barnes Maze was used to assess spatial memory after 8xACHI. Initial habituation 

and training were completed before the injuries. The probe test, reversal training, and reversal 

probe were completed after the injuries. In the training trails rats learned to use distal visual 

cues to locate an escape hole in the perimeter of a circular Barnes maze. The distance traveled in 

each trial was measured, with a shorter distance indicating a better performance in the trial. 

Representative paths from this cohort show examples of three common search strategies in the 

Barnes maze (Fig. 4.5A). Typically in early learning trials rodents are more likely to use a  

random search strategy, then progress to serial, then direct to find the escape  (Harrison, 

Reiserer, Tomarken, & McDonald, 2006; Rosenfeld & Ferguson, 2014). Figure 4.5B shows the 

average distance travelled by each group during pre-injury training trials. We found that all 

four groups were able to learn the location of the escape platform equivalently by the end of the 

training trials. A significant main effect of trial [F (3.31, 92.76) =14.57, p<0.001, ges=0.32] was 

confirmed by mixed factorial ANOVA. Pairwise comparisons to examine the trial effect 

revealed that all rats travelled a significantly longer distance in trial 1 than all others (all p<0.05), 

and travelled longer in trial 2 and 5 than in 4, 6, 7, and 8 (all p<0.05). Importantly, all rats 

performed equivalently in the final three trials, during which most rats travelled directly to the 

escape hole after release. Unexpectedly, there was a significant interaction of sex*injury group 

[F (1, 28) =5.27, p=0.03, ges=0.02]. Pairwise comparisons to explore this interaction found that 

within the group that would receive 8xACHI, the males performed worse than the females 

(p<0.01), and ad hoc pairwise comparisons of the interaction between sex, injury group, and trial 



85 

 

  



86 

 

 showed that 8xACHI males performed significantly worse than 8xACHI females in trial five 

(p<0.05), only. This suggests the sex-difference is due to anomalously high values in the male 

8xACHI group during the 5th trial. The probe trial was completed one hour after the final ACHI. 

The escape hole was removed and each rat was allowed to explore the maze for 90 seconds. The 

number of visits to the escape-hole, as well as time spent exploring the target area surrounding 

it were recorded. Factorial ANOVA confirmed there were no differences in performance in the 

probe trial. As is shown in Figure 4.5C, all groups visited the escape hole an equivalent number 

of times with no main effect of injury [F(1,28)=0.32, p=0.56]; of sex [F(1,28)=0.19, p=0.66], and no 

interaction [F(1,28)=0.68, p=0.42]. Similarly, Figure 4.5D shows all groups spent an equivalent 

amount of time in the target zone with no main effect of injury [F (1, 28) = 0.71, p=0.41], of sex [F (1, 

28) =1.2, p=0.27], and no interaction [F (1, 28) =0.99, p=0.33].  

  

Figure 4.6: Barnes maze acquisition probe was not affected by 8xACHI. All groups learned to locate the 

Barnes maze escape hole in pre-injury training, but 8xACHI did not affect memory in the probe test 1-

hour after final injury. The Barnes maze was used to test spatial memory after 8xACHI. All groups were 

trained to use extra-maze visual cues to locate an escape hole in a brightly lit, elevated circular platform. 

The distance travelled by each rat in each trial was measured, and a progressively shorter path length 

meant they were learning the escape-hole location. (A) Representative paths from this cohort show 

examples of three common search strategies in the Barnes maze. In early learning trials rodents are more 

likely to use a random search strategy, then progress to serial, then direct to find the escape. (B) In the 

pre-injury training trials, all groups learned the escape-hole location by the final trial, and there were no 

differences in performance between groups in the final three trials. There was a significant main effect of 

trial (***). There was a significant interaction of injury group*sex, where males performed significantly 

worse than females in the 8xACHI group (**). At the time of training, all four groups had been treated 

exactly the same, and group differences were not hypothesized. Importantly, all groups learned the task 

equivalently by the final three trials. Note the break in the x axis denotes the overnight break between 

training trials 4 and 5. (C-D) In the probe test, the escape box was removed so that the rats could not 

enter the escape hole, and they were allowed to explore for 90 seconds. The amount of time they spent 

searching the target zone as well as the number of visits to the escape hole reflect the extent to which the 

subject remembers the task. There were no differences in performance in the probe trial. (C) All group 

visited the escape hole an equivalent number of times, and (D) spent an equivalent amount of time in the 

target zone. (* p<0.05; ** p<0.01; *** p<0.001| ACHI awake closed head injury; NAP neurologic assessment 

protocol; PID post injury day) 



87 

 

 

Reversal 
 Reversal training happened on PID 2-3. The escape-hole location was moved 180°, and 

each rat was given six reversal training trials to learn the new location. All groups travelled 

further in the first trial than the final five trials, and the 8xACHI group travelled father than 

controls in the first trial (Fig. 4.6A). Mixed factorial ANOVA confirmed a significant main effect 

of trial [F (1.43, 39.93) = 12.27, p<0.001, ges=0.25]. Pairwise comparisons examining the trial effect 

showed the distance travelled in trial 1 was significantly greater than all others (all p<0.0001). 

There was a significant interaction effect of injury*trial [F (1.43, 39.93) = 4.93, p=0.02, ges=0.12]. 

Pairwise comparisons of this interaction confirmed the 8xACHI group travelled significantly 

 farther before finding the escape hole than controls in the first trial (p<0.0001), but performed 

equivalently in the remaining trials (all p>0.05). 

The reversal probe trial was completed after reversal training on PID 3. The escape hole 

was removed and each rat was allowed to explore the maze for 90 seconds. The time spent 

exploring the reversal target zone and the initial target zone, as well as the number of visits to 

the reversal escape hole and the initial escape hole were recorded. There were no differences in 

performance in the reversal probe trial, which was confirmed by factorial ANOVA. All groups 

visited the reversal escape hole an equivalent number of times (Fig.4.6B) with no main effect of 

injury [F (1, 28) =0.02, p=0.88]; of sex [F (1, 28) =0.01, p=0.94]; and no interaction [F (1, 28) =0.09, p=0.77]. 

Similarly, Figure 4.6C shows all groups spent an equivalent amount of time in the target zone 

with no main effect of injury [F (1, 28) =0.41, p=0.53], or sex [F (1, 28) =0.67, p=0.42], and no interaction 

effect [F (1, 28) =1.66, p=0.21].  
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During the reversal probe there were also no significant differences in the number of 

visits (Fig. 4.6D), or amount of time spent near the initial escape hole (Fig. 4.6E), which was 

confirmed using factorial ANOV. There was no main effect of injury [F (1, 28) =3.44, p=0.07], of sex 

[F (1, 28) =2.48, p=0.12], and no interaction effect [F (1, 28) =2.14, p=0.15] on the number of visits to the 

old escape hole. There was also no main effect of injury [F (1, 28) =0.08, p=0.77], of sex [F (1, 28) =0.01, 

p=0.91], and no interaction effect [F (1, 28) =0.18, p=0.67] on the time spent in the old target zone.  

In order to determine if NAP score correlated with Barnes maze deficits following repeated 

ACHI, outcomes from the acquisition probe (Fig 4.7A), the first reversal training trail (i.e. when 

deficits were observed) (Fig. 4.7B), and the reversal probe trial (Fig 4.7C) were plotted 

individually against NAP scores. This also allowed us to determine whether NAP scores may 

predict cognitive outcomes. In this case, NAP score did not predict performance in any Barnes 

maze metric (all R2 < 0.20). Average velocity and distance travelled in the Barnes maze were 

measured in order to determine whether 8xACHI affected motility, (Fig. 4.8). No differences 

Figure 4.7: Barnes maze reversal learning was impaired by 8xACHI (A) On PID 2-3 rats completed 

reversal training.  For the reversal task, the location of the escape hole was moved 180° from the initial 

training trials, and the rats were given 3 trials per day to learn the new location. A lower path length 

indicates better performance. Importantly, there is a significant interaction of injury*trial, and the 

8xACHI group travelled a significantly longer distance than controls in the first trial (***). They 

performed equivalently to controls in the remaining trials. There was a significant main effect of trial (**). 

The distance travelled in trial 1 was greater than all others (***), and there were no significant differences 

in the distance travelled in the last three trials (all p>0.05), regardless of group or sex. This indicates that 

all groups learned to locate the reversal escape hole by the final trial. (B) In the reversal probe, the escape 

box was removed and the rats were allowed to explore the maze for 90 seconds. The number of visits to 

the reversal and initial escape holes, as well as the amount of time spent in the reversal target and old 

target zones were recorded. More visits to the escape hole and more time spent in the target zone indicate 

better memory of the task. All groups visited the escape hole an equivalent number of times, and (C) 

spent an equivalent amount of time in the target zone. There were also no significant differences in (D) 

the number of times they visited the old escape hole, or (E) in the time spent in the old target quadrant. 

(** p<0.01; *** p<0.001| ACHI awake closed head injury; PID post injury day) 
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were observed in the acquisition or reversal probe, indicating differences in motor function did 

not affect Barnes maze performance. 

  

Figure 4.8: Motility in the Barnes maze was not affected by 8xACHI. Factorial ANOVA with sex and 

injury group as between subjects factors confirmed that all groups travelled an equivalent distance (A) at 

an equivalent velocity (B) in the probe trial. There were also no significant differences in distance 

travelled (C) or average velocity (D) in the reversal probe. (ACHI awake closed head injury; CC cage 

control; F female; M male) 
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Figure 4.9: NAP score did not predict performance in the Barns maze or reversal after 8xACHI. In the 

8xACHI group only, NAP score was compared to (A) the amount of time in the target zone during the 

Barnes maze probe, (B) the latecy to escape in the first Barnes reversal trial where deficits were found and 

(C) to time time spent in target zone during the reversal probe. Linear trendlines for each sex are shown.  No 

notable correlations were observed (all R2 < 0.2).(ACHI awake closed head injury; NAP neurologic 

assessment protocol) 
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4.3.5 FD NeuroSilverTM Histology 

FD NeuroSilverTM II (FD Technologies, Columbia, MD) histology was completed on the 

third and seventh day after 8xACHI to identify neurodegeneration in four regions of interest: 

the bilateral hippocampus and optic tract; the corpus callosum, and the ipsilateral injury cortex. 

Figure 4.9A shows representative coronal cross sections of silver stained tissue, and 4.9B shows 

representative images from the optic tract selected ad hoc to show an example of silver stain 

deposition density and patterns. In the optic tract, linear aggregation of silver granules in spaces 

not overlapping with cellular nuclei in white matter tracts suggest stain uptake might be 

associated with axons. Figure 4.10 shows additional representative cross sections and 

magnifications that demonstrate silver stain depositions patterns in each ROI. In the 

representative cross sections and particularly in the optic tract magnifications, positively 

stained tissue with uptake of grey and black granules is more prominently visible in the 

8xACHI examples than control. The percentage of the area of each ROI that is positively stained 

was compared between groups (Fig. 4.9C). Factorial ANOVA confirmed that on PID 3 the 

8xACHI group had a significantly greater stained area in compared to control in the optic tract 

[F(1,28)=17.62, p<0.001] and hippocampus [F(1,28)=5.51, p=0.026]. On PID 7 the 8xACHI group also 

had a significantly greater area stained compared to control in the optic tract [F(1, 28) =20.39, 

p<0.001], hippocampus [F(1, 28) =9.34, p=0.005], and cortex [F(1, 12) =6.39, p=0.026 on PID 7]. There 

was a significant main effect of sex in the hippocampus on PID 7 [F(1, 28) =4.9884, p=0.033] 
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Figure 4.10: FD NeuroSilverTM stain uptake was increased after 8xACHI. Neurodegeneration was 

assessed using FD NeuroSilver II histology in four ROIs: the bilateral optic tract, and hippocampus; the 

ipsilateral cortex; and the corpus callosum. A positive stain appears as a dark grey to black particulate 

predominantly in the axons of degenerating cells. The percentage of the area stained in each ROI was 

measured. (A) Representative images show a coronal section from the control, 8xACHI on PID3, and 

8xACHI on PID7 groups (100x magnification; 10x objective). (B) Representative images were selected ad hoc 

to show silver stain deposition. They are sampled from 200x magnification micrographs, but an additional 

300% digital zoom was applied to better visualise stain uptake patterns. Linear aggregation in white matter 

tracts and not overlapping with cellular nuclei suggest stain uptake might be associated with axons (↘) (200x 

magnification; 20x objective; additional 300% digital zoom) (C) The 8xACHI group had a larger percentage 

of the ROI stained in the optic tract on PID 3 (**), and on PID7 (**). The 8x ACHI group also had a 

significantly larger area stained in the hippocampus on PID 3 (*) and PID 7 (*), and in the cortex on PID 7 (*). 

There was a significant main effect of sex in the hippocampus on PID 7(*) (*: p<0.05; **: p<0.01| ACHI awake 

closed head injury; CC cage control; F female; M male; PID post injury day; ROI region of interest) 
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4.4 Chapter Summary and Conclusions 

The goal of this characterisation was to gain a comprehensive understanding of the 

injury provided by the ACHI model, particularly a reliable and reproducible subset of 

behavioural sequela that are analogous to clinical concussion symptoms. Establishing these 

characteristics will lay a crucial foundation for future investigations of the mechanisms 

underlying concussion symptoms, and treatments that modulate them. In these experiments, 

we sought to determine whether 8xACHI produces acute neurologic impairment, cognitive 

impairment, and neurodegeneration. Our NAP was used to assess neurologic function 

immediately after each injury. The Barnes maze reversal task was used to assess cognitive 

function in the first hour, and three days after injury. Silver stain histology was used to detect 

neurodegeneration on PID 3 and 7. We determined 8xACHI produced acute neurologic 

impairment with the NAP, and a mild spatial learning deficit potentially mediated impaired 

cognitive flexibility in Barnes maze reversal training. These were accompanied by 

neurodegeneration in the optic tract, hippocampus, and ipsilateral cortex during the first week 

of recovery. Diffuse neurodegeneration was observed in the hippocampus and cortex, which 

might contribute to learning and cognitive flexibility impairments in reversal learning. This is 

potentially confounded by visual impairments due to axonal injury in the optic tract. A main 

Figure 4.11: Representative images of the four ROIs examined in FD NeuroSilverTM histology. Stain 

uptake was highly variable between individuals and ROIs. Grey-black granules indicate positive stain, 

and were most densely visible in white matter regions like the optic tract. A composite image of each ROI 

(one for each ROI, in every slice, in every rat) was created by combining multiple 200x magnification (20x 

objective) micrographs using StereoInvestigator. The images shown above are taken from these 

composite images. Insets are taken from the 200x magnification micrographs images, but an additional 

300% digital zoom was applied to explore stain uptake patterns. In order to confirm and analyse this 

stain uptake localization, imaging with a higher magnification objective would be needed. (PID post-

injury day; ROI region of interest) 
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caveat of our finding is that the injury timeline may not correspond well to the majority of 

clinical repeated concussion. Future studies should investigate more representative injury 

timelines. Future studies should also include more challenging behavioural tests to identify a 

more robust cognitive deficit, and additional histology to characterize the observed 

neurodegeneration. Taken together, these findings further support the utility of our novel ACHI 

model in preclinical concussion research. 
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 - Discussion 

5.1 Summary of Objectives and Experiments  

Concussions are a type of brain injury and constellation of symptoms that can result 

from the transmission of any biomechanical force to the brain. They represent a significant 

global health burden, and are therefore the subject of a growing body of medical research. 

Preclinical models of concussion have been used to examine pathophysiological processes 

underlying symptoms, which is an important step in developing new diagnostic and treatment 

strategies. Historically the clinical translation of concussion research has been limited.  Two 

factors that may contribute to this are the use of anaesthesia, and tendency to focus on adult 

male subjects. These means of reducing variability are justified, but preclinical research moving 

forward should address limitations to translatability by using both sexes, including pediatric 

age-groups, and omitting anaesthesia where possible.  To address this we developed the ACHI 

model; a new preclinical model for pediatric concussion. The ACHI model is well-suited to 

studying preclinical concussion because it allows for rotational and vertical displacement of the 

head, and produces a helmeted closed-head injury. It is the first of its kind in Canada to model 

concussion without anaesthesia. Before this model can be used to investigate concussion 

mechanisms and potential diagnosis or treatment methods, it must be characterized to 

demonstrate that it produces a set of behavioural and pathological outcomes similar to clinical 

concussion.  

 In our initial characterisation described in Chapter 3, we set out to show that our model 

recapitulates the definition of concussion provided by CIGS 5. All studies used both male and 

female juvenile rats. Our newly developed NAP was used to test acute neurologic function 
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immediately after the injury. The Barnes maze, elevated plus maze, open field test, and Rotarod 

were used to assess changes in cognition, anxiety, and locomotion in the first week of recovery. 

Finally, structural MRI was used to determine if the model produces a visible lesion, 

hemorrhage, or volumetric changes. 

Chapter 4 summarizes additional characterisation to further investigate cognitive 

impairment after ACHI, and to investigate potential causes of white matter abnormalities 

observed in advanced MRI findings. An updated NAP was used to assess acute neurologic 

impairments. The Barnes maze reversal paradigm was used to identify impaired learning, 

memory, and cognitive flexibility. FD NeuroSilverTM histology was used to detect 

neurodegeneration in the optic tract, hippocampus, cortex, and corpus callosum. 

In the fist week after repeated ACHI we observed acute neurologic impairment in the 

NAP, and sub-acute cognitive impairment including reduced cognitive flexibility in the Barnes 

maze. This was accompanied by normal structural neuroimaging, but histology revealed diffuse 

neurodegeneration, and advanced MRI found white matter abnormalities. Table 5.1 

summarises major effects of ACHI on these outcomes, and Table 5.2 summarises major sex-

differences noted throughout these experiments.  
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Table 5.1: Summary neurocognitive and histological characterisation of ACHI. All experiments were completed in juvenile male and female Long 

Evans rats. The first ACHI occurred on PND 25-26. 

 ACHI 
Control 

Group 

N 

(total, group) End Point 
Experiment 

Effects of ACHI  

(vs. control) 
Interpretation 

Chapter 

3 

1x; 4x 

Sham 

 

(58, 18-20) 

(PID 1: 30, 8-11) 

Immediate 

PID 1 
NAP 

▼ NAP score in 4x and 1x 

No effect 
Acute neurologic impairment 

4x (36,9) 
1 hour 

PID 1 

Barnes test ▲errors finding escape Memory impairment 

Rotarod No effect No motor impairment 

EPM No effect No anxiety-like changes 

OF No effect No anxiety or motor changes 

1x; 4x (46, 7-11) 
PID 1 

PID 7 
Structural MRI No visible lesion; no atrophy No severe TBI 

(Wortman, 

Meconi, et 

al., 2018) 

4xACHI subset from above 
PID 1 

PID 7 
Advanced MRI 

▼ FA 

Differential changes in TWI streamlines White matter abnormalities 

Chapter 

4 
8x 

Cage 

control 
(32,8) 

Immediate NAP 
▼NAP score after 8th ACHI 

Gradual decline from 1st to 8th  

Acute neurologic impairment; 

graded 

1 hour 

PID 2-3 

PID 3 

Barnes Probe 

Rev. Training 

Rev. Probe 

No effect 

▲ distance to escape Trial 1 

No effect 

No memory impairment 

Impaired cognitive flexibility 

No memory impairment 

PID 3 

PID 7 
Silver stain 

▲ in optic tract, hippocampus 

▲ in optic tract, hippocampus, cortex 
Diffuse neurodegeneration 

▼ decrease; ▲increase| NAP: neurologic assessment protocol; ACHI awake closed head injury; EPM elevated plus maze; OF open field maze; PID post-injury day; Rev. reversal; TBI 

traumatic brain injury;  
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Table 5.2: Summary of sex-differences during ACHI characterisation. All experiments were completed in juvenile male and female Long Evans rats. The first 

ACHI occurred on PND 25-26. 

 ACHI 
Control 

Group 

N 

(total, group) 

Time 

Point 
Experiment Sex-differences Interpretation 

Chapter 

3 

1x; 4x 

Sham 

(58, 18-20) 

 (PID 1: 30, 8-11) 

Immediate 

PID 1 
NAP 

No effect 

Low score correlated with Barnes 

 impairment in females 

Increased impairment in subset of 

females 

NAP may predict cognitive 

outcomes 

4x 
(36,9) 

 

1 hour 

PID 1 

Barnes test 

▲errors in females 

▲speed in females 

▲% time moving in females 

Sex-difference in spatial memory 

and motility 

Rotarod No effect No motor differences 

EPM ▼ time in open arm in females Sex-difference in anxiety 

OF No effect 
No sex-differences in anxiety or 

motility 

1x; 4x (46, 7-11) 
PID 1 

PID 7 
Structural MRI No effect 

No sex differences in lesion or 

atrophy 

      

Chapter 

4 
8x 

Cage 

control 
(32,8) 

Immediate NAP 
▼ score in males across 8 injuries; 

no effect on 8th injury alone 

Sex*injury interaction in NAP; 

more impairment in males 

1 hour 

PID 2-3 

PID 3 

Barnes Probe 

Rev. Training 

Rev. Probe 

No effect No sex differences in cognition 

PID 3 

PID 7 
Silver stain ▲ in hippocampus in females 

Sex difference in hippocampal 

silver deposition 

▼ decrease; ▲increase| NAP: neurologic assessment protocol; ACHI awake closed head injury; EPM elevated plus maze; NA not analysed; OF open field; TBI traumatic brain injury; 

PID post-injury day 
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5.2 Functional Outcomes: Neurocognitive impairment in the first 

week of recovery 

5.2.1 A subset of rats lost consciousness after ACHI 

In both the 4xACHI and 8xACHI cohorts, only a small subset of injured rats lost 

consciousness, and these were predominantly rats in the repeated ACHI group rather than 

single injury. This was demonstrated by a delayed latency to display toe pinch and self righting 

reflex. These findings are in agreement with clinical observations, as well as those from similar 

models (Castile et al., 2012; Erlanger, 2015; Marshall et al., 2015; McCrory et al., 2013; A. 

Petraglia et al., 2014). The observed LOC was comparable to that seen in high school and 

collegiate athletes, where only 5-9% of concussions produced LOC[9,10] with a median duration 

of 5 seconds, and with 91% regaining consciousness in less than 30 seconds(Marshall et al., 

2015). Importantly, this agrees with clinical trends, as the Consensus Statement for Concussion 

in Sport (McCrory, Meeuwisse, et al., 2017), and Canadian guideline on Concussion in Sport 

(Parachute, 2017) notes that most concussions are not accompanied by LOC, (Ellis et al., 2019).  

Notably, apnea was never observed after ACHI, but has been reported in some anesthetized 

preclinical concussion models. This might reflect increased severity of those models, or support 

the notion that anaesthesia alters concussion outcomes. 

5.2.2 8xACHI resulted in acute neurologic impairment 

When a concussion is suspected in clinical cases, acute tests of neurologic function such 

as the SCAT5 (Petit et al., 2020), Child SCAT5 (Davis et al., 2017), or CRT5 (Echemendia, 

Meeuwisse, McCrory, Davis, Putukian, Leddy, Makdissi, Sullivan, Broglio, Raftery, Schneider, 

Kissick, McCrea, Dvorak, Sills, Aubry, Engebretsen, Lossemore, Fuller, Kutcher, Ellenbogen, 
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Guskiewicz, Patricios, & Herring, 2017) can be used to identify potential signs of a concussion. 

These tests do not provide a comprehensive or definitive diagnosis, but are useful because they 

can be rapidly administered by a trained medical professional, without extensive apparatus. 

Our NAP is modelled after elements of these tests that assess motor and reflexive changes, and 

has been used successfully to identify neurologic impairment in juvenile rodents after ACHI 

(Christie et al., 2019b; Pinar, Trivino-Paredes, Perreault, & Christie, 2020).  

When comparing sham, single, and 4xACHI a trend of graded symptom severity was 

observed in NAP findings where a repeated injury produced poorer performance than single 

ACHI. Overall, these results reflect a common trend in preclinical and clinical concussion 

research showing that repeated injuries tend to result in more severe neurologic impairments  

(Guskiewicz et al., 2003; McCrea et al., 2003; McCrory et al., 2013; Anthony L. Petraglia et al., 

2014; Shultz et al., 2012). In the Chapter 4 cohort, 8xACHI significantly impaired NAP 

performance compared to cage control. At baseline, both groups performed well, with average 

scores near the maximum possible. Cage controls continued to score consistently well after each 

trial. Scores in the 8xACHI groups declined most notably after the first injury, and continued to 

decline moderately through later trials. Taken together, this suggests that 8xACHI produces 

acute neurologic changes. This corroborates the graded decline seen in the previous cohort, and 

other rodent TBI models that measure acute neurologic impairment with similar tests  

(Dhananjay R. Namjoshi et al., 2017; Dhananjay R Namjoshi et al., 2014; A L Petraglia et al., 

2014; Pham et al., 2019).  



103 

 

These data indicate our NAP score is a useful tool because it provides a simple, yet 

sensitive, assessment of neurologic function that can be rapidly applied in the diagnostically 

important time window immediately after the injury. However, it is limited in that it does not 

address more subtle cognitive, motor, and emotional changes that are common symptoms of 

clinical concussion (Carroll et al., 2004; Faul et al., 2010; Gibb & Kolb, 1998; McCrea et al., 2009; 

McCrory et al., 2013). Notably, this is analogous to the short lived neurologic impairment 

denoted in the CISG 5 concussion diagnostic criteria (McCrory, Meeuwisse, et al., 2017). 

5.2.3 More errors were made in the Barnes maze test after 4xACHI 

Learning and memory impairment, and executive dysfunction are common cognitive 

symptoms of clinical concussion (Ellis et al., 2019; Green, Keightley, Lobaugh, Dawson, & 

Mihailidis, 2018; Sady, Vaughan, & Gioia, 2011). The Barnes maze is a behavioural test of 

learning and memory function in rodents (Barnes, 1979; Rosenfeld & Ferguson, 2014). It has 

been variably adapted for use in juvenile rats (McHail, Valibeigi, & Dumas, 2018; Valibeigi, 

McHail, Kimball, & Dumas, 2018), and has been previously used to identify spatial learning and 

memory deficits in preclinical TBI models (Fedor, Berman, Muizelaar, & Lyeth, 2010; McAteer, 

Corrigan, Thornton, Turner, & Vink, 2016; Mouzon et al., 2012). In the Chapter 3 cohort, the 4x 

ACHI group made significantly more errors compared to sham animals in the Barnes maze test 

1-hour after final injury, indicating impaired memory.  This is analogous to the common 

complaint of memory problems after concussion. This deficit was not observed on PID 1, and a 

convergent measurement of memory (i.e. distance to escape) in the same trial did not support 

this finding, which suggests memory impairments caused by 4xACHI are subtle and transient. 

A review of Barnes maze outcome measures found that time in target quadrant during a probe 
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trial is a superior metric for memory impairment in the Barnes maze (O’Leary & Brown, 2013).  

In the Chapter 4 cohort, a probe trial with the escape box removed was used. In this cohort, no 

memory impairments were found 1-hour after 8xACHI. It was hypothesized that the 8x injury 

repeat number would create a more severe injury phenotype than the 4x repeat number, thus 

the absence of spatial memory deficits in the Barns maze probe does not agree with our initial 

findings.  It is possible that the disparities in our findings of memory impairment are due to the 

differences in the probe test method used for each cohort.  A classic probe test was used in the 

Chapter 4 acquisition and reversal probe trials, where the escape box was removed and the rat 

was allowed to freely explore the maze for 90 seconds.  In the Chapter 3 cohort, an alternative 

style of probe was used in order to prevent extinction of the memory of the escape hole location 

between the 1-hour and PID1 tests.  Another factor which may have contributed to disparities in 

Barnes maze acquisition outcomes is that the cohort for Chapter 4 were primarily shipped 

cross-country as weanlings, whereas the cohort used in Chapter 3 was primarily bred in house.  

Travelling can be a stressful experience for rodents with physiological effects of stress such as 

elevated plasma corticosterone lasting for up to two weeks after arrival (Arts, Kramer, Arndt, & 

Ohl, 2012).  It is possible that behavioural effects of early-life stress exposure masked 

behavioural effects of ACHI. 

5.2.4 Barnes maze reversal learning was impaired after 8xACHI 

 Previously we have shown that four repeated ACHIs produced mild learning 

impairments in the Barnes maze task in females (Meconi et al., 2018). We hypothesized that 

increasing the injury number and task complexity would produce a greater deficit in Barnes 
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maze performance. To test this, we adjusted our paradigm to include the Barnes maze reversal 

task (O’Leary & Brown, 2013).  

8xACHI did not affect performance in either probe trial, but the 8xACHI group took 

longer to locate the escape hole in the first reversal training trial. This is indicative of impaired 

learning, but the reversal task also requires cognitive flexibility (Barnes, 1979; Crews & 

Boettiger, 2009; Gawel et al., 2019). It is possible the reversal learning impairment we observed 

is mediated by impaired cognitive flexibility. The deficit recovered rapidly, as both groups 

performed equivalently in the remaining reversal training trails. Given that cognitive 

impairments can persist for one to four weeks in clinical cases (Tracey Covassin et al., 2010; 

Holmes et al., 2020; McCrory, Meeuwisse, et al., 2017; Nance et al., 2009), we had hypothesized 

that 8xACHI would produce more persistent learning impairment throughout the reversal 

training, and memory deficits in probe trials. Nonetheless, impaired learning and cognitive 

flexibility in Barnes maze reversal learning are analogous to concussion symptoms Additional 

behavioural experiments may be needed to identify persistent cognitive deficits that are similar 

to clinical symptoms. 

5.2.5 NAP scores variably predicted cognitive deficits 

In clinical cases, the SCAT5, child SCAT5, and CRT are popular standardized tool used 

by physicians to help diagnose concussions. They can be used immediately after a suspected 

concussion has occurred, and to monitor recovery (Chin, Nelson, Barr, McCrory, & McCrea, 

2016; Davis et al., 2017; Echemendia, Meeuwisse, McCrory, Davis, Putukian, Leddy, Makdissi, 

Sullivan, Broglio, Raftery, Schneider, Kissick, McCrea, Dvorak, Sills, Aubry, Engebretsen, 

Lossemore, Fuller, Kutcher, Ellenbogen, Guskiewicz, Patricios, Herring, et al., 2017). Initial 
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SCAT performance may be predictive of the duration of recovery and severity of symptoms 

(Tkachenko, Singh, Hasanaj, Serrano, & Kothare, 2016), and thus helpful for planning 

individualized treatment strategies. Behavioural outcomes can be compared to NAP score 

results to determine whether the NAP score may be predictive of the duration and complexity 

of symptoms in this model. In the Chapter 3 cohort, we found a moderate correlation between 

low NAP scores and poor Barnes maze performance in females after 4xACHI. In the Chapter 4 

cohort NAP score broadly did not correlate with Barnes maze reversal or probe impairments. 

This loss of predictive capacity might be related to the expanded scoring method used in the 

Chapter 4 cohort. Although a simple linear regression was a suitable choice for a preliminary 

examination of this potential relationship, it is possible a more sophisticated regression analysis 

is needed to properly model the relationships between NAP scores and behavioural outcomes, 

if they correlate.  

An important goal for clinical concussion research is to better understand the extensive 

heterogeneity in concussion symptoms and recovery. This has been linked to risk factors that 

were present before the injury, and the nature of the injury itself (Rosenbaum & Lipton, 2012). 

This problem may be investigated using models like ACHI by identifying pathophysiological 

differences between subsets of rats that experience the most severe symptoms, and the ones that 

experience few or no symptoms, despite having received the same head impact. Our NAP had 

limited predictive value in the severity of cognitive changes. Nonetheless we demonstrated a 

subset of rats experienced more severe symptoms. This is seen in clinical trends as well. Future 

work should use a similar approach to identify subsets of more severely impaired rats, and then 

investigate subtle physiologic differences between those that develop mild and severe 
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symptoms in response to the same ACHI. This may provide insight on why symptomology is so 

diverse in clinical cases. 

5.2.6 Anxiety and motor function were not affected by repeat ACHI 

No changes in anxiety-like behaviours were observed in the elevated plus maze or open 

field after repeated ACHI. Similarly, repeated ACHI did not produce differences in the latency 

to fall from the Rotarod, or in measurements of speed and distance travelled in any of the 

mazes. Motor deficits and increased anxiety are both common symptoms of clinical concussion 

(Ellis et al., 2019, 2015). Given that impairments after clinical concussion can be transient and 

subtle (A. D. Wright et al., 2017), and can emerge over time (McCrory et al., 2013; Morgan et al., 

2015), future work should extend the post-injury timeline. There are limitations to the ability to 

replicate human conditions in rodents, and it is possible rodents are not suitable candidates to 

model the complex cognitive processes mediating anxiety after concussion.  It is also possible 

that the elevated plus maze and open field were not sensitive to subtle changes in anxiety 

related to ACHI. Future work may require more sensitive behavioural assessments to explore 

how repeated ACHI affects anxiety.  

5.2.7 Sex-based differences in behavioural outcomes 

The correlative comparison of NAP scores and Barnes maze outcomes revealed a subset 

of female rats that performed much worse than their injured and uninjured counterparts alike. 

Some clinical studies have found that concussion symptoms in females tend to be more severe 

and longer in duration (Bazarian, Blyth, Mookerjee, He, & McDermott, 2010; Tracey Covassin, 

Elbin, Harris, et al., 2012; Tracey Covassin, Elbin, Larson, et al., 2012; Tracey Covassin et al., 

2016; McCrory et al., 2013), although some experimental models find the opposite, supported by 
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the neuroprotective effects of estrogen (Bramlett & Dietrich, 2001; R L Roof & Hall, 2000). In the 

Chapter 4 cohort, there were no sex differences in NAP score after the final injury, but when all 

eight NAP scores are considered together, the males performed significantly worse than the 

females. That only a subset of 4xACHI females had more severe symptoms, and that a single 

NAP measurement missed the trend of males performing worse than females across all NAP 

trials, suggests sex differences in symptoms may be subtle, transient, and require more sensitive 

tests to elucidate. Recently we have shown that measures of synaptic plasticity may help to 

elucidate functional sex differences following a closed head injury by a weight drop model in 

anaesthetized animals (White et al., 2017), and similar examinations may offer the veracity 

needed to adequately explore this issue following single and repeated ACHI. Notably, at this 

age rats are pre- or peri-pubescent. Sexual dimorphisms such as differences in weight and 

external sexual organs are just becoming apparent over the timeline of these experiments.  It is 

possible that dimorphisms mediating sex-differences in outcomes have yet to emerge at this 

age. However, we observed significant difference between males and females in several 

behavioural tasks.   

In Chapter 3, females made more errors than males in the Barnes maze probe trial. They 

also moved significantly faster and spent a greater percentage of time moving than males. In the 

same cohort, females also spent significantly less time in the open arm of the elevated plus 

maze; an indication of increased anxiety. 

Barnes maze acquisition training happened before receiving ACHI. There was a 

significant interaction of injury group and sex, where males in the 8xACHI group performed 

worse in males in cage control group. This was mediated by an apparently anomalously poor 
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performance by a subset of males during the 5th trial. However, a non-significant trend of males 

performing worse was observed in the 5th trial of the Chapter 3 cohort, as well. Notably, the 5th 

trial was the first after an overnight break for both training schedules. It appears that in this 

Barnes acquisition paradigm, juvenile male rats struggle to recall the escape-hole location in the 

first trial, but perform equivalently to females in subsequent trials that day. This may reflect a 

sexual dimorphism in cognitive development.  

5.3 Structural Outcomes: Diffuse neurodegeneration with no 

structural MRI abnormalities  

5.3.1 Structural neuroimaging abnormalities were absent after ACHI 

 The CIGS 5 (2017) definition of concussion states that concussion symptoms result from 

a functional disturbance rather than a structural injury, but it is important to note that this refers 

to a structural injury on a macroscopic scale. Particularly that concussions do not result in 

abnormalities on standard structural neuroimaging like CT or MRI. The CIGS 5 (2017) 

emphasizes that it remains unknown whether concussions result from reversible physiological 

changes, or represent lesser degrees of the diffuse structural damage seen in more severe TBIs. 

One study noted changes in the volume of cortical structures in young athletes with a history of 

repeat concussion (List et al., 2015). With structural MRI we found that ex vivo whole bran 

scanning revealed no reduction in the volume of the hippocampus, cortex, or corpus callosum, 

indicating that single and 4xACHI did not produce overt structural damage in the first week of 

recovery. 
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Advanced neuroimaging found white matter abnormalities after repeated ACHI 
An advanced MRI study using diffusion weighted imaging (DWI) was conducted using 

the same brains from the structural MRI analysis (Wortman et al., 2018). Because the findings 

are from the same cohort, they relevant in characterising ACHI outcomes. DWI is a promising 

diagnostic approach that can be used to identify white matter abnormalities resulting from 

single or repeat concussion(Shenton et al., 2012; D. K. Wright, Trezise, et al., 2016). Similar to 

clinical findings, we observed reductions in FA, and TWI changes. Interestingly, only TWI 

distinguished between control and repeat ACHI on PID 1. This suggests TWI is a potential early 

diagnostic method. It is noteworthy that repeat ACHI reduced FA, in light of the cognitive 

flexibility impairment we observed in the Barnes maze reversal task, since FA reductions 

predicted executive dysfunction in a clinical concussion study (Miles et al., 2008).  

Diffusion tensor imaging (DTI) is a common method of DWI, which has been used to 

identify white matter changes including diffuse axonal injury after clinical concussion (Inglese 

et al., 2005). Fractional anisotropy (FA) is a DTI metric that is reduced after clinical concussion 

(Bazarian et al., 2007; Niogi et al., 2008; Wilde et al., 2008). Track weighted imaging (TWI) is a 

newer method of DWI that may be more sensitive to white matter pathology (Calamante et al., 

2012; Pannek et al., 2011). Other preclinical concussion models have reported TWI changes as 

well (D. K. Wright et al., 2018; D. K. Wright, Trezise, et al., 2016). Taken together, this suggests 

our novel ACHI model produces microscopic white matter abnormalities that do not appear in 

typical structural neuroimaging. 
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5.3.2 FD NeuroSilverTM histology showed diffuse neurodegeneration after 

8xACHI 

 Previously, we observed acute neurologic and behavioural impairment in the absence of 

typical neuroimaging abnormalities (Meconi et al., 2018). Advanced neuroimaging in the same 

brains identified white matter abnormalities, which might indicate diffuse microscopic axonal 

injury. We hypothesized that repeat ACHI can induce diffuse microscopic cellular damage 

producing neurodegeneration. Other preclinical TBI models have used histological approaches 

to detect neurodegeneration after single and repeat injury (Dhananjay R. Namjoshi et al., 2017). 

In particular the NeuroSilverTM II (FD NeuroTechnologies, Columbia, MD) staining method, 

which detects degenerating neuronal somas, axons, and terminals, is an established method to 

detect neurodegeneration in preclinical concussion models (Evanson, Guilhaume-Correa, 

Herman, & Goodman, 2018; Dhananjay R Namjoshi et al., 2014). In agreement with 

neurodegeneration observed in other preclinical concussion models, we found a significant 

increase the silver stained area of the optic tract, hippocampus, and cortex in the first weak after 

8xACHI.  

A study using silver stain to detect neurodegeneration after experimental concussion 

used higher magnification (i.e. 100x objective) images to conclude that axons are a primary site 

of damage. They found punctate patterns of stain uptake associated with fibers in multiple 

white matter tracts (Dhananjay R Namjoshi et al., 2014). They also noticed axonal varicosities, 

which are a pathological hallmark of clinical TBI (Johnson et al., 2013). An ad hoc examination of 

our images found punctate uptake pattern, as well as linear aggregates of stain that suggest 

axonal uptake (Fig. 5B). In the future, imaging with a higher magnification objective would help 
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to confirm the presence of axonal varicosities. Our previous MRI DWI found white matter 

abnormalities, and our silver stain experiment has detected diffuse neurodegeneration in white 

matter (i.e. the optic tract) and in regions with both white and grey matter (i.e. the cortex and 

hippocampus) Taken together, this suggests diffuse neurodegeneration including axonal injury 

are pathological outcomes of repeat ACHI. 

Tissue that has been processed with the NeuroSilverTM II (FD NeuroTechnologies, 

Columbia, MD) method may also be used for immunohistochemical staining. Future studies 

may use immunohistochemical techniques to characterize regions with elevated silver uptake. 

Knowing what type of cells are degenerating, whether the degeneration represents necrotic or 

apoptotic cell death, and whether neuroinflammation is increased in these areas will provide 

useful pathophysiological insights. 

5.4 Limitations and Future Directions 

A main advantage of the ACHI model and NAP scoring is that it allows the researcher 

to measure the rapid evolution of changes immediately after injury, without the potential 

confounds of surgical or anaesthetic recovery. Anaesthesia is known to have neuroprotective 

effects (Hendrich et al., 2001; Statler, Alexander, Vagni, Dixon, et al., 2006; Statler, Alexander, 

Vagni, Holubkov, et al., 2006), and it is important to acknowledge that this has the potential to 

affect outcomes in models where it is used. A primary focus of future experiments is to explore 

whether acute anaesthetic exposure at the lower dosages commonly used in rodent models of 

mTBI may be a potential confounder.  
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An important caveat to address in future experiments investigating repeated ACHI is 

the timeline of injuries. Our timeline is clinically relevant, as has been demonstrated by a recent 

quantification of impact exposure in football players, which found they experience an average 

of 6.3 impacts per practice, and 14.3 impacts per game Crisco et al., 2010), which is greater than 

the four- or eight-injury paradigms used here. Some sport (Crisco et al., 2010; Rutherford, 

Stephens, Potter, & Fernie, 2005; Terwilliger, Pratson, Vaughan, & Gioia, 2016), or military  

(MacGregor, Dougherty, Morrison, Quinn, & Galarneau, 2011) exposures can lead to multiple 

concussions within several hours or days, comparable to our timeline, but the majority of 

clinical repeat concussions have several months to years between injuries (MacGregor et al., 

2011; McCrea, Broglio, McAllister, Zhou, et al., 2020). Furthermore, a shorter interval between 

injuries is associated with poorer outcomes (Eisenberg, Andrea, Meehan, & Mannix, 2013). 

Therefore, a longer interval between ACHIs might be more representative of clinical repeat 

concussion, and should be considered in future experiments. 

  The Barnes maze reversal task requires hippocampal and prefrontal processing (Barnes, 

1979; Harrison et al., 2006), and the neurodegeneration we observed in these regions might have 

contributed to the reversal learning impairment. Our ability to draw functional connections 

here is limited because the section of cortex we studied only partially overlaps with prefrontal 

cortex. Additionally, the reversal impairment occurred on PID 2, and cortical 

neurodegeneration was not observed until PID 7, meaning there was no direct temporal 

overlap. It is possible underlying neurometabolic pathophysiology (Christopher C Giza & 

Hovda, 2014) initiated by 8xACHI contributed to acute prefrontal impairment in the reversal 

task, and to the diffuse neurodegeneration we observed.  
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The most notable neurodegeneration was observed in the optic tract.  This may be 

clinically relevant, and warrants further investigation in two ways.  Firstly, visual impairment is 

a common clinical concussion symptom (Ellis et al., 2019), and the neurodegeneration we found 

in the optic tract could suggest 8xACHI could have affected vision. Since navigation in the 

Barnes maze is vision-based (Rosenfeld & Ferguson, 2014), it is possible visual impairment 

affected performance rather than impaired cognitive flexibility or learning. This could be 

addressed in future Barnes maze paradigms with a cued probe trial where the escape is marked 

by a proximal visual cue. The validity of such visual cued trials in the Barnes maze is 

questionable, as it has been shown that they do not reliably differentiate visual versus spatial 

deficits because rodents prefer a spatial navigational method based on distal cues even when a 

proximal cue is available (Harrison et al., 2006).  Secondly, the observed optic tract damage may 

be relevant to the clinical observation of optic neuropathy, which  is associated with several 

neurodegenerative diseases including Alzheimer’s and Parkinson’s (Carelli, Morgia, Ross-

Cisneros, & Sadun, 2017).   Optic neuropathies appear to are associated with the optic nerve 

being particularly vulnerable to damage due to mitochondrial dysfunction. In repetition of FD 

NeuroSilverTM histology after ACHI, the optic nerve should be examined as well, to determine 

whether a similar extent of degeneration occurs in the optic nerve as was observed in the optic 

tract.  This may represent a promising diagnostic avenue for concussion, as diagnostic tools to 

aid in the detection of optic neuropathies already exist. 

Cognitive changes after clinical concussion are often subtle, and involve impairment to 

tasks requiring higher levels of executive function (Tracey Covassin et al., 2010; Holmes et al., 

2020). These can be difficult to replicate in rodent models, and behavioural tasks that are too 
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simple may fail to identify more subtle cognitive deficits relevant to symptoms associated with 

clinical concussion. In fact, in a recent study where 8xACHI were administered over a longer 

timeline of four days instead of two, we found no cognitive impairments in the Barnes maze 

reversal task, but found that the repeat injury group had impaired performance in the novel 

object location task (Pinar et al., 2020). This suggests that novel context recognition tasks, which 

are spatial tests for object location memory (Haettig et al., 2011; Mumby, 2002), might be more 

useful in future experiments identifying subtle cognitive deficits caused by ACHI.  The early 

cognitive impairment we observed in the reversal task recovered rapidly. All rats appeared to 

have learned the new location by the second trail, as there was no change in performance in the 

following four trials. This suggests fewer training trials could be used in future experiments 

using this Barnes maze reversal paradigm. 

It is notable that there appeared to be increased variability in behavioural and 

histological outcomes after ACHI, where some rats showed much more severe impairment or 

damage than controls, but others were no different.  It is possible that this variability in 

outcomes is evidence that the ACHI device, or researcher, were not providing a consistent 

injury between subjects, but this extensive variability is also seen in clinical populations.  It 

appears that the location and absolute magnitude of force of impact alone does not predict the 

severity of damage, but individual physiological differences also exist that can modulate 

symptom severity under biomechanically similar impact conditions.  That is, there are 

individual differences in the threshold of force an impact must reach in order to produce 

concussion symptoms (Rowson et al., 2019). In the context of pre-clinical research, this may be 

interpreted to support the idea of increasing group sizes in order to allow for the identification 
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of statistically relevant sub-populations of rats showing more or less severe symptoms and 

pathologies after ACHI.  Comparing pathophysiologies between such groups, as well as 

controls, may provide insight on physiological vulnerabilities to concussion. 

Similarly, ACHI and behavioural tests in these experiments occur at a peripubertal time 

(PND 28-30) corresponding with the onset of estrus in female rats(Ojeda & Andrews, 1981).  In 

rats, the estrus cycle spans four days, and is characterised by fluctuating levels of estrogen and 

progesterone.  Clinical and pre-clinical research suggests estrogen can be neuroprotective 

(Simpkins & Singh, 2008), as can progesterone (Robin L. Roof & Hall, 2000).  However, a more 

rapid decline of progesterone during the luteal phase is associated with more severe pre-

menstrual symptoms like headache, fatigue, and mood disturbance (Lovick et al., 2017).   These 

are notably also common symptoms of concussion.  Female athletes who sustained a concussion 

were more likely to be in the late luteal phase of the estrus cycle at the time of injury(La 

Fountaine et al., 2019; Wunderle, Hoeger, Wasserman, & Bazarian, 2014).  It is possible that 

women are vulnerable to a more severe injury during the late luteal phase because the decline 

in progesterone reduces neuroprotection, or because the concurrent pre-menstrual symptoms 

during this phase exacerbate concussion symptoms to a detectable threshold.  Future research 

using the ACHI model in females should monitor the estrus cycle, and determine whether 

symptom severity correlates with estrus phase during ACHI or testing.  It is possible that the 

progesterone decline which occurs during pro-estrus in rodents may affect the severity of 

symptoms, similar to the progesterone decline that occurs during the late luteal phase in 

humans.   If being in a certain phase of the estrus cycle can predispose an individual to more 

severe symptoms, this may represent a separate sub-group for experimental assessment.  If so, 
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this would warrant increasing the number of females used so that the data are sufficiently 

powered for appropriate statistical analysis.  Experimental manipulation of circulating 

hormones during ACHI may help to elucidate whether the estrus cycle affects behavioural 

outcomes. For example, ovarectomy and estradiol supplementation can be used to manipulate 

circulating estrogen, and progesterone effects can be manipulated through administration of 

progesterone, or progesterone receptor antagonists.  

As a new platform for concussion research, potential future directions for the ACHI 

model are extensive.  Beginning with ever-improved characterisation, moving on to explore 

mechanistic insights, ultimately aiming towards developing and testing new diagnostic and 

treatment technologies. 

5.5 Conclusions 

This is the first preclinical concussion model to study repeated injury in both male and 

female juvenile rats without anaesthesia. The ultimate goal of this characterisation was to gain a 

comprehensive understanding of the injury provided by this model, particularly a reliable and 

reproducible subset of behavioural sequela that are analogous to clinical concussion symptoms. 

Establishing these characteristics is crucial for future investigations into the mechanisms 

underlying concussion symptoms, and treatments that modulate them. Our NAP showed acute 

neurologic changes after ACHI. The Barnes maze and reversal test demonstrated mild memory 

impairment; and impaired cognitive flexibility during reversal learning. Silver stain histology, 

advanced MRI, and structural MRI demonstrated diffuse neurodegeneration and white matter 

abnormalities in the absence of visible lesion or atrophy. Taken together these observations 

reflect all four of the criteria that define a concussion according to CISG 5 (McCrory, 



118 

 

Meeuwisse, et al., 2017). We have shown that 1) an “impulsive” force transmitted to the head 

results in 2) the rapid onset of short-lived neurologic impairment that resolves spontaneously. 

This occurs 3) with normal structural neuroimaging, and 4) produces cognitive impairment, and 

LOC in a subset of cases. Diffuse neurodegeneration was observed in the hippocampus and 

cortex, which might contribute to learning and cognitive flexibility impairments in reversal 

learning. This is potentially confounded by visual impairments due to axonal injury in the optic 

tract. A main caveat of our finding is that the injury timeline may not correspond well to clinical 

concussion. Future studies should investigate clinically-relevant injury timelines, behavioural 

assessment of more subtle cognitive abnormalities, and additional histology to characterize the 

observed neurodegeneration. Taken together, these findings demonstrate that ACHI is a 

clinically relevant model of pediatric concussion.  

 

  



119 

 

Bibliography 
Ahlers, S. T., Vasserman-Stokes, E., Shaughness, M. C., Hall, A. A., Shear, D. A., Chavko, M., … 

Stone, J. R. (2012). Assessment of the effects of acute and repeated exposure to blast 

overpressure in rodents: toward a greater understanding of blast and the potential 

ramifications for injury in humans exposed to blast. Frontiers in Neurology, 3, 32. 

https://doi.org/10.3389/fneur.2012.00032 

Alexander, A. L., Hurley, S. A., Samsonov, A. A., Adluru, N., Hosseinbor, A. P., Mossahebi, P., 

… Field, A. S. (2011, December 1). Characterization of Cerebral White Matter Properties 

Using Quantitative Magnetic Resonance Imaging Stains. Brain Connectivity, Vol. 1, pp. 423–

446. https://doi.org/10.1089/brain.2011.0071 

Alexander, A. L., Lee, J. E., Lazar, M., & Field, A. S. (2007). Diffusion Tensor Imaging of the 

Brain. Neurotherapeutics, 4(3), 316–329. https://doi.org/10.1016/j.nurt.2007.05.011 

Alzheimer, A. (1911). über eigenartige Krankheitsfälle des späteren Alters. Zeitschrift Für Die 

Gesamte Neurologie Und Psychiatrie, 4(1), 356–385. https://doi.org/10.1007/BF02866241 

Alzheimer, A., Förstl, H., & Levy, R. (1991). On certain peculiar diseases of old age. History of 

Psychiatry, 2(5), 71–73. https://doi.org/10.1177/0957154X9100200505 

Arciniegas, D. B., Anderson, C. A., Topkoff, J., & McAllister, T. W. (2005). Mild traumatic brain 

injury: a neuropsychiatric approach to diagnosis, evaluation, and treatment. 

Neuropsychiatric Disease and Treatment, 1(4), 311–327. 

Arts, J. W. M., Kramer, K., Arndt, S. S., & Ohl, F. (2012). The impact of transportation on 

physiological and behavioral parameters in Wistar rats: implications for acclimatization 

periods. ILAR Journal / National Research Council, Institute of Laboratory Animal Resources, 

53(1), E82–E98. https://doi.org/10.1093/ilar.53.1.82 

Asken, B. M., Bauer, R. M., Dekosky, S. T., Houck, Z. M., Moreno, C. C., Jaffee, M. S., … 

Clugston, J. R. (2018). Concussion biomarkers assessed in collegiate student-athletes 

(basics) i normative study. Neurology, 91(23), E2109–E2122. 

https://doi.org/10.1212/WNL.0000000000006613 

Asken, B. M., McCrea, M. A., Clugston, J. R., Snyder, A. R., Houck, Z. M., & Bauer, R. M. (2016). 

“Playing Through It”: Delayed Reporting and Removal From Athletic Activity After 

Concussion Predicts Prolonged Recovery. Journal of Athletic Training, 51(4), 329–335. 

https://doi.org/10.4085/1062-6050-51.5.02 

Atwood, C. S., Martins, R. N., Smith, M. A., & Perry, G. (2002, July 1). Senile plaque composition 

and posttranslational modification of amyloid-β peptide and associated proteins. Peptides, 

Vol. 23, pp. 1343–1350. https://doi.org/10.1016/S0196-9781(02)00070-0 

Aubry, M. (2002). Summary and agreement statement of the first International Conference on 

Concussion in Sport, Vienna 2001. British Journal of Sports Medicine, 36(1), 6–7. 

https://doi.org/10.1136/bjsm.36.1.6 

Aungst, S. L., Kabadi, S. V, Thompson, S. M., Stoica, B. A., & Faden, A. I. (2014). Repeated mild 

traumatic brain injury causes chronic neuroinflammation, changes in hippocampal 

synaptic plasticity, and associated cognitive deficits. Journal of Cerebral Blood Flow & 

Metabolism, 34(7), 1223–1232. https://doi.org/10.1038/jcbfm.2014.75 

Avants, B. B., Tustison, N. J., Song, G., Cook, P. A., Klein, A., & Gee, J. C. (2011). A reproducible 

evaluation of ANTs similarity metric performance in brain image registration. NeuroImage, 



120 

 

54(3), 2033–2044. https://doi.org/10.1016/j.neuroimage.2010.09.025 

Barkhoudarian, G., Hovda, D. A., & Giza, C. C. (2011). The Molecular Pathophysiology of 

Concussive Brain Injury. Clinics in Sports Medicine, Vol. 30, pp. 33–48. 

https://doi.org/10.1016/j.csm.2010.09.001 

Barnes, C. A. (1979). Memory deficits associated with senescence: a neurophysiological and 

behavioral study in the rat. Journal of Comparative and Physiological Psychology, 93(1), 74–104. 

https://doi.org/10.1037/h0077579 

Bazarian, J. J., Blyth, B., Mookerjee, S., He, H., & McDermott, M. P. (2010). Sex differences in 

outcome after mild traumatic brain injury. Journal of Neurotrauma, 27, 527–539. 

https://doi.org/10.1089/neu.2009.1068 

Bazarian, J. J., Zhong, J., Blyth, B., Zhu, T., Kavcic, V., & Peterson, D. (2007). Diffusion tensor 

imaging detects clinically important axonal damage after mild traumatic brain injury: A 

pilot study. Journal of Neurotrauma, 24(9), 1447–1459. https://doi.org/10.1089/neu.2007.0241 

Bijur, P. E., Haslum, M., & Golding, J. (1996). Cognitive outcomes of multiple mild head injuries 

in children. Journal of Developmental and Behavioral Pediatrics : JDBP, 17(3), 143–148. 

Black, A. M., Sergio, L. E., & Macpherson, A. K. (2017). The Epidemiology of Concussions. 

Clinical Journal of Sport Medicine, 27(1), 52–56. https://doi.org/10.1097/JSM.0000000000000308 

Blasko, I., Beer, R., Bigl, M., Apelt, J., Franz, G., Rudzki, D., … Schliebs, R. (2004). Experimental 

traumatic brain injury in rats stimulates the expression, production and activity of 

Alzheimer’s disease b-secretase (BACE-1). J Neural Transm. https://doi.org/10.1007/s00702-

003-0095-6 

Blennow, K., Brody, D. L., Kochanek, P. M., Levin, H., McKee, A., Ribbers, G. M., … Zetterberg, 

H. (2016). Traumatic brain injuries. Nature Reviews Disease Primers, 2. 

https://doi.org/10.1038/nrdp.2016.84 

Bramlett, H. M., & Dietrich, W. D. (2001). Neuropathological Protection after Traumatic Brain 

Injury in Intact Female Rats Versus Males or Ovariectomized Females. Journal of 

Neurotrauma, 18(9), 891–900. https://doi.org/10.1089/089771501750451811 

Bretzin, A. C., Covassin, T., Fox, M. E., Petit, K. M., Savage, J. L., Walker, L. F., & Gould, D. 

(2018). Sex Differences in the Clinical Incidence of Concussions, Missed School Days, and 

Time Loss in High School Student-Athletes: Part 1. American Journal of Sports Medicine, 

46(9), 2263–2269. https://doi.org/10.1177/0363546518778251 

Brocardo, P. S., Boehme, F., Patten, A., Cox, A., Gil-Mohapel, J., & Christie, B. R. (2012). Anxiety- 

and depression-like behaviors are accompanied by an increase in oxidative stress in a rat 

model of fetal alcohol spectrum disorders: Protective effects of voluntary physical exercise. 

Neuropharmacology, 62, 1607–1618. https://doi.org/10.1016/j.neuropharm.2011.10.006 

Broglio, S. P., Katz, B. P., Zhao, S., McCrea, M., McAllister, T., Reed Hoy, A., … Lintner, L. 

(2018). Test-Retest Reliability and Interpretation of Common Concussion Assessment 

Tools: Findings from the NCAA-DoD CARE Consortium. Sports Medicine, 48(5), 1255–1268. 

https://doi.org/10.1007/s40279-017-0813-0 

Broshek, D. K., Kaushik, T., Freeman, J. R., Erlanger, D., Webbe, F., & Barth, J. T. (2005). Sex 

differences in outcome following sports-related concussion. Journal of Neurosurgery, 102(5), 

856–863. https://doi.org/10.3171/jns.2005.102.5.0856 

Brown, N. J., Mannix, R. C., O’Brien, M. J., Gostine, D., Collins, M. W., & Meehan, W. P. (2014). 



121 

 

Effect of Cognitive Activity Level on Duration of Post-Concussion Symptoms. 

PEDIATRICS, 133(2), e299–e304. https://doi.org/10.1542/peds.2013-2125 

Calamante, F., Tournier, J. D., Smith, R. E., & Connelly, A. (2012). A generalised framework for 

super-resolution track-weighted imaging. NeuroImage, 59(3), 2494–2503. 

https://doi.org/10.1016/j.neuroimage.2011.08.099 

Carelli, V., Morgia, C. La, Ross-Cisneros, F. N., & Sadun, A. A. (2017, October 1). Optic 

neuropathies: The tip of the neurodegeneration iceberg. Human Molecular Genetics, Vol. 26, 

pp. R139–R150. https://doi.org/10.1093/hmg/ddx273 

Carroll, L. J., Cassidy, J. D., Peloso, P. M., Borg, J., von Holst, H., Holm, L., … WHO 

Collaborating Centre Task Force on Mild Traumatic Brain Injury. (2004). Prognosis for mild 

traumatic brain injury: results of the WHO Collaborating Centre Task Force on Mild 

Traumatic Brain Injury. Journal of Rehabilitation Medicine, (43 Suppl), 84–105. 

Cassidy, J. D., Carroll, L., Peloso, P., Borg, J., von Holst, H., Holm, L., … Coronado, V. (2004). 

Incidence, risk factors and prevention of mild traumatic brain injury: results of the who 

collaborating centre task force on mild traumatic brain injury. Journal of Rehabilitation 

Medicine, 36, 28–60. https://doi.org/10.1080/16501960410023732 

Castile, L., Collins, C. L., McIlvain, N. M., & Comstock, R. D. (2012). The epidemiology of new 

versus recurrent sports concussions among high school athletes, 2005–2010. British Journal 

of Sports Medicine, 46(8), 603–610. https://doi.org/10.1136/bjsports-2011-090115 

Chandran, A., Barron, M. J., Westerman, B. J., & DiPietro, L. (2017). Multifactorial examination 

of sex-differences in head injuries and concussions among collegiate soccer players: NCAA 

ISS, 2004–2009. Injury Epidemiology, 4(1), 1–8. https://doi.org/10.1186/s40621-017-0127-6 

Charyk Stewart, T., Gilliland, J., & Fraser, D. D. (n.d.). An epidemiologic profile of pediatric 

concussions: Identifying urban and rural differences. 

https://doi.org/10.1097/TA.0b013e3182aafdf5 

Chen, C. H., Zhou, W., Liu, S., Deng, Y., Cai, F., Tone, M., … Song, W. (2012). Increased NF-κB 

signalling up-regulates BACE1 expression and its therapeutic potential in Alzheimer’s 

disease. International Journal of Neuropsychopharmacology, 15(1), 77–90. 

https://doi.org/10.1017/S1461145711000149 

Chen, Y., & Swanson, R. A. (2003). Astrocytes and Brain Injury. Journal of Cerebral Blood Flow & 

Metabolism, 23(2), 137–149. https://doi.org/10.1097/01.WCB.0000044631.80210.3C 

Cheng, J., Ammerman, B., Santiago, K., Jivanelli, B., Lin, E., Casey, E., & Ling, D. (2019, 

November 1). Sex-Based Differences in the Incidence of Sports-Related Concussion: 

Systematic Review and Meta-analysis. Sports Health, Vol. 11, pp. 486–491. 

https://doi.org/10.1177/1941738119877186 

Cheng, W. H., Martens, K. M., Bashir, A., Cheung, H., Stukas, S., Gibbs, E., … Wellington, C. L. 

(2019). CHIMERA repetitive mild traumatic brain injury induces chronic behavioural and 

neuropathological phenotypes in wild-type and APP/PS1 mice. Alzheimer’s Research and 

Therapy, 11(1), 1–21. https://doi.org/10.1186/s13195-018-0461-0 

Chin, E. Y., Nelson, L. D., Barr, W. B., McCrory, P., & McCrea, M. A. (2016). Reliability and 

Validity of the Sport Concussion Assessment Tool-3 (SCAT3) in High School and 

Collegiate Athletes. The American Journal of Sports Medicine, 44(9), 2276–2285. 

https://doi.org/10.1177/0363546516648141 



122 

 

Choe, M. C. (2016, June 1). The Pathophysiology of Concussion. Current Pain and Headache 

Reports, Vol. 20, p. 42. https://doi.org/10.1007/s11916-016-0573-9 

Choleris, E., Galea, L. A. M., Sohrabji, F., & Frick, K. M. (2018, February 1). Sex differences in the 

brain: Implications for behavioral and biomedical research. Neuroscience and Biobehavioral 

Reviews, Vol. 85, pp. 126–145. https://doi.org/10.1016/j.neubiorev.2017.07.005 

Christie, B. R., Trivino‐Paredes, J., Pinar, C., Neale, K. J., Meconi, A., Reid, H., & Hutton, C. P. 

(2019a). A Rapid Neurological Assessment Protocol for Repeated Mild Traumatic Brain 

Injury in Awake Rats. Current Protocols in Neuroscience, 89(1). 

https://doi.org/10.1002/cpns.80 

Christie, B. R., Trivino‐Paredes, J., Pinar, C., Neale, K. J., Meconi, A., Reid, H., & Hutton, C. P. 

(2019b). A Rapid Neurological Assessment Protocol for Repeated Mild Traumatic Brain 

Injury in Awake Rats. Current Protocols in Neuroscience, 89(1). 

https://doi.org/10.1002/cpns.80 

Cnossen, M. C., van der Naalt, J., Spikman, J. M., Nieboer, D., Yue, J. K., Winkler, E. A., … 

Lingsma, H. F. (2018). Prediction of Persistent Post-Concussion Symptoms after Mild 

Traumatic Brain Injury. Journal of Neurotrauma, 35(22), 2691–2698. 

https://doi.org/10.1089/neu.2017.5486 

Concussion recognition tool 5©. (2017a). British Journal of Sports Medicine, bjsports-2017-

097508CRT5. https://doi.org/10.1136/bjsports-2017-097508CRT5 

Concussion recognition tool 5©. (2017b). British Journal of Sports Medicine, bjsports-2017-

097508CRT5. https://doi.org/10.1136/bjsports-2017-097508 

Corps, K. N., Roth, T. L., & McGavern, D. B. (2015). Inflammation and Neuroprotection in 

Traumatic Brain Injury. JAMA Neurology. https://doi.org/10.1001/jamaneurol.2014.3558 

Costello, D. M., Kaye, A. H., O’Brien, T. J., & Shultz, S. R. (2018, October 1). Sport related 

concussion – Potential for biomarkers to improve acute management. Journal of Clinical 

Neuroscience, Vol. 56, pp. 1–6. https://doi.org/10.1016/j.jocn.2018.07.002 

Covassin, T., Elbin, R. J., Harris, W., Parker, T., & Kontos, A. (2012). The Role of Age and Sex in 

Symptoms, Neurocognitive Performance, and Postural Stability in Athletes After 

Concussion. The American Journal of Sports Medicine, Vol. 40, pp. 1303–1312. 

https://doi.org/10.1177/0363546512444554 

Covassin, Tracey, Elbin, R. J., Harris, W., Parker, T., & Kontos, A. (2012). The role of age and sex 

in symptoms, neurocognitive performance, and postural stability in athletes after 

concussion. The American Journal of Sports Medicine, 40(6), 1303–1312. 

https://doi.org/10.1177/0363546512444554 

Covassin, Tracey, Elbin, R. J., Larson, E., & Kontos, A. P. (2012). Sex and age differences in 

depression and baseline sport-related concussion neurocognitive performance and 

symptoms. Clinical Journal of Sport Medicine : Official Journal of the Canadian Academy of Sport 

Medicine, 22(2), 98–104. https://doi.org/10.1097/JSM.0b013e31823403d2 

Covassin, Tracey, Elbin, R. J., & Nakayama, Y. (2010). Tracking Neurocognitive Performance 

following Concussion in High School Athletes. The Physician and Sportsmedicine, 38(4), 87–

93. https://doi.org/10.3810/psm.2010.12.1830 

Covassin, Tracey, Moran, R., & Elbin, R. J. (2016). Sex Differences in Reported Concussion 

Injury Rates and Time Loss From Participation: An Update of the National Collegiate 



123 

 

Athletic Association Injury Surveillance Program From 2004–2005 Through 2008–2009. 

Journal of Athletic Training, 51(3), 189–194. https://doi.org/10.4085/1062-6050-51.3.05 

Covassin, Tracey, Savage, J. L., Bretzin, A. C., & Fox, M. E. (2018). Sex differences in sport-

related concussion long-term outcomes. International Journal of Psychophysiology, 132, 9–13. 

https://doi.org/10.1016/j.ijpsycho.2017.09.010 

Crews, F. T., & Boettiger, C. A. (2009). Impulsivity, frontal lobes and risk for addiction. 

Pharmacology Biochemistry and Behavior, 93(3), 237–247. 

https://doi.org/10.1016/j.pbb.2009.04.018 

Crisco, J. J., Fiore, R., Beckwith, J. G., Chu, J. J., Brolinson, P. G., Duma, S., … Greenwald, R. M. 

(2010). Frequency and Location of Head Impact Exposures in Individual Collegiate 

Football Players. Journal of Athletic Training, 45(6), 549–559. https://doi.org/10.4085/1062-

6050-45.6.549 

Cubon, V. A., Putukian, M., Boyer, C., & Dettwiler, A. (2011). A diffusion tensor imaging study 

on the white matter skeleton in individuals with sports-related concussion. Journal of 

Neurotrauma, 28(2), 189–201. https://doi.org/10.1089/neu.2010.1430 

Daneshvar, D. H., Nowinski, C. J., McKee, A. C., & Cantu, R. C. (2011). The epidemiology of 

sport-related concussion. Clinics in Sports Medicine, 30(1), 1–17, vii. 

https://doi.org/10.1016/j.csm.2010.08.006 

Davis, G. A., Purcell, L., Schneider, K. J., Yeates, K. O., Gioia, G. A., Anderson, V., … Kutcher, J. 

S. (2017). The Child Sport Concussion Assessment Tool 5th Edition (Child SCAT5): 

Background and rationale. British Journal of Sports Medicine, 51(11), 859–861. 

Dick, R. W. (2009). Is there a gender difference in concussion incidence and outcomes? British 

Journal of Sports Medicine, 43(SUPPL. 1), i46–i50. https://doi.org/10.1136/bjsm.2009.058172 

Dikranian, K., Cohen, R., Donald, C. Mac, Pan, Y., Brakefield, D., Bayly, P., … Parsadanian, A. 

(2008). Mild traumatic brain injury to the infant mouse causes robust white matter axonal 

degeneration which precedes apoptotic death of cortical and thalamic neurons. Exp Neurol, 

211(2), 551–560. https://doi.org/10.1016/j.expneurol.2008.03.012 

Ding, J., Guo, J., Yuan, Q., Yuan, F., Chen, H., & Tian, H. (2013). Inhibition of Phosphatase and 

Tensin Homolog Deleted on Chromosome 10 Decreases Rat Cortical Neuron Injury and 

Blood-Brain Barrier Permeability, and Improves Neurological Functional Recovery in 

Traumatic Brain Injury Model. PLoS ONE, 8(11), e80429. 

https://doi.org/10.1371/journal.pone.0080429 

Echemendia, R. J., Meeuwisse, W., McCrory, P., Davis, G. A., Putukian, M., Leddy, J., … 

Herring, S. (2017). The Concussion Recognition Tool 5th Edition (CRT5). British Journal of 

Sports Medicine, bjsports-2017-097508. https://doi.org/10.1136/bjsports-2017-097508 

Echemendia, R. J., Meeuwisse, W., McCrory, P., Davis, G. A., Putukian, M., Leddy, J., … 

Herring, S. (2017). The Sport Concussion Assessment Tool 5th Edition (SCAT5): 

Background and rationale. British Journal of Sports Medicine, 51(11), 848–850. 

https://doi.org/10.1136/bjsports-2017-097506 

Edwards, G., Moreno-Gonzalez, I., & Soto, C. (2017, February 19). Amyloid-beta and tau 

pathology following repetitive mild traumatic brain injury. Biochemical and Biophysical 

Research Communications, Vol. 483, pp. 1137–1142. https://doi.org/10.1016/j.bbrc.2016.07.123 

Eisenberg, M. A., Andrea, J., Meehan, W., & Mannix, R. (2013). Time Interval Between 



124 

 

Concussions and Symptom Duration. PEDIATRICS, 132(1), 8–17. 

https://doi.org/10.1542/peds.2013-0432 

Ellis, M. J., Bauman, S., Cowle, S., Fuselli, P., & Tator, C. H. (2019). Primary care management of 

concussion in Canada. Paediatrics & Child Health, 24(3), 137–142. 

https://doi.org/10.1093/pch/pxy171 

Ellis, M. J., Ritchie, L. J., Koltek, M., Hosain, S., Cordingley, D., Chu, S., … Russell, K. (2015). 

Psychiatric outcomes after pediatric sports-related concussion. Journal of Neurosurgery: 

Pediatrics, 16(6), 709–718. https://doi.org/10.3171/2015.5.PEDS15220 

Erlanger, D. M. (2015). Exposure to sub-concussive head injury in boxing and other sports. Brain 

Injury, 29(2), 171–174. https://doi.org/10.3109/02699052.2014.965211 

Evanson, N. K., Guilhaume-Correa, F., Herman, J. P., & Goodman, M. D. (2018). Optic tract 

injury after closed head traumatic brain injury in mice: A model of indirect traumatic optic 

neuropathy. PLOS ONE, 13(5), e0197346. https://doi.org/10.1371/journal.pone.0197346 

Eyolfson, E., Carr, T., Khan, A., Wright, D. K., Mychasiuk, R., & Lohman, A. W. (2020). 

Repetitive Mild Traumatic Brain Injuries in Mice during Adolescence Cause Sexually 

Dimorphic Behavioral Deficits and Neuroinflammatory Dynamics. Journal of Neurotrauma, 

37(24), 2718–2732. https://doi.org/10.1089/neu.2020.7195 

Faul, M., Wald, M. M., Xu, L., & Coronado, V. G. (2010). Traumatic brain injury in the United 

States; emergency department visits, hospitalizations, and deaths, 2002-2006. Atlanta (GA): 

Centers for Disease Control and Prevention, National Center for Injury Prevention and 

Control. 

FD NeuroTechnologies. (1997). FD NeuroSilver TM Kit II: A rapid silver staining kit for the 

microscopic detection of neuronal damage. User Manual, 2014–10(PK 301/301A). Retrieved 

from http://fdneurotech.com/docs/1333571213.web_pk301-301a-04042012.pdf 

FD NeuroTechnologies. (2018). References using FD NeuroSilverTM Kit. Reference List, (PK 301). 

Retrieved from 

http://www.fdneurotech.com/docs/1416946293.pk301_references_list11252014cj.pdf 

Fedor, M., Berman, R. F., Muizelaar, J. P., & Lyeth, B. G. (2010). Hippocampal Theta 

Dysfunction after Lateral Fluid Percussion Injury. Journal of Neurotrauma, 27(9), 1605–1615. 

https://doi.org/10.1089/neu.2010.1370 

Feigin, I., & Naoumenko, J. (1976). Some chemical principles applicable to some silver and gold 

staining methods for neuropathological studies. Journal of Neuropathology and Experimental 

Neurology, 35(5), 481–494. https://doi.org/10.1097/00005072-197609000-00002 

Field, M., Collins, M. W., Lovell, M. R., & Maroon, J. (2003). Does age play a role in recovery 

from sports-related concussion? A comparison of high school and collegiate athletes. The 

Journal of Pediatrics, 142(5), 546–553. https://doi.org/10.1067/mpd.2003.190 

Flower, O., & Hellings, S. (2012). Sedation in Traumatic Brain Injury. Emergency Medicine 

International, 2012, 1–11. https://doi.org/10.1155/2012/637171 

Fortney, S. M., Schneider, V. S., & Greenleaf, J. E. (2011). The Physiology of Bed Rest. In 

Comprehensive Physiology (pp. 889–939). https://doi.org/10.1002/cphy.cp040239 

Gaetz, M., Goodman, D., & Weinberg, H. (2000). Electrophysiological evidence for the 

cumulative effects of concussion. Brain Injury, 14(12), 1077–1088. 

Gallyas, F. (1979). Factors affecting the formation of metallic silver and the binding of silver ions 



125 

 

by tissue components. Histochemistry, 64(1), 97–109. https://doi.org/10.1007/BF00493358 

Gao, X., & Chen, J. (2011). Mild traumatic brain injury results in extensive neuronal 

degeneration in the cerebral cortex. Journal of Neuropathology and Experimental Neurology, 

70(3), 183–191. https://doi.org/10.1097/NEN.0b013e31820c6878 

Gardner, R. C., Dams-O’Connor, K., Morrissey, M. R., & Manley, G. T. (2018, April 1). Geriatric 

traumatic brain injury: Epidemiology, outcomes, knowledge gaps, and future directions. 

Journal of Neurotrauma, Vol. 35, pp. 889–906. https://doi.org/10.1089/neu.2017.5371 

Garrick, J. G., McCrea, M., Hammeke, T., Olsen, G., Leo, P., & Guskiewicz, K. (2005). 

Unreported concussion in high school football players (multiple letters). Clinical Journal of 

Sport Medicine, Vol. 15, p. 385. https://doi.org/10.1097/01.jsm.0000181438.48892.1b 

Gawel, K., Gibula, E., Marszalek-Grabska, M., Filarowska, J., & Kotlinska, J. H. (2019). 

Assessment of spatial learning and memory in the Barnes maze task in rodents—

methodological consideration. Naunyn-Schmiedeberg’s Archives of Pharmacology, 392(1), 1–18. 

https://doi.org/10.1007/s00210-018-1589-y 

Gentleman, S. M., Nash, M. J., Sweeting, C. J., Graham, D. I., & Roberts, G. W. (1993). β-Amyloid 

precursor protein (βAPP) as a marker for axonal injury after head injury. Neuroscience 

Letters, 160(2), 139–144. https://doi.org/10.1016/0304-3940(93)90398-5 

Gibb, R., & Kolb, B. (1998). A method for vibratome sectioning of Golgi-Cox stained whole rat 

brain. Journal of Neuroscience Methods, 79, 1–4. 

Giza, C. C., Kutcher, J. S., Ashwal, S., Barth, J., Getchius, T. S. D., Gioia, G. A., … Zafonte, R. 

(2013). Summary of evidence-based guideline update: Evaluation and management of 

concussion in sports: Report of the Guideline Development Subcommittee of the American 

Academy of Neurology. Neurology, 80(24), 2250–2257. 

https://doi.org/10.1212/WNL.0b013e31828d57dd 

Giza, Christopher C, & Hovda, D. A. (2014). The new neurometabolic cascade of concussion. 

Neurosurgery, 75 Suppl 4, S24-33. https://doi.org/10.1227/NEU.0000000000000505 

Gordon, K. E., Dooley, J. M., & Wood, E. P. (2006). Descriptive Epidemiology of Concussion. 

Pediatric Neurology, 34(5), 376–378. https://doi.org/10.1016/j.pediatrneurol.2005.09.007 

Gray, J. J., Bickler, P. E., Fahlman, C. S., Zhan, X., & Schuyler, J. A. (2005). Isoflurane 

neuroprotection in hypoxic hippocampal slice cultures involves increases in intracellular 

Ca2+ and mitogen-activated protein kinases. Anesthesiology, 102(3), 606–615. 

Green, S. L., Keightley, M. L., Lobaugh, N. J., Dawson, D. R., & Mihailidis, A. (2018). Changes in 

working memory performance in youth following concussion. Brain Injury, 32(2), 182–190. 

https://doi.org/10.1080/02699052.2017.1358396 

Gu, C. (2021). Rapid and Reversible Development of Axonal Varicosities: A New Form of 

Neural Plasticity. Frontiers in Molecular Neuroscience, 14, 610857. 

https://doi.org/10.3389/fnmol.2021.610857 

Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., & Jordan, 

B. D. (2005). Association between recurrent concussion and late-life cognitive impairment 

in retired professional football players. Neurosurgery, 57(4), 719–726; discussion 719-26. 

Guskiewicz, K. M., McCrea, M., Marshall, S. W., Cantu, R. C., Randolph, C., Barr, W., … Kelly, J. 

P. (2003). Cumulative effects associated with recurrent concussion in collegiate football 

players: the NCAA Concussion Study. JAMA, 290(19), 2549–2555. 



126 

 

https://doi.org/10.1001/jama.290.19.2549 

Guskiewicz, K. M., Weaver, N. L., Padua, D. A., & Garrett, W. E. . J. (2000). Epidemiology of 

Concussion in Collegiate and High School Football Players. Am. J. Sports Med., 28(5), 643–

650. 

Haarbauer-Krupa, J., Arbogast, K. B., Metzger, K. B., Greenspan, A. I., Kessler, R., Curry, A. E., 

… Master, C. L. (2018). Variations in Mechanisms of Injury for Children with Concussion. 

Journal of Pediatrics, 197, 241-248.e1. https://doi.org/10.1016/j.jpeds.2018.01.075 

Haettig, J., Stefanko, D. P., Multani, M. L., Figueroa, D. X., McQuown, S. C., & Wood, M. A. 

(2011). HDAC inhibition modulates hippocampus-dependent long-term memory for object 

location in a CBP-dependent manner. Learning & Memory, 18(2), 71–79. 

https://doi.org/10.1101/lm.1986911 

Halstead, M. E., & Walter, K. D. (2010). American Academy of Pediatrics. Clinical report--sport-

related concussion in children and adolescents. Pediatrics, 126(3), 597–615. 

https://doi.org/10.1542/peds.2010-2005 

Hardy, W. N., Mason, M. J., Foster, C. D., Shah, C. S., Kopacz, J. M., Yang, K. H., … Tashman, S. 

(2007). A study of the response of the human cadaver head to impact. Stapp Car Crash 

Journal, 51, 17–80. Retrieved from /pmc/articles/PMC2474809/?report=abstract 

Harmon, K. G., Drezner, J. A., Gammons, M., Guskiewicz, K. M., Halstead, M., Herring, S. A., 

… Roberts, W. O. (2013). American Medical Society for Sports Medicine position statement: 

concussion in sport. British Journal of Sports Medicine, 47(1), 15–26. 

https://doi.org/10.1136/bjsports-2012-091941 

Harrison, F. E., Reiserer, R. S., Tomarken, A. J., & McDonald, M. P. (2006). Spatial and 

nonspatial escape strategies in the Barnes maze. Learning & Memory (Cold Spring Harbor, 

N.Y.), 13(6), 809–819. https://doi.org/10.1101/lm.334306 

Hawley, D. F., Morch, K., Christie, B. R., & Leasure, J. L. (2012). Differential Response of 

Hippocampal Subregions to Stress and Learning. PLoS ONE, 7(12), e53126. 

https://doi.org/10.1371/journal.pone.0053126 

Hehar, H., & Mychasiuk, R. (2016). The use of telomere length as a predictive biomarker for 

injury prognosis in juvenile rats following a concussion/mild traumatic brain injury. 

Neurobiology of Disease, 87, 11–18. https://doi.org/10.1016/j.nbd.2015.12.007 

Hendrich, K. S., Kochanek, P. M., Melick, J. A., Schiding, J. K., Statler, K. D., Williams, D. S., … 

Ho, C. (2001). Cerebral perfusion during anesthesia with fentanyl, isoflurane, or 

pentobarbital in normal rats studied by arterial spin-labeled MRI. Magnetic Resonance in 

Medicine : Official Journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic 

Resonance in Medicine, 46(1), 202–206. 

HIDES, J. A., FRANETTOVICH SMITH, M. M., MENDIS, M. D., TRELEAVEN, J., ROTSTEIN, 

A. H., SEXTON, C. T., … MCCRORY, P. (2017). Self-reported Concussion History and 

Sensorimotor Tests Predict Head/Neck Injuries. Medicine & Science in Sports & Exercise, 

49(12), 2385–2393. https://doi.org/10.1249/MSS.0000000000001372 

Hiploylee, C., Dufort, P. A., Davis, H. S., Wennberg, R. A., Tartaglia, M. C., Mikulis, D., … 

Tator, C. H. (2017). Longitudinal Study of Postconcussion Syndrome: Not Everyone 

Recovers. Journal of Neurotrauma, 34(8), 1511–1523. https://doi.org/10.1089/neu.2016.4677 

Holden, J., Francisco, E., Tommerdahl, A., Lensch, R., Kirsch, B., Zai, L., … Tommerdahl, M. 



127 

 

(2020). Methodological Problems With Online Concussion Testing. Frontiers in Human 

Neuroscience, 14. https://doi.org/10.3389/fnhum.2020.509091 

Holmes, A., Chen, Z., Yahng, L., Fletcher, D., & Kawata, K. (2020). Return to Learn: Academic 

Effects of Concussion in High School and College Student-Athletes. Frontiers in Pediatrics, 

8(4), 57. https://doi.org/10.3389/fped.2020.00057 

Hon, K. L., Leung, A. K. C., & Torres, A. R. (2019). Concussion: A Global Perspective. Seminars 

in Pediatric Neurology, 30, 117–127. https://doi.org/10.1016/j.spen.2019.03.017 

Hsieh, T.-H., Kang, J.-W., Lai, J.-H., Huang, Y.-Z., Rotenberg, A., Chen, K.-Y., … Peng, C.-W. 

(2017). Relationship of mechanical impact magnitude to neurologic dysfunction severity in 

a rat traumatic brain injury model. PLOS ONE, 12(5), e0178186. 

https://doi.org/10.1371/journal.pone.0178186 

Hugh Perry, V., & Teeling, J. (n.d.). Microglia and macrophages of the central nervous system: the 

contribution of microglia priming and systemic inflammation to chronic neurodegeneration. 

https://doi.org/10.1007/s00281-013-0382-8 

Hughes, D., Jackson, A., Mason, D., Berry, E., Hollis, S., & Yates, D. (2004). Abnormalities on 

magnetic resonance imaging seen acutely following mild traumatic brain injury: 

correlation with neuropsychological tests and delayed recovery. Neuroradiology, 46(7), 550–

558. https://doi.org/10.1007/s00234-004-1227-x 

Inglese, M., Makani, S., Johnson, G., Cohen, B. A., Silver, J. A., Gonen, O., & Grossman, R. I. 

(2005). Diffuse axonal injury in mild traumatic brain injury: A diffusion tensor imaging 

study. Journal of Neurosurgery, 103(2), 298–303. https://doi.org/10.3171/jns.2005.103.2.0298 

Johnson, V. E., Stewart, W., & Smith, D. H. (2013). Axonal pathology in traumatic brain injury. 

Experimental Neurology, 246, 35–43. https://doi.org/10.1016/j.expneurol.2012.01.013 

Johnstone, V. P. A., Wright, D. K., Wong, K., O’Brien, T. J., Rajan, R., & Shultz, S. R. (2015). 

Experimental Traumatic Brain Injury Results in Long-Term Recovery of Functional 

Responsiveness in Sensory Cortex but Persisting Structural Changes and Sensorimotor, 

Cognitive, and Emotional Deficits. Journal of Neurotrauma, 32(17), 1333–1346. 

https://doi.org/10.1089/neu.2014.3785 

Jones, E. G. (1999, August 1). Golgi, Cajal and the neuron doctrine. Journal of the History of the 

Neurosciences, Vol. 8, pp. 170–178. https://doi.org/10.1076/jhin.8.2.170.1838 

Jones, N. C., Cardamone, L., Williams, J. P., Salzberg, M. R., Myers, D., & O’Brien, T. J. (2008). 

Experimental Traumatic Brain Injury Induces a Pervasive Hyperanxious Phenotype in Rats (pp. 

1367–1374). pp. 1367–1374. 

Jones, N. C., Salzberg, M. R., Kumar, G., Couper, A., Morris, M. J., & O’Brien, T. J. (2008). 

Elevated anxiety and depressive-like behavior in a rat model of genetic generalized 

epilepsy suggesting common causation. Experimental Neurology, 209(1), 254–260. 

https://doi.org/10.1016/j.expneurol.2007.09.026 

Katayama, Y., Becker, D. P., Tamura, T., & Hovda, D. A. (1990). Massive increases in 

extracellular potassium and the indiscriminate release of glutamate following concussive 

brain injury. Journal of Neurosurgery, 73(6), 889–900. 

https://doi.org/10.3171/jns.1990.73.6.0889 

Kettenmann, H., Hanisch, U.-K., Noda, M., & Verkhratsky, A. (2011). Physiology of Microglia. 

Physiological Reviews, 91(2). 



128 

 

Khong, E., Odenwald, N., Hashim, E., & Cusimano, M. D. (2016, September 19). Diffusion 

tensor imaging findings in post-concussion syndrome patients after mild traumatic brain 

injury: A systematic review. Frontiers in Neurology, Vol. 7, p. 156. 

https://doi.org/10.3389/fneur.2016.00156 

Kim, S., Han, S. C., Gallan, A. J., & Hayes, J. P. (2017). Neurometabolic indicators of 

mitochondrial dysfunction in repetitive mild traumatic brain injury. Concussion, 2(3), 

CNC45. https://doi.org/10.2217/cnc-2017-0013 

Klein, M., Möller, J., Jones, L., & Bluethmann, H. (1997). Impaired neuroglial activation in 

interleukin‐6 deficient mice. Glia. 

Kövesdi, E., Szabó-Meleg, E., & Abrahám, I. M. (2021, January 1). The role of estradiol in 

traumatic brain injury: Mechanism and treatment potential. International Journal of 

Molecular Sciences, Vol. 22, pp. 1–20. https://doi.org/10.3390/ijms22010011 

Kraus, J. F., & Nourjah, P. (1988). The epidemiology of mild, uncomplicated brain injury. The 

Journal of Trauma, 28(12), 1637–1643. 

Kunker, K., Peters, D. M., & Mohapatra, S. (2020). Long-term impact of mild traumatic brain 

injury on postural stability and executive function. Neurological Sciences, 41(7), 1899–1907. 

https://doi.org/10.1007/s10072-020-04300-0 

La Fountaine, M. F., Hill-Lombardi, V., Hohn, A. N., Leahy, C. L., & Testa, A. J. (2019). 

Preliminary Evidence for a Window of Increased Vulnerability to Sustain a Concussion in 

Females: A Brief Report. Frontiers in Neurology, 10(JUL), 691. 

https://doi.org/10.3389/fneur.2019.00691 

Langer, L., Levy, C., & Bayley, M. (2020). Increasing Incidence of Concussion: True Epidemic or 

Better Recognition? Journal of Head Trauma Rehabilitation, 35(1), E60–E66. 

https://doi.org/10.1097/HTR.0000000000000503 

Langlois, J. A., Rutland-Brown, W., & Wald, M. M. (2006). The Epidemiology and Impact of 

Traumatic Brain Injury A Brief Overview. J Head Trauma Rehabil, 21(5), 375–378. 

Leddy, J. J., Haider, M. N., Ellis, M., & Willer, B. S. (2018). Exercise is Medicine for Concussion. 

Current Sports Medicine Reports, 17(8), 262–270. 

https://doi.org/10.1249/JSR.0000000000000505 

Lee, Y. M., Odom, M. J., Zuckerman, S. L., Solomon, G. S., & Sills, A. K. (2013). Does age affect 

symptom recovery after sports-related concussion? A study of high school and college 

athletes: Clinical article. Journal of Neurosurgery: Pediatrics, 12(6), 537–544. 

https://doi.org/10.3171/2013.7.PEDS12572 

Levitt, P. (2003). Structural and functional maturation of the developing primate brain. Journal of 

Pediatrics, 143(4 SUPPL.), 35–45. https://doi.org/10.1067/s0022-3476(03)00400-1 

List, J., Ott, S., Bukowski, M., Lindenberg, R., & Flöel, A. (2015). Cognitive function and brain 

structure after recurrent mild traumatic brain injuries in young-to-middle-aged adults. 

Frontiers in Human Neuroscience, 9, 228. https://doi.org/10.3389/fnhum.2015.00228 

Liu, L., Orozco, I. J., Planel, E., Wen, Y., Bretteville, A., Krishnamurthy, P., … Duff, K. (2008). A 

transgenic rat that develops Alzheimer’s disease-like amyloid pathology, deficits in 

synaptic plasticity and cognitive impairment. Neurobiology of Disease, 31(1), 46–57. 

https://doi.org/10.1016/j.nbd.2008.03.005 

Loane, D. J., & Byrnes, K. R. (2010). Role of microglia in neurotrauma. Neurotherapeutics : The 



129 

 

Journal of the American Society for Experimental NeuroTherapeutics, 7(4), 366–377. 

https://doi.org/10.1016/j.nurt.2010.07.002 

Lovick, T. A., Guapo, V. G., Anselmo-Franci, J. A., Loureiro, C. M., Faleiros, M. C. M., Del Ben, 

C. M., & Brandão, M. L. (2017). A specific profile of luteal phase progesterone is associated 

with the development of premenstrual symptoms. Psychoneuroendocrinology, 75, 83–90. 

https://doi.org/10.1016/j.psyneuen.2016.10.024 

Luh, C., Gierth, K., Timaru-Kast, R., Engelhard, K., Werner, C., & Thal, S. C. (2011). Influence of 

a brief episode of anesthesia during the induction of experimental brain trauma on 

secondary brain damage and inflammation. PloS One, 6(5), e19948. 

Luo, Y., Zou, H., Wu, Y., Cai, F., Zhang, S., & Song, W. (2017). Mild traumatic brain injury 

induces memory deficits with alteration of gene expression profile. Scientific Reports, 7(1), 

10846. https://doi.org/10.1038/s41598-017-11458-9 

Lynall, R. C., Campbell, K. R., Wasserman, E. B., Dompier, T. P., & Kerr, Z. Y. (2017). 

Concussion Mechanisms and Activities in Youth, High School, and College Football. 

Journal of Neurotrauma, 34(19), 2684–2690. https://doi.org/10.1089/neu.2017.5032 

Lysenko-Martin, M. R., Hutton, C. P., Sparks, T., Snowden, T., & Christie, B. R. (2020). Multiple 

Object Tracking Scores Predict Post-Concussion Status Years after Mild Traumatic Brain 

Injury. Journal of Neurotrauma, 37(16), 1777–1787. https://doi.org/10.1089/neu.2019.6842 

MacGregor, A. J., Dougherty, A. L., Morrison, R. H., Quinn, K. H., & Galarneau, M. R. (2011). 

Repeated concussion among U.S. military personnel during Operation Iraqi Freedom. The 

Journal of Rehabilitation Research and Development, 48(10), 1269. 

https://doi.org/10.1682/JRRD.2011.01.0013 

Manlio Díaz-García, C., Mongeon, R., Lahmann, C., Koveal, D., Zucker, H., Correspondence, G. 

Y., & Yellen, G. (2017). Neuronal Stimulation Triggers Neuronal Glycolysis and Not 

Lactate Uptake Cell Metabolism Article Neuronal Stimulation Triggers Neuronal 

Glycolysis and Not Lactate Uptake. Cell Metabolism, 26, 361–374. 

https://doi.org/10.1016/j.cmet.2017.06.021 

Marar, M., McIlvain, N. M., Fields, S. K., & Comstock, R. D. (2012). Epidemiology of 

concussions among united states high school athletes in 20 sports. American Journal of 

Sports Medicine, 40(4), 747–755. https://doi.org/10.1177/0363546511435626 

Marshall, S. W., Guskiewicz, K. M., Shankar, V., McCrea, M., & Cantu, R. C. (2015). 

Epidemiology of sports-related concussion in seven US high school and collegiate sports. 

Injury Epidemiology, 2(1), 13. https://doi.org/10.1186/s40621-015-0045-4 

Martland, H. S. (1928). Punch drunk. Journal of the American Medical Association, 91(15), 1103–

1107. https://doi.org/10.1001/jama.1928.02700150029009 

Maruta, J., Spielman, L. A., Rajashekar, U., & Ghajar, J. (2018). Association of Visual Tracking 

Metrics With Post-concussion Symptomatology. Frontiers in Neurology, 9(JUL), 611. 

https://doi.org/10.3389/fneur.2018.00611 

Masel, B. E., & DeWitt, D. S. (2010). Traumatic Brain Injury: A Disease Process, Not an Event. 

Journal of Neurotrauma, 27(8), 1529–1540. https://doi.org/10.1089/neu.2010.1358 

Massingale, S., Alexander, A., Erickson, S., McQueary, E., Gerkin, R., Kisana, H., … Pardini, J. 

(2018). Comparison of Uninjured and Concussed Adolescent Athletes on the Concussion 

Balance Test (COBALT). Journal of Neurologic Physical Therapy, 42(3), 149–154. 



130 

 

https://doi.org/10.1097/NPT.0000000000000225 

Matser, J. T., Kessels, A. G. H., Jordan, B. D., Lezak, M. D., & Troost, J. (1998). Chronic traumatic 

brain injury in professional soccer players. Neurology, 51(3), 791–796. 

https://doi.org/10.1212/WNL.51.3.791 

Maxwell, W. L., & Graham, D. I. (1997). Loss of axonal microtubules and neurofilaments after 

stretch-injury to guinea pig optic nerve fibers. Journal of Neurotrauma, 14(9), 603–614. 

https://doi.org/10.1089/neu.1997.14.603 

McAteer, K. M., Corrigan, F., Thornton, E., Turner, R. J., & Vink, R. (2016). Short and Long Term 

Behavioral and Pathological Changes in a Novel Rodent Model of Repetitive Mild 

Traumatic Brain Injury. PLOS ONE, 11(8), e0160220. 

https://doi.org/10.1371/journal.pone.0160220 

McCrea, M., Broglio, S., McAllister, T., Zhou, W., Zhao, S., Katz, B., … Guskiewicz, K. M. (2020). 

Return to play and risk of repeat concussion in collegiate football players: comparative 

analysis from the NCAA Concussion Study (1999–2001) and CARE Consortium (2014–

2017). British Journal of Sports Medicine, 54(2), 102–109. https://doi.org/10.1136/bjsports-2019-

100579 

McCrea, M., Broglio, S. P., McAllister, T. W., Gill, J., Giza, C. C., Huber, D. L., … DiFiori, J. 

(2020). Association of Blood Biomarkers With Acute Sport-Related Concussion in 

Collegiate Athletes: Findings From the NCAA and Department of Defense CARE 

Consortium. JAMA Network Open, 3(1), e1919771. 

https://doi.org/10.1001/jamanetworkopen.2019.19771 

McCrea, M., Guskiewicz, K. M., Marshall, S. W., Barr, W., Randolph, C., Cantu, R. C., … Kelly, J. 

P. (2003). Acute effects and recovery time following concussion in collegiate football 

players: the NCAA Concussion Study. JAMA : The Journal of the American Medical 

Association, 290, 2556–2563. https://doi.org/10.1001/jama.290.19.2556 

McCrea, M., Iverson, G. L., McAllister, T. W., Hammeke, T. a, Powell, M. R., Barr, W. B., & 

Kelly, J. P. (2009). An integrated review of recovery after mild traumatic brain injury 

(MTBI): implications for clinical management. The Clinical Neuropsychologist, 23(8), 1368–

1390. https://doi.org/10.1080/13854040903074652 

McCrory, P., Feddermann-Demont, N., Dvořák, J., Cassidy, J. D., McIntosh, A., Vos, P. E., … 

Tarnutzer, A. A. (2017). What is the definition of sports-related concussion: a systematic 

review. British Journal of Sports Medicine, 51(11), 877–887. https://doi.org/10.1136/bjsports-

2016-097393 

McCrory, P., Meeuwisse, W., Dvorak, J., Aubry, M., Bailes, J., Broglio, S., … Vos, P. E. (2017). 

Consensus statement on concussion in sport—the 5 th international conference on 

concussion in sport held in Berlin, October 2016. British Journal of Sports Medicine, bjsports-

2017-097699. https://doi.org/10.1136/bjsports-2017-097699 

McCrory, P., Meeuwisse, W. H., Aubry, M., Cantu, B., Dvořák, J., Echemendia, R. J., … Turner, 

M. (2013). Consensus statement on concussion in sport: The 4th International Conference 

on Concussion in Sport held in Zurich, November 2012. British Journal of Sports Medicine, 

47(5), 250–258. https://doi.org/10.1136/bjsports-2013-092313 

McHail, D. G., Valibeigi, N., & Dumas, T. C. (2018). A Barnes maze for juvenile rats delineates 

the emergence of spatial navigation ability. Learning & Memory, 25(3), 138–146. 



131 

 

https://doi.org/10.1101/lm.046300.117 

McKee, A. C., Cantu, R. C., Nowinski, C. J., Hedley-Whyte, E. T., Gavett, B. E., Budson, A. E., … 

Stern, R. A. (2009). Chronic traumatic encephalopathy in athletes: progressive tauopathy 

after repetitive head injury. Journal of Neuropathology and Experimental Neurology, 68(7), 709–

735. https://doi.org/10.1097/NEN.0b013e3181a9d503 

McMahon, P. J., Hricik, A., Yue, J. K., Puccio, A. M., Inoue, T., Lingsma, H. F., … Vassar, M. J. 

(2014). Symptomatology and Functional Outcome in Mild Traumatic Brain Injury: Results 

from the Prospective TRACK-TBI Study. Journal of Neurotrauma, 31(1), 26–33. 

https://doi.org/10.1089/neu.2013.2984 

Meconi, A., Wortman, R. C., Wright, D. K., Neale, K. J., Clarkson, M., Shultz, S. R., & Christie, B. 

R. (2018). Repeated mild traumatic brain injury can cause acute neurologic impairment 

without overt structural damage in juvenile rats. PloS One, 13(5), e0197187. 

https://doi.org/10.1371/journal.pone.0197187 

Merchant-Borna, K., Lee, H., Wang, D., Bogner, V., Van Griensven, M., Gill, J., & Bazarian, J. J. 

(2016). Genome-Wide Changes in Peripheral Gene Expression following Sports-Related 

Concussion. Journal of Neurotrauma, 33(17), 1576–1585. 

https://doi.org/10.1089/neu.2015.4191 

Merritt, V. C., Padgett, C. R., & Jak, A. J. (2019, August 18). A systematic review of sex 

differences in concussion outcome: What do we know? Clinical Neuropsychologist, Vol. 33, 

pp. 1016–1043. https://doi.org/10.1080/13854046.2018.1508616 

Messé, A., Caplain, S., Pélégrini-Issac, M., Blancho, S., Montreuil, M., Lévy, R., … Benali, H. 

(2012). Structural integrity and postconcussion syndrome in mild traumatic brain injury 

patients. Brain Imaging and Behavior, 6(2), 283–292. https://doi.org/10.1007/s11682-012-9159-2 

Mez, J., Daneshvar, D. H., Kiernan, P. T., Abdolmohammadi, B., Alvarez, V. E., Huber, B. R., … 

McKee, A. C. (2017). Clinicopathological Evaluation of Chronic Traumatic Encephalopathy 

in Players of American Football. JAMA, 318(4), 360. https://doi.org/10.1001/jama.2017.8334 

Mihalik, J. P., Blackburn, J. T., Greenwald, R. M., Cantu, R. C., Marshall, S. W., & Guskiewicz, K. 

M. (2010). Collision type and player anticipation affect head impact severity among youth 

ice hockey players. Pediatrics, 125(6). https://doi.org/10.1542/peds.2009-2849 

Miles, L., Grossman, R. I., Johnson, G., Babb, J. S., Diller, L., & Inglese, M. (2008). Short-term DTI 

predictors of cognitive dysfunction in mild traumatic brain injury. Brain Injury, 22(2), 115–

122. https://doi.org/10.1080/02699050801888816 

Morgan, C. D., Zuckerman, S. L., Lee, Y. M., King, L., Beaird, S., Sills, A. K., & Solomon, G. S. 

(2015). Predictors of postconcussion syndrome after sports-related concussion in young 

athletes: a matched case-control study. Journal of Neurosurgery: Pediatrics, 15(6), 589–598. 

https://doi.org/10.3171/2014.10.PEDS14356 

Mouzon, B., Chaytow, H., Crynen, G., Bachmeier, C., Stewart, J., Mullan, M., … Crawford, F. 

(2012). Repetitive Mild Traumatic Brain Injury in a Mouse Model Produces Learning and 

Memory Deficits Accompanied by Histological Changes. Journal of Neurotrauma, 29(18), 

2761–2773. https://doi.org/10.1089/neu.2012.2498 

Mumby, D. G. (2002). Hippocampal Damage and Exploratory Preferences in Rats: Memory for 

Objects, Places, and Contexts. Learning & Memory, 9(2), 49–57. 

https://doi.org/10.1101/lm.41302 



132 

 

Mychasiuk, R., Farran, A., Angoa-Perez, M., Briggs, D., Kuhn, D., & Esser, M. J. (2014). A novel 

model of mild traumatic brain injury for juvenile rats. Journal of Visualized Experiments, (94), 

51820. https://doi.org/10.3791/51820 

Myer, D. J., Gurkoff, G. G., Lee, S. M., Hovda, D. A., & Sofroniew, M. V. (2006). Essential 

protective roles of reactive astrocytes in traumatic brain injury. Brain, 129(10), 2761–2772. 

https://doi.org/10.1093/brain/awl165 

Naderi, V., Khaksari, M., Abbasi, R., & Maghool, F. (2015). Estrogen provides neuroprotection 

against brain edema and blood brain barrier disruption through both estrogen receptors α 

and β following traumatic brain injury. Iranian Journal of Basic Medical Sciences, 18(2), 138–

144. https://doi.org/10.22038/ijbms.2015.4015 

Namjoshi, D R, Martin, G., Donkin, J., Wilkinson, A., & Stukas, S. (2013). The Liver X Receptor 

Agonist GW3965 Improves Recovery from Mild Repetitive Traumatic Brain Injury in Mice 

Partly through Apolipoprotein E. PLoS ONE, 8(1), 53529. 

https://doi.org/10.1371/journal.pone.0053529 

Namjoshi, Dhananjay R., Cheng, W. H., Bashir, A., Wilkinson, A., Stukas, S., Martens, K. M., … 

Wellington, C. L. (2017). Defining the biomechanical and biological threshold of murine 

mild traumatic brain injury using CHIMERA (Closed Head Impact Model of Engineered 

Rotational Acceleration). Experimental Neurology, 292, 80–91. 

https://doi.org/10.1016/j.expneurol.2017.03.003 

Namjoshi, Dhananjay R, Cheng, W., McInnes, K. A., Martens, K. M., Carr, M., Wilkinson, A., … 

Wellington, C. L. (2014). Merging pathology with biomechanics using CHIMERA (Closed-

Head Impact Model of Engineered Rotational Acceleration): a novel, surgery-free model of 

traumatic brain injury. Molecular Neurodegeneration, 9(1), 55. https://doi.org/10.1186/1750-

1326-9-55 

Nance, M. L., Polk-Williams, A., Collins, M. W., & Wiebe, D. J. (2009). Neurocognitive 

Evaluation of Mild Traumatic Brain Injury in the Hospitalized Pediatric Population. Annals 

of Surgery, 249(5), 859–863. https://doi.org/10.1097/SLA.0b013e3181a41ae5 

Nelson, L. D., Guskiewicz, K. M., Barr, W. B., Hammeke, T. A., Randolph, C., Ahn, K. W., … 

McCrea, M. A. (2016a). Age differences in recovery after sport-related concussion: A 

comparison of high school and collegiate athletes. Journal of Athletic Training, 51(2), 142–

152. https://doi.org/10.4085/1062-6050-51.4.04 

Nelson, L. D., Guskiewicz, K. M., Barr, W. B., Hammeke, T. A., Randolph, C., Ahn, K. W., … 

McCrea, M. A. (2016b). Age Differences in Recovery After Sport-Related Concussion: A 

Comparison of High School and Collegiate Athletes. Journal of Athletic Training, 51(2), 142–

152. https://doi.org/10.4085/1062-6050-51.4.04 

Niederst, E. D., Reyna, S. M., & Goldstein, L. S. B. (2015). Axonal amyloid precursor protein and 

its fragments undergo somatodendritic endocytosis and processing. Molecular Biology of the 

Cell, 26(2), 205–217. https://doi.org/10.1091/mbc.E14-06-1049 

Nimmerjahn, A., Kirchhoff, F., & Helmchen, F. (2005). Resting Microglial Cells Are Highly 

Dynamic Surveillants of Brain Parenchyma in Vivo — Resting Microglial Cells Are Highly 

Dynamic Surveillants of Brain Parenchyma in Vivo — Supporting Online Material. 308(May), 

1314–1319. https://doi.org/10.1126/science.1110647 

Niogi, S. N., Mukherjee, P., Ghajar, J., Johnson, C., Kolster, R. A., Sarkar, R., … McCandliss, B. 



133 

 

D. (2008). Extent of microstructural white matter injury in postconcussive syndrome 

correlates with impaired cognitive reaction time: A 3T diffusion tensor imaging study of 

mild traumatic brain injury. American Journal of Neuroradiology, 29(5), 967–973. 

https://doi.org/10.3174/ajnr.A0970 

O’Connell, B., Kelly, Á. M., Mockler, D., Orešič, M., Denvir, K., Farrell, G., … Wilson, F. (2018). 

Use of Blood Biomarkers in the Assessment of Sports-Related Concussion—A Systematic 

Review in the Context of Their Biological Significance. Clinical Journal of Sport Medicine, 

28(6), 561–571. https://doi.org/10.1097/JSM.0000000000000478 

O’Leary, T. P., & Brown, R. E. (2013). Optimization of apparatus design and behavioral 

measures for the assessment of visuo-spatial learning and memory of mice on the Barnes 

maze. Learning & Memory, 20(2), 85–96. https://doi.org/10.1101/lm.028076.112 

Obrenovitch, T. P., & Urenjak, J. (1997). Is high extracellular glutamate the key to excitotoxicity 

in traumatic brain injury? Journal of Neurotrauma, 14(10), 677–698. 

Ohsawa, K., Imai, Y., Sasaki, Y., & Kohsaka, S. (2004). Microglia/macrophage-specific protein 

Iba1 binds to fimbrin and enhances its actin-bundling activity. Journal of Neurochemistry, 

88(4), 844–856. https://doi.org/10.1046/j.1471-4159.2003.02213.x 

OJEDA, S. R., & ANDREWS, W. W. (1981). A Detailed Analysis of the Serum Luteinizing 

Hormone Secretory Profile in Conscious, Free-Moving Female Rats during the Time of 

Puberty*. Endocrinology, 109(6), 2032–2039. https://doi.org/10.1210/endo-109-6-2032 

Ommaya, A. K., Goldsmith, W., & Thibault, L. (2002). Biomechanics and neuropathology of 

adult and paediatric head injury. British Journal of Neurosurgery, Vol. 16, pp. 220–242. 

https://doi.org/10.1080/02688690220148824 

Oyegbile, T. O., Delasobera, B. E., & Zecavati, N. (2017). Gender differences in sleep symptoms 

after repeat concussions. Sleep Medicine, 40, 110–115. 

https://doi.org/10.1016/j.sleep.2017.09.026 

Oyegbile, T. O., Dougherty, A., Tanveer, S., Zecavati, N., & Delasobera, B. E. (2020). High Sleep 

Disturbance and Longer Concussion Duration in Repeat Concussions. Behavioral Sleep 

Medicine, 18(2), 241–248. https://doi.org/10.1080/15402002.2019.1578223 

Pannek, K., Mathias, J. L., Bigler, E. D., Brown, G., Taylor, J. D., & Rose, S. E. (2011). The average 

pathlength map: A diffusion MRI tractography-derived index for studying brain 

pathology. NeuroImage, 55(1), 133–141. https://doi.org/10.1016/j.neuroimage.2010.12.010 

Papa, L., Ramia, M. M., Edwards, D., Johnson, B. D., & Slobounov, S. M. (2015, May 15). 

Systematic review of clinical studies examining biomarkers of brain injury in athletes after 

sports-related concussion. Journal of Neurotrauma, Vol. 32, pp. 661–673. 

https://doi.org/10.1089/neu.2014.3655 

Parachute. (2017). Canadian Guideline on Concussion in Sport. 

Parga Becerra, A., Logsdon, A. F., Banks, W. A., & Ransom, C. B. (2021). Traumatic brain injury 

broadly affects GABAergic signaling in dentate gyrus granule cells. Eneuro, ENEURO.0055-

20.2021. https://doi.org/10.1523/eneuro.0055-20.2021 

Pasternak, S. H., Callahan, J. W., & Mahuran, D. J. (2004). The role of the endosomal/lysosomal 

system in amyloid-beta production and the pathophysiology of Alzheimer’s disease: 

Reexamining the spatial paradox from a lysosomal perspective. Journal of Alzheimer’s 

Disease, Vol. 6, pp. 53–65. https://doi.org/10.3233/jad-2004-6107 



134 

 

Patel, P. M., Drummond, J. C., Cole, D. J., & Goskowicz, R. L. (1995). Isoflurane reduces 

ischemia-induced glutamate release in rats subjected to forebrain ischemia. Anesthesiology, 

82(4), 996–1003. 

Patricios, J. S., Ardern, C. L., Hislop, M. D., Aubry, M., Bloomfield, P., Broderick, C., … Raftery, 

M. (2018). Implementation of the 2017 Berlin Concussion in Sport Group Consensus 

Statement in contact and collision sports: A joint position statement from 11 national and 

international sports organisations. British Journal of Sports Medicine, 52(10), 635–641. 

https://doi.org/10.1136/bjsports-2018-099079 

Paxinos, G., Watson, C., Pennisi, M., & Topple, A. (1985). Bregma, lambda and the interaural 

midpoint in stereotaxic surgery with rats of different sex, strain and weight. Journal of 

Neuroscience Methods, 13(2), 139–143. https://doi.org/10.1016/0165-0270(85)90026-3 

Pekny, M., & Nilsson, M. (2005). Astrocyte activation and reactive gliosis. Glia, 50(4), 427–434. 

https://doi.org/10.1002/glia.20207 

Pekny, M., & Pekna, M. (2004). Astrocyte intermediate filaments in CNS pathologies and 

regeneration. The Journal of Pathology, 204(4), 428–437. https://doi.org/10.1002/path.1645 

Pellerin, L., & Magistretti, P. J. (1994). Glutamate uptake into astrocytes stimulates aerobic 

glycolysis: A mechanism coupling neuronal activity to glucose utilization. Proceedings of the 

National Academy of Sciences of the United States of America, 91(22), 10625–10629. 

https://doi.org/10.1073/pnas.91.22.10625 

Pellman, E. J., Viano, D. C., Tucker, A. M., Casson, I. R., & Waeckerle, J. F. (2003). Concussion in 

professional football: reconstruction of game impacts and injuries. Neurosurgery, 53(4), 799–

812; discussion 812-4. 

Petit, K. M., Savage, J. L., Bretzin, A. C., Anderson, M., & Covassin, T. (2020). The Sport 

Concussion Assessment Tool-5 (SCAT5): Baseline Assessments in NCAA Division I 

Collegiate Student-Athletes. International Journal of Exercise Science, 13(3), 1143–1155. 

Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/32922635 

Petraglia, A., Plog, B., Walker, C., Chen, M., Czerniecka, K., Dashnaw, M., … Nedergaard, M. 

(2014). The pathophysiology underlying repetitive mild traumatic brain injury in a novel 

mouse model of chronic traumatic encephalopathy. Surgical Neurology International, 5(1), 

184. https://doi.org/10.4103/2152-7806.147566 

Petraglia, A L, Plog, B. A., Dayawansa, S., Chen, M., Dashnaw, M. L., Czerniecka, K., … Huang, 

J. H. (2014). The spectrum of neurobehavioral sequelae after repetitive mild traumatic brain 

injury: A novel mouse model of chronic traumatic encephalopathy. Journal of Neurotrauma, 

31(13), 1211–1224. https://doi.org/10.1089/neu.2013.3255 

Petraglia, Anthony L., Plog, B. A., Dayawansa, S., Chen, M., Dashnaw, M. L., Czerniecka, K., … 

Huang, J. H. (2014). The Spectrum of Neurobehavioral Sequelae after Repetitive Mild 

Traumatic Brain Injury: A Novel Mouse Model of Chronic Traumatic Encephalopathy. 

Journal of Neurotrauma, 31(13), 1211–1224. https://doi.org/10.1089/neu.2013.3255 

Petraglia, Anthony L, Dashnaw, M. L., Turner, R. C., & Bailes, J. E. (2014). Models of mild 

traumatic brain injury: translation of physiological and anatomic injury. Neurosurgery, 75 

Suppl 4, S34-49. https://doi.org/10.1227/NEU.0000000000000472 

Pettus, E. H., & Povlishock, J. T. (1996). Characterization of a distinct set of intra-axonal 

ultrastructural changes associated with traumatically induced alteration in axolemmal 



135 

 

permeability. Brain Research, 722(1–2), 1–11. https://doi.org/10.1016/0006-8993(96)00113-8 

Pham, L., Shultz, S. R., Kim, H. A., Brady, R. D., Wortman, R. C., Genders, S. G., … McDonald, 

S. J. (2019). Mild Closed-Head Injury in Conscious Rats Causes Transient Neurobehavioral 

and Glial Disturbances: A Novel Experimental Model of Concussion. Journal of 

Neurotrauma, 36(14), 2260–2271. https://doi.org/10.1089/neu.2018.6169 

Pham, L., Wright, D. K., O’Brien, W. T., Bain, J., Huang, C., Sun, M., … McDonald, S. J. (2021). 

Behavioral, axonal, and proteomic alterations following repeated mild traumatic brain 

injury: Novel insights using a clinically relevant rat model. Neurobiology of Disease, 148, 

105151. https://doi.org/10.1016/j.nbd.2020.105151 

Pinar, C., Trivino-Paredes, J., Perreault, S. T., & Christie, B. R. (2020). Hippocampal cognitive 

impairment in juvenile rats after repeated mild traumatic brain injury. Behavioural Brain 

Research, 387, 112585. https://doi.org/10.1016/j.bbr.2020.112585 

Pivovarova, N. B., & Andrews, S. B. (2010, September). Calcium-dependent mitochondrial 

function and dysfunction in neurons: Minireview. FEBS Journal, Vol. 277, pp. 3622–3636. 

https://doi.org/10.1111/j.1742-4658.2010.07754.x 

Polinder, S., Cnossen, M. C., Real, R. G. L., Covic, A., Gorbunova, A., Voormolen, D. C., … von 

Steinbuechel, N. (2018). A Multidimensional Approach to Post-concussion Symptoms in 

Mild Traumatic Brain Injury. Frontiers in Neurology, 9. 

https://doi.org/10.3389/fneur.2018.01113 

Potts, M. B., Koh, S.-E., Whetstone, W. D., Walker, B. A., Yoneyama, T., Claus, C. P., … Noble-

Haeusslein, L. J. (2006). Traumatic injury to the immature brain: inflammation, oxidative 

injury, and iron-mediated damage as potential therapeutic targets. NeuroRx : The Journal of 

the American Society for Experimental NeuroTherapeutics, 3(2), 143–153. 

https://doi.org/10.1016/j.nurx.2006.01.006 

Prins, M. L., Hales, A., Reger, M., Giza, C. C., & Hovda, D. A. (2011). Repeat traumatic brain 

injury in the juvenile rat is associated with increased axonal injury and cognitive 

impairments. Developmental Neuroscience, 32(5–6), 510–518. 

https://doi.org/10.1159/000316800 

Proctor, M. R., & Cantu, R. C. (2000). Head and neck injuries in young athletes. Clinics in Sports 

Medicine, 19(4), 693–715. https://doi.org/10.1016/S0278-5919(05)70233-7 

Prut, L., & Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on 

anxiety-like behaviors: a review. European Journal of Pharmacology, 463(1–3), 3–33. 

Pullela, R., Raber, J., Pfankuch, T., Ferriero, D. M., Claus, C. P., Koh, S. E., … Noble-Haeusslein, 

L. J. (2006). Traumatic injury to the immature brain results in progressive neuronal loss, 

hyperactivity and delayed cognitive impairments. Developmental Neuroscience, 28(4–5), 396–

409. https://doi.org/10.1159/000094166 

Ransohoff, R. M., & Brown, M. A. (2012). Innate immunity in the central nervous system. Journal 

of Clinical Investigation, 122(4), 1164–1171. https://doi.org/10.1172/JCI58644 

Reeves, T. M., Phillips, L. L., & Povlishock, J. T. (2005). Myelinated and unmyelinated axons of 

the corpus callosum differ in vulnerability and functional recovery following traumatic 

brain injury. Experimental Neurology, 196(1), 126–137. 

https://doi.org/10.1016/j.expneurol.2005.07.014 

Renton, T., Howitt, S., & Marshall, C. (2019). Lifetime prevalence osf concussion among 



136 

 

Canadian ice hockey players aged 10 to 25 years old, 2014 to 2017. Journal of the Canadian 

Chiropractic Association, 63(2), 80–91. Retrieved from 

/pmc/articles/PMC6743651/?report=abstract 

Romeu-Mejia, R., Giza, C. C., & Goldman, J. T. (2019, June 15). Concussion Pathophysiology and 

Injury Biomechanics. Current Reviews in Musculoskeletal Medicine, Vol. 12, pp. 105–116. 

https://doi.org/10.1007/s12178-019-09536-8 

Roof, R L, & Hall, E. D. (2000). Gender differences in acute CNS trauma and stroke: 

neuroprotective effects of estrogen and progesterone. Journal of Neurotrauma, 17(5), 367–

388. https://doi.org/10.1089/neu.2000.17.367 

Roof, Robin L., & Hall, E. D. (2000). Gender differences in acute CNS trauma and stroke: 

Neuroprotective effects of estrogen and progesterone. Journal of Neurotrauma, 17(5), 367–

388. https://doi.org/10.1089/neu.2000.17.367 

Rosenbaum, S. B., & Lipton, M. L. (2012). Embracing chaos: the scope and importance of clinical 

and pathological heterogeneity in mTBI. Brain Imaging and Behavior, 6(2), 255–282. 

https://doi.org/10.1007/s11682-012-9162-7 

Rosene, J. M., Raksnis, B., Silva, B., Woefel, T., Visich, P. S., Dompier, T. P., & Kerr, Z. Y. (2017). 

Comparison of Concussion Rates between NCAA Division i and Division III Men’s and 

Women’s Ice Hockey Players. American Journal of Sports Medicine, 45(11), 2622–2629. 

https://doi.org/10.1177/0363546517710005 

Rosenfeld, C. S., & Ferguson, S. A. (2014). Barnes Maze Testing Strategies with Small and Large 

Rodent Models. Journal of Visualized Experiments, (84). https://doi.org/10.3791/51194 

Rothstein, J. D., Dykes-Hoberg, M., Pardo, C. A., Bristol, L. A., Jin, L., Kuncl, R. W., … Welty, D. 

F. (1996). Knockout of glutamate transporters reveals a major role for astroglial transport in 

excitotoxicity and clearance of glutamate. Neuron, 16(3), 675–686. 

Rowe, R. K., Harrison, J. L., Thomas, T. C., Pauly, J. R., Adelson, P. D., & Lifshitz, J. (2013). 

Using anesthetics and analgesics in experimental traumatic brain injury. Lab Animal, 42(8), 

286–291. 

Rowson, S., Campolettano, E. T., Duma, S. M., Stemper, B., Shah, A., Harezlak, J., … McCrea, M. 

(2019). Accounting for Variance in Concussion Tolerance Between Individuals: Comparing 

Head Accelerations Between Concussed and Physically Matched Control Subjects. Annals 

of Biomedical Engineering, 47(10), 2048–2056. https://doi.org/10.1007/s10439-019-02329-7 

Rutherford, A., Stephens, R., Potter, D., & Fernie, G. (2005). Neuropsychological Impairment as 

a Consequence of Football (Soccer) Play and Football Heading: Preliminary Analyses and 

Report on University Footballers. Journal of Clinical and Experimental Neuropsychology, 27(3), 

299–319. https://doi.org/10.1080/13803390490515504 

Sady, M. D., Vaughan, C. G., & Gioia, G. A. (2011). School and the Concussed Youth: 

Recommendations for Concussion Education and Management. Physical Medicine and 

Rehabilitation Clinics of North America, 22(4), 701–719. 

https://doi.org/10.1016/j.pmr.2011.08.008 

Sanz, O., Acarin, L., González, B., & Castellano, B. (2002). NF-κB and IκBα expression following 

traumatic brain injury to the immature rat brain. Journal of Neuroscience Research, 67(6), 772–

780. https://doi.org/10.1002/jnr.10140 

Sauerbeck, A. D., Fanizzi, C., Kim, J. H., Gangolli, M., Bayly, P. V., Wellington, C. L., … 



137 

 

Kummer, T. T. (2018). ModCHIMERA: A novel murine closed-head model of moderate 

traumatic brain injury. Scientific Reports, 8(1), 1–17. https://doi.org/10.1038/s41598-018-

25737-6 

Sblano, S., Campobasso, C. P., Zotti, F., Arpaio, A., Vella, G. Di, & Colonna, M. F. (2012). β-App 

immunoreactivity as diagnostic tool of Diffuse Axonal Injury (DAI). Romanian Journal of 

Legal Medicine, 20(2), 89–94. https://doi.org/10.4323/rjlm.2012.89 

Schaar, K. L., Brenneman, M. M., & Savitz, S. I. (2010). Functional assessments in the rodent 

stroke model. Experimental & Translational Stroke Medicine, 2(1), 13. 

https://doi.org/10.1186/2040-7378-2-13 

Scopaz, K. A., & Hatzenbuehler, J. R. (2013). Risk modifiers for concussion and prolonged 

recovery. Sports Health, 5(6), 537–541. https://doi.org/10.1177/1941738112473059 

Shapira, Y., Shohami, E., Sidi, A., Soffer, D., Freeman, S., & Cotev, S. (1988). Experimental closed 

head injury in rats: mechanical, pathophysiologic, and neurologic properties. Critical Care 

Medicine, 16, 258–265. 

Shenton, M. E., Hamoda, H. M., Schneiderman, J. S., Bouix, S., Pasternak, O., Rathi, Y., … 

Zafonte, R. (2012). A review of magnetic resonance imaging and diffusion tensor imaging 

findings in mild traumatic brain injury. Brain Imaging and Behavior, 6(2), 137–192. 

https://doi.org/10.1007/s11682-012-9156-5 

Shepherd, G. M. G., Raastad, M., & Andersen, P. (2002). General and variable features of 

varicosity spacing along unmyelinated axons in the hippocampus and cerebellum. 

Proceedings of the National Academy of Sciences of the United States of America, 99(9), 6340–

6345. https://doi.org/10.1073/pnas.052151299 

Sheppard, P. A. S., Choleris, E., & Galea, L. A. M. (2019, March 18). Structural plasticity of the 

hippocampus in response to estrogens in female rodents. Molecular Brain, Vol. 12, pp. 1–17. 

https://doi.org/10.1186/s13041-019-0442-7 

Sherriff, F. E., Bridges, L. R., & Sivaloganathan, S. (1994). Early detection of axonal injury after 

human head trauma using immunocytochemistry for β-amyloid precursor protein. Acta 

Neuropathologica, 87(1), 55–62. https://doi.org/10.1007/BF00386254 

Shohami, E., Novikov, M., & Bass, R. (1995). Long-term effect of HU-211, a novel non-

competitive NMDA antagonist, on motor and memory functions after closed head injury 

in the rat. Brain Research, 674(1), 55–62. https://doi.org/10.1016/0006-8993(94)01433-I 

Shultz, S. R., Bao, F., Omana, V., Chiu, C., Brown, A., & Cain, D. P. (2012). Repeated Mild 

Lateral Fluid Percussion Brain Injury in the Rat Causes Cumulative Long-Term Behavioral 

Impairments, Neuroinflammation, and Cortical Loss in an Animal Model of Repeated 

Concussion. Journal of Neurotrauma, 29(2), 281–294. https://doi.org/10.1089/neu.2011.2123 

Shultz, S. R., McDonald, S. J., Corrigan, F., Semple, B. D., Salberg, S., Zamani, A., … Mychasiuk, 

R. (2020). Clinical Relevance of Behavior Testing in Animal Models of Traumatic Brain 

Injury. Journal of Neurotrauma, 37(22), 2381–2400. https://doi.org/10.1089/neu.2018.6149 

Shultz, S. R., McDonald, S. J., Vonder Haar, C., Meconi, A., Vink, R., van Donkelaar, P., … 

Christie, B. R. (2017). The potential for animal models to provide insight into mild 

traumatic brain injury: Translational challenges and strategies. Neuroscience & Biobehavioral 

Reviews, 76, 396–414. https://doi.org/10.1016/j.neubiorev.2016.09.014 

Shultz, S. R., Wright, D. K., Zheng, P., Stuchbery, R., Liu, S. J., Sashindranath, M., … O’Brien, T. 



138 

 

J. (2015). Sodium selenate reduces hyperphosphorylated tau and improves outcomes after 

traumatic brain injury. Brain, 138(5), 1297–1313. https://doi.org/10.1093/brain/awv053 

Silverberg, N. D., Gardner, A. J., Brubacher, J. R., Panenka, W. J., Li, J. J., & Iverson, G. L. (2015). 

Systematic Review of Multivariable Prognostic Models for Mild Traumatic Brain Injury. 

Journal of Neurotrauma, 32(8), 517–526. https://doi.org/10.1089/neu.2014.3600 

Silverberg, N. D., & Iverson, G. L. (2013). Is rest after concussion “the best medicine?”: 

Recommendations for activity resumption following concussion in athletes, civilians, and 

military service members. Journal of Head Trauma Rehabilitation, 28(4), 250–259. 

https://doi.org/10.1097/HTR.0b013e31825ad658 

Simpkins, J. W., & Singh, M. (2008, January 1). More than a decade of estrogen neuroprotection. 

Alzheimer’s and Dementia, Vol. 4, pp. S131–S136. https://doi.org/10.1016/j.jalz.2007.10.009 

Slobounov, S., Slobounov, E., Sebastianelli, W., Cao, C., & Newell, K. (2007). Differential rate of 

recovery in athletes after first and second concussion episodes. Neurosurgery, 61(2), 338–

344; discussion 344. https://doi.org/10.1227/01.NEU.0000280001.03578.FF 

Smith, D. H., Wolf, J. A., Lusardi, T. A., M-Y Lee, V., & Meaney, D. F. (1999). High Tolerance and 

Delayed Elastic Response of Cultured Axons to Dynamic Stretch Injury. 

Smith, J. a., Das, A., Ray, S. K., & Banik, N. L. (2012). Role of pro-inflammatory cytokines 

released from microglia in neurodegenerative diseases. Brain Research Bulletin, 87(1), 10–20. 

https://doi.org/10.1016/j.brainresbull.2011.10.004 

Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and glial scar formation. 

Trends in Neurosciences, 32(September), 638–647. https://doi.org/10.1016/j.tins.2009.08.002 

Sofroniew, M. V, & Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta 

Neuropathologica, 119(1), 7–35. https://doi.org/10.1007/s00401-009-0619-8 

Sowell, E. R., Thompson, P. M., Tessner, K. D., & Toga, A. W. (2001). Mapping continued brain 

growth and gray matter density reduction in dorsal frontal cortex: Inverse relationships 

during postadolescent brain maturation. Journal of Neuroscience, 21(22), 8819–8829. 

https://doi.org/10.1523/jneurosci.21-22-08819.2001 

Stalnaker, T. A., Takahashi, Y., Roesch, M. R., & Schoenbaum, G. (2009). Neural substrates of 

cognitive inflexibility after chronic cocaine exposure. Neuropharmacology, 56, 63–72. 

https://doi.org/10.1016/j.neuropharm.2008.07.019 

Statler, K. D., Alexander, H., Vagni, V., Dixon, C. E., Clark, R. S. B., Jenkins, L., & Kochanek, P. 

M. (2006). Comparison of seven anesthetic agents on outcome after experimental traumatic 

brain injury in adult, male rats. Journal of Neurotrauma, 23(1), 97–108. 

Statler, K. D., Alexander, H., Vagni, V., Holubkov, R., Dixon, C. E., Clark, R. S. B., … Kochanek, 

P. M. (2006). Isoflurane exerts neuroprotective actions at or near the time of severe 

traumatic brain injury. Brain Research, 1076(1), 216–224. 

Styrke, J., Sojka, P., Björnstig, U., Bylund, P., & Stålnacke, B. (2013). Sex-differences in 

symptoms, disability, and life satisfaction three years after mild traumatic brain injury: A 

population-based cohort study. Journal of Rehabilitation Medicine, 45(8), 749–757. 

https://doi.org/10.2340/16501977-1215 

Switzer, R. C. (2000). Application of Silver Degeneration Stains for Neurotoxicity Testing. 

Toxicologic Pathology, 28(1), 70–83. https://doi.org/10.1177/019262330002800109 

Tan, J. Z. A., & Gleeson, P. A. (2019, April 1). The role of membrane trafficking in the processing 



139 

 

of amyloid precursor protein and production of amyloid peptides in Alzheimer’s disease. 

Biochimica et Biophysica Acta - Biomembranes, Vol. 1861, pp. 697–712. 

https://doi.org/10.1016/j.bbamem.2018.11.013 

Tan, X. L., Wright, D. K., Liu, S., Hovens, C., O’Brien, T. J., & Shultz, S. R. (2016). Sodium 

selenate, a protein phosphatase 2A activator, mitigates hyperphosphorylated tau and 

improves repeated mild traumatic brain injury outcomes. Neuropharmacology, 108, 382–393. 

https://doi.org/10.1016/j.neuropharm.2016.05.001 

Tang-Schomer, M. D., Johnson, V. E., Baas, P. W., Stewart, W., & Smith, D. H. (2012). Partial 

interruption of axonal transport due to microtubule breakage accounts for the formation of 

periodic varicosities after traumatic axonal injury. Experimental Neurology, 233(1), 364–372. 

https://doi.org/10.1016/j.expneurol.2011.10.030 

Tang, B. L. (2019). Amyloid Precursor Protein (APP) and GABAergic Neurotransmission. Cells, 

8(6), 550. https://doi.org/10.3390/cells8060550 

Teasdale, G., & Jennett, B. (1974). ASSESSMENT OF COMA AND IMPAIRED 

CONSCIOUSNESS: A Practical Scale. The Lancet, 304(7872), 81–84. 

https://doi.org/10.1016/S0140-6736(74)91639-0 

Terwilliger, V. K., Pratson, L., Vaughan, C. G., & Gioia, G. A. (2016). Additional Post-

Concussion Impact Exposure May Affect Recovery in Adolescent Athletes. Journal of 

Neurotrauma, 33(8), 761–765. https://doi.org/10.1089/neu.2015.4082 

Theadom, A., Parag, V., Dowell, T., McPherson, K., Starkey, N., Barker-Collo, S., … Feigin, V. L. 

(2016). Persistent problems 1 year after mild traumatic brain injury: a longitudinal 

population study in New Zealand. British Journal of General Practice, 66(642), e16–e23. 

https://doi.org/10.3399/bjgp16X683161 

TIERNEY, R. T., SITLER, M. R., SWANIK, C. B., SWANIK, K. A., HIGGINS, M., & TORG, J. 

(2005). Gender Differences in Head-Neck Segment Dynamic Stabilization during Head 

Acceleration. Medicine & Science in Sports & Exercise, 37(2), 272–279. 

https://doi.org/10.1249/01.MSS.0000152734.47516.AA 

Tiiman, A., Luo, J., Wallin, C., Olsson, L., Lindgren, J., Jarvet, J., … Wärmländer, S. K. T. S. 

(2016). Specific Binding of Cu(II) Ions to Amyloid-Beta Peptides Bound to Aggregation-

Inhibiting Molecules or SDS Micelles Creates Complexes that Generate Radical Oxygen 

Species. Journal of Alzheimer’s Disease, 54(3), 971–982. https://doi.org/10.3233/JAD-160427 

Tkachenko, N., Singh, K., Hasanaj, L., Serrano, L., & Kothare, S. V. (2016). Sleep Disorders 

Associated With Mild Traumatic Brain Injury Using Sport Concussion Assessment Tool 3. 

Pediatric Neurology, 57, 46-50.e1. https://doi.org/10.1016/j.pediatrneurol.2015.12.019 

Toledo, E., Lebel, A., Becerra, L., Minster, A., Linnman, C., Maleki, N., … Borsook, D. (2012, July 

1). The young brain and concussion: Imaging as a biomarker for diagnosis and prognosis. 

Neuroscience and Biobehavioral Reviews, Vol. 36, pp. 1510–1531. 

https://doi.org/10.1016/j.neubiorev.2012.03.007 

Tremblay, S., De Beaumont, L., Henry, L. C., Boulanger, Y., Evans, A. C., Bourgouin, P., … 

Lassonde, M. (2013). Sports concussions and aging: a neuroimaging investigation. Cerebral 

Cortex (New York, N.Y. : 1991), 23(5), 1159–1166. https://doi.org/10.1093/cercor/bhs102 

Tsushima, W. T., Siu, A. M., Ahn, H. J., Chang, B. L., & Murata, N. M. (2019). Incidence and Risk 

of Concussions in Youth Athletes: Comparisons of Age, Sex, Concussion History, Sport, 



140 

 

and Football Position. Archives of Clinical Neuropsychology, 34(1), 60–69. 

https://doi.org/10.1093/arclin/acy019 

Turner, K. M., & Burne, T. H. J. (2014). Comprehensive Behavioural Analysis of Long Evans and 

Sprague-Dawley Rats Reveals Differential Effects of Housing Conditions on Tests Relevant 

to Neuropsychiatric Disorders. PLoS ONE, 9(3), e93411. 

https://doi.org/10.1371/journal.pone.0093411 

Tustison, N. J., Avants, B. B., Cook, P. A., Yuanjie Zheng, Egan, A., Yushkevich, P. A., & Gee, J. 

C. (2010). N4ITK: Improved N3 Bias Correction. IEEE Transactions on Medical Imaging, 

29(6), 1310–1320. https://doi.org/10.1109/TMI.2010.2046908 

Uchihara, T. (2007, May). Silver diagnosis in neuropathology: Principles, practice and revised 

interpretation. Acta Neuropathologica, Vol. 113, pp. 483–499. https://doi.org/10.1007/s00401-

007-0200-2 

Uryu, K., Chen, X. H., Martinez, D., Browne, K. D., Johnson, V. E., Graham, D. I., … Smith, D. H. 

(2007). Multiple proteins implicated in neurodegenerative diseases accumulate in axons 

after brain trauma in humans. Experimental Neurology, 208(2), 185–192. 

https://doi.org/10.1016/j.expneurol.2007.06.018 

Valibeigi, N., McHail, D., Kimball, C., & Dumas, T. (2018). A Modified Barnes Maze for Juvenile 

Rats. BIO-PROTOCOL, 8(22). https://doi.org/10.21769/BioProtoc.3084 

Van Pelt, K. L., Allred, D., Cameron, K. L., Campbell, D. E., D’Lauro, C. J., He, X., … Broglio, S. 

P. (2019). A cohort study to identify and evaluate concussion risk factors across multiple 

injury settings: findings from the CARE Consortium. Injury Epidemiology, 6(1), 1. 

https://doi.org/10.1186/s40621-018-0178-3 

Voormolen, D. C., Cnossen, M. C., Polinder, S., von Steinbuechel, N., Vos, P. E., & Haagsma, J. 

A. (2018). Divergent Classification Methods of Post-Concussion Syndrome after Mild 

Traumatic Brain Injury: Prevalence Rates, Risk Factors, and Functional Outcome. Journal of 

Neurotrauma, 35(11), 1233–1241. https://doi.org/10.1089/neu.2017.5257 

Voormolen, D. C., Polinder, S., von Steinbuechel, N., Vos, P. E., Cnossen, M. C., & Haagsma, J. 

A. (2019). The association between post-concussion symptoms and health-related quality of 

life in patients with mild traumatic brain injury. Injury, 50(5), 1068–1074. 

https://doi.org/10.1016/j.injury.2018.12.002 

Wall, S. E., Williams, W. H., Cartwright-Hatton, S., Kelly, T. P., Murray, J., Murray, M., … 

Turner, M. (2006). Neuropsychological dysfunction following repeat concussions in 

jockeys. Journal of Neurology, Neurosurgery, and Psychiatry, 77(4), 518–520. 

https://doi.org/10.1136/jnnp.2004.061044 

Wallin, C., Friedemann, M., Sholts, S. B., Noormägi, A., Svantesson, T., Jarvet, J., … 

Wärmländer, S. K. T. S. (2020). Mercury and alzheimer’s disease: Hg(II) ions display 

specific binding to the amyloid-β peptide and hinder its fibrillization. Biomolecules, 10(1). 

https://doi.org/10.3390/biom10010044 

Wallin, C., Jarvet, J., Biverstål, H., Wärmländer, S., Danielsson, J., Gräslund, A., & Abelein, A. 

(2020). Metal ion coordination delays amyloid-β peptide self-assembly by forming an 

aggregation-inert complex. Journal of Biological Chemistry, 295(21), 7224–7234. 

https://doi.org/10.1074/jbc.RA120.012738 

Wallin, C., Kulkarni, Y. S., Abelein, A., Jarvet, J., Liao, Q., Strodel, B., … Wärmländer, S. K. T. S. 



141 

 

(2016). Characterization of Mn(II) ion binding to the amyloid-β peptide in Alzheimer’s 

disease. Journal of Trace Elements in Medicine and Biology, 38, 183–193. 

https://doi.org/10.1016/j.jtemb.2016.03.009 

Wallin, C., Sholts, S. B., Österlund, N., Luo, J., Jarvet, J., Roos, P. M., … Wärmländer, S. K. T. S. 

(2017). Alzheimer’s disease and cigarette smoke components: Effects of nicotine, PAHs, 

and Cd(II), Cr(III), Pb(II), Pb(IV) ions on amyloid-β peptide aggregation. Scientific Reports, 

7(1). https://doi.org/10.1038/s41598-017-13759-5 

Wang, J. A., Lin, W., Morris, T., Banderali, U., Juranka, P. F., & Morris, C. E. (2009). Membrane 

trauma and Na + leak from Nav1.6 channels. American Journal of Physiology-Cell Physiology, 

297(4), C823–C834. https://doi.org/10.1152/ajpcell.00505.2008 

Watson, R. E., DeSesso, J. M., Hurtt, M. E., & Cappon, G. D. (2006). Postnatal growth and 

morphological development of the brain: a species comparison. Birth Defects Research Part 

B: Developmental and Reproductive Toxicology, 77(5), 471–484. 

https://doi.org/10.1002/bdrb.20090 

Weber, J. T. (2012). Altered calcium signaling following traumatic brain injury. Frontiers in 

Pharmacology, 3 APR. https://doi.org/10.3389/fphar.2012.00060 

Webster, K. M., Wright, D. K., Sun, M., Semple, B. D., Ozturk, E., Stein, D. G., … Shultz, S. R. 

(2015). Progesterone treatment reduces neuroinflammation, oxidative stress and brain 

damage and improves long-term outcomes in a rat model of repeated mild traumatic brain 

injury. Journal of Neuroinflammation, 12(1), 238. https://doi.org/10.1186/s12974-015-0457-7 

White, E. R., Pinar, C., Bostrom, C. A., Meconi, A., & Christie, B. R. (2017). Mild Traumatic Brain 

Injury Produces Long-Lasting Deficits in Synaptic Plasticity in the Female Juvenile 

Hippocampus. Journal of Neurotrauma, 34(5), 1111–1123. 

https://doi.org/10.1089/neu.2016.4638 

Wilde, E. A., McCauley, S. R., Hunter, J. V., Bigler, E. D., Chu, Z., Wang, Z. J., … Levin, H. S. 

(2008). Diffusion tensor imaging of acute mild traumatic brain injury in adolescents. 

Neurology, 70(12), 948–955. https://doi.org/10.1212/01.wnl.0000305961.68029.54 

Wortman, R. C., Meconi, A., Neale, K. J., Brady, R. D., McDonald, S. J., Christie, B. R., … Shultz, 

S. R. (2018). Diffusion <scp>MRI</scp> abnormalities in adolescent rats given repeated 

mild traumatic brain injury. Annals of Clinical and Translational Neurology, 5(12), 1588–1598. 

https://doi.org/10.1002/acn3.667 

Wright, A. D., Smirl, J. D., Bryk, K., Fraser, S. K., Grewal, H. S., Jakovac, M., … Donkelaar, P. 

van. (2017). Acute sport-related concussion induces transient impairment in dynamic 

cerebral auto regulation that is related to scat3 performance. British Journal of Sports 

Medicine, 51(11), A38.1-A38. https://doi.org/10.1136/bjsports-2016-097270.96 

Wright, D. K., Liu, S., van der Poel, C., McDonald, S. J., Brady, R. D., Taylor, L., … Shultz, S. R. 

(2016). Traumatic Brain Injury Results in Cellular, Structural and Functional Changes 

Resembling Motor Neuron Disease. Cerebral Cortex, 261(Suppl 1), 412–421. 

https://doi.org/10.1093/cercor/bhw254 

Wright, D. K., O’Brien, T. J., Mychasiuk, R., & Shultz, S. R. (2018). Telomere length and 

advanced diffusion MRI as biomarkers for repetitive mild traumatic brain injury in 

adolescent rats. NeuroImage: Clinical, 18, 315–324. https://doi.org/10.1016/j.nicl.2018.01.033 

Wright, D. K., O’Brien, T. J., Shultz, S. R., & Mychasiuk, R. (2017). Sex matters: repetitive mild 



142 

 

traumatic brain injury in adolescent rats. Annals of Clinical and Translational Neurology, 4(9), 

640–654. https://doi.org/10.1002/acn3.441 

Wright, D. K., Trezise, J., Kamnaksh, A., Bekdash, R., Johnston, L. A., Ordidge, R., … Shultz, S. 

R. (2016). Behavioral, blood, and magnetic resonance imaging biomarkers of experimental 

mild traumatic brain injury. Scientific Reports, 6(1), 28713. https://doi.org/10.1038/srep28713 

Wunderle, K., Hoeger, K. M., Wasserman, E., & Bazarian, J. J. (2014). Menstrual phase as 

predictor of outcome after mild traumatic brain injury in women. Journal of Head Trauma 

Rehabilitation, 29(5), E1–E8. https://doi.org/10.1097/HTR.0000000000000006 

Xiong, K. lin, Zhu, Y. shan, & Zhang, W. guo. (2014). Diffusion tensor imaging and magnetic 

resonance spectroscopy in traumatic brain injury: a review of recent literature. 8(4), 487–496. 

https://doi.org/10.1007/s11682-013-9288-2 

Xiong, Y., Mahmood, A., & Chopp, M. (2013). Animal models of traumatic brain injury. 18(9), 1199–

1216. https://doi.org/10.1016/j.micinf.2011.07.011.Innate 

YAMAMOTO, T., & HIRANO, A. (1986). A COMPARATIVE STUDY OF MODIFIED 

BIELSCHOWSKY, BODIAN AND THIOFLAVIN S STAINS ON ALZHEIMER’S 

NEUROFIBRILLARY TANGLES. Neuropathology and Applied Neurobiology, 12(1), 3–9. 

https://doi.org/10.1111/j.1365-2990.1986.tb00677.x 

Yi, J. H., & Hazell, A. S. (2006). Excitotoxic mechanisms and the role of astrocytic glutamate 

transporters in traumatic brain injury. Neurochemistry International, 48, 394–403. 

https://doi.org/10.1016/j.neuint.2005.12.001 

Yoshino, A., Hovda, D. A., Kawamata, T., Katayama, Y., & Becker, D. P. (1991). Dynamic 

changes in local cerebral glucose utilization following cerebral concussion in rats: evidence 

of a hyper- and subsequent hypometabolic state. Brain Research, 561(1), 106–119. 

https://doi.org/10.1016/0006-8993(91)90755-K 

Yuh, E. L., Cooper, S. R., Mukherjee, P., Yue, J. K., Lingsma, H. F., Gordon, W. A., … Sinha, T. K. 

(2014). Diffusion tensor imaging for outcome prediction in mild traumatic brain injury: a 

TRACK-TBI study. Journal of Neurotrauma, 31(17), 1457–1477. 

https://doi.org/10.1089/neu.2013.3171 

Zemek, R. L., Grool, A. M., Rodriguez Duque, D., DeMatteo, C., Rothman, L., Benchimol, E. I., 

… Macpherson, A. K. (2017). Annual and Seasonal Trends in Ambulatory Visits for 

Pediatric Concussion in Ontario between 2003 and 2013. The Journal of Pediatrics, 181, 222-

228.e2. https://doi.org/10.1016/j.jpeds.2016.10.067 

Zemper, E. D. (2003). Two-year prospective study of relative risk of a second cerebral 

concussion. American Journal of Physical Medicine & Rehabilitation, 82(9), 653–659. 

https://doi.org/10.1097/01.PHM.0000083666.74494.BA 

Zhang, A. L., Sing, D. C., Rugg, C. M., Feeley, B. T., & Senter, C. (2016). The Rise of Concussions 

in the Adolescent Population. Orthopaedic Journal of Sports Medicine, 4(8), 232596711666245. 

https://doi.org/10.1177/2325967116662458 

Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain MR images through a hidden 

Markov random field model and the expectation-maximization algorithm. IEEE 

Transactions on Medical Imaging, 20(1), 45–57. https://doi.org/10.1109/42.906424 

 



143 

 

Appendix A: ACHI pilot to assess risk of skull 

fracture 
 

Summary: As a requirement for initial approval by our animal care committee, we were 

required to perform a small pilot in which we demonstrated that the impact parameters we 

used did not result in skull fracture. Impact parameters that were derived from similar models 

were tested in euthanized animals. All apparatus and parameters used in these tests are 

identical to those used in experimental trials.  

 

Conclusion: It was determined that an impact velocity of 6m/s, a dwell time of 0.01s, and an 

impact depth of 10mm were sufficient to cause a rapid acceleration of the rat’s head but did not 

produce skull fracture. 

 

Procedure: 

1. Rat was euthanized using anesthetic overdose (>5% isoflurane in bell jar). 

2. Rat was weighed 

3. Rat was placed in a conical restraint bag such that the nostrils were free of plastic and 

protruded from the open tip. The animal’s position in the bag was adjusted so that limbs 

were aligned neutrally under the body. 

4. The restraint bag was tied loosely around the base of the 

rat’s tail with a twist tie. 

5. The helmet was placed on the rat’s head and secured with a 

rubber band. Helmet placement was guided using visible 

landmarks. The helmet was centered over the head, with 

the impact site over the left hemisphere. The caudal edge of 

the helmet was positioned approximately 1mm rostral of 

the interaural line, and approximately 30mm from the 

nostrils (Fig. 1). 

A1 ~30mm* 
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6. The rat was placed in the center of the foam platform, and 

the impactor was aligned with the impact site on the helmet 

(Fig. A2). 

7.  Impact parameters were verified, and impact was initiated  

8. The helmet and restraint were removed, and the animals 

scalp was shaved. 

9. A 15mm incision was made along the midline of the scalp 

beginning at the interaural line and extending rostrally.  

10. The skull was thoroughly examined through the incision to 

determine whether skull fracture occurred.  

11. Results: 

Animal

/ Age 
Sex 

Weight 

(g) 

Helmet 

Placement* 

(mm) 

Impact Parameters** 

Skull  

Fracture 

Image 
Velocity 

(m/s) 

Depth 

(mm) 

Dwell 

time 

(s) 

Rat; P26 F 67.6 33 6 10 0.01 No 

 

Rat; P26 F 64.0 32 6 10 0.01 No 

 

Rat; P26 F 70.6 34 6 10 0.01 No 

 

* Helmet placement value refers to distance between tip of nostril and caudal edge of helmet 

** Definition of impact parameters: Velocity refers to speed of impactor tip; Depth refers to distance 

impactor tip extends beyond impact origin (impact surface of helmet); Dwell time refers to length of time 

impactor remains at full extension before it is retracted.  

 

A2 


