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ABSTRACT 

 

 KATELYN ALVERSON 

Development and Characterization of a Closed-Head Mild Traumatic Brain 

Injury Model 

(Under the direction of DR KRISHNAN DHANDAPANI) 
 

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide 

and places an enormous economic burden on both families and health care systems that 

provide support for survivors. The majority of TBI cases are deemed mild (mTBI) and go 

undetected due to the less discernable signs and symptoms. However, there is increasing 

evidence that mTBI can lead to detrimental chronic consequences. Unfortunately, the 

mTBI research field is still in its infancy. We set out to develop a model of closed-head 

mTBI that recapitulated mTBI in the clinic. Using a murine controlled cortical impact 

model, we show no structural damage, increased edema, behavioral deficits, cell death 

and decreased synapses in the acute time after the mTBI. We also evaluated the chronic 

behavioral changes from two weeks to three months post TBI. All in all, our mTBI model 

showed significant cellular changes, but did not give robust chronic behavioral results. A 

secondary outcome of our study was the evaluation of a potential therapeutic: remote 

ischemic conditioning (RIC). Acutely, RIC improved edema, behavioral outcomes, cell 

death, and synapse loss. Overall, our study does identify key areas that should be 

recapitulated in further development of the model: no structural damage, little to no 

edema, cell death and decreased synapses, and behavioral changes. This model also 



 
 

requires further investigation into the chronic consequences of mTBI as well as the use of 

RIC.   

 
 
KEY WORDS: TBI, traumatic brain injury, mTBI, mild, remote ischemic conditioning, 
RIC, closed-head TBI model, model development, behavior, chronic behavior, controlled 
cortical impact  
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I. INTRODUCTION 

 

A. Statement of the Problem and Specific Aim of the Overall Project 

1. Statement of the Problem 

Traumatic brain injury (TBI) is a leading cause of global death and disability, affecting 

more than 50 million individuals annually (Dewan et al., 2018). According to the Center 

for Disease Control and Prevention (CDC), TBI is defined as a blow or jolt to the head that 

disrupts normal brain function (Taylor CA, 2017). Frequent causes of TBI include falls, 

being struck by an object, and motor vehicle accidents. In contrast to other common 

neurological diseases, TBI is more prevalent in younger populations, resulting in 

substantial loss of productive years and the need for life-long assisted care. Of note, TBI 

accounted for nearly 2.9 million emergency room visits, hospitalizations, and deaths in 

2014 while nearly 2% of the population lives with neurological disabilities caused by a 

TBI  (Hutchinson et al., 2007; Langlois JA, 2004). This places an economic burden on both 

families and health care systems that provide cognitive, emotional, physical, and 

psychological support for TBI survivors.  

The neurological sequelae of TBI are divided into two categories – primary injury that 

is caused by mechanical trauma and secondary injury that is associated with progressive 

injury in the minutes, hours, and days after injury (Bullock et al., 1998; Schurman & 

Lichtman, 2017; Zhao, Moore, Clifton, & Dash, 2005). Preventative measures, including 

the increased use of helmets, seat belts, safety restraints, and air bags, reduce injury 

incidence and/or severity, yet, approximately one-third of hospitalized TBI patients 
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ultimately die from injuries that are secondary to the mechanical trauma that occurs at the 

time of impact (Bramlett & Dietrich, 2007). As such, defining the deleterious sequalae of 

TBI remains a long-standing goal of pre-clinical research, with the hope that this 

knowledge will spur the development of novel therapeutics. 

TBI comprises a heterogenous set of injuries categorized as mild, moderate, or severe 

by the Glasgow Coma Scale (GCS), the clinical standard to distinguish TBI severities. 

There are multiple versions that are specific to adult, pediatric, and infant populations. The 

GCS is a reliable, objective, ordinal neurological scale that assesses levels of consciousness 

in patients, using eye opening, verbal performance and motor responsiveness. The 

magnitude of cerebrovascular, neuronal, and immunological changes frequently depend on 

the intensity of the initial impact (Meyer et al., 2010).  Notably, the majority of TBI cases 

are categorized as mild TBI (mTBI; GCS Score 13-15) (Braine & Cook, 2017; CDC, 2019), 

with patients exhibiting less overt, transient signs and symptoms. This results in many 

mTBI patients forgoing medical treatment; however, emerging evidence suggests that 

mTBI may initiate a detrimental cascade that results in chronic neurodegeneration. 

Epidemiological evidence suggests mTBI is most common in children, the elderly, 

contact sport athletes, and military service personnel; yet, in contrast to moderate-severe 

TBI, mTBI remains less understood, at least in part, due to poorly defined clinical criteria 

and recognizable neurological effects that result from a lesser impact. As such, it is 

imperative that research be done into the pathology and long-term ramifications of mTBI. 

The purpose of this project was to validate acute and chronic behavioral and cellular 

changes in a rodent model of mTBI. A secondary endpoint was to determine whether 
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remote ischemic conditioning (RIC), a simple, non-invasive therapy in early stage clinical 

investigation, may reduce the detrimental effects of a mTBI.  

2. Specific Aims 

 

AIM 1: Test the hypothesis that RIC attenuates acute neuropathology after mTBI. 

 

AIM 2: Test the hypothesis that mTBI induces chronic neurobehavioral deficits in 

rodents. 
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B. Literature Review  

 Concussion 

The terms “concussion” and “mTBI” often are used interchangeably throughout the 

literature based on overlapping GCS scores (Kazl & Torres, 2019). An emerging consensus 

defines concussion as a sub-type of mTBI induced by mechanical forces that encompasses 

some defining features, including rapid onset and spontaneous resolution of neurological 

impairment, lack of acute structural injury noted by abnormalities on neuroimaging, and 

variable signs and symptoms that typically resolve sequentially, but can perpetuate 

(McCrory et al., 2017). For the purposes of this literature review, we treat concussion and 

mTBI as synonymous injuries. As discussed in the following sections, the accurate 

diagnosis of mTBI is a major clinical challenge, at least in part, due to the highly variable, 

transient, and/or absent presentation of symptoms that frequently overlap with unrelated 

physiological issues (Table 1) (CDC, 2019; McCrory et al., 2017) 

One of the most common demographics that experience mTBI are children in sports or 

recreation related settings. Between 2010-2016 an average of 283,000 children per year 

under the age of 18 went to the emergency room for a sports- or recreation-related mTBI, 

a number which is likely a gross under-estimation (Sarmiento K, 2019). Additionally, 

service members exhibit an increased risk of incurring mTBI. Since 2000, 310,000 active-

duty military personnel were diagnosed with a TBI, primarily due to blast injuries (Helmick 

et al., 2015). Most mTBI patients spontaneously recover over time, although symptoms, 

such as headaches and cognitive deficits, may persist for weeks or longer. Given the 

increased attention to the long-term, deleterious consequences of mTBI from professional 

sports leagues, public awareness regarding the signs and symptoms of mTBI have 
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exponentially increased in recent years (Williamson et al., 2014). This is spurring new 

research to define the pathophysiology of mTBI.  

1.1 Diagnosis, Signs, and Symptoms 

The 2018 CDC Guidelines for Diagnosis of mTBI in children suggest imaging 

techniques not be used unless there is a fear of intracranial injury, due to the added risks of 

radiation exposure and sedating children while scanning (Lumba-Brown et al., 2018). 

Unfortunately, validated biomarkers for mTBI are lacking, leaving computerized cognitive 

tests as the main diagnostic tool. One of the common tests is the Immediate Post 

Concussion Assessment and Cognitive Testing (ImPACT), which is used to evaluate 

attention, processing speed, reaction time, and memory through different modules, as 

compared to a previously attained baseline score (Alsalaheen, Stockdale, Pechumer, & 

Broglio, 2016). As computer access is required, ImPACT is unsuitable in sports and 

military settings. Therefore, there are “sideline” protocols followed for suspected 

concussion, which include the Sport Concussion Assessment Tool (SCAT), now in its 5th 

edition. As part of this assessment tool it is important to first take note of signs and 

symptoms (Table 1), and then employ Maddocks’ questions spanning orientation and 

recent memory (e.g. what year is it, did we win the game last week?) (Maddocks, Dicker, 

& Saling, 1995; McCrory et al., 2017). Following this are concentration tests, immediate 

and delayed memory tests and a neurological screen, all of which give insight into the 

extent of the injury. Due to variability in presentation, concussion is difficult to diagnose, 
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further supporting the need for research to determine accurate biomarkers and guidelines 

for clinical presentation. 

 

Table 1. CDC Reported Sign and Symptoms of Concussion. 

Signs  Symptoms 

Poor recollection of events Headache 

Dazed/stunned Nausea, vomiting 

Confused about what is going on Balance problems, dizziness 

Clumsy Sensitive to lights or noise 

Slow processing Sluggish, groggy 

Loss of consciousness Confusion, concentration/memory problems 

Mood, behavior, or personality changes “Feeling down” 

 

 Pre-Clinical Models of Concussion 

Pre-clinical research is critical for defining the underlying pathophysiology of mTBI 

and for the development of innovative therapeutic approaches; however, the heterogeneity 

of clinical symptoms/recovery coupled with an unknown role for genetics in injury 

progression complicate the development of experimental models that recapitulate all key 

aspects of clinical mTBI (Pearson-Fuhrhop, Burke, & Cramer, 2012; Tuerk et al., 2020). 

A systematic review of closed head mTBI models showed three injury paradigms were 

primarily studied: weight drop models, piston-driven models and fluid percussion injury.  

Within these experimental studies, differences in scientific rigor, including variability in 

injury parameters, age, sex, species, outcome measures, and number of blows over time 

further complicate extrapolation of data into the clinic (Bodnar, Roberts, Higgins, & 
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Bachstetter, 2019).  Despite these caveats, animal models provide a critical first step in the 

evaluation of therapies after mTBI. 

 

 Pediatric Concussion 

Our study focuses on pediatric mTBI by using mice age 3-4 weeks as our pre-clinical 

model. This correlates well with school aged children who make up a large majority of the 

mTBI cases seen in the emergency department. The developing brain is in need of more 

energy to complete its normal tasks so when ion flux, decreased cerebral blood flow, and 

altered cellular metabolism occur after mTBI more cognitive and emotional deficits may 

occur (Choe, Babikian, DiFiori, Hovda, & Giza, 2012). One comparison of high-school 

athletes and college athletes showed increased memory dysfunction in the younger 

population (Field, Collins, Lovell, & Maroon, 2003). Rats who underwent an mTBI and 

then were housed in an enriched environment had impaired results in the Morris Water 

Maze test when compared to sham rats that were also housed in an enriched environment 

suggesting that synaptic plasticity is altered after a concussive injury (Giza, Griesbach, & 

Hovda, 2005). On the basis of emotional deficits, a telephone based survey of pediatric 

mTBI patients reported one-third of patients experienced anxiety and one-fifth experienced 

fear within one year of injury (Chendrasekhar, 2019). Another cohort of 519 children 

showed anxiety and attention-deficit/hyperactivity disorder, regardless of injury severity 

(H. T. Keenan, A. E. Clark, R. Holubkov, C. S. Cox, & L. Ewing-Cobbs, 2018). These 

symptoms that last chronically are part of a syndrome known as post-concussive syndrome 

(PCS). It is thought that more than 15% of people who suffer a single mTBI will experience 

PCS. PCS includes physical, emotional, cognitive and sleep impairments all of which effect 
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each other (Morse & Garner, 2018). Research in regard to pediatric mTBI is needed to 

determine the prevalence of such symptoms and the best treatment options for these 

patients. The fact that the brain is still developing in these patients puts them at greater risk 

for these consequences and means they will have to live with the repercussions of the injury 

for their entire lives.  

 

 Concussion Management and Treatment 

There are currently no treatments for TBI other than management of symptoms. Rest, 

physical and cognitive, is currently the first and most common treatment prescribed to 

people who have experienced a concussion, though there is varying evidence of whether it 

is beneficial (Schneider et al., 2017). With pediatric TBI in particular, too much stimulation 

and too little stimulation can be harmful to the developing brain after injury (Choe et al., 

2012). Often, complete rest from any stimulation is recommended for 24-48 hours after 

injury (N. D. Silverberg et al., 2019), and then activity is gradually reintroduced while 

monitoring symptoms (Lumba-Brown et al., 2018; McCrory et al., 2017; N. D. Silverberg 

et al., 2019). Patient and care-taker education is a necessity to aid in recovery time and 

symptom management. Patients should not return to high-risk activities until fully 

recovered, however this can be hard to determine due to the fact that there are no 

biomarkers for TBI injury. Further, there should be follow-up care for those that experience 

persistent symptoms and PCS. (Noah D. Silverberg et al., 2020) One recent treatment 
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option being evaluated is remote ischemic conditioning (RIC) which has many implications 

in cardioprotection but has been seen to have neuroprotection as well. 

4.1 Remote Ischemic Conditioning  

RIC involves causing ischemia to one organ of the body to establish ischemic tolerance 

in another organ, and in most clinical circumstances ischemia is induced in the leg by a 

blood pressure cuff in order to establish tolerance in cerebral tissue (Heiberger, Mehta, 

Kim, & Sandhu, 2020). This idea came about through a study in 1986 by Murry et. Al. 

They showed that they could slow ATP depletion and necrosis through performing multiple 

brief ischemic episodes before the sustained occlusion all of which was performed on the 

coronary artery (Murry, Jennings, & Reimer, 1986). Later it was discovered that the 

process still worked when preconditioning was performed on an organ in a remote region 

away from the ischemic organ (Gho, Schoemaker, van den Doel, Duncker, & Verdouw, 

1996). However, this is not clinically relevant due to the fact that the treatment is being 

given before the actual ischemic event. Eventually research was done to see the efficacy of 

per-conditioning (during the ischemic event) and postconditioning (after reperfusion), and 

both reduced infarct size and improved outcomes (Hess, Hoda, & Bhatia, 2013). Most of 

this research was done in regard to the cardioprotection, but eventually was discovered to 

be beneficial in multiple disease pathologies. One heavily studied area is stroke research. 

Infarct size was attenuated in preconditioning and per-conditioning of rats in a middle 

cerebral artery occlusion model of acute stroke (Hahn Cecil, Manlhiot, Schmidt Michael, 

Nielsen Torsten, & Redington Andrew, 2011). Even post conditioning as far out as 6 hours 

after reperfusion has beneficial effects (Ren et al., 2008). After establishment of the 

beneficial outcomes of this treatment, many studies are now investigating the mechanisms 
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that cause it to work and show that it may involve humoral factors, neurogenic transmission 

or the immune system (Hess et al., 2013). 

RIC has recently been implicated in treatment for TBI. Performed 2 hours after injury, 

RIC maintained cognitive and motor function compared to a no treatment group (Pandit et 

al., 2018; Sandweiss et al., 2017). Neuroimmunology is a major factor in TBI and the 

propagation of secondary injury in the chronic stages. We show that one of the ways RIC 

may work in an intracerebral hemorrhage model is by promoting an anti-inflammatory 

macrophage phenotype, and their infiltration into the CNS resulted in tissue repair and 

phagocytosis (Vaibhav et al., 2018). Other stroke studies show that RIC increase 

lymphocytes in the spleen but reduced T cells in peripheral blood (Chen et al., 2018; Liu, 

Yang, Zhang, Geng, & Zhao, 2019). When RIC is used in other injury models like a sepsis 

model, or lung injury model, it has different effects on the immune system (Kim, Yoon, 

Kim, Lee, & Lim, 2014; Zhou, Jiang, Dong, & Wang, 2017). It is difficult to know whether 

RIC promotes pro- or anti-inflammatory processes, or both in different circumstances, but 

with all of its recorded benefits in different injury models, it is advantageous to continue 

research on RIC as a therapy for all types of TBIs. It is a low cost and noninvasive treatment 

option that could be introduced in many different environments to help alleviate the 

detrimental effects of TBI. 

5. Summary  

 Concussion has become a major health care concern, as the number of people 

diagnosed with concussion has progressively risen. However, there is still much left to 

know about the pathological effects mTBI and concussions have on chronic brain health 

especially in the pediatric population. PCS is most likely more prevalent than currently 
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reported and these symptoms place a great burden on the patient experiencing them. The 

pathological consequences of concussion, especially cognitive and emotional ones, could 

be based on many components such as genetics, life stresses, general medical problems 

(e.g,, hypertension, diabetes and heart disease), chronic bodily pain, and substance abuse, 

just to name a few factors. Because there is no current treatment for mTBI and the 

expression of the trauma is so heterogenous amongst the population, there is a tremendous 

challenge in front of the scientific and medical community to determine the extent to which 

concussion causes alterations in brain microstructure and physiology that perpetuate 

chronic repercussions.  
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II. MATERIALS AND METHODS 

Approval and Study Design: All animal studies were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Augusta University and were in compliance with 

NIH guidelines. Primary outcomes included edema, cell death and necrosis, synapse 

changes, and neurobehavioral changes. In a double-blinded study manner, subject mice 

were block randomized by a study coordinator separate from surgeon. Blinded 

investigators performed data acquisitions and all mice were included in the final analysis.  

Subject decoding was only performed following the final data acquisition and analysis. 

 

Controlled cortical impact- Mixed sex pediatric C57BL/6 (Jackson Laboratory) mice 

littermates (age 3-4 weeks) were subjected to mild closed head controlled cortical impact 

or sham injury, which received the same surgical procedures without impact. Mice were 

anesthetized using 2% isoflurane, placed in a stereotaxic frame, and the skull was exposed. 

Mice were impacted along the sagittal suture, midway between the bregma and lambda, at 

3m/s with an 85-100ms dwell time and 3mm depression using a 3-mm diameter convex tip 

(PinPoint PCI3000 Precision Cortical Impactor; Hatteras Instruments, Cary, NC). The 

mice were given one cc of saline and allowed to recover in a clean, warm cage after skin 

incision was closed. Throughout all procedures mice body temperature was monitored and 

maintained at 37°C using a small animal temperature controller (Kopf Instruments, 

Tunjunga, CA). Food and water were provided ad libitum.  
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MicroCT imaging: Two hours post TBI, mice were deeply anesthetized and perfused with 

saline followed by 4% paraformaldehyde in PBS. The skull was removed, and soft tissue 

excised and then placed in 4% paraformaldehyde until scanning was started. The skull was 

then wrapped in tissue paper and moistened with a saline solution to avoid dehydration of 

the tissue. Scanning was done with the Skyscan 1272 (Bruker, Belgium) with scanning 

parameters of 10.8µm image pixel size, 0.5mm aluminum filter and 0.2 rotation step. 3D 

reconstruction was done using NRecon software followed by analysis using CTan 

software. 

 

T2W-MRI: Mice were anesthetized with isoflurane (3% for induction and 1.5% for 

maintenance in a 2:1 mixture of N2:O2) and imaged using a horizontal 7-T BioSpec MRI 

spectrometer (Bruker instruments, Bellerica, MA) equipped with a 12-cm self-shielded 

gradient set (45 G/cm max). A standard transmit/receive volume coil (72-mm inner 

diameter) was used to apply radio frequency pulses actively decoupled from the two-

channel Bruker quadrature receiver coil positioned over the centerline of the skull. 

Stereotaxic ear bars were used to minimize movement throughout the imaging procedure, 

and body temperature was maintained at 37° ± 0.5°C using a pad heated by a recirculating 

water bath. MR studies were performed using T2-weighted MRI scans after positioning 

using a triplanar fast low angle shot (FLASH) sequence. Quantification of edema was done 

using a T2W map. Region of interests were drawn on these T2W images and ImageJ was 

used for image processing. 
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Flow Cytometry: At 7 days post injury whole brains were harvested from mice perfused 

with ice-cold phosphate-buffered saline (PBS). Using an acrylic brain matrix a 3-mm 

coronal brain section was taken from the contusion area and was sieved through a 100 μM 

cell strainer. The cell suspension was then centrifuged (252g, 10 min) to prepare single-

cell suspensions. Cells were incubated with conjugated antibodies against the following 

markers to detect the presence of 7AAD (BioLegend, catalog no. 420403;1/200µL) and 

caspase 3 (Bioss, catalog no. BS-0081R-FITC; 1/200µL). After a final wash, cells were 

analyzed using a FACS Calibur (FACS Calubur, BD Biosciences, San Diego, CA) flow 

cytometer and CellQuestTM software, as routine to our laboratory (Braun et al., 2017). 

Appropriate gates were set by analyzing isotype-matched controls for each sample. 

Samples were analyzed in duplicate for each marker. The number of false-positive events 

was minimized by subtracting the number of double-positive events observed with the 

isotype controls from the number of double-positive cells stained with corresponding 

antibodies (not isotype control), respectively. Debris and viable cells were differentiated 

by gating on live cells with high forward scatter (FSC) and positivity for specific 

antibodies. The level of nonspecific binding was determined through isotype controls, 

controls to check for fluorescence spread and performance of single stains for 

compensation controls. Cells depicting a specific marker were reported as a percentage of 

the number of gated events. 

 

Immunostaining: Coronal sections, five µm thick, were deparaffinized from paraffin 

embedded tissue blocks with xylene and alcohol gradients consisting of two 100% xylene 

washes, followed by two 100% ethanol washes, then two 95% ethanol washes, two 70% 
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ethanol washes, finishing with one distilled H2O wash.  After antigen retrieval with sodium 

citrate buffer, sections were incubated with mouse anti-NeuN (1:100, Millipore. Catalog 

no. MAB377) and rabbit anti-synaptophysin (1:100; Cell Signaling Technologies catalog 

no. 36406S) at 4°C overnight and then incubated with fluorescently labeled secondary 

antibodies: goat anti-mouse IgG Alexafluor 488(1:300; Invitrogen catalog no. A32723) 

and goat anti-rabbit IgG Alexafluor 594 (1:300; Thermofisher catalog no. A-11070), 

respectively, for 1 hour. Vectamount permanent mounting media (Vector Laboratories, 

CA) was used to mount the tissue sections and then fluorescent images were captured by 

Zeiss LSM 780 upright microscope integrated with Zen2.1 software. The mean 

fluorescence intensity was calculated from five discrete areas of the cortex in each group 

using ImageJ software. 

 

Remote Ischemic Conditioning: Bilateral RIC was performed using a modified automated 

blood pressure instrument (Hatteras Instruments) starting 1 hour after concussion. Mice 

were anesthetized and placed on a thermoregulated bed to maintain body temperature at 

37°C. Customized limb cuffs were placed on both hind legs and four cycles x 5 min/cycle 

at 200-mmHg using a 5-minute reperfusion interval was performed. Mock-conditioned 

mice underwent all the same procedures accept that the blood pressure cuffs were not 

inflated.  

 

Behavioral Outcomes: Open Field: Mice were habituated for 30 min prior to testing, then 

placed  in a 40 cm x 40 cm x 40 cm box and activity was digitally recorded for 10 min. 
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Time spent in the center zone was measured and analyzed using Ethovision XT video 

tracking software (Noldus Information Technology, Asheville, NC).  

Novel object recognition: Mice were habituated in a 40 cm x 40 cm x 40 cm box for 5 

minutes and then the familiarization stage was performed. In this stage mice were placed 

back in the box with two identical objects placed in a 10 cm circle located a set distance 

apart. Mice were then removed from the box for 60 minutes. In the next stage, after the 60 

minutes, one of the objects was replaced by a novel object that was different in shape, 

texture, and appearance. Activity was tracked through the Ethovision XT video tracking 

software, and the ability of the mouse to discriminate between the familiar and novel 

objects was quantified as the discrimination index, DI = (Tn - Tf)/(Tn + Tf). Here, Tn is the 

time the mouse spent with the novel object and Tf is the time the mouse spent with the 

familiar object. 

Elevated Plus Maze: Mice were placed on a plus shaped maze that is 1 meter off the ground. 

Movement was recorded by Ethovision XT video tracking software for 5 minutes and time 

spent in the closed arms versus time spent in the open arms was analyzed. 

Tail suspension test: Mice were suspended from their tails and a 5-minute recording was 

evaluated for the time spent trying to escape the stressful situation (mobility time) versus 

the time the mouse was in “despair” and was immobile.  

Forced Swim Test: Similarly, mice were placed in 1.5 liters of warm (37°C) water and 

recorded for 5 minutes. Mobility versus immobility time was evaluated.  

Rota-Rod Test: After mice were adequately trained, mice were placed on a rotating cylinder 

that increases in speed slowly from 4 to 40 rpm over 5 minutes. The length of time a mouse 

maintained balance while walking on top of the drum was recorded. A trial ended once the 
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mouse fell off or gripped the cylinder for two consecutive revolutions. The average of three 

trials was recorded. 

Hanging Wire Test: A 50-cm string pulled between two vertical supports was used to asses 

grip strength. Mice were placed on the string and evaluated and given a score as follows: 

0, falls off; 1, hangs onto string by two forepaws; 2, same as for 1 but attempts to climb on 

string; 3, hangs onto string by two forepaws plus one or both hind limbs; 4, hangs onto 

string by forepaws with tail wrapped around string; and 5, escapes. The average reading of 

three successive trials was taken for each animal. 

Narrow Beam: Mice were placed on a stationary 1-m narrow beam (6-mm width) and 

expected to traverse the beam to find their home cage at the end of it. After training was 

completed each mouse was tested three times and the average time to traverse the beam 

and number of paw slips were recorded. 

 

Statistics: Data was analyzed with GraphPad Prism 8 software. Two-way analysis of 

variance (ANOVA) was utilized for multiple groups and one-way ANOVA was utilized 

for 3 group comparisons with adjustments for multiple comparisons. Data were further 

analyzed by Tukey’s post hoc test. Two group comparisons were analyzed by 

Student’s t test. Results are expressed as mean ± SD. A P < 0.05 was considered to be 

statistically significant. 
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III. RESULTS 

 
1. mTBI causes edema, but no structural damage. 

 We initially sought to determine whether our pediatric mTBI model exhibits 

structural damage, such as skull fractures or indentions caused by impact, which may 

confound data interpretation.  To accomplish this goal, we utilized microCT imaging and 

found no evidence of bone fracture or indentation in any mice at 2h post-injury (Fig 1).  

We next determined whether the produced level of impact was sufficient to produce 

cerebrovascular changes within the underlying brain. Magnetic resonance imaging (MRI) 

revealed a development of cerebral edema at 48h post-injury (Fig 2A), an effect that 

persisted for over 72h after mTBI (Fig 2B).  In fact, mTBI induced a 165% increase in 

edema when compared to sham (p<0.0001). These observations validate the development 

of neurological injury in the absence of gross injury to the skull. 

 We next assessed whether RIC could reverse the neurological injury associated 

with mTBI. Once daily, non-invasive bilateral RIC was initiated at 1h after mTBI and 

continued for the duration of the study.  A regimen of 4 cycles of 5-minute cycle x 5-

minute interval was employed. RIC significantly attenuated edema at 72h post mTBI, 

with a 44% reduction noted (p<0.001), as compared to mock treated mice after mTBI 

(Fig 2B, C).  No edema was observed after sham injury. 
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FIGURE 1 - Assessment of structural damage following mTBI. 

 

 

 

 

 

Figure 1-Assessment of structural damage following mTBI. 
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Figure 1. Assessment of structural damage following mTBI. 

MicroCT imaging of the skull was performed after mTBI on pediatric C57Bl/6 mice. 

Superior and rear views are shown to document the lack of structural damage or skull 

fractures at the site of impact.  Data are representative of n=3 mice/group.  
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FIGURE 2 – RIC reduces cerebral edema after mTBI. 

Figure 2- RIC reduces cerebral edema after mTBI. 
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Figure 2. RIC reduces cerebral edema after mTBI. (A) mTBI mice underwent T2W-

MRI 48hrs post injury and show edema formation. (B) Sham, mTBI, and mTBI+RIC mice 

underwent T2W-MRI 72hrs post injury and show edema that is attenuated by RIC. RIC 

was performed 1 hour after injury and daily, thereafter. (C) Quantification of edema size. 

RIC significantly mitigates edema size as compared to mTBI mice that experienced mock 

RIC. Data are presented as mean ± SD. Data are analyzed by one-way ANOVA followed 

by Tukey’s post-hoc test. (n=5; *p<0.05, **p<0.01 , ***p<0.001 , ****p<0.0001). 
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2. RIC improves behavioral outcomes. 

 We next explored functional outcomes, as assessed by a battery of neurobehavioral 

tests, at day 5 post-mTBI.  Following injury, mice appeared grossly normal and did not 

exhibit noticeable behavioral changes; however, task-specific deficits were observed. Grip 

strength was assessed through the hanging wire test. A score of 5 resulted in the mouse 

escaping the apparatus, while a score of 0 resulted in the mouse falling. After once daily 

RIC, grip strength was improved to sham levels while mock treated mice had a 18% 

decrease in grip strength (p<0.001 vs. RIpostC) (Fig 3A). Motor coordination was assessed 

through the narrow beam test. Mice were trained and then tested on the time it took to cross 

the beam (Fig 3B) and the amount of slips they had while crossing (Fig 3C). RIC 

significantly decreased the amount of time it took to cross the beam by 29% (p<0.05 vs 

mock conditioning) and significantly decreased the number of foot slips by 73% (p<0.001 

vs mock conditioning). PedTBI in general, decreased the grip strength by 23% (p<0.001 

vs sham), increased the time to cross the beam by 23% (p<0.01 vs. sham) and increased 

the number of foot slips when crossing the beam from a mean of 0.119 to a mean of 2.639 

(p<0.001 vs. sham). 
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FIGURE 3 - RIC improves behavioral outcomes. 
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Figure 3. RIC improves behavioral outcomes. Mixed sex C57BL/6J mice were 

randomized to receive one-daily mock or bilateral RIC 1 hour after receiving sham or 

mTBI. Behavior tests were assessed at day 5 post injury. (A) Grip strength was assessed 

with a score of 5 meaning optimal strength, and 0 meaning no strength. (B) The mean 

amount of time it took the mice in each group to cross the beam. (C) The mean number of 

slips the mice had while crossing the beam. Data are presented as mean ±SD. Data are 

analyzed using one-way ANOVA followed by Tukey’s post-hoc test. (n=12-14; *p<0.05, 

**p<0.01 , ***p<0.001, ****p<0.0001) 
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3. mTBI induces cell death and RIC attenuates this.  

 We next used flow cytometry to explore cellular damage at day 7 after mild closed 

head injury.  Brain tissue was stained for caspase 3, a marker for apoptosis, and 7-

aminoactinomycin D (7-AAD), which undergoes a spectral shift when associated with 

DNA and is not usually associated with live cells. Tissue derived from sham-operated mice 

was negative for both caspase 3 and 7-AAD, being composed of almost 100% normal cells,  

indicative of healthy brain tissue (Fig 4A, G). In contrast, mTBI (Fig 4B) mice showed a 

significantly larger percentage of cells in early (an increase of almost 15%; p<0.001) and 

late apoptosis groups (an increase of about 1.2%; p<0.01)  (Fig 4D, E), as well as an 

increase in the number of necrotic cells (about 12%; p<0.001) (Fig 4F) as compared to 

sham. Of note, RIC (Fig 4C) significantly reduced the percentage of cells in early (about 

8%; p<0.01) and late apoptosis (about 0.5%; p<0.05)  (Fig 4D, E) as well as decreasing 

the number of necrotic cells (about 6%; p<0.05) (Fig 4F) after mTBI, when compared to 

mTBI mice receiving mock conditioning.  
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FIGURE 4 - RIC prevents necro-apoptotic cell death. 

 

 

Figure 4. RIC prevents necro-apoptotic cell death. Flow cytometry analysis of early 

apoptotic, late apoptotic, and necrotic cells of sham (A), mTBI (B), and mTBI+RIC (C) 

mice. Quantification of percentage of early apoptotic (D), late apoptotic (E), necrotic (F) 

and normal (G) cells in sham, mTBI and mTBI+RIC was completed from the analysis. 

Data presented as Mean±SD. Mean with different letters are significantly different. Data 

were analyzed with one-way ANOVA followed by Tukey’s post-hoc test. (## p<0.01; ### 

p<0.001 as compared to sham; *p<0.05; **p<0.01 as compared to pedTBI; n=6) 
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4. RIC prevented loss of synaptic terminals caused by mTBI. 

 Given our observed association between mTBI, cellular damage, and behavioral 

deficits, we next explored whether synaptic perturbations may occur.  A hallmark for 

neurodegeneration is the loss of synaptic terminals. To examine this, brain tissue was 

collected 3 weeks post injury and was stained for synaptophysin, a surface protein on pre-

synaptic vesicles and a marker for synapses, as well as NeuN, a marker for neurons. mTBI 

induces a loss of synapses and neurons at three weeks (Fig 5A). Once daily RIC, initiated 

after mTBI and continued for the study duration, attenuated loss of synaptophysin 

immunoreactivity (Fig 5A). Quantitatively, there is a 6-fold change in synaptophysin 

expression (p<0.0001) and a 1.25-fold increase in NeuN expression (p<0.01) after RIC 

therapy (Fig 5B). 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

30 
 

FIGURE 5 – RIC prevents loss of synaptic terminals caused by mTBI. 

 

 

Figure 5. RIC prevents loss of synaptic terminals caused by mTBI. (A) Brain slices 

were stained for synaptophysin and NeuN to examine synaptic terminals. (B) Fluorescent 

signal fold change was quantified, and groups were significantly different. Data are 

analyzed using student’s t-test (n=6; *p<0.05, **p<0.01, ***p<0.001 , ****p<0.0001). 
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5. Determination of mTBI chronic behavioral phenotype.  

 As synaptic changes were seen at 3 weeks post injury, we next examined chronic 

behavioral changes that may indicate the development of progressive cognitive deficits 

after mTBI. To investigate this, impacted mice underwent a variety of behavioral tests at 

2, 4, 8, and 12 weeks post injury (wpi). To evaluate chronic motor coordination, we 

performed the Rota-Rod test. Mice were placed on the rotating rod and the latency until 

falling was recorded. There were no statistical differences between sham and pedTBI mice 

at any time points. However, there was a significant improvement in time before falling in 

the pedTBI mice from 2wpi to 8 wpi (63% and p<0.01) and from 2wpi to 12wpi (58%; 

p<0.01) (Fig 6). This suggests that there may be motor coordination dysfunction acutely, 

which we noted in the grip strength and narrow beam tests at 5 days, but that these resolve 

chronically. We then performed the open field test, which measures mobility and anxious 

behavior, manifesting as increased time around the chamber parameter. Representative 

images illustrate a modest, variable increase in anxious behavior after mTBI, as measured 

by reduced time in the center zone, as compared to sham (Fig 7A, B); however, no 

statistically significant difference was observed between the time points (Fig 7C). Similar 

to the performance on the open field test, some mTBI subjects spent more time around the 

familiar object in the novel object recognition test whereas sham mice appeared to 

distinguish between the familiar and novel objects over time (Fig 8A, B), although no 

statistically significant difference in the discrimination index (DI) were noted between 

groups or time points (Fig 8C). Another well accepted test of anxiety is the elevated plus 

maze. With two arms of the maze being enclosed and two arms being exposed, mice will 

spend more time in the enclosed arms if they are more anxious. We noticed increased 



 
 

32 
 

anxiety in mTBI mice, as compared to sham (Fig 9A, B) and analysis showed a significant 

increase in time spent in closed arms between sham mice and mTBI mice at 4wpi (31%; 

p<0.001) and 12wpi (24%;p<0.01) (Fig 9C). Added to this, there was also a significant 

increase over time from 2wpi to 4 (25%; p<0.01), 8 (28%; p<0.001), and 12wpi (36%; 

p<0.0001) (Fig 9C). Finally, we performed the tail suspension and forced swim tests, 

which are widely accepted measures of depressive behavior. There were no significant 

differences between groups in either of the two tests (Fig 10A, B), although reduced 

mobility time was observed in the mTBI group at 8 wpi, as compared to 2 wpi (48%; 

p<0.01) (Fig 10A).  Moreover, there was a clear downward trend in mobility time for the 

mTBI group in the forced swim test (Fig 10B).  
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FIGURE 6 – Time point evaluation of Rota-Rod motor coordination test.  

 

Figure 6. Time point evaluation of Rota-Rod motor coordination test. C57BL/6J 

pediatric mice were subjected to mTBI or sham procedure and underwent the Rota-Rod 

test at 2, 4, 8, 12 weeks post injury. Time(s) until falling was evaluated. Data are 

representative of 4 independent experiments. Data are presented as mean ± SD and were 

analyzed using two-way ANOVA followed by Tukey’s post hoc test. (n=5-16; *p<0.05, 

**p<0.01 , ***p<0.001 , ****p<0.0001) 
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FIGURE 7 – Time point evaluation of open field test.  
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Figure 7. Time point evaluation of open field test. C57BL/6J pediatric mice were 

subjected to mTBI or sham procedure and neurological outcomes were assessed using the 

open field test at 2, 4, 8, and 12 weeks post injury. Representative heat map images of mice 

in the mTBI group (A) and the sham group (B) are depicted. (C) Data analysis of time(s) 

spent in the center zone. Data are representative of 4 independent experiments. Data are 

presented as mean ± SD and were analyzed using two-way ANOVA followed by Tukey’s 

post hoc test. (n=10-16. *p<0.05, **p<0.01 , ***p<0.001 , ****p<0.0001) 
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FIGURE 8 – Time point evaluation of novel object recognition test.  
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Figure 8. Time point evaluation of novel object recognition test. C57BL/6J pediatric 

mice were subjected to mTBI or sham procedure and neurological outcomes were assessed 

using the novel object recognition test at 2, 4, 8, and 12 weeks post injury. Representative 

heat map images of mice in the mTBI group (A) and the sham group (B). The familiar 

object is represented by the circle in the upper left corner of each image, while the novel 

object is represented by the circle in the bottom right corner of each image. (C) Data 

analysis of discrimination index DI = (Tn - Tf)/(Tn + Tf). Data are representative of 4 

independent experiments. Data are presented as mean ± SD and were analyzed using two-

way ANOVA followed by Tukey’s post hoc test. (n=10-16; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001) 
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FIGURE 9 – Time point evaluation of elevated plus maze test.  
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Figure 9. Time point evaluation of elevated plus maze test. C57BL/6J pediatric mice 

were subjected to mTBI or sham procedure and neurological outcomes were assessed using 

the elevated plus maze test at 2, 4, 8, and 12 weeks post injury. Representative heat map 

images of mice in the mTBI group (A) and the sham group (B). The “east” and “west” 

arms are enclosed and the “north” and “south” arms are open. (C) Data analysis of time 

spent in the enclosed arms. Data are representative of 4 independent experiments. Data are 

presented as mean ± SD and were analyzed using two-way ANOVA followed by Tukey’s 

post hoc test. (n=10-16; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
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FIGURE 10- Time point evaluation of tail suspension test and forced swim test.  
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Figure 10. Time point evaluation of tail suspension test and forced swim test.  

C57BL/6J pediatric mice were subjected to mTBI or sham procedure and neurological 

outcomes were assessed using the tail suspension test and the forced swim test at 2, 4, 8, 

and 12 weeks post injury. (A) Mobility time evaluated in the tail suspension test. (B) 

Mobility time evaluated in the forced swim test. Data are representative of 4 independent 

experiments. Data are presented as mean ± SD and were analyzed using two-way ANOVA 

followed by Tukey’s post hoc test. (n=10-16; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

42 
 

IV. DISCUSSION 

 Concussion is a serious health concern with long-term health implications. We 

sought to develop an experimental model that recapitulates some of the key acute and 

chronic changes associated with mTBI. We first determined that our mTBI parameters did 

not cause structural damage, which was in line with the definition of concussion clinically 

(McCrory et al., 2017). Then we determined that our model showed some internal changes 

through increased edema formation. The majority of mTBI patients do not experience 

abnormalities warranting imaging, however those that do often show edema (Bigler et al., 

2016). But it is also important to note that clinically, not everyone experiences edema, 

however if edema occurs there is potential for more severe outcomes (Kamins & Giza, 

2016).  In fact, the clinical recommendation warrants that a GCS of 13-15 should not 

undergo imaging and this may mean that some small edema formation may go unnoticed 

and under-reported (Bolton-Hall, Hubbard, & Saatman, 2019). This begs the question 

though, if mTBI models should produce edema, or if those that do should actually be 

considered a more moderate injury. It seems however, that most mTBI models avoid this 

complication due to the rarity that it occurs in a human mTBI. Therefore, our model may 

be considered more of a moderate phenotype. 

 There is also competing information that speculates on whether mTBI should 

induce cell death or not, but this may be a null point given that detection of neuronal loss 

in humans is lacking (Bolton-Hall et al., 2019). However, mTBI has been found to induce 

apoptosis through a multitude of mechanisms including oxidative stress and 

neuroinflammation (Patel, Prasad, Kuwar, Haldar, & Abdul-Muneer, 2017), so we 

confirmed that our model induced apoptosis through flow cytometry. mTBI significantly 
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increased cell death and necrosis. Concussion is also linked with neurodegeneration and 

white matter loss (Marion, Radomski, Cramer, Galdzicki, & Armstrong, 2018), and 

synaptic changes (Merlo et al., 2014). We show that our model does induce synaptic loss 

at 3 weeks post injury. An exact definition of the pathophysiology that should be 

experienced in a pre-clinical model of a mTBI is lacking. The variability amongst pre-

clinical models explains the different findings in the pathophysiology and further creates 

an issue when interpreting results.  

 One caveat to our model was that we used genetically identical mice. Though this 

may aide in interpreting results in pre-clinical models, it is not clinically relevant. Genetics 

and epigenetics can play a significant role in recovery from TBI. There are multiple studies 

that suggest that the family environment and the childhood adversity experienced by the 

patient significantly affects outcomes (Amery Treble-Barna et al., 2020). The 

developmental stage at time of injury also seems to play a role in outcomes. In one large 

study, school-aged children had higher ADHD symptom scores, while preschoolers show 

increased symptoms over time. There was also evidence that children who experienced an 

mTBI had similar anxiety symptoms to children who experienced a more severe injury at 

3-months post injury, but their symptoms then decreased. (Heather T. Keenan, Amy E. 

Clark, Richard Holubkov, Charles S. Cox, & Linda Ewing-Cobbs, 2018) This suggests that 

age at injury plays an important role in outcomes and it may be advantageous to perform 

the pre-clinical model mTBI at different ages to examine this. Multiple genes and 

polymorphisms have been identified to influence outcomes after TBI. Two of the most 

widely researched are apolipoprotein E (APOE) and brain derived neurotrophic factor 

(BDNF) which influence neuroplasticity and brain recovery. Other genes that have been 
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implicated in TBI are those in the dopaminergic and serotonergic systems that have been 

shown to have an effect on working memory, executive function, and impulsivity such as 

the catechol-O-methyltransferase (COMT) gene, an enzyme involved in dopamine 

degradation. (A. Treble-Barna et al., 2017; Weaver et al., 2014) APOE specifically, has 

been associated with a multitude of brain dysfunctions including, neurotoxicity, 

neurodegeneration, inflammation, and mitochondrial dysfunction, just to name a few 

(Efthimios et al., 2010). Further, the APOE e4 allele is associated with worse outcomes in 

pediatric TBI patients (Kurowski, Martin, & Wade, 2012). Also, polymorphisms in 

interleukin genes have been shown to play a role in TBI pathogenesis (Efthimios et al., 

2010). All of this to say that genetics plays an important role in the outcomes of TBI, and 

though it is an enormous task for the TBI research community, information needs to be 

expanded on genes in other processes like oxidative stress, inflammation and cell death 

because of the importance of these processes in TBI pathology.  

 mTBI patients often show variable behavioral changes, including cognitive and 

psychiatric issues. As previously discussed, the variability in behavior can come from 

many sources. We mentioned genetics and epigenetics, age at which the injury is 

experienced, and severity of injury. There is also behavior variability in the complications 

associated with TBI. Behavior changes were associated with mTBI complications such as 

parenchymal contusion, brain swelling, shearing injury and skull fracture, in that, those 

that experienced these complications had greater cognitive, visuomotor, and academic 

achievement deficits compared to those that experienced mTBI but did not have these 

complications (Levin et al., 2008). While motor deficits are not normally associated with 

mTBI clinically, due to the higher GCS scores (Braine & Cook, 2017), other tests show 
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increased sensory, fatigue, and emotional symptoms (Brett et al., 2020). Our tests show 

that there was a significant decrease in motor capabilities in mTBI groups acutely, but this 

was resolved chronically. Our chronic behavior did not show robust results. However, there 

was significant differences in the elevated plus maze, a well-accepted test of anxiety 

behaviors. Clinically, concussion has been correlated with increased suicidality behaviors 

in youth and adults (Bethune, da Costa, van Niftrik, & Feinstein, 2017; Miller et al., 2020).  

 One strength of our work was providing a therapeutic option for mTBI. As 

previously mentioned, RIC has been widely used pre-clinically for cardioprotection and 

neuroprotection in stroke. There are many clinical trials currently underway to determine 

the safety and feasibility of RIC in stroke victims. Because of the similarities in stroke and 

TBI pathology it is safe to speculate that RIC may be an optimal treatment option for TBI 

as well. To this end, we show that RIC improved conditions in edema, behavior, cell death 

and synapse loss. Further validating this, once daily RIC, carried out for six days, improved 

behavior out to 3 weeks and prevented neuron shrinkage in the hippocampus of a mouse 

model (Pandit et al., 2018). In blast exposed rats, RIC improved outcomes from pre-

treatment and also improved apoptosis in TBI exposed zebrafish that received serum from 

the RIC treated rats, providing evidence for the humoral signaling hypothesis (Park et al., 

2020). Interestingly, RIC and exercise are hypothesized to have very similar mechanisms 

of action that have been implicated in cardioprotection and neuroprotection (Hess et al., 

2015). In one study, serum from humans who were either pre-conditioned with exercise or 

RIC reduced infarct size of isolated rabbit hearts (Michelsen et al., 2012). Along these 

lines, one study showed that prescribing a sub-symptom exacerbation threshold of exercise 

in the week following a concussion improved recovery time compared to those that were 
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prescribed rest (Willer et al., 2019). Other studies show the benefits of some exercise in 

the recovery of symptoms from concussion (Chan et al., 2018; Leddy, Haider, Hinds, 

Darling, & Willer, 2019; Sawyer, Vesci, & McLeod, 2016). This further provides evidence 

that RIC may also be a feasible option for treatment. RIC is a safe, portable and inexpensive 

potential treatment option ideal for concussion. As discussed previously, concussion is 

difficult to diagnose, so having RIC as a portable option that can be used on the sideline of 

an athletic competition, in the battlefield, or even in an ambulance, that causes no adverse 

effects, seems like an indisputable treatment option.  

 So, the question remains, was our model indeed successful at recapitulating a 

concussion? The increased edema and no robust chronic behavior changes were flaws in 

our model. The variability in behavior data does provide evidence that other components 

may have an effect on these outcomes as mentioned before, though this was not explored 

further. Our furthest chronic time-point was only 3 months post injury, which leaves room 

for further studies to investigate more chronic time points with this one-time mTBI 

paradigm. In addition, because of the use of genetically identical mice, the role genetic 

variability may play on symptom development and recovery cannot accurately be 

accounted for. However, the pros outweigh the cons in rodent models. Their low cost, short 

lifespan, ability to be genetically manipulated and homology to humans continue to make 

them an advantageous model.  Further, many mTBI studies employ the repeated mTBI 

model, which more specifically models sports-related and military concussion incidents 

due to the amount of exposure these demographics have to high risk environments. 

Adopting this model may provide more robust results, however it comes with its own 

variability in number of TBIs and latency between TBIs. RIC should continue to be 
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investigated as a potential therapeutic no matter the TBI paradigm and should also be 

carried out into chronic timepoints. Ultimately, our model needs improvement and more 

standardization in order to accurately represent clinical concussion presentation. 
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V. SUMMARY 

 
 The current study examines the development of a closed-head mild TBI model. 

Both acute and chronic time points were examined. Acutely we saw the formation of 

edema, behavioral deficits, as well as cellular changes in the form of increased cell death 

and necrotic cells and decreased synaptophysin and NeuN, both of which are markers for 

synapses. In chronic time points, behavioral assessments were variable. 

 We also introduced a potential therapeutic avenue to be explored further in RIC. 

This therapeutic could be very advantageous for treatment of mTBI due to the difficulty 

in diagnosis and variable signs and symptoms. This treatment is inexpensive, non-

invasive and side-effect free all while being portable.  

 Our model did not show robust results that mimic concussion in the clinic. 

However, it did elucidate key factors that need to be met in further model development. 

These include, no structural integrity loss, little to no edema formation, cellular and 

molecular changes carried out to chronic time points, and more robust behavior changes. 

Further development to meet these criteria as well as examination of other important 

changes in cellular metabolism, neuroinflammation, and neurodegeneration is needed.   
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