
Elucidating the Severity of Preclinical Traumatic Brain Injury 
Models: A Role for Functional Assessment?

Ryan C. Turner, Ph.D.1,2, Reyna L. VanGilder, Ph.D.2,3, Zachary J. Naser, B.A.1,2, Brandon P. 
Lucke-Wold, B.S.1,2, Julian E. Bailes, M.D.4,5, Rae R. Matsumoto, Ph.D.2,6, Jason D. Huber, 
Ph.D.2,6, and Charles L. Rosen, M.D., Ph.D.1,2

1Department of Neurosurgery, West Virginia University School of Medicine, Morgantown, West 
Virginia

2The Center for Neuroscience, West Virginia University School of Medicine, Morgantown, West 
Virginia

3Department of Nursing, West Virginia University School of Medicine, Morgantown, West Virginia

4Department of Neurosurgery, NorthShore University Health System, Evanston, Illinois

5Department of Neurosurgery, University of Chicago Pritzker School of Medicine, Chicago, Illinois

6Department of Basic Pharmaceutical Sciences, West Virginia University School of Pharmacy, 
Morgantown, West Virginia

Abstract

Background—Concussion remains a symptom-based diagnosis clinically, yet preclinical studies 

investigating traumatic brain injury, of which concussion is believed to represent a ‘mild’ form, 

emphasize histological endpoints with functional assessments often minimized or ignored all 

together. Recently, clinical studies have identified the importance of cognitive and 

neuropsychiatric symptoms, in addition to somatic complaints, following concussion. How these 

findings may translate to preclinical studies is unclear at present.

Objective—To address the contrasting endpoints utilized clinically compared to those in 

preclinical studies and the potential role of functional assessments in a commonly used model of 

diffuse axonal injury (DAI)..

Methods—Animals were subjected to DAI using the impact-acceleration model. Functional and 

behavioral assessments were conducted over 1 week following DAI prior to completion of 

histological assessment at 1-week post-DAI.

Results—We show, despite the suggestion that this model represents concussive injury, no 

functional impairments as determined using common measures of motor, sensorimotor, cognitive, 

and neuropsychiatric function following injury over the course of 1 week. The lack of functional 
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deficits is in sharp contrast to neuropathologic findings indicating neural degeneration, astrocyte 

reactivity, and microglial activation.

Conclusion—Future studies are needed to identify functional assessments, neurophysiologic 

techniques, and imaging assessments more apt to distinguish differences following so-called 

‘mild’ traumatic brain injury (TBI) in preclinical models and determine whether these models are 

truly studying concussive or subconcussive injury. These studies are needed to not only understand 

mechanism of injury and production of subsequent deficits, but also for rigorous evaluation of 

potential therapeutic agents.

Keywords

concussion; subconcussive injury; traumatic brain injury; functional assessment; diffuse axonal 
injury

INTRODUCTION

The diagnosis of concussion, believed to represent a form of mild traumatic brain injury, 

remains challenging due to the lack of definitive diagnostic tests such as imaging, 

neuropsychological testing, accelerometer recordings 
1
, or the identification of biomarkers. 

While advances have been made in the research environment in many of these areas as 

evidenced by the advent of diffusion tensor imaging (DTI) for imaging axonal injury 
2, 3 and 

the identification of biomarkers such as neuron-specific enolase, S100B, and glial fibrillary 

acidic protein, clinical diagnosis of concussion continues to rely largely on the self-reported 

symptoms of the patient 
1, 4. Despite this reliance on clinically observed and measured, or 

self-reported, symptoms for the diagnosis of concussion in humans, preclinical studies 

modeling ‘mild’ TBI or concussion continue to emphasize histologic measures of injury for 

characterizing model severity, revealing a clear disconnect between preclinical and clinical 

studies. Consequently, it remains unclear the precise severity of preclinical models and how 

accurately these models replicate concussive injury in humans. While variations of the fluid 

percussion injury model, a commonly used preclinical model of TBI suspected to potentially 

replicate concussion with the use of ‘mild’ settings (i.e. less than 1.5 atmospheres), have 

been characterized to varying degrees using both behavioral and histological endpoints, the 

same cannot be said of the impact-acceleration model, another widely used preclinical 

model of TBI and one that has been described as potentially more relevant based on the 

ability to model closed head injury and acceleration-deceleration biomechanics associated 

with concussion 
5, 6. Furthermore, this model produces significant diffuse axonal injury, a 

common pathological feature of concussion and one that may correlate to cognitive 

performance 
7
. As the diagnosis of concussion clinically represents a symptom-based 

diagnosis without the presence of gross anatomical changes, it remains unclear how 

adequate current preclinical models are at replicating a concussive-like state and associated 

pathophysiology. This deficiency will likely limit meaningful translation of therapeutics and 

preventative measures from bench-to-bedside and for these reasons, the suggestion has been 

made that studies should clearly characterize how concussion is defined within the context 

of a preclinical model with regards to behavioral deficits produced 
5
.
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Efforts have been made in numerous preclinical studies, particularly those utilizing the fluid 

percussion model of brain injury, to incorporate functional assessments in an attempt to 

relate histological and/or biochemical assessments with functional impairment. Notably, 

while proposed diagnostic tools in the clinic for concussive injury have grown increasingly 

technically advanced, particularly when considering neuroimaging and neuropsychological 

testing, preclinical assessments used in TBI models have historically been largely simplistic 

in nature. Frequently measured modalities include sensorimotor assessments, learning and 

memory, and less frequently, anxiety-like or depressive-like behaviors. Increasing emphasis 

has been placed in recent years on the incorporation of more advanced tests and those 

addressing neurobehavioral disorders, as these are one of the most prominent long-term 

consequences of TBI exposure clinically 
8
. Motor function can be assessed with activity 

measurements and open field exploration, while balance/coordination has been assayed 

using the rotarod, inclined plane, beam walk, and balance beam 
9–19

. Learning and memory 

have been evaluated following TBI using various iterations of the Morris water 

maze 
7, 10, 13, 19–33

, radial arm maze 
10, 15, 18

, T-maze 
33, 34

, and avoidance 

chambers 
19, 33, 35, 36

. Anxiety-like measures utilized previously include the elevated-plus 

maze and measures of peripheral versus central exploratory activity within the open field 

test 
7, 16, 18, 32, 36–40

. Depressive-like activity has been assessed in the forced swim test and 

tail suspension test 
19, 32, 33, 35, 36, 39, 41

. How these various behavioral measures are affected 

following TBI is dependent on numerous factors including but not limited to the severity of 

injury, location of injury, type of injury (global versus focal, open versus closed), age at time 

of injury, and the length of recovery period prior to assessment. Characterization of these 

deficits or changes following injury may allow for better understanding of model severity 

and relationship to clinical practice rather than the more commonly utilized histological 

measures that are limited to controlled preclinical studies.

In addition to being a symptom-based diagnosis lacking clear diagnostic tests, concussion 

occurs clinically in a varied population ranging from the pediatric to geriatric patient. 

Preclinical studies have largely neglected to consider the role of the aging process in the 

severity of injury sustained and subsequent recovery characteristics. While TBI is generally 

thought to be a condition associated with the adolescent and young-adult population, the 

prolonged careers of athletes and military personnel necessitates the consideration of age as 

an experimental variable or paradigm. Previous preclinical work assessing the effect of aging 

on outcome from TBI, as well as other forms of neurologic injury, has generally revealed a 

greater initial injury severity and prolonged deficits in comparison to young-adult animals. 

These studies largely utilized models requiring craniotomy 
13, 42, 43

 rather than simulating 

true closed-head injury more analogous to that sustained on the athletic or battlefield in the 

form of a concussion. Consequently, it remains unclear how age alters functional and 

histological outcome following diffuse axonal injury.

In this work we address the discrepancy between clinical diagnosis of concussion and the 

potential role of functional and behavioral measures in the preclinical study of TBI and, 

more specifically, diffuse axonal injury (DAI) produced using the impact-acceleration 

model. We also investigate the effect of aging on the injury process and how this may 

influence behavioral/functional deficits. We perform a basic characterization of neural injury 
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following impact-acceleration injury and relate observed changes, or lack thereof, to those 

observed with behavioral/functional studies.

METHODS

Animals

Two age groups, one 3–4 months (n=16) and the other 9–12 months (n=15), of male Sprague 

Dawley rats were utilized in this work. All animals were acquired from Hilltop at 3–4 

months of age and housed in the West Virginia University vivarium for aging when required. 

Animals were given standard rat chow and water ad libitum. All work involving live animals 

was approved by the Institutional Animal Care and Use Committee of West Virginia 

University and was performed according to the principles of the Guide for the Care and Use 

of Laboratory Animals, published by the Institute of Laboratory Resources, National 

Research Council (National Institutes of Health publication 85-23-2985).

Induction of Traumatic Brain Injury

Each age cohort of animals was divided into two groups, with animals receiving either a 

sham surgery or impact-acceleration injury. Anesthesia was induced and maintained using 

isoflurane at a 4% and 2% concentration, respectively. Adequate anesthesia was confirmed 

by evaluating the response to heel tendon pinch. Body temperature was controlled during the 

approximately 10-minute procedure with a homeothermic heating blanket and rectal probe. 

Animals were prepared in sterile fashion and received an impact-acceleration injury as 

described previously 
44–46

. Briefly, a 10 mm diameter and 3 mm thick stainless steel disk 

was affixed to the skull between bregma and lambda with cyanoacrylate. The animal was 

placed in a prone position on a foam bed with the metal disk directly beneath a 2 m tall 

plexiglass tube. A 450-gram weight was dropped from the top of the tube, striking the metal 

disk. The disk was then removed, the skull inspected, and the wound sutured. The animal 

was then returned to its cage and monitored post-operatively.

Functional Characterization

Functional testing was performed beginning 24 hours post-injury and continued over a 

subsequent one-week period. Assays were included to assess overall activity (locomotor 

activity), coordination/balance (rotarod), cognition (Morris water maze), anxiety-like 

activity (elevated plus maze), and depression-like activity (forced swim test). Testing was 

spread over various days to minimize the level of exertion required by the animal in an effort 

to reduce the potential for fatigue, consistent with the work of Shultz and colleagues 
7
. 

Assays requiring more extensive exertion or those of longer duration were the only task 

completed on a given day. At 24 hours post-injury, animals underwent activity monitoring 

and a single trial in the Morris Water Maze. At 48 hours, the elevated-plus maze and the first 

rotarod fixed speed test were conducted. At 72 hours, the accelerating rotarod test was 

conducted. At 96 hours the forced swim test was performed, and at 120 hours activity 

monitoring was conducted. The final day prior to sacrifice, day 6 (144 hours), the probe trial 

in the water maze was performed along with the second fixed speed rotarod test.
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Locomotor Activity—Total activity was assessed using an automated activity monitoring 

system (San Diego Instruments) that records beam breaks in the x, y, and z planes. Animals 

were acclimated to the room for 1 hour prior to initiation of testing. Testing chambers 

consist of a square Plexiglass housing and 16 × 16 photobeam array to detect lateral 

movements. An 8 × 8 array, located above the 16 × 16 array, detects rearing-associated 

movements. Activity was quantified over 30 minutes with fine, ambulatory, and rearing 

beam breaks summed to produce the total beam breaks.

Rotarod—Two versions of rotarod testing were conducted, a fixed speed and an 

accelerating variant. All studies were conducted using the OMNI-ROTOR (Omnitech, Inc.). 

Rats were trained over a period of five consecutive days with 5 trials per day. Animals were 

placed on the rotarod and the rotarod was accelerated to a maximum of 24 RPM over a 

period of 20 seconds. Once reaching 24 RPM, the maximum time allowed per trial was 60 

seconds.

For the fixed speed testing, animals were tested at speeds of 12, 16, 20, 24, 28, 32, 36, and 

40 RPM for up to 60 seconds. Three trials were conducted at each speed with a rest period 

of 30 minutes between each trial. For accelerated testing, the rotarod was set to reach a 

maximum speed of 50 RPM over a period of 4 minutes with a total test duration of 5 

minutes per trial. The accelerated test was repeated twice for each animal. For both fixed and 

accelerating tests, the latency to fall was recorded.

Elevated Plus Maze—The elevated plus maze, a measure of anxiety-related activity, was 

conducted as previously described 
47, 48

. Animals were placed one at a time in the center of 

the maze, facing an open arm. Data were recorded over a period of five minutes using ANY-

Maze Version 4.63 video tracking software (Stoelting Co.). Specifically, time spent in open 

versus closed arms, number of entries into each arm type, speed within given arms, and 

distance traveled were recorded. A body percentage of 90% was required to be in a given 

arm to register a change in arm presence.

Forced Swim Test—The forced swim test, described at length by Porsolt et al, has been 

used as a measure of depressive-like activity 
49, 50

. Animals were acclimated to the testing 

room for 60 minutes prior to initiation of testing. On the day before testing, animals were 

habituated to the water-filled testing cylinder for 7 minutes, a length of time consistent with 

the testing period. During the testing period, animals were placed in the water for a total of 7 

minutes, the first 2 of which served as an acclimation period. Data related to immobility 

time, speed, distance traveled, and number of immobile episodes was recorded over the 

subsequent 5 minutes.

Morris Water Maze—The Morris Water Maze was used to assess memory as previously 

described. Animals were trained prior to induction of injury and tested post-injury for the 

ability to recall the platform location. All trials were conducted in a 182-cm diameter pool 

using Videomex 4.50 tracking software (Columbus Instruments) for data acquisition. The 

water temperature was maintained at 19–22 °C and a platform (12 cm x 12 cm) made of 

plexiglass was used. The platform was hidden from the rat by using a black pool and black 

platform that was submerged a distance of 1.5 inches. Animals were trained on Days 1–6 via 
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a series of 4 trials per day, with each trial starting from a different location around the pool, 

and each with a maximum time of 2 minutes. Once animals found the platform, 15 seconds 

was allowed to elapse for spatial acquisition to occur. If animals were unsuccessful in 

finding the platform after two minutes, they were placed on the platform for 15 seconds. 

After induction of injury, on Day 1, a one trial test with the platform in place was utilized to 

assess memory. Once the platform was discovered, animals were removed immediately to 

prevent additional learning. On Day 6, a traditional probe trial was performed in which the 

platform was removed and time spent in each quadrant and the counter zone recorded.

Tissue Preparation

At the conclusion of functional testing, 7 days after injury, all surviving animals were 

anesthetized and immediately perfused transcardially with physiologic saline followed by 

4% paraformaldehyde. The entire brain, brainstem, and rostral spinal cord were extracted 

and placed in 4% paraformaldehyde for 24 hours. Following fixation, the brain was blocked 

into 2 mm thick sections and processed using the Tissue-Tek VIP 5 Automatic Tissue 

Processor (Sakura Finetek, Torrence, CA). Processed tissues were paraffin-embedded with 

the Tissue-Tek Tec 5 embedding system (Sakura Finetek, Torrence, CA) and sliced (6 µm) 

using a Leica RM2235 microtome (Leica Microscopes, Buffalo Grove, IL). Sections were 

mounted on glass slides and heat-fixed. Immediately prior to staining, tissues were de-

paraffinized using a series of xylene and alcohol washes as described previously 
51

.

Fluoro-Jade B (FJB) Staining

FJB staining was used to identify neural degeneration. For FJB labeling, slides were 

incubated in 0.06% potassium permanganate for 10 minutes following rehydration through a 

series of alcohol and deionized (dH2O) water rinses. After incubation in potassium 

permanganate, slides were rinsed for 2 minutes in dH2O water and then incubated for 20 

minutes with FJB in 0.1% acetic acid. Slides were washed three times in dH2O.

Glial Fibrillary Acidic Protein (GFAP) Staining

Slides were incubated in rabbit anti-cow GFAP antibody (Dako, Glostrup, Denmark) at a 

dilution of 1:500 in 4% horse serum in DPBS overnight. Tissues were then washed 3 times 

in DPBS and incubated in biotinylated anti-rabbit IgG antibody (Vector Laboratories, 

Burlingame, CA) diluted at 1:10,000 in 4% horse serum in DPBS for 4 hours. Following 

secondary antibody incubation, Avidin D-HRP (Vector Laboratories, Burlingame, CA) 

diluted at 1:1,000 in DPBS for 1 hour was applied. DAB chromagen solution (Vector 

Laboratories, Burlingame, CA) was applied for 5 minutes. Tissues were then rinsed 3 times 

in DPBS and dried overnight.

Ionized Calcium Binding Adapter Molecule 1 (IBA-1) Staining

IBA-1 labeling of activated microglia utilized an identical protocol as that used for GFAP 

staining with the following exceptions: the primary antibody was rabbit anti-Iba 1 (Wako 

Chemicals USA, Richmond, VA) at a dilution of 1:500 and the chromagen solution was 

Nova Red (Vector Laboratories, Burlingame, CA).
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Statistical Analysis

Data were analyzed using GraphPad Prism version 4.0. One-way ANOVA with Tukey’s 

post-test was performed to determine differences between experimental groups on the 

accelerating rotarod, elevated plus maze, forced swim test, and Morris Water Maze. Two-

way ANOVA with repeated measures was utilized for fixed speed rotarod testing analysis. A 

p-value of <0.05 was considered statistically significant.

RESULTS

Diffuse axonal injury induced using the impact-acceleration model produces neural 
degeneration, reactive astrocytes, and microglial activation in both age groups

Fluoro-Jade B staining of brain sections revealed diffuse degeneration of neurons throughout 

the cortex and striatum as indicated by increased fluorescent labeling (Figure 1). While 

injury induced clear degeneration in both age groups examined in comparison to control 

(Figure 1a,c), young-adult specimens (Figure 1b) exhibited diminished damage, whereas 

older animals exhibited a more severe response and level of damage (Figure 1d). A diffuse 

proliferation and hypertrophy of astrocytes, visualized using GFAP staining, was also seen 

across tissue regions in young and old groups relative to control (Figure 2). Microglial 

activation was enhanced post-injury in both age groups as indicated by Iba-1 staining 

(Figure 3). Microglia in the injured brain exhibit increased ramification of processes as well 

as overall hypertrophy.

Impact-Acceleration injury fails to produce deficits in total activity and motor coordination 
across multiple time points in either age group up to one-week post-injury

Analysis using a one-way ANOVA and Tukey’s post-hoc of total activity indicated by beam 

breaks revealed no significant difference between injury and control groups within 

respective age groups, at both Day 1 (Figure 4a) and Day 5 (Figure 4b) post-injury, although 

differences were observed across age groups on Day 1 [Day 1: F(3,29) = 10.26, P < 0.05; 

Young: q=2.07, P>0.05; Old: q=2.78, P>0.05 and Day 5: F(3,29) = 2.12, P > 0.05; Young: 

q=0.02, P>0.05; Old: q=1.118, P>0.05]. More complex motor function or coordination was 

assessed using two variations of the rotarod – accelerating (Figure 4c) and fixed speed 

(Figure 4d,e). The fixed speed test conducted on Day 2 post-injury demonstrated no 

significant interaction between speed and experimental group using two-way ANOVA and a 

Bonferroni post-hoc test when comparing within a respective age group (Table 1). When 

repeated on Day 6, the fixed speed test again failed to demonstrate significant deficits 

between respective age groups (Table 2). The accelerating rotarod test, conducted on day 3 

post-injury, did not reveal any deficits across groups, regardless of age [F(3,23)=1.165, 

P>0.05; Young: q=0.11, P>0.05; Old: q=0.22, P>0.05].

Diffuse axonal injury does not alter reference memory in both acute and subacute periods 
as determined using the Morris Water Maze

Acute analysis of reference memory using the Morris Water Maze at 24 hours post-injury 

(Figure 5) showed no deficits as a consequence of injury in either the young or aged group 

[F(3,27)=3.78, P>0.05; Young: q=2.58, P>0.05; Old: q=2.62, P>0.05]. Similar findings to 
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those at 24 hours were observed in a probe trial conducted on day 6 post-injury. Specifically, 

no difference between the injured and non-injured groups within respective age groups was 

seen with regards to time spent in the counter region, the region in which the platform 

previously was placed [F(3,27)=0.58, P>0.05; Young: q=1.612, P>0.05; Old: q=0.01, 

P>0.05]. Importantly, prior to injury and subsequent testing, no difference was observed on 

the final day of training between age-matched experimental groups based on latency to find 

the platform [F(3,27) = 0.29, P > 0.05; Young: q=0.48, P>0.05; Old: q=0.11, P>0.05].

Measures of anxiety-like and depressive-like behaviors are unaltered following injury

The elevated-plus maze, a commonly utilized measure of anxiety-like behavior, failed to 

show differences between control and injured animals within respective age groups on day 2 

post-injury (Figure 6a,b). Time spent in the open arms [F(3,29)=5.00, P<0.05; Young: 

q=0.55, P>0.05; Old: q=3.00, P>0.05] and number of entries into the open arms 

[F(3,29)=2.147, P>0.05; Young: q=0.05, P>0.05; Old: q=1.97, P>0.05] were specifically 

analyzed. The forced swim test, a measure of depressive-like activity, was conducted on day 

4 post-injury. Again, no significant differences were observed between injured and control 

groups within respective age groups (Figure 6c,d). Both total immobility time [F(3,28)=6.67, 

P<0.05; Young: q=0.33, P>0.05; Old: q=3.70, P>0.05] and total number of immobile 

episodes [F(3,28)=1.02, P>0.05; Young: q=0.12, P>0.05; Old: q=0.28; P>0.05] were 

assessed.

Aging alters select behavioral measures at baseline and post-injury in male animals

While no differences were observed in total activity within respective age groups at both 24 

hours and day 4, comparison across age groups showed reduced activity in the older cohort 

of animals subjected to injury when compared to both younger control animals 

[F(3,29)=10.26, P<0.05; q=7.21, P<0.0001] and younger injured animals [F(3,29)=10.26, 

P<0.05; q=5.95, P<0.05] at 24 hours post-injury (Figure 4a). At day 4 post-injury, no 

difference in total activity was observed between any groups (Figure 4b). Evaluation of 

fixed-speed rotarod performance revealed a similar phenomena in that at day 2 post-injury 

(Figure 4c), no difference was observed within respective age groups or between control 

groups, but older injured animals performed worse than both younger controls and younger 

injured animals at higher speeds (Table 1). On day 6, deficits were still observed when 

contrasting older injured animals with both younger controls and younger injured animals 

(Table 2). On the accelerating version of rotarod testing, neither aging nor injury affected the 

latency to fall [F(3,23)=1.17, P>0.05; younger control-younger injury: q=0.11, P>0.05; 

younger control-older control: q=1.76, P>0.05; younger control-older injury: q=1.79, 

P>0.05; younger injury-older control: q=1.91, P>0.05; younger injury-older injury: q=1.97, 

P>0.05; older control-older injury: q=0.22, P>0.05].

Reference memory at 24 hours was reduced in the older injured group in comparison to the 

younger injured group as determined by latency to platform measurements using the Morris 

Water Maze [F(3,27)=3.78, P<0.05; q=4.65; P<0.05]. On day 6 post-injury, no differences 

were seen between any of the control or treatment groups with regard to time spent in the 

counter region, irrespective of age [F(3,27)=0.58, P>0.05; younger control-younger injury: 

q=1.61, P<0.05; younger control-older control: q=0.27, P>0.05; younger control-older 
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injured: q=0.30, P>0.05; younger injured-older control: q=1.23, P>0.05; younger injured-

older injured: q=1.35, P>0.05; older control-older injured: q=0.01, P>0.05].

Aging appears to alter anxiety-like and depressive-like behaviors as indicated by the 

elevated-plus maze and forced swim test, respectively. Older control animals spent more 

time in the open arm of the elevated-plus maze than both younger controls (q=4.82, P<0.05) 

and younger injured animals (q=4.81, P<0.05). No difference was observed when comparing 

younger and older injured groups (q=2.09, P>0.05). In the forced swim test, older injured 

animals spent more time immobile than both younger controls (q=4.72, P<0.05) and 

younger injured animals (q=5.79, P<0.05).

DISCUSSION

We have demonstrated a lack of functional and behavioral deficits despite evidence of 

histologic changes utilizing the impact-acceleration model of TBI, and more specifically, 

diffuse axonal injury (DAI). Preclinical studies of TBI and DAI have consistently 

emphasized histologic measures for assessing the severity of injury despite the fact that 

concussion is a clinical diagnosis based on the observation or reporting of somatic as well as 

cognitive or neuropsychologic events. It would seem logical then that preclinical studies 

need to incorporate functional assays as not only an experimental endpoint but also to 

reconcile preclinical models with the severity of injury being studied. Others have explored 

this concept, primarily using the fluid percussion model of TBI, and have shown impaired 

hippocampal spatiotemporal representation in the absence of histological changes 
34

. 

Similarly, a study using low-level fluid percussion injury has identified the presence of 

neuroinflammation after injury despite reporting no difference in axonal injury and 

functional impairments 
52

.

By observing no effect of injury on an array of behavioral and functional measures following 

impact-acceleration injury, even though changes in injury markers were observed on post-

mortem histopathology, additional questions are raised. One, is the impact-acceleration 

(Marmarou) model utilized herein truly a model of concussive injury or rather, would it be 

more appropriately termed a model of subconcussive injury? Second, what preclinical 

behavioral measures are most appropriate for detecting the subtleties of injury progression 

and how do these emulate and approximate those used clinically? Third, how does symptom 

expression relate to neurologic health or neurodegeneration? Four, how are 

neuropathological findings and functional analysis altered by aging?

Subconcussive Injury: An Emerging Phenomenon

Emerging evidence indicates the presence of long-term neurodegeneration upon 

neuropathological examination of persons with no history of concussion 
53, 54

. Importantly, 

Talavage and colleagues have identified for the first time persons failing to exhibit symptoms 

associated with concussion but clear deficits on neurocognitive (ImPACT) and 

neuropsychologic (fMRI) measures 
55

. This work, completed in high school football players, 

indicates changes in neurologic function and health without evidence of concussive injury 

but rather repetitive subconcussive blows 
55

. As these players did not exhibit obvious injury, 

participation and exposure to further injury continued, a potentially problematic scenario 
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considering some biomechanical analyses suggest a potential accumulation of injury and 

altered neurophysiology consistent with the number of subconcussive impacts rather than the 

shear magnitude 
55, 56

. The notion of pathological changes occurring in the brain in the 

absence of clinical presentation of concussion is particularly alarming and indicates the need 

for further research as does identification of persistent deficits in working memory months 

after initial TBI 
57, 58

.

As clinically measured subconcussive injury likely requires the utilization of increasingly 

advanced testing modalities such as ImPACT, fMRI, or force accelerometers, translation of 

this work to preclinical models based on functional assessments will likely necessitate an 

advanced array of assessment modalities, specifically those assessing reaction time and 

processing or attention deficits, as these may more closely measure, in preclinical models, 

the deficits observed in clinic in patients following concussion. While the methodology of 

these techniques is beyond the scope of this work, various tests assessing these parameters 

have been extensively reviewed elsewhere 
59, 60

. The same can be said of more advanced 

measures of learning and memory such as shuttle avoidance and operant conditioning.

Symptom Expression as a Correlate of Neuropatholgy

While the acute effects of clinically defined concussive injury are apparent based upon a 

combination of self-reported symptoms by the patient and a thorough neurologic assessment 

by a trained clinician, diagnosis of concussion has historically been viewed as a transient 

neurologic disturbance with no long-term effects. This view has radically changed in recent 

years with the emergence of chronic traumatic encephalopathy (CTE), a neurodegenerative 

condition associated with repetitive head injury – both of the concussive and subconcussive 

types. CTE is notable in that a history of repetitive head trauma proceeds by years, often 

decades, development of disease-related symptoms. While the disease pathophysiology 

remains to be elucidated, it has been hypothesized that the initial brain trauma initiates 

degenerative processes that emerge slowly over time, hence the existence of a latent period 

between trauma and symptom emergence. The role the quantity, severity, type, and location 

of impacts plays in symptom development and severity remain unknown, but it is apparent 

that more sensitive measures to detect neural damage may be required. In this work we’ve 

shown the lack of acute deficits across a spectrum of functional assays despite the presence 

of neuropathological findings. The existence of neural degeneration and glial response 

without corresponding symptom expression, albeit using relatively simplistic rodent 

behavioral tests, indicates the potential for induction of neural damage without clear deficits 

clinically, at least in the acute period. How deficits develop over time, as well as how 

neuropathological findings progress and develop with time, remains to be seen but may 

provide further insight into the development of long-term neurodegenerative diseases 

associated with neurotrauma, such as CTE, and warrants future study.

Prior work from preclinical studies has revealed differences in deficit development that are 

largely dependent upon injury mechanism (focal versus global), injury severity, and time of 

measurement post-injury. This concept is most well described using the Morris Water Maze 

in which all three factors (mechanism, severity, and time) have been explored to varying 

degrees 
7, 10, 13, 19–25, 29, 30, 32, 33, 61

. Other assessments of learning and memory such as 
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radial arm maze 
10, 15, 18

, novel object recognition 
19, 62

, avoidance tasks (active and 

passive) 
19, 33, 35, 36

, fear conditioning 
16, 63

, swim T-maze 
33, 34

, and the dig task 
33

 have 

revealed similar findings. The same is true of assessments focusing on anxiety- and 

depressive-like behaviors, with injury mechanism, severity, and recovery time all likely 

influencing outcomes. More simplistic functional tests, mainly those assessing motor and/or 

balance, have also been used following injury in preclinical models of TBI. These tests 

display a range of findings with many failing to report deficits with more mild variations of 

injury or deficits that resolve within a short period of time post-injury 
9–13, 15–18

. More 

severe injury models, such as CCI, have been reported as producing lasting deficits 
19

.

The frequent lack of functional deficits observed following injury in preclinical models is 

perhaps most alarming considering the frequently reported histological damage indicating 

lasting effects of brain injury, even when injury is below the threshold of detection based on 

commonly used functional and behavioral assays 
52

. Clinical studies have identified similar 

discrepancies between symptom resolution and metabolic disturbances. Specifically, 

Vagnozzi and colleagues showed a resolution of symptoms by day 15 post-concussion in all 

athletes studied, yet metabolite ratios did not normalize until day 30 
64

.

Role of Aging in Neuropathology & Functional Deficits Post-TBI

Aging has been attributed, via clinical experience, with poorer outcomes post-TBI 
29, 65, 66

. 

Consequently, there has been an increased emphasis on understanding the effects of aging 

post-TBI in recent years in an effort to improve the translation of therapeutics from bench-

to-bedside. In preclinical studies, aging has been associated with an increase in mortality 

rate as well as prolonged suppression of reflexes 
42, 67

. Importantly, aging has also been 

associated with diminished functional performance both before 
29, 47

, and after, 

injury 
27, 29, 42, 47

. While the injury models and functional/behavioral measures utilized 

across studies vary, it is clear that older animals exhibit diminished learning and memory, 

and often complex sensorimotor abilities, in comparison to young-adult animals. In work by 

Mehan and colleagues, 20 month-old animals performed worse in the Morris water maze 

and beam walking tasks compared to young-adult animals following laterally administered 

controlled cortical impact injury 
29, 47

. Use of the impact-acceleration model has produced 

similar findings in that aged animals, despite being subjected to a less severe injury in terms 

of energy transferred, exhibited a markedly worse impairment in the water maze at 1 week, 3 

weeks, and 5 weeks post-injury in comparison to young-adult animals 
27

. Others have 

identified similar deficits in middle-aged animals compared to young-adult animals with 

cortical contusion producing more severe deficits in the bilateral tactile adhesive removal 

test and acquisition, as well as memory, of a reference-based task 
68

. Similarly, aging has 

been associated with larger lesion cavities following CCI 
68

 and an altered biochemical 

response as demonstrated by age-dependent changes in protein expression post-injury 
29, 67

. 

Why the aged brain appears more susceptible to brain injury remains unclear and 

necessitates further investigation. Future studies also need to address differences in 

histopathology across age in relation to functional deficits, allowing for a more direct 

comparison of the effects of neural injury on functional deficits. Of particular interest may 

be changes, often degenerative or inflammatory, across neural cell types (neurons, 

astrocytes, and microglia).
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Future Directions

Future studies need to elucidate the effect of TBI across a spectrum of time points to address 

the possibility of delayed effects and the development of deficits over time. While this work 

demonstrates the lack of detectable functional deficits following a single injury using an 

array of behavioral measures during the acute and subacute period, chronic deficits that may 

take longer to develop were not studied. Clinically, changes in affect and cognitive abilities 

generally arise years after sustaining concussive injury, at least in those cases associated 

with a diagnosis of CTE 
53, 69–72

. This reality further indicates the need for long-term 

preclinical studies to assess not only behavioral changes but also pathological changes.

In addition to the need for longer-term single impact studies, perhaps more importantly, 

long-term studies incorporating repetitive injury are warranted based on clinical indications 

and injury paradigms potentially experienced on the athletic or battlefields, frequent 

locations of concussive injury. Unfortunately, at this point in time preclinical models of 

disease processes associated with a history of repetitive-concussive injury, such as CTE, 

have not been established. The lack of representative animal models for these increasingly 

diagnosed conditions, both in terms of functional/behavioral changes as well as histolgic 

changes observed on post-mortem analysis, has limited elucidation of disease 

pathophysiology and therapeutic development. Prior work using models of repeat injury 

have contributed significantly to understanding disease pathophysiology and characterization 

of deficits 
14, 17, 25, 62, 73–82

, but how to best correlate the findings of these works with 

clinical conditions such as CTE remains unclear at present.

While numerous models have been utilized to study TBI in rodent models, how these models 

replicate the clinical scenario, particularly of such a heterogeneous injury as TBI, is unclear. 

Emerging evidence in preclinical as well as clinical literature indicates a potential role for 

magnetic resonance spectroscopy (MRS) to gain insight into the biochemistry and 

pathophysiology of the injury process. Similarly, diffusion tensor imaging (DTI) has been 

utilized for identification of axonal injury post-TBI. Application of technologies such as 

these to preclinical models may allow for an enhanced understanding of injury 

pathophysiology and the severity of injury induced using various models.

Limitations

Animals were not assessed until 24 hours post-injury to minimize the potential for anesthetic 

influences on behavior. By waiting until one day post-injury this issue was avoided. Future 

studies are likely needed to assess the effect of TBI in this immediate post-injury period. 

Despite the delay in initial assessments, one would have expected if this was truly a model 

of concussive injury that some deficits may be detected based on the persistence of 

symptoms clinically beyond one day in many cases, even though 80–90% of those afflicted 

with concussion report resolution of symptoms within 7 days. Additional studies using an 

array of assessments for each aspect of behavior may be worthwhile, as some assessments 

may prove more sensitive than those utilized in the current work. How the recovery period 

and resolution of symptoms correlates between clinical and preclinical studies remains to be 

seen. Furthermore, animals were sacrificed at one week post-injury for neuropathological 

analysis, preventing the study of potentially late developing deficits weeks or months post-
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injury. Finally, while we investigate a single injury paradigm in this work, repeat injury 

models are of significant interest for modeling the clinical scenario (athletes or soldiers 

exposed to repetitive injuries). Numerous repeat injury paradigms using a variety of models 

have made significant contributions to the understanding of TBI pathophysiology and 

development of histological and behavioral deficits 
14, 17, 25, 62, 73–82

. Using a model such as 

that used within this work but for repeat injuries may demonstrate a behavioral phenotype 

more closely resembling concussion. Other modifications of the model, such as a higher 

release point or additional weight, may yield similar findings with regard to a more severe 

concussion-like phenotype.

CONCLUSION

Future studies are needed to identify functional assessments, neurophysiologic techniques, 

and imaging assessments more apt to distinguish differences following so-called ‘mild’ TBI 

in preclinical models and determine whether these models are truly studying concussive or 

subconcussive injury. These studies are needed to not only understand mechanism of injury 

and production of subsequent deficits, but also for rigorous evaluation of potential 

therapeutic agents.
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Figure 1. 
Impact-acceleration injury results in neural degeneration as evident by Fluoro-Jade B 

staining in both 3–4 month and 9–12 month-old male rats. Representative sections from 

sham 3–4 month-old (A), injured 3–4 month-old (B), sham 9–12 month-old (C), and injured 

9–12 month-old (D) rats.
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Figure 2. 
Impact-acceleration injury results in reactive astrocytes as evident by glial fibrillary acidic 

protein (GFAP) staining in both 3–4 month and 9–12 month-old male rats. Representative 

sections from sham 3–4 month-old (A), injured 3–4 month-old (B), sham 9–12 month-old 

(C), and injured 9–12 month-old (D) rats.
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Figure 3. 
Impact-acceleration injury results in microglial activation as evident by ionized calcium 

binding adapter molecule 1 (Iba-1) staining in both 3–4 month and 9–12 month-old male 

rats. Representative sections from sham 3–4 month-old (A), injured 3–4 month-old (B), 

sham 9–12 month-old (C), and injured 9–12 month-old (D) rats.
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Figure 4. 
Diffuse axonal injury (DAI), produced through impact-acceleration injury, does not result in 

sensorimotor deficits. Total activity was not altered within respective age groups on Day 1 

(A) or Day 5 (B) post-injury. Similar findings were seen in the accelerated rotarod test on 

Day 3 post-injury (C) and the fixed speed rotarod test conducted on Day 2 (D) and Day 6 

(E) post-injury.
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Figure 5. Diffuse axonal injury did not produce retrograde amnesia on Day 1 (A) or Day 6 (B) 
post-injury as determined using the Morris water maze
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Figure 6. 
Impact-acceleration injury was not associated with changes in anxiety- or depressive-like 

behavior as determined using the elevated-plus maze and forced swim test, respectively. 

Both the time spent in open arms (A) and number of entries into open arms (B) were not 

significantly altered within respective age groups when comparing injured and sham 

animals. Similar findings were observed on the forced swim test with regards to immobility 

time (C) and number of immobile episodes (D).
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