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Mild traumatic brain injury (MTBI) can result from a number of mechanisms, including
blunt impact, head rotational acceleration, exposure to blast, and penetration of pro-
jectiles. Mechanism is likely to influence the type, severity, and chronicity of outcomes.
The objective of this study was to determine differences in the severity and time course
of behavioral outcomes following blast and rotational mTBI. The Medical College of
Wisconsin (MCW) Rotational Injury model and a shock tube model of primary blast injury
were used to induce mTBI in rats and behavioral assessments were conducted within
the first week, as well as 30 and 60 days following injury. Acute recovery time demon-
strated similar increases over protocol-matched shams, indicating acute injury severity
equivalence between the two mechanisms. Post-injury behavior in the elevated plus
maze demonstrated differing trends, with rotationally injured rats acutely demonstrating
greater activity, whereas blast-injured rats had decreased activity that developed at
chronic time points. Similarly, blast-injured rats demonstrated trends associated with
cognitive deficits that were not apparent following rotational injuries. These findings
demonstrate that rotational and blast injury result in behavioral changes with different
qualitative and temporal manifestations. Whereas rotational injury was characterized by
a rapidly emerging phenotype consistent with behavioral disinhibition, blast injury was
associated with emotional and cognitive differences that were not evident acutely, but
developed later, with an anxiety-like phenotype still present in injured animals at our most
chronic measurements.

Keywords: concussion, rotational acceleration, blast injuries, mechanism of injury, biomechanics

INTRODUCTION

Mild traumatic brain injury (mTBI) can be caused by a number of mechanisms, including blunt
impact, head rotational acceleration, exposure to blast, and penetration of projectiles (1, 2). In addi-
tion to the severity of injury and patient characteristics, the mechanism of injury is likely to be an
important factor in the acute and chronic clinical profile of the patient. Recent clinical studies have
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begun to address the influence of injury mechanism, comparing
outcomes between veterans with blast-related traumatic brain
injury to those with non-blast etiologies, such as falls, motor
vehicle accidents, and assaults. Those studies reported a unique
clinical profile for veterans that have sustained blast injury, indi-
cating that penetrating brain injuries, facial injuries, and post-
traumatic stress disorder (PTSD) symptoms were more common
than in patients with non-blast TBI (3). However, effects of injury
mechanism on the neuropsychological profile of the patient are
less clear. A recent review of the clinical literature indicated that
individuals who sustain mTBI (i.e., concussion) resulting from
blast were somewhat more likely to develop trauma symptoms
and other emotional difficulties than individuals with non-blast
concussion, although the effect size was limited (4). As an exam-
ple, Lippa and colleagues indicated higher post-traumatic stress
symptoms for veterans reporting blast TBI than those reporting
non-blast TBI (5). However, the authors acknowledged that
there were no differences in post-concussive symptom severity
or symptom cluster based on mechanism. Unlike changes in
emotionality, there appears to be limited evidence to support dif-
ferences in cognitive outcomes based on concussive mechanism.
For example, Belanger and colleagues indicated that there was no
strong evidence that blast was different from other mechanisms
with regard to cognitive sequelae on select measures (6). Limited
clinical evidence to support mechanism-based outcomes may
indicate a lack of actual differences or may be attributed, at least
in part, to variability in exposure characteristics and patient
histories.

Different clinical outcomes associated with unique spatial
distribution and pathologies would be expected, given the
significant differences in injury mechanism between blast and
non-blast TBI. Although the exact mechanism of tissue damage
remains controversial, theories on the mechanism of blast TBI
have included skull flexure (7), thoracic mechanisms (8, 9), and
cerebrospinal fluid cavitation (10). Other studies have focused
on the interaction of the shock wave with brain tissues, resulting
in brain tissue shear stresses (11). This mechanism is particularly
relevant, given that our group has shown in a post-mortem human
subject model that shock wave overpressure enters the cranium
and interacts with the intracranial contents with the Friedlander
waveform essentially intact, although the magnitude is somewhat
attenuated (12). Once inside the cranium, the shock wave can
interact with brain tissues on a local level to produce extensive
neuronal death or altered neuronal function, loss of glial cells,
and astrocytosis (13, 14). Behavioral outcomes were shown in a
rodent model to vary with peak shock wave overpressure magni-
tude when the head was constrained against significant rotations
and the body was protected (15). This overpressure-induced
phenomenon differs from the traditional rotational acceleration-
induced mechanism that produces strains in the brain tissues
through inertia (16, 17) and anatomical inhomogeneities (18).
Characteristics of the head rotational acceleration pulse (i.e.,
magnitude and duration) were shown to influence regionally
dependent strains within the brain tissues in a computational
model (19) and behavioral outcomes in a rodent model (20).
Likewise, mechanical tolerance for concussion is dependent on
the rotational acceleration characteristics (21). Therefore, it can

be hypothesized that differing outcomes are expected from these
two mechanically distinct phenomena.

As mentioned, a major reason that clinical studies may not
show remarkable differences between blast and non-blast TBI is
the variability in injury profiles, heterogeneity of the documented
mechanism, and exposure history between patients. Individuals
exposed to blast often sustain additional injuries associated with
secondary, tertiary, and quaternary mechanisms (22). Specifically,
secondary and tertiary injuries can involve head impact with
associated head acceleration/deceleration producing TBI through
more conventional non-blast mechanisms. Confounding the
issue is that composite clinical profiles across a population are
complicated by individual variability in subconcussive exposure
and concussion history. Prior concussion history has been shown
to influence chronic cognitive and emotional outcomes (23, 24).
Therefore, the question remains whether isolated blast exposure
leads to different outcomes from non-blast mechanisms. This
remains an important clinical issue, given the number of veterans
exposed to single or repetitive blast injuries during the past dec-
ade (25). It also remains an important biomechanical issue, with
the development of personal protective equipment to prevent or
limit traumatic brain injury due to head impact/rotational accel-
eration or blast remaining largely in the early phases. Therefore,
the objectives of the current study were to determine whether
differences exist in the severity and time course of cognitive and
emotional changes following blast and non-blast mechanisms
of traumatic brain injury. We accomplished this using blast and
rotational injury models that we previously demonstrated to result
in mild injuries that are proportional in magnitude between the
two mechanisms.

MATERIALS AND METHODS

The current protocol consisted of exposing rats to rotational
injury, blast injury, or sham procedure followed by behavioral
assessments during the first week and at 1 month or 2 months
following the injury or sham procedure to characterize acute and
chronic cognitive and behavioral changes associated with dif-
ferent injury mechanisms. All injury and behavioral testing was
conducted with approval from the Institutional Animal Care and
Use Committee at the Zablocki Veterans Affairs Medical Center
in Milwaukee, WI, USA.

Animals

Sprague-Dawley rats (weight: 289 + 21 g) were used. Rats were
housed individually in standard cages, maintained on a 12-h
light/dark cycle, and provided free access to food and water
throughout the experimental period. Separate groups of rats were
used at each time point for behavioral assessments.

Rotational Injury Procedure

Rats were exposed to high rate head rotational acceleration using
the Medical College of Wisconsin (MCW) Rotational Injury
Device (Figure 1) (20). The model consists of a rat helmet with
laterally extended moment arm, impactor mass, and drop tower
(26). The impactor was accelerated by gravity down a drop tower
to impact the moment arm and generate sufficient force to rotate
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characteristics of an elastomer interface on the struck surface of the moment arm.

FIGURE 1 | MCW rotational injury device that induces mild traumatic brain injury in rats through pure coronal plane head rotational acceleration. The
device consists of a rodent helmet with laterally extended moment arm. An impactor rod is accelerated to impact the moment arm, causing the helmet to rotate in
the coronal plane. Impact characteristics are modulated to control head rotational acceleration magnitude and duration using impactor velocity and material

80 deg

Fixed Bearing

the device in the coronal plane. Characteristics of the rotational
acceleration versus time pulse were modulated by the mass of the
impactor, initial drop height, and characteristics of the elastomer
interface material between the impactor and the moment arm
(27). An accelerometer attached to the distal end of the moment
arm measured tangential linear acceleration, which was con-
verted to rotational acceleration of the helmet versus time. Our
previous studies and extensive testing ensured that magnitude
and duration of the rotational acceleration versus time pulse were
independently modulated and could be accurately measured for
each exposure.

On the day of the injury procedure, rats were individually
transported to the laboratory and placed in an isoflurane induc-
tion box for 5 min, where they were exposed to 4.0% isoflurane
in oxygen. Plane of anesthesia was confirmed by the absence of
the toe pinch reflex prior to removal from the induction box. A
nose cone was then used to deliver continuous 1.5% isoflurane
during placement in the rotational helmet and attachment of
the helmet to the injury device. Rats were given a single dose of
Carprofen (5.0 mg/kg), and anesthesia was removed immediately
prior to head rotational acceleration exposure of a predetermined
acceleration magnitude and duration. Following exposure to
head rotational acceleration, rats were removed from the device,
allowed to breathe freely, placed on a warming blanket until reap-
pearance of the righting reflex, returned to their cages, supervised
for at least 15 min, and periodically supervised until 6 h post
exposure. For the current study, all rats in the rotational injury
group were exposed to pulses designed to produce 350 krad/s?
peak head rotational acceleration with a duration of 3.5 ms.
Control rats were exposed to the entire experimental protocol,
including anesthesia and placement in the helmet, without head
rotational acceleration.

Blast Injury Procedure

A custom shock tube with a 3.6-cm inner diameter, 3.0-m driven
section, and 0.3-m driver section was used to create shock waves
with controlled overpressure magnitudes (Figure 2) (15). A

mylar membrane separated driver and driven sections. The
driver section was pressurized with helium until internal pres-
sure exceeded bursting pressure of the membrane, resulting in
membrane rupture. The shock tube was previously characterized
and was shown to produce accurate and repeatable shock waves
across a range of overpressure magnitudes (28). Pressure trans-
ducers (Piezotronics, Inc., Depew, NY, USA) were oriented to
record face-on pressures at a sampling rate of 10 MHz at selected
locations and were placed immediately adjacent to the head for
all blast exposures.

On the day of the injury procedure, rats were individually
transported to the laboratory and placed in an isoflurane induc-
tion box for 5 min, wherein they were exposed to 4.0% isoflurane
in oxygen. Plane of anesthesia was confirmed by the absence of
the toe pinch reflex prior to removal from the induction box. A
nose cone was then used for continuous delivery of 1.5% isoflu-
rane during placement in the decapicone and holder. The nose
cone was removed immediately prior to shock wave exposure.
Rats were placed 17 cm from the shock tube opening. Since
the exhaust gasses, or blast wind, can lead to considerable head
acceleration, animals were placed 18° lateral to the shock tube
axis to limit blast wind exposure. Prior characterization of the
shock tube demonstrated minimal blast wind effects at the loca-
tion chosen for this study (Figure 2) (28). Moreover, the head
was constrained laterally and inferiorly to prevent head rotational
acceleration-induced injury (15), and all shock wave exposures
were conducted with the sagittal plane of the rat head perpen-
dicular to the radial axis from the shock tube opening. A metal
cylinder was also placed around the body to limit shock wave
overpressure exposure of the torso. Prior work indicated that the
cylinder was effective at reducing peak overpressures to <20% of
overpressure magnitudes recorded at the head. Following shock
wave exposure, rats were removed from the device, allowed to
breathe freely, placed on a warming blanket until reappearance
of the righting reflex, returned to their cages, supervised for at
least 15 min, and periodically supervised until 6 h post exposure.
For the current study, all rats in the blast injury group were
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FIGURE 2 | MCW Shock Tube that produces mild traumatic brain injury in rats by off-axis exposure to shock wave overpressure. Animals are placed
18° away from the axis of the shock tube to avoid exposure to exhaust gases than can create injury or lead to significant head rotational accelerations.
(A) Calibration traces of the shock tube showing pressure versus time traces at different angles relative to the shock tube for the 40-cm radial location. This figure
shows that exhaust gases are focused primarily radially from the exit of the tube and the effect of those gases on the overpressure trace dissipates at greater angles
away from the axis. (B) Representative pressure traces recorded during the injury exposures for animals subjected to shock wave overpressure injury. The three
traces are representative of all pressure versus time traces incorporated in this study and demonstrate the repeatability of our shock tube device. Overpressure
versus time traces were recorded immediately adjacent to the head of the rat during all injury exposures.

subjected to exposures designed to produce 450-kPa peak shock
wave overpressure with a duration of 0.4 ms. Control rats were
exposed to the entire experimental protocol, including anesthesia
and placement in the injury device, without exposure to shock
wave overpressure.

Behavioral Assessment Protocol

Acute injury severity was assessed using recovery time, measured
as the amount of time following removal of anesthesia just prior to
injury or sham procedure until return of the righting reflex. Real
time videos were obtained during all injury and sham procedures
with specific events indicated by the animal technician. Those
videos were used to measure the times of anesthesia removal,
injury induction, placement on the warming blanket, and return
of the righting reflex.

The elevated plus maze (EPM) assessment was used to quantify
activity and emotional-type behaviors following TBI in rats. Rats
underwent the EPM assessment on days 2 (acute), 30, or 60 post
injury. The maze consisted of four perpendicular 10 cm X 50 cm
arms suspended 82 cm above the floor. A 10 cm X 10 cm central

platform connected the arms. One pair of opposing arms was
enclosed by 32-cm-high walls, while the other two arms and the
center platform were uncovered. Rats were initially placed on the
central platform facing one of the two open arms. The animals
were allowed to explore the maze for 5 min and tracked using a
digital video camera mounted above the maze. Metrics quantified
during the test include total distance traveled, total number of
arm changes, the number of entries into and time spent in open
areas (center platform and uncovered arms), and the amount
of time spent in open areas/arms per entry. These metrics were
automatically quantified using Ethovision computer tracking sys-
tem. Behaviors associated with post-injury activity included total
number of arm changes and total distance traveled. Behaviors
associated with changes in emotionality included entries and
time in the open areas.

The Morris water maze (MWM) Visuo-Spatial Learning
Paradigm was used to grade post-traumatic anterograde amnesia
and spatial learning following TBI in rats (29, 30). The MWM
has been validated for these purposes and utilized in many stud-
ies investigating behavioral change as part of animal models of
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acquired brain injury. The paradigm consisted of 3 days of testing
on post-injury days 1-3 (acute), 29-31, or 59-61. Each day of
testing included a set of four trials resulting in 12 trials across
3 days. The four trials per set consisted of initially placing the
rats at the four cardinal locations within the 183-cm diameter
maze (N, E, S, W), facing the outer wall. During each trial, rats
were allowed to swim in the 25-cm deep water until finding and
mounting a 10-cm diameter hidden platform submerged 1 cm
below the water surface, or until 60 s had passed. The platform
was located between the cardinal axes (e.g., SE) halfway between
the center and outer wall. Location remained constant for the
four trials of a set, but was changed to a randomized location
from set to set. Water temperature remained within 1°C of 24°C
for all trials and the maze was located in a room with numer-
ous visual cues external to the maze and oriented identically
for each session. Visual cues were also placed inside the maze.
A computerized tracking system and software (Ethovision V8.0,
Noldus Information Technology, Wageningen, The Netherlands)
recorded several metrics during each MWM trial. Latency to
find the hidden platform (s) was measured for each trial and
compared between injury groups and between successive trials/
sets. Cognitive deficits were associated with greater latency.

Statistical Analysis

Two-factor analysis of variance (ANOVA) was used to determine
statistically significant differences (p < 0.05) in EPM metrics,
accounting for injury group and assessment period. Post hoc
analysis using Tukey’s method was used to determine significant
differences between injury groups or assessment periods. Pairwise
comparisons with correction for multiple comparisons were also
conducted at each assessment period for metrics demonstrating
a significant main effect of injury group or interaction. A random
effects statistical model was used to predict latency to find the
hidden platform in the MWM and determine significant differ-
ences based on injury group and assessment times.

RESULTS

A total of 128 rats were subjected to the experimental protocol,
including injury or sham procedure and behavioral testing either
within the first week, 30-days, or 60-days post injury. Nineteen
and 24 rats were subjected to the entire blast or rotational protocol
without exposure to shock wave or head rotational acceleration.
Forty-six and 39 rats received shock wave or rotational accelera-
tion injury. Including 5 min in the anesthesia induction box for
all rats prior to and nose cone anesthesia during placement in
the experimental device, rats receiving the rotational acceleration
protocol were exposed to anesthesia for 524 + 61 s and rats receiv-
ing the blast protocol were exposed to anesthesia for 389 + 24 s.
Rats receiving rotational injury were subjected to coronal plane
head rotational acceleration with magnitude of 365 + 31 rad/s>
(mean + SD) and duration of 3.5 & 0.4 ms. There were no signifi-
cant differences in rotational acceleration characteristics between
groups of rats used in the three different assessment periods. Rats
receiving blast injury were subjected to shock wave exposure with
447 + 30 kPa overpressure with 0.41 + 0.08 ms duration and
45 + 8 kPa X ms impulse. Shock wave impulse was consistent with

prior studies investigating mTBI in both mice and organotypic
hippocampal slice cultures (31, 32). There were no significant
differences in shock wave characteristics between groups of rats
used in the three different assessment periods. All experimental
and control rats survived the anesthesia and injury procedures
without skull or cervical spine fracture. Recovery time, measured
as the amount of time from the injury/sham procedure until
return of the righting reflex, was used to equate injury levels.

Recovery Time

A comparison of recovery times between controls under the blast
protocol and rotational protocol was first performed. Recovery
times for the sham group under the rotational protocol were
significantly greater (+31%) than those for the blast protocol
(p < 0.05) (Figure 3). Therefore, recovery times for injured rats
were compared to control rats that had received the same anesthe-
sia protocol (i.e., blast or rotational). Accordingly, blast-injured
rats had 21% greater recovery times than control rats receiving
the blast anesthesia protocol. Likewise, rats receiving rotational
injury had 25% greater recovery times than control rats receiving
the rotational anesthesia protocol. Similar increases in recovery
times were indicative of similar injury severities for the blast and
rotational injury protocols.

Elevated Plus Maze

Comparison of EPM activities between control rats receiving
either the blast or rotational anesthesia protocols revealed no sig-
nificant differences for any of the analyzed metrics including total
number of arm changes, open area entries, time in the open areas,
and total distance traveled for any of the analyzed time points (2,

250 +25%

200
+21% ‘

150 ‘

100

Recovery Time (s)

50

Blast Rotation
Experimental Protocol

FIGURE 3 | Recovery time following exposure to sham procedure
(light gray), or blast or rotational injury procedure (dark gray).
Recovery time was measured as the time from removal of anesthesia just
prior to injury or sham procedure until return of the righting reflex. Data are
presented as mean plus/minus SE.
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30, and 60 days). Therefore, control rats from both protocols were
grouped for comparison to injured rats.

Activity in the EPM was assessed using the total number of
arm changes during the 5-min trial (Figure 4). The number of
rats exposed to the EPM at each time point is shown in Table 1.
Two-factor ANOVA revealed that the total number of arm
changes was significantly dependent on injury group (p < 0.005),
but not assessment period. Post hoc assessments revealed that the
blast and rotational groups were significantly different from one
another. Pairwise statistical comparisons with adjustment for
multiple comparisons were also conducted to determine statisti-
cally significant injury group-based differences at each assessment
time. The greatest differences in number of arm changes across
all groups were evident at the acute assessment time, wherein rats
receiving rotational acceleration injury had an average of 61 and
79% more arm changes (p < 0.05) than the blast injury group
and shams. At the 30-day assessment, the blast injury group
demonstrated a trend of decreasing arm changes (p > 0.05) with
an average of 20 and 29% fewer arm changes than the rotational
injury group and shams. A similar trend of decreased activity
(p > 0.05) was evident for the blast injury group at the 60-day
assessment.

Analysis of the total distance traveled during the 5-min
EPM assessment revealed similar trends to the total number of
arm changes (Table 1), although two-factor ANOVA did not

identify a statistically significant influence of either injury group
or assessment period (p > 0.05). Also similar to the number of
arm changes was that the primary difference in total distance
traveled between groups was evident at the acute assessment,
wherein rats receiving rotational acceleration injury traveled 18
and 42% more distance than rats receiving blast injury or shams.
Those differences essentially normalized by the 30- and 60-day
assessments, although rats receiving blast injury demonstrated
approximately 20% less distance traveled than the other groups
at those time points.

Changes in anxiety-like behavior for the injured groups were
assessed in the EPM by quantifying the number of entries into
and the amount of time spent in the open areas of the maze. Two-
factor ANOVA revealed that the number of open area entries
was significantly dependent on injury group (p < 0.005), but
not assessment period (Figure 5). Post hoc assessments revealed
that rats receiving rotational acceleration injury had significantly
more open area entries than the other injury groups (p < 0.05).
Pairwise statistical comparisons with adjustment for multiple
comparisons were also conducted to determine statistically
significant injury group-based differences at each assessment
time. During the acute assessment, the rotational injury group
demonstrated a much higher number of open area entries for the
(p < 0.05) than the blast injury group (+68%) and shams (+65%).
The blast injury group demonstrated a trend of decreased open

151 Acute 157 30 days 151 60 days 40 F? Cumulative
12
° 30
[
2
g9 ¢
o
£ | 20
< 6
z 0
i
10
3
0
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 Acute 30days 60 days
Minute Assessment Period
FIGURE 4 | Total number of arm changes during the 5-min elevated plus maze protocol (mean + SE) in control rats (light gray), blast-injured rats
(dark gray), and rotationally injured rats (black). Minute-by-minute data are presented for each of the assessment time points on the left and cumulative data
across all 5 min are presented on the right. Statistically significant pairwise differences during each assessment period are indicated by an asterisk (*).

TABLE 1 | Elevated plus maze metrics for each of the three experimental groups at the three assessment time periods.

Acute 30 days 60 days
Controls Blast Rotation Controls Blast Rotation Controls Blast Rotation
n=13 n=16 n=16 n=16 n=15 n=9 n=14 n=15 n=14
Distance traveled (mm) 888 + 144 1068 +92 1264 +93 1247 + 142 905 + 92 1101 +216 1056 + 103 833+ 100 991 +79
Open area time per entry (s) 4.5+ 0.6 3.6 +0.3 3.56+0.3 3.7+0.3 40+0.3 49+07 43 +0.6 5.7+0.7 4.4 +0.6
Open arm time per entry (s) 6.2+ 1.1 79+13 59+0.7 5.8 + 0.9 91+14 129 + 24 9.1+25 105 +1.7 74+16

Open area time included time in the center and open arms of the maze, whereas open arm time included only time in the open arms. Statistically significant group differences were
only identified for open arm time per entry at the 30-day assessment period. Post hoc analysis revealed significant differences (p < 0.01, denoted in bold) between rats receiving

rotational injury and controls.
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assessment period are indicated by an asterisk (*).
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FIGURE 5 | Total number of entries into the open areas of the elevated plus maze (center + open arms) during the 5-min elevated plus maze protocol
(mean + SE) in control rats (light gray), blast-injured rats (dark gray), and rotationally injured rats (black). Minute-by-minute data are presented for each
of the assessment time points on the left and cumulative data across all 5 min is presented on the right. Statistically significant pairwise differences during each

assessment period are indicated by an asterisk (*).
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FIGURE 6 | Amount of time spent in the open areas of the elevated plus maze (center + open arms) during the 5-min elevated plus maze protocol
(mean + SE) in control rats (light gray), blast-injured rats (dark gray), and rotationally injured rats (black). Minute-by-minute data are presented for each
of the assessment time points on the left and cumulative data across all 5 min is presented on the right. Statistically significant pairwise differences during each

entries compared to the other groups (p > 0.05) at the 30-day
assessment, and significantly fewer open entries compared to the
rotational injury group (p < 0.05) at the 60-day assessment.
Time in the open areas of the EPM demonstrated similar
trends (Figure 6). Two-factor ANOVA revealed a significant
effect of injury group (p < 0.01), but not assessment period. Post
hoc assessments revealed that rats receiving rotational accel-
eration injury had significantly more open area time than rats
receiving blast injury (p < 0.05). Pairwise statistical comparisons
with adjustment for multiple comparisons were also conducted
to determine statistically significant injury group-based differ-
ences at each assessment time. During the acute assessment, rats
receiving rotational injury spent significantly more time in the
open areas of the maze than rats receiving blast injury. There were
no statistically significant injury group-based differences at the
30- and 60-day assessments, although rats receiving blast injury

once again demonstrated less time in the open areas of the maze
than the other groups during those assessment periods.
Two-factor ANOVA revealed that the duration of time spent
in the open areas per entry and open arms per entry was not
significantly dependent upon injury group (Table 1), although
open area duration per entry was significantly dependent upon
assessment period (p < 0.05). In general, rats spent more time in
the open areas per entry during the 30- and 60-day assessments
than during the acute assessment. Additionally, analysis of the
amount of time spent in the open areas per entry revealed non-
significant injury group-based trends. Both injury groups spent
less time in the open areas per entry than controls at the acute
assessment. However, that trend reversed at the more chronic
time points, with rats receiving rotational injury spending 33%
more time per entry than controls at the 30-day assessment and
rats receiving blast injury spending 32% more time per entry than
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controls at the 60-day assessment. Interestingly, injury group-
based differences were more evident when analyzing the amount
of time spent in the open arms per entry while excluding the
center zone. All three groups spent similar time in the open arms
per entry during the acute assessment. However, rats receiving
rotational injury spent 122% more time per open arm entry than
controls and rats receiving blast injury spent 57% more time per
open arm entry than controls.

Morris Water Maze

Cognitive deficits were assessed using latency to find the hidden
platform in the MWM assessment at acute and chronic time
points (Figure 7). The number of rats exposed to the MWM at
each time point was identical to the EPM (Table 1). A random
effect statistical model was used to predict latency and included
the fixed effects of trial (1-4), day (1-3), period (acute, 30, and 60),
and injury group. Injury group did not have a significant effect on
latency to find the hidden platform indicating a lack of significant
cognitive deficits for either the blast or rotational injury. Likewise,
day and period did not significantly affect latency to find the
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FIGURE 7 | Latency to find the hidden platform in the Morris water

maze (mean + SE) in control rats (gray), blast-injured rats (orange),
and rotationally injured rats (blue). Trial-by-trial data are presented for

each of the three sets (left to right) at each assessment time points (top to
bottom).

hidden platform. However, trial number did affect latency to find
the hidden platform, indicating the presence of a spatial learning
process from trial to trial, across all rats included in this study.
However, despite the lack of statistically significant differences
in latency, rats receiving blast injury demonstrated 38 and 24%
greater mean latency to find the hidden platform compared to
the rotational injury and sham groups during the first set of the
30-day assessment, which may indicate some level of cognitive
deficit following blast injury.

DISCUSSION

Mild traumatic brain injury represents a significant clinical prob-
lem given patient variability with regard to the severity, duration,
and type of symptoms experienced by those afflicted with this
condition. This is likely due to current clinical diagnostic criteria
for mTBI that do not further distinguish injury beyond severity.
This approach fails to consider injury mechanism (e.g., sport
impact versus blast exposure) that likely contributes to anatomi-
cal or physiological variability. This manuscript presents experi-
mental support that injury mechanism is an important factor that
influences the severity, duration, and type of behavioral outcomes
following mTBI. The two models presented in this manuscript
were designed to reproduce the mechanisms of sports-related
concussion (rotational acceleration) and primary blast traumatic
brain injury (shock wave overpressure exposure). Adding to the
clinical significance of these models is that the biomechanics are
biofidelic, repeatable, and scalable to the human. Demonstration
of differing outcomes between the two mechanisms can inform
clinicians and assist in more accurate diagnoses and mechanism-
dependent expectations and treatment protocols. Here, we have
presented a more active behavioral phenotype with a lack of inhi-
bition in the EPM that resolves for the most part during the acute
phase for rats exposed to sports concussion-type injury. However,
blast injury led to an anxiety-like phenotype that manifested into
the chronic phase and had stronger evidence of cognitive deficits.
Experimental research such as that presented here can continue
to outline the role of factors that influence patient outcomes,
shaping clinical studies, and eventually contributing to targeted
expectations and therapeutics based specifically on characteris-
tics of the concussive event.

The operational relevance of these models is clear. Our
laboratory has focused on the development of biomechanically
accurate experimental TBI models for over 10 years (26-28),
and the current models were designed to replicate distinct injury
mechanisms: primary blast and head rotational acceleration.
Whereas head rotational acceleration often occurs in isolation
in the sporting environment, the military environment presets a
more complicated biomechanical scenario, with exposure to blast
overpressure (primary blast) often combined with head rotational
acceleration (secondary/tertiary blast) (33). However, modeling
this complex scenario presents significant experimental issues as
each blast exposure presents unique characteristics with regard
to overpressure and acceleration magnitudes that can be compli-
cated even more by blunt head impact and polytrauma. For this
reason, the present analysis focused on quantifying independent
effects of blast overpressure and head rotational acceleration to
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successfully demonstrate these as separate injury mechanisms.
The blast model incorporated head constraint to limit effects of
head rotational acceleration during shock wave exposure, placed
the animals outside of the blast wind (Figure 2) to limit effects
on injury outcomes, and protected the body for a focused blast
TBIinsult. To that end, measured head accelerations as described
in a previous publication from our group (15) were well below
the threshold for rotational acceleration-induced injury in the
rat according to scaled data from humans and primates (21,
34), and overpressure exposure to the body was insignificant
(15), indicating that behavioral deficits from that model were
primarily a result of shock wave overpressure exposure. This is
an important aspect of the blast model to eliminate confounding
effects of other injuries (33), and permits the direct comparison
of behavioral changes between primary blast and rotational
mechanisms.

Along that line, an important aspect of this comparison
was the determination of injury severity equivalence between
the two injury mechanisms. Our prior work utilizing these
models has demonstrated dose-dependent behavioral and
brain structural changes as a function of increasing shock wave
overpressure magnitude (15) or head rotational acceleration
magnitude and duration (20). Other studies have demonstrated
similar dose-dependent outcomes using similar injury models
(35). Accordingly, it was decided that injury severity equivalence
should be based on recovery time, as loss of consciousness dura-
tion is a common clinical marker of concussive injury severity
in humans. To that end, rats receiving either blast or rotational
injury had similar increases in recovery time (21% for blast and
25% for rotation) compared to their anesthesia protocol-matched
controls. It was necessary to compare recovery time in injured
rats to their protocol-matched controls as the rotational accelera-
tion protocol incorporated somewhat longer duration of anes-
thesia due to the placement in the helmet device. This resulted in
somewhat longer recovery time for uninjured rotational controls
compared to uninjured blast controls. However, these differ-
ences were only evident in the very acute phase, as behavioral
assessments conducted during the first week or 1-2 months post
injury revealed no significant differences between rotational and
blast controls. Therefore, control rats from both protocols were
grouped for the analysis of behavioral changes in the MWM and
EPM assessments.

Significant mechanism-dependent differences in post-injury
behaviors were evident between rats receiving rotational injury
and rats receiving blast injury. For example, activity-related
metrics assessed using the EPM varied in both severity and
timing based on injury mechanism. Rats receiving rotational
injury tended to have significantly increased activity at the
acute assessment, with 81% more arm changes and 65% more
open arm entries than controls. Those differences essentially
resolved by the 30-day assessment. However, rats receiving blast
injury demonstrated no differences in activity from controls at
the acute assessment, but had decreased activity at the 30- and
60-day assessments. Those changes also appeared to be progress-
ing, with 27 and 29% decreased arm changes and open entries
at the 30-day assessment, and 32 and 35%, respectively, at the
60-day assessment.

Those changes were mirrored by the amount of time spent in
the open areas of the EPM. Once again, rats receiving rotational
injury spent 54% more time in the center and open arms of
the maze at the acute assessment than controls. That difference
compared to controls resolved at the 30- and 60-day assessments.
Also mirroring activity was that rats receiving blast injury had
similar open area time to controls during the acute assessment
and decreased (—27%) open area time by the 30-day assess-
ment. Combined, these results suggest that rats that underwent
rotational injury had a greater locomotor response to the novel
apparatus and were less inhibited by the open areas of the maze
in the acute phase after injury, but this disinhibited phenotype
resolved by 30 days post injury. Conversely, rats that received
blast injury displayed an elevated anxiety-like behavior that was
not evident acutely, but emerged at the 30-day time point (36) and
remained at 60 days post injury.

These mechanism-dependent behavioral changes were con-
sistent with prior studies incorporating similar injury models. For
example, persistent behavioral changes consistent with anxiety
were identified in rodents following shock wave exposure (36,
37). Those differences were consistent across multiple behavioral
assessments, including the open field test, the elevated zero test,
and predator scent exposure. Elevated anxiety-like behaviors
in rats following shock wave exposure were attributed to elec-
trophysiological changes (38), mitochondrial distress in the
hippocampus (39), neuroinflammation (40), elevated stathmin
in the amygdala (36), and elevated levels of corticosterone and
protein markers in the hippocampus and prefrontal cortex (41).
Far fewer studies have been conducted in rodents incorporat-
ing the rotational acceleration-injury mechanism. However, in
one study that incorporated rotational acceleration injury (1.5
Mrad/s?), rodents demonstrated acute non-significant increases
in the percentage of time spent in the open arms of the EPM
(42). That study demonstrated increased blood serum levels of
neurofilament heavy chain, Tau, and S100B. Therefore, the types
of behavioral differences identified in the current study mirror
findings from other studies that incorporated similar injury mod-
els although specific mechanisms for those changes may require
further clarification.

Taken together, our data reveal that rotational and blast injury
result in behavioral changes with different qualitative and tempo-
ral manifestations. Whereas rotational injury was characterized
by a rapidly emerging phenotype consistent with behavioral
disinhibition, blast injury was associated with emotional and
cognitive differences that were not evident acutely, but developed
later, with an anxiety-like phenotype still present at our most
chronic measurements.

The differing behavioral outcomes due to blast and rotational
injury suggest differing underlying mechanisms of injury, as
expected, which could be related to the brain regions affected
by the different injury mechanisms. Previous histological
and neuroimaging studies have highlighted differences in the
manifestation of injury from blast or rotational TBIL In our
prior studies performed with identical injury models to those
described here, blast shock wave and rotational acceleration
exposures caused injury to differing brain anatomical regions as
assessed with diffusion tensor imaging (DTI). Blast shock wave
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exposure was associated with significant groupwise changes in
the ipsilateral cortex, medial prefrontal cortex, hippocampus,
and thalamus (15). On the other hand, rotational acceleration
was associated with alterations in the right internal capsule and
corticospinal tract, right amygdala, thalamus, and a portion of the
medial cerebral cortex (20). Moreover, the changes in fractional
anisotropy (FA), a summary metric derived from DTI, were
decreased in blast but in rotational acceleration both significant
increases and decreases were observed in differing brain regions.
While the changes in FA are somewhat ambiguous with regard to
the underlying pathology (43), the results highlight evidence of
microstructural changes as opposed to gross structural injuries
or hemorrhage. Mild blast and rotational TBI are both known
to initiate a complex pathological cascade that includes axonal
injury (44), gliosis (45), and inflammation. The precise relation-
ship between injury mechanisms, anatomical location, and
behavioral changes warrant further investigation, as understand-
ing the interplay between the brain and behavior is essential from
design of protective equipment to planning clinical rehabilitative
strategies.

The current study was focused on equating acute injury sever-
ity between the two injury mechanisms (shock wave overpressure
exposure versus head rotational acceleration) using anesthesia
recovery time. However, it should be noted that comparison
of recovery time may be complicated by a number of factors
including that lesions to specific brain regions are likely to impair
recovery times more than other brain regions, total recovery time
in this study is a function of both the duration of anesthesia in
addition to injury severity, and that the effects of an injury on
recovery time is likely different from its effect on behavioral
alterations. Nonetheless, this comparison was made for the sake
of equating very acute injury severity and not intended to cor-
relate recovery time to specific behavioral alterations. However,
on a larger scale, both of the models employed in this study
produced very mild levels of traumatic brain injury compared to
more commonly used preclinical models that produce significant
loss of brain tissue even for “mild” injuries compared to shams in
the controlled cortical impact (CCI) model (46, 47) or subdural
and intraparenchymal hematoma with brain swelling in the
lateral fluid percussion model (48). These pathologies were not
present upon gross inspection for the current models and are
not commonly associated with the mild injuries often sustained
in sporting environments such as American football. Given the
consistent lack of significant pathology in the models incorpo-
rated in this study in addition to the non-invasive nature of the
injury protocols, these models provide additional experimental
options for investigation of low severity concussions associated
with sporting or military environments, particularly relevant and
suited for repetitive injuries or subconcussive exposure.

Injury biomechanics incorporated in this study were generally
consistent with prior investigations using similar experimental
models. Peak shock wave overpressure is the most common
metric reported for studies incorporating shock tube models.
Peak overpressures incorporated in this study were consider-
ably higher than prior work (69-236 kPa) (35, 49-51), although
Svetlov and colleagues incorporated similar overpressure mag-
nitudes (358 kPa) (52). However, peak overpressure is not the

best correlate for injury onset and severity, and an assessment
of overpressure duration must be considered (53). Accordingly,
shock wave impulse, computed as the area beneath the positive
portion of the overpressure versus time pulse, is likely a better
indicator of the severity of blast shock wave exposure. Assuming
that shock wave profiles fit the Friedlander profile, shock wave
impulse can be computed based on peak overpressure and
positive duration characteristics. Shorter durations incorporated
using the current model (28) result in shock wave impulse
values (45 kPa X ms) that are more in line with prior literature.
Longer durations produced by the WRAIR model (3-4 ms)
(54) and other groups (1-2 ms) (51), combined with lower peak
overpressures (116-236 kPa) result in shock wave impulse values
between 50 and 216 kPa X ms. Other models incorporating very
long durations (10-18 ms) (52, 55) have considerably greater
impulse values (640-1,000 kPa X ms) that presumably produce
more significant injuries. Mild injuries were produced in mice
and organotypic hippocampal slice cultures with shock wave
impulse exposures consistent with the current study (31, 32).
Therefore, although the peak overpressure metric is somewhat
higher in the current model, a more accurate assessment of the
severity of shock wave exposure places the current model in line
and somewhat on the lower end of a majority of prior work in this
area. Fewer studies are available for comparison of biomechanics
between rotational acceleration-produced injuries. Davidsson
and Risling reported hemorrhage for some rats exposed to sagit-
tal plane head rotational accelerations exceeding 600 krad/s* and
B-APP-positive axons for head rotational accelerations above
1,300 krad/s? (44). However, Xiao-Sheng and colleagues reported
axonal swelling for coronal plane head rotational accelerations of
204 krad/s? (56). The present study incorporated head rotational
accelerations more in line with Xiao-Sheng and colleagues,
although our prior work demonstrated a lack of f-APP-positive
axons (26). Therefore, the correlation between head rotational
acceleration biomechanics and pathological outcomes requires
further quantification. Experimental rotational acceleration-
injury models will be instrumental to outlining this correlation
and understanding the biomechanics of sports concussion.
Although equating injury severity using recovery time as
a correlate for future behavioral changes may be somewhat
flawed, which was not the intent of this study, the models
incorporated were previously shown to produce consistent and
dose-dependent behavioral alterations. Therefore, in general,
mechanism-dependent behavioral alterations identified in this
study are consistent across a variety of injury severities, albeit
dose dependent with generally increasing alteration for greater
biomechanical exposure. For example, greater activity and
more open area time in the EPM was identified following a
range of rotational acceleration exposures (20) and less activity
and greater closed arm time was identified following multiple
shock wave overpressure magnitudes (15). Therefore, the two
injury mechanisms incorporated in this study produce different
behavioral alterations regardless of acute injury severity. This
highlights the importance of these findings in identifying differ-
ent type and time course of behavioral alterations based on injury
mechanism, which may have significant implication with regard
to predicting patient outcomes depending on the mechanism
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of injury. However, results of this admittedly limited study may
require further validation and characterization to confirm and
more thoroughly outline these differences.

This study demonstrated significant behavioral outcome dif-
ferences based on the mechanism of mild TBI. Differences were
evident in both the severity and type of outcomes, as well as the
time course of behavioral changes. Although not thoroughly
investigated here, differences are likely attributable to patholo-
gies affecting different brain regions, as evident in our prior
MRI studies, or differing mechanisms of tissue damage based
on injury model. Rotational acceleration produces inertially
modulated strain-based injuries (57) whereas shock wave expo-
sure mechanisms are less clear and have been hypothesized to
create tissue damage through blast wave propagation via thoracic
mechanisms, ischemic brain damage, head acceleration, direct
skull deformation resulting in neuronal damage, or strain-
induced tissue damage due to shock wave interaction with brain
tissues (7, 12, 15, 33, 35, 53, 58-62). Nonetheless, these findings
suggest that mTBI outcomes are dependent upon the mechanism
of injury that has both clinical and experimental implications.
From a clinical standpoint, along with acute patient condition
and personal medical history, details of the injury event may be
important in treatment and predicting patient outcomes. From
an experimental standpoint, choice of a biomechanically correct
injury model is clearly an important aspect of the translational
strength of a laboratory-based study. Ongoing research in our
laboratory and others will continue to define the importance of
injury biomechanics on behavioral, pathological, and imaging
outcomes following mTBI.

A possible limitation of the current analysis is the lack of a
separate cohort of animals exposed to shock wave overpressure
without head constraint. This would permit study of the combined
effects of shock wave exposure and head rotational acceleration,
a condition more in line with real-world blast exposures. Head
rotational acceleration during blast can result from the blast
wind and/or head impact from projectiles or falls. A recent
experimental study by Goldstein and colleagues investigated
this phenomenon with separate cohorts of rodents exposed to
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