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Abstract

Introduction—Understanding the extent to which murine models of TBI replicate clinically
relevant neurological outcomes is critical for mechanistic and therapeutic studies. We determined
sensorimotor outcomes in mouse model of TBI and validated the use of a standardized
neurological examination scoring system to quantify the extent of injury.

Materials and Methods—We utilized a lateral fluid percussion injury model of TBI, and
compared TBI animals to those that underwent sham surgery. We measured neurobehavioral
deficits using a standardized 12-point neurological examination, magnetic resonance imaging, a
rotating rod test, and longitudinal acoustic startle testing.

Results—TBI animals had a significantly decreased ability to balance on a rotating rod and a
marked reduction in the amplitude of acoustic startle response. The neurological exam had a high
inter-rater reliability (87% agreement) and correlated with latency to fall on a rotating rod (R? =
0.72).

Conclusions—TBI impairs sensorimotor function in mice, and the extent of impairment can be
predicted by a standardized neurological examination.
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INTRODUCTION

Each year, over 1.7 million Americans sustain a traumatic brain injury (TBI), which is
known to be a contributing factor to over 30 % of all injury related deaths in the United
States! 2. Although improvements in emergency medicine and neurosurgical care have
increased the survivability of TBI, survivors frequently endure a range of long-term
cognitive and sensorimotor sequelae, or secondary injuries, including headaches, loss of
concentration, difficulty recalling information, impaired coordination, decreased reaction
time, aggressive behavior, frustration, anxiety, and even seizures®-6. These aforementioned
symptoms of clinical outcomes after TBI can vary greatly among individuals and persist for
long periods of time, due to variables which are poorly understood, and few currently
available therapeutic options’.

Abnormalities in sensorimotor function that occur after TBI are of special interest to certain
populations including professional athletes and military troops for whom even subtle
changes in such function can be devastating. The acoustic startle response (ASR) paradigm
has been used in both human and rodent models of TBI to screen for abnormalities in
sensorimotor pathways. In several studies a decreased ASR was found after TBI in humans
and rodents8-12, Several models of TBI have been established in rodents such as controlled
cortical impact (CC1)13, controlled concussion!?, the weight-drop method!®, blast, and fluid
percussion injury (FPI). In the FPI method, injury severity can be titrated to deliver a
consistent focal force that produces long-term secondary injuries with significant
neurological deficits16-18, It is important to understand the extent to which murine models of
TBI replicate clinical outcomes, so that investigators can conduct studies into
pathophysiological mechanisms and perform pre-clinical trials of potential therapeutic
interventions.

Our study aimed to determine the natural history of sensorimotor outcomes in a mouse
model of TBI. We used magnetic resonance imaging (MRI) techniques to visualize the brain
after the insult and a standardized neurological and behavioral assessment scoring system to
quantify the neurological deficit after surgery. We measured sensorimotor function both by
determining latency on a rotating rod, and by measuring acoustic startle response amplitude.
We also validate the utility of a rapid neurological scoring system to predict sensorimotor
dysfunction following a TBI in a mouse model.

METHODS

Animals

Adult male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME), of 8-12 weeks of age,
were allowed to acclimate to their cages and the facility for at least one week before
experimentation. Mic were kept on a 12 hour light/dark cycle, with ad /ibitum access to food
and water and were housed in groups of 5. All studies were conducted in accordance with
the Guidelines for the Care and Use of Laboratory Animals (NIH), Guidelines for Survival
Rodent Surgery (NIH), and approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Vermont.
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Fluid Percussion Injury and Survival Studies

A fluid percussion injury (FPI) method was used to induce a TBI, similar to that previously
described by Larson et al1®. Briefly, mice were anesthetized with 2-5 % isoflurane and the
animal’s head was placed into a restraint. A craniotomy was performed at a point midway
between lambda and bregma, approximately 2 mm lateral to the sagittal suture. A 3 mm
diameter hole is drilled through the skull into the underlying extradural space using a
variable speed power drill (Dremel, Racine, WI). A custom engineered stainless steel,
hollow intracranial screw with a 2 mm internal diameter was fitted tightly into the burr hole.
Once secured, the intracranial screw was filled with 0.9% normal saline and attached with
tubing to the fluid percussion device. A pendulum was released to impact the fluid
percussion device and induce TBI. Sham operated animals received anesthesia and a scalp
incision only. During surgery the intracranial pressure and its instantaneous elevation by the
fluid percussion wave were recorded using an in-line pressure transducer connected to a
high-speed data acquisition unit (Instrumentation and Modeling Facility, University of
Vermont, Burlington VVT). The peak level of fluid percussion injury, equivalent to the
measured intracranial pressure during percussion, was measured. Changing the height of the
pendulum allowed titration of the level of injury in a stepwise fashion across groups of mice.
We sought to determine a level of injury which was survivable in the majority of animals,
but with demonstrable neurologic deficits. For each set of three mice, the level of injury was
incrementally increased. FP1 was started at 20 PSI for the first set and survivability was
measured 48 hours after the injury. The FPI was then increased by 10 PSI for each set of
mice, survivability was measured 48 hours after injury, and the process was repeated to a
PSI of 50 which yielded 0 % survival. Mortality increased along with the incremental
increases in PSI, and the level of injury used for all subsequent trials was 37 PSI which
yielded 66 % survival. This intensity was chosen as it was between 40 and 35 PSI which
yielded 100 % and 33 % survival, respectfully. All animals received 0.02mg/kg
buprenorphine for analgesia while under anesthesia and 5mg/kg of meloxicam was used to
treat post-operative pain, to reduce interference with behavioral studies. Animals were
recovered from surgery and allowed access to food and water ad /ibitum.

Neurological Examinations and Assessment

Once the survivable level of injury was established, additional animals were utilized to
develop and validate a neurological scoring system sensitive to TBI. To develop the scoring
system, we performed serial neurological examinations on cohorts of TBI and sham animals
in a pilot period. We chose to study the majority of animals which received an FPI at 37 PSI
as this level of injury was survival (66 %) and generated demonstrable neurological deficits.
In addition, a second subset of animals in the TBI group received a lower level of injury (20
PSI) to establish a correlation between the level of injury and the neurological assessment
score. Using these two levels of injury allowed us to further validate the neurological scoring
system at different degrees of FPI. To develop our scoring system, we selected those
neurological examination features based on previously published literature for rodent brain
injury, which could be performed “at the bedside”, without conditioning the animals or
requiring special equipment2%: 21, During the pilot phase, neurological examinations were
performed in TBI and control animals prior to surgery and at longitudinal time points after
surgery. The examination findings that were observed by multiple examiners in multiple TBI
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animals remained in the standardized examination (Table 1). Based on pilot survival studies
and preliminary neurological scoring results, we chose 37 PSI as the level of injury for all
further TBI experiments. This level of injury resulted in a consistent insult, with the majority
of animals surviving, and clearly observable changes in neurological functions as quantified
by the neuroscore.

The first part of the examination assessed sensorimotor deficits. The first three evaluations
were completed as passive observations of the mouse outside of the cage. Contortions of the
body with or without a tilt of the head qualified as an abnormal position, which was marked
as a positive finding. A gait deficit was considered present if the mouse was unable to
maintain coordination while ambulating. If the mouse was observed to consistently ambulate
around a fixed point in a clockwise or counter-clockwise fashion this was considered a
positive finding for circular motion. The final four assessments required the evaluator to
handle the mouse. To test the animal’s vision, the mouse was suspended by its tail and the
investigator advanced a cotton-swab toward the left eye to test for corneal or menace reflex.
A reaction or series of blinks to the cotton swab was considered normal, while no reflex to
the cotton swab was considered a positive finding for visual deficit. In addition, while the
mouse was suspended it was moved near the edge of a laboratory table to assess edge
perception. A normal response is for the mouse to attempt to reach back to the table and a
lack of this movement was considered a positive finding of edge perception deficit. While
the mouse was suspended, the animal was tested for a postural reflex, which under normal
conditions, consists of stretched fore and rear limbs as if the animal is preparing for a fall
and lack of this posture was considered a positive mark for the postural reflex test. Grasp
was tested as a surrogate measure of strength. This was completed by placing the mouse on
the underside of the cage top from their home cage. The underside of the cage top has wire
mesh, interlaced at 1 mm intervals, providing an optimal surface for the mouse to grasp. The
cage top and the mouse were then inverted 10 to 12 inches above the home cage. Falling into
the cage within 15 seconds of suspension indicated poor grasp strength and resulted in a
positive mark for grasp deficit. Mice that maintained grasp and did not fall into the cage
within 15 seconds were considered within normal limits for grasp strength.

The second part of the neurological exam assessed pain and abnormal behavior. Signs
indicating pain included: hunched posture, piloerect fur, squinted eyes and decreased
locomotion?2-24, Presence of one or more of these findings was considered positive for the
pain/posture portion of the neurological score. The apathy part of the neurological score was
assessed through passive observation of the mouse. After the mouse was removed from its
cage it was placed on a disposable drape for observation. Free exploration of the new
environment was considered normal. Mice that did not freely explore were manually
stimulated to ambulate by gentle pressure on the hind legs. The animals that did not explore
or respond to stimulation received a positive mark for presence of apathy. Anxiety-like
behavior was scored for those mice that actively and frantically avoided external stimulation.
Mice that made several attempts to bite the examiner yielded a positive mark for aggressive
behavior. The behavioral portion of the neurological score concluded with observations of
the animal’s hygiene. Mice that appeared to have dusty, oily or unkempt fur indicating a lack
of grooming received a positive mark for grooming deficit.
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To establish the inter-rater reliability of this scoring system, two technicians, blinded to the
treatment group and to other examiner’s findings, were asked to independently examine a
cohort of TBI and sham animals 24 hours after surgery. The standardized neurological
examination system was explained to the examiners, but they did not receive any other
special training other than basic animal husbandry and handling experience. The examiners
assessed each mouse using the 12-point neurological scoring system, and each component of
the neurological score was categorized as present, marked as +1, or absent, marked as 0. A
positive mark on the neurological score indicated an abnormality or impairment. The total
neurological score for an individual mouse was determined by adding the score from each of
the 12 tests. A total score of 12 indicated the highest morbidity, whereas a score of 0
indicated a recovered/healthy animal without observable deficits. The two sets of scores
were later compared to determine the inter-rater reliability (IRR), which we report as percent
agreement between the two reviewers.

Bodyweights

Bodyweights of all animals were measured during the course of the study. Each animal was
weighed prior to surgery and then daily thereafter until euthanasia. Animals that lost > 2.5 g
in 24 hours were injected with 3 ml of sterile 0.9 % saline subcutaneously in the tissue
overlying the dorsal lumbar fascia to help prevent dehydration.

Magnetic Resonance Imaging

In a subset of mice, /n vivo magnetic resonance imaging (MRI) was conducted with an
Achieva 3.0 Tesla TX magnet (Philips Medical Systems International B.V., Best,
Netherlands) under isoflurane anesthesia (2-5 %) 36 to 48 hours after surgery to
demonstrate the extent of injury. A 16 channel Torso-XL receive coil (InVivo Corp.,
Gainesville, FL) was used in combination with a small single-channel e-Coil (Medtronic
Inc., Minneapolis, MN) for image acquisition. Two axially-acquired pulse sequences were
used to assess brain injury: T2-weighted (T2W) gradient spin echo (GRaSE) and fluid
attenuated inversion recovery (FLAIR). The GRaSE acquisition was performed with
TR=4266 ms, TE=80 ms, acquired matrix=200%190, field-of-view (FOV)=60 mm x 49 mm,
slice thickness=0.8 mm, signal averages (NEX)=3. For the FLAIR sequence, images were
acquired with TR=8000 ms, TE=125 ms, acquired matrix=200x171, FOV=60 mm x 49 mm,
slice thickness=1 mm, NEX=2.

Sensorimotor Coordination

Sensorimotor coordination was assessed in mice using a Rota-Rod (Med-Associates,
Georgia, VT) — a device that measures the length of time a mouse is able to stay on a
rotating rod as previously described?®. Animals were pre-acclimated to the Rota-Rod on the
day prior to sham or TBI surgery. Twenty-four hours after surgery, animals were tested in
five consecutive trials, for a maximum of 300 seconds each. The initial velocity of the rod
was 4 RPM, and was accelerated every 10 seconds by 4 RPM until reaching 40 RPM. The
amount of time spent on the rod before falling was recorded for each animal.
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Acoustic Startle Response

Acoustic startle response (ASR) measurements were obtained using a stabilimeter chamber
as previously described in mice?8 and rats2”. Briefly, the chamber was suspended between
compression springs in a sound-attenuating cubicle, such that any movement in the chamber
caused displacement of an accelerometer fixed to the bottom of the cage. Startle amplitude
was defined as the maximal peak-to-trough voltage measured by the accelerometer during
the first 200 ms after the stimulus onset. The startle response was evoked using computer
generated 50 ms white-noise bursts (5 ms rise-decay). Data collection and the control and
sequencing of all stimuli were controlled by Med-Associates startle reflex hardware and
software (Georgia, VT).

A baseline startle test was administered 2 days prior to surgery in which mice were placed in
the startle chambers and allowed a 5 min acclimation period. During this acclimation period
mice were exposed to a continuous 60 dB background noise. Following the acclimation
period the animal was then exposed to 30 noise bursts (as described above) which varied in
acoustic intensity (95 dB, 100 dB, or 105 dB) with a 30 s inter-trial interval. Mice were
tested for changes in baseline startle amplitude following sham and TBI surgery. Pre-sham
startle baselines at 105 dB were used to divide the entire cohort into sham and TBI sub-
groups. Animals were ordered by their average startle amplitude from largest to lowest
amplitude. Grouping was then determined by alternating assignment in descending order
and placing every-other animal into a group. The two groups were randomly designated to
receive either a TBI or sham surgery. On days 3, 11, and 15 post-surgery, mice were returned
to the startle chambers and tested as described above. The percent change in startle was
calculated by normalizing every animal’s startle response after treatment (sham or TBI) with
its pre-treatment startle response.

Statistical Analysis

Data are presented as mean + standard error of the mean (SEM). Differences between
experimental groups in experiments were determined by a two-tailed non-parametric t-test
(Mann-Whitney), a two-tailed paired t-test (Wilcoxon Rank Sum), ordinary one- or two-way
analysis of variance (ANOVA) with a Bonferroni correction for multiple comparisons, or a
Kruskal-Wallis test (one-way ANOVA on ranks) as needed. For correlation between the
neurological assessment and Rota-Rod time, the Spearman correlation coefficient was
calculated using non-parametric correlation analysis. Inter-rater reliability was determined
by comparing the two independent evaluators’ exam scores in a separate “agreement”
column and marking +1 when the two ratings for the same category matched and 0 when the
evaluators differed in scoring. The agreement column was summed together to get a total
agreement score, which was divided by 12, the total number of scoring categories. This
fraction, the inter-rater reliability or agreement, was expressed as a percent. Any percent
over 81% was considered to be of almost perfect or very good reliability8. All plots were
generated in GraphPad Prism 6.0 (GraphPad Software, Lo Jolla, CA). In all analyses,
P<0.05 was considered to indicate statistical significance.
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RESULTS

Survival and Injury Titration

We sought to determine a level of FPI that resulted in a moderate TBI with demonstrable
neurological deficits, but was survivable in the majority of mice at 48 hours post-surgery. All
the animals subject to FPI at 20 or 30 PSI survived for more than 48 hours (Figure 1). For
mice receiving an FPI of 40 PSI survival was 33 % and no mice recovered from surgery at
50 PSI. Thirty-five (35) PSI yielded 100 % survival. Thirty-seven (37) PSI was determined
to be the ideal level of injury producing between 100 % and 33 % survival.

Neurological and Behavioral Examinations

We developed a standardized neurological exam to quantify the extent of neurological
deficits after TBI. In the pilot period, we established 12 neurological findings, grouped as
“sensory/motor deficits” or “behavioral findings”, more likely to be present in animals after
TBI than in animals with a sham operation (scalp incision) alone (Table 1). The standardized
examination was developed based on testing for these 12 findings and each finding received
a score of +1 (present) or 0 (absent). The neurological score evaluation was completed by
two independent examiners and inter-rater reliability (IRR) was determined to be at 87 %
agreement. Increasing neuroscores correlated with increasing injury severity. The average
total neurological scores 1 day after surgery for the three groups were: 0.7 £ 0.2 (sham,
n=12), 1.4 + 0.5 (moderate TBI, 20 PSI, n=13), and 3.3 + 0.5 (severe TBI, 37 PSI, n=12),
and the difference between the groups was statistically significant (P<0.05; Kruskal-Wallis
test) (Figure 2A). These findings confirm that the neurological score is a rapid and reliable
means for determination of the extent of the TBI. When we looked at specific features of the
neuroscore, TBI mice at 37 PSI displayed significantly more abnormal findings in both the
behavioral (1.9 £ 0.4) and sensory/motor (1.4 £+ 0.3) subsets of the neurological assessment
1 day following surgery when compared to sham mice (0.7 £ 0.2; 0 £ 0, respectively)
(Figure 2B, n=12 for both groups, P<0.05). TBI mice in the 20 PSI group (n=13) again
produced higher neuroscores than the sham mice and lower scores than the 37 PSI TBI mice
in both behavioral and sensory/motor tests (0.9 + 0.1; 0.5 £ 0.1, respectively), and
differences within the sub groups again were significantly different (P<0.05; Kruskal-Wallis
test). The 37 PSI TBI group had a total score of 23 for behavioral and 17 for sensory/motor
deficits compared to 12 behavioral and 6 sensory/motor deficits in the 20 PSI TBI group and
8 behavioral and 0 neurological deficits in the sham group. Both TBI and sham mice
appeared to have a posture indicating pain, although TBI animals displayed this finding
more than twice as often as sham animals. The most common sensory/motor deficit among
TBI mice grasp. All of the remaining abnormal behavioral findings, aside from aggressive
behavior, were more common in TBI than in sham mice. Gait and postural reflex were also
common findings in TBI mice while the remaining abnormalities were not as common.
These less frequent abnormalities were seen only in mice with more severe injuries
(reflected by higher total neurological scores) and likely indicate a greater neurological
insult. Based on the neuroscores and survival of the three treatment groups, a moderate level
of TBI (37 PSI) was chosen for all subsequent experimental series.
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Bodyweights

The body weights of the sham and TBI treatment groups were not significantly different
before surgery on “Day 0” (29 + 0.5 g sham and 29 + 0.7 g TBI, n=12 for both groups)
(Figure 3). All subsequent bodyweight measurements were compared to the corresponding
animal’s Day 0 baseline. One day after surgery TBI mice had lost significantly more weight
from the previous day than the sham operated group (25.1 £+ 0.5 gand 28.2+0.4 g
respectively, n=12 for both groups, P<0.05). Two days after surgery TBI mice were still
significantly underweight when compared to the sham operated group (25 + 0.8 g and 28.4
+ 0.4 g respectively, n=12 and n=11, P<0.05). Fifteen days after surgery, a recovery in body
weight was observed in the TBI group to near baseline levels and was not significantly
different when compared to the sham operated group (27.7 £ 0.8 g TBI and 29 + 0.3 g sham
respectively, n=12 and n=10, n.s.). Two animals from the TBI group died during the course
of this study.

Magnetic Resonance Imaging

MRI of sham and TBI mice under isoflurane anesthesia shows the extent of cortical damage
after FPI (Figure 4). T2 FLAIR images show intra-parenchymal hemorrhage extending from
the site of the craniotomy (Figure 4A). In addition there is increased signal intensity on
GRaSE sequences (Figure 4B and C) in the same hemisphere, consistent with cerebral
edema without midline shift.

Acoustic Startle Responses

On day 3 post-surgery, at 95 dB the sham group had an 11 + 24 % (n=11) increase in ASR
from baseline compared to a 65 + 7 % (n=21) decrease in ASR from baseline in the TBI
group. At 100 dB both groups decreased from baseline 29 + 16 % (n=10) in shams
compared to 61 £ 8 % (n=21) in TBIs, and at 105 dB the sham group increased 1 + 34 %
(n=11) compared to a 65 + 7 % (n=21) decrease in the TBIs. On day 11 post-surgery, at 95
dB the sham group had a 22 + 20 % (n=11) decrease in ASR from baseline compared to a 63
+ 6 % (n=21) decrease in ASR from baseline in the TBI group. At 100 dB both groups
decreased as well from baseline 32 + 14 % (n=10) in shams compared to 60 £ 7 % (n=21) in
TBIs, and at 105 dB the sham group decreased 54 + 8 % (n=10) compared to a 67 + 6 %
(n=21) decrease in the TBIs. On day 15 post-surgery, at 95 dB the sham group had a 41

+ 16 % (n=10) decrease in ASR from baseline compared to a 56 + 8 % (n=21) decrease in
the TBI group. At 100 dB both groups decreased 51 + 15 % (n=10) in the shams compared
to 59 + 9 % (n=21) in the TBIs, and at 105 dB both groups decreased 45 + 16 % (n=11) in
the shams and 59 £ 10 % (n=21) in the TBIs.

Overall, TBI mice displayed a significantly diminished acoustic startle response at all
acoustic intensities (95, 100, and 105 dB) compared to sham animals 3 and 11 days post-
surgery (Figure 5A and 5B, P<0.05). However, on day 15 there was no significant difference
in ASR between sham and TBI groups at any of the three acoustic intensities (Figure 5C)
(Ordinary two-way ANOVA, P<0.05).
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Sensorimotor Coordination

As a result of neuronal damage confirmed by MRI, sensorimotor coordination was tested
using the Rota-Rod and was found to be impaired in TBI mice 1 day after surgery. TBI mice
exhibited a significantly impaired performance on this task (206 + 41 s; n=9) when
compared to sham mice (290 + 5 s; n=13; Mann-Whitney P<0.05) (Figure 6C). Sham mice
consistently ran the entire duration of each trial (300 s) with no significant difference being
found between trials before and after sham surgery (Figure 6A; n=13; Wilcoxon Rank Sum,
n.s.). Rota-Rod performance was significantly decreased between trials in TBI mice
following injury (Figure 6B; n=9; Wilcoxon Rank Sum, P<0.05). Performance on this task
by TBI mice was also correlated with poor neurological score outcomes; mice with higher
neurological scores generally performed worse on the Rota-Rod task (Figure 7; n=9 mice;
P<0.05; R = —0.809 Spearman correlation coefficient).

DISCUSSION

We have demonstrated that the fluid percussion method of injury with a PSI of 37 produces
a survivable model of TBI in mice, which reproduced the effects of mild-to-moderate TBI
on behavior and sensorimotor functions. The neurological score was successful in detecting
these outcomes after surgery and helped provide a method for determining the severity and
specific outcomes of the injury. MRI imaging confirmed neurologic insult, brain swelling,
and edema in TBI mice providing a basis for reduced sensorimotor reactivity following
injury.

Establishing the level of TBI induced by fluid percussion injury which is survivable in mice
is an important contribution to the literature. Since survival was 33 % and lower at PSI levels
higher than 37, we focused on this level of severity. Survivability of 33 % or lower was not
acceptable due to concerns for animal welfare, experimental throughput, and costs. In
addition, at PSI levels over 37, the mice that did survive had seizures, apnea, and were
comatose making neurological assessments nearly impossible as there was nothing to
measure. Thirty-seven (37) PSI was the ideal injury severity which yielded mice with
measurable neurological deficits at an appropriate survival rate. We compared TBI at 37 PSI
to sham operated mice in all our experiments except for the neurological examination, which
we validated using an intermediate severity of 20 PSI. Using this intermediate injury severity
also reaffirmed the correlation between injury severity and observable neurological deficits
as demonstrated using our neurological scoring system. Our standardized neurological
examination scoring system is rapid and easy to perform, and we demonstrated that it has an
excellent inter-rater reliability and can discriminate between TBI and sham surgery. Other
scoring systems have been previously published, such as a 100-point scoring system to
determine neurological outcomes following subarachnoid hemorrhage in rats20. This scoring
system requires more time and specialized equipment, and it has not been validated for the
mouse. Another neurological scoring system is the Neurobehavioral Severity Score for
Rodents (NSS-R) which does not report an IRR in a mouse model of TBI12 21, We have
improved upon these previous exams by focusing on highly relevant neurobehavioral
outcomes present in mouse TBI, and furthermore we determined the IRR for our scoring
system. Our rapid, 12-point scoring system can be conducted “at the bedside” in an efficient
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manner, and it does not require prior training or baseline testing of the mice. We show that
this standardized examination detects neurobehavioral deficits caused by TBI, has a high
IRR between examiners (87 % agreement) and correlates with the extent of sensorimotor
impairment. This is useful as it allows the investigator a quick and consistent method to
quantify injury severity before continuing on with the planned experimental series or
treatment. Because there is inherent heterogeneity in every disease model, including TBI,
having a rapid means to evaluate each animal post-injury can provide investigators with a
tool to generate a consistent cohort for further testing. Behavioral deficits were occasionally
observed in sham mice after surgery, but there were no motor or sensory deficits present.
The behavioral findings in the sham animals were likely manifestations of stress from the
scalp incision procedure or side effects of the analgesia. Implementation of this standardized
examination will allow investigators to quantify injury in individual experimental animals
after surgery, to compare the degree of injury across experimental groups and laboratories,
and better assess the outcomes of experimental interventions.

Recent studies have shown that sensorimotor coordination measured as the ASR is altered in
a rodent models of TBI but only one has utilized a mouse model 8 11. 12, To take advantage
of the powerful tools provided by genetic engineering, many investigators in the field of
neurotrauma have shifted from rat to mouse models. These researchers are challenged by the
limited published data available showing clinically relevant, neurological outcomes in
murine survival models of TBI, which we have successfully demonstrated in this study. We
show that TBI caused observable neurobehavioral deficits, decreased latency to fall on a
rotating rod, and an impaired acoustic startle response after injury. The outcomes observed
in the murine model are clinically relevant to human patients, as several studies have
reported poor sensorimotor function and diminished ASR in human concussion and TBI
patients® 10, This is an important finding, as establishing an animal model which mirrors a
human disease is the first step in translational research.

Our results suggest that the acoustic startle paradigm is an effective tool for detecting
decreased sensorimotor reactivity following traumatic brain injury, as proposed by Wiley et
al®. One advantage of using the startle paradigm is that the neural circuits underlying this
behavior have been clearly delineated. Following the presentation of the startle stimulus,
sound energy is transduced and relayed to the dorsal cochlear nucleus, the cochlear root
nucleus, the ventral cochlear nucleus and the lateral superior olive. The projections of each
structure converge on the caudal pontine reticular nucleus (PnC) and then to spinal motor
neurons generating a reflexive response29: 30, Wiley et al found decreased sensorimotor
reactivity after experimental TBI in rats and postulated a traumatic disruption in this
pathway8. TBI is known to produce inflammation and subsequent glutamate excitotoxicity
in the brain31-35 and Krase et al reported a role for both subtypes of ionotropic glutamate
receptors in the PnC in the acoustic startle response in rats36. We hypothesize that the
diminished ASR after TBI is due to a glutamate induced excitotoxicity in the PnC of the
mouse.

Startle responses to the incremental increases in acoustic stimulus intensity in the TBI group
were severely attenuated at 3, 11, and 15 days post-surgery, indicating chronic sensorimotor
impairment following an injury. Although significantly elevated when compared to the TBI
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group on day 3 and 11, the sham-operated mice did show decreased ASR on day 11 and 15
when compared to the initial responses on day 3. On day 15 post-surgery there was no
significant difference in the startle responses between sham and TBI groups; however, the
TBI group remained severely diminished compared to the pre-injury baseline responses. The
attenuation of the startle response in the sham group on day 15 post-surgery, and the overall
decrease over the course of the study, could be attributed to long-term habituation to the
startle stimulus3”- 38 On day 15, TBI mice no longer showed a difference in bodyweight
when compared to sham mice. It is recognized that the weight loss in the TBI group on days
1 and 2 post surgery was likely a combination of dehydration and/or loss of appetite. On day
15, TBI mice had regained bodyweight and showed no significant difference when
compared to the shams; however, signs of sensorimotor impairment were still evident using
the ASR paradigm. The TBI groups diminished startle amplitudes cannot be attributed to
weight loss of the mice, since bodyweights had restored to baseline levels on day 15.

A limitation to our study is that although our neurological assessment has been validated at
varying degrees of FPI, the system has not been compared to other models of TBI such as
CCl, blast, or acceleration/deceleration. In this regard our exam is not generalizable to TBI
as a whole as it would have to be validated across these other methods of injury. However,
for FPI we maintain that it is an appropriate tool to quantify the extent of a fluid percussion
injury.

In conclusion, these results will fill a knowledge gap in understanding the natural history of
neurological dysfunction in mouse models of TBI, providing critical information for any
investigators seeking to perform mechanistic or therapeutic research in this important area of
surgical research.
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Figure 1. Fluid percussion injury (FPI) titration survival curve 48 hours after injury
The legend shows the peak instantaneous intracranial pressure induced by the fluid wave (20

to 50 PSI). Survival in the 20, 30, and 35 PSI groups was 100%. In the 40 PSI group,
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survival was 33%, and 0% of the mice in the 50 PSI group survived (n=3 for all groups).
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Figure 2. Summary data for neurological assessments of sham and TBI groups 1 day post-
surgery
(A) The average total neurological assessment scores of behavioral findings and sensory/

motor deficits one day after surgery increased along with increasing injury severity (sham,
moderate TBI (20PSI) or severe TBI (37 PSI); group differences were significant (P<0.05,
Kruskal-Wallis test). (B) The specific components (behavioral and sensory/motor) of the
neurological outcome assessments were also significantly different between groups (P<0.05,
Kruskal-Wallis test).
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Figure 3. Summary data for average body weights of sham and TBI mice at 0; 1; 2; and 15 days
after surgery
Average body weights at day 0 for sham (28.6 + 0.5 g) and TBI (28.6 £ 0.7 g) (n=12 for

both groups) are not significantly different. Average body weights at day 1 for sham (28.2
+0.4 g) and TBI (25.1 £ 0.5 g) (n=12 for both groups) are significantly different (P<0.05).
Average body weights at day 2 for sham (28.4 + 0.4 g) and TBI (25 £ 0.8 g) (h=12 sham and
n=11 TBI) are significantly different (P<0.05). Average body weights at day 15 for sham (29
+0.3g) and TBI (27.7 £ 0.8 g) (n=12 sham n=10 TBI) are not significantly different. Day 0
corresponds to 8 hours after surgery. The data are expressed as mean + SEM in grams and
ordinary two-way ANOVA with Bonferroni correction for multiple comparisons was used to
compare groups. Bodyweights on days 1, 2, and 15 were compared to the corresponding
animal’s baseline weight on day 0.
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Figure 4. Magnetic Resonance Imaging (MRI) with Achieva 3.0T Tx magnet after TBI or sham
surgery

Imaging obtained from anesthetized mice 36-48 h after surgery. Representative sequences
are shown with (white circles) indicating structural injury and cerebral edema (T2-weighted

gradient and spin echo [GRaSE]).
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Figure 5. Acoustic startle response (ASR) in sham and TBI mice at 3, 11, and 15 days after
surger

Shffm )(/n:10—11) and TBI (n=21) mice were tested at 3, 11, and 15 days post-injury using
three acoustic intensities per day (95, 100, and 105 dB) (Figure 5A-C). All intensities were
significantly different between treatment groups on days 3 and 11 post-surgery (P<0.05).
The ASR at all intensities for sham mice was not significantly different from TBI mice on
day 15 post-surgery. The amplitude of the ASR was measured in arbitrary units (AU) and
ordinary two-way ANOVA was used to compare groups.
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Figure 6. Sensorimotor coordination is impaired following TBI one day after injury
Each point represents the average of five trials per mouse. (A) No significant difference in

latency to fall was observed in mice before and after sham surgery (n=13). (B) TBI mice
exhibited significantly lower latency to fall times on the Rota-Rod after injury (n=9,
P<0.05). (C) Rota-Rod times were 290 + 5 s in the sham injury group (n=13) and 206 £ 41 s
in the TBI group (n=9) which were significantly decreased. Numbers are expressed as mean
+ SEM and the Mann-Whitney test was used to compare groups (P<0.05).
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Figure 7. A higher neurological assessment score is correlated with impaired sensorimotor
function

Correlation plot between total neuro score for TBI mice (n=9) and time on the Rota-Rod 1
day after injury. A higher neurological assessment score corresponded to a lower latency to
fall on the Rota-Rod. The Spearman correlation coefficient was R = —0.809, P<0.05.
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Neurobehavioral assessment of sham and TBI mice one day after surgery
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Neurological assessment scores between groups were broken into two sections which quantified motor and
sensory deficits and behavioral findings. The inter-rater reliability (IRR) was calculated (agreement 87%)

between examiners. The table describes the specific motor/sensory deficits and behavioral findings under

normal and abnormal conditions. The total scores for the sham and TBI groups are shown in the right columns
(n=12 for sham and TBI groups).

Sensory/Motor Deficits | Normal Abnormal TBI | Sham
Grasps 0) Strong / Strength unchanged | 1) Weak and decreased strength 6 0

Gait 0) Balanced / Coordinated 1) Unbalanced / Uncoordinated 4 0

Postural Reflex 0) Present and attempted 1) Absent / Not observed 3 0
Abnormal Position 0) Absent / Not observed 1) Paretic head tilt / contorted body 2 0

Edge Perception 0) Present in both eyes 1) present unilaterally or Absent bilaterally 1 0

Vision 0) Reacts / Blinks / Turns away | 1) Unable to detect stimuli / Absent 1 0
Circular Motion 0) Absent / Not observed 1) Consistently moves counterclockwise or clockwise 0 0

Totals by group 17 0
Behavioral Findings Normal Abnormal TBI | Sham
Posure Pan) | 0)Nopain s D surchd osure ploerectu sniedeys 1o | g |
Apathy 0) Normal response and exploration | 1) No Movement or response 6 0
Anxiety-like Behavior | 0) Freely moving about cage 1) Avoidant and crouched in the corner 6 1
Aggressive Behavior 0) Passive interaction with handler 1) Attempt to bite handler 1 3
Grooming 0) Grooming present 1) Crust at eyes, oily, unkempt fur 1 0
Totals by group 23 8
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