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Initial Biphasic Fractional Anisotropy Response to Blast-Induced
Mild Traumatic Brain Injury in a Mouse Model
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ABSTRACT Introduction: Blast-induced mild traumatic brain injury was generated in a mouse model using a shock
tube to investigate recovery and axonal injury from single blast. Methods: A supersonic helium wave hit the head of
anesthetized male young adult mice with a reflected pressure of 69 psi for 0.2 ms on Day 1. Subsequently, the mice were
cardioperfused on Days 2, 5, or 12. The isolated brains were subjected to diffusion tensor imaging. Reduced fractional
anisotropy (FA) indicated axonal injury. Results: After single blast, FA showed a biphasic response in the corpus callosum
with decrease on Days 2 and 12 and increase on Day 5. Conclusions: Blast-induced mild traumatic brain injury in a mouse
model follows a biphasic FA response within 12 days after a single blast similar to that reported for human subjects.

INTRODUCTION

Mild traumatic brain injury (TBI) is an important global
public health problem. In the United States, approximately
1.5 to 2 million TBIs and 52,000 associated deaths occur
each year.! Approximately 85% of hospital-reported patients
suffering from TBI have mild TBI in the civil and military
sectors.>? Mild TBI is usually referred to as closed-head
injury whose clinical severity is correlated with the duration
of unconsciousness.* This injury also has been recognized as
“signature injury” of the recent wars in Afghanistan (Oper-
ation Enduring Freedom) and Iraq (Operation Iraqi Free-
dom).>*¢ Detonation of improvised explosive devices generate
very hot, dense, and high pressure gas waves that differ-
entially damage the brain and many organs of humans and
animals. In addition to explosions, falls,” and motor vehicle
crashes,’ impact sport events such as boxing, football, and
soccer are receiving increased attention as possible causes for
mild TBIL.%!° Initially, the main research effort was focused
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on axonal injury and chronic traumatic encephalopathy.'!
Axonal injury was monitored with diffusion tensor imaging
(DTI) providing information on fractional anisotropy (FA) and
diffusivity by observing axon-related water mobility.'? In the
meantime, the research target field has widened to include
cellular changes inside and outside the brain, especially in
response to lower pressure-associated events and processes.
Integration and interaction of these different processes are still
poorly understood.

In the present study, we use a mouse model exposed under
anesthesia to a single blast of a high pressure helium wave
delivered through a shock tube. The mouse head is hit with a
reflected pressure of 69 pounds per square inch (psi). Result-
ing changes in FA are investigated by ex vivo DTI on Days 2,
5, and 12 after blast.

METHODS

Animal Preparation and Blast-Induced Mild TBI
Through a Shock Tube

All experiments were approved by the Sanford Burnham
Prebys Medical Discovery Institute, Institutional Animal Care
and Use Committee. No Institutional Review Board approval
was required, because all experiments were conducted with
wild-type mice. Male C57BL/6 N mice (7-8 weeks old),
single-housed before and after the blast with free access to
food and water, were anesthetized with 4% isoflurane. Anes-
thesia induction in a transparent induction box lasted 3.0 to
3.5 minutes. Subsequent dressing with nylon ballistic coats to
protect their lungs was performed within 5 minutes under 2%
isoflurane applied by a flexible tube close to their noses. At
the same time, their ears were protected with plastic plugs.
The mice were fixed to a vertical board with Velcro tape. The
head was 1 inch away from the shock tube exit and exposed
for 0.2 ms to a supersonic helium wave in a 6 feet long and 2
inches wide aluminum tube (Fig. 1). The total time the mice
were exposed to isoflurane anesthesia was approximately
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FIGURE 1. Aluminum shock tube. The tube is 6 feet long, 2 inches wide,
contains a helium chamber, 4.5 inches long, serving as compression section,
separated by a 5 milli-inches thick mylar diaphragm from a 65 inches long
expansion section. The tube is connected with a mouse chamber in which the
anesthetized mouse is attached to a vertical board. The lungs are protected by
a ballistic nylon coat, the ears by foam plugs. The top of the head is 1 inch
away from the tube exit facing the pressure wave. There is a 45° play for head
rotation. A supersonic helium wave (622 m/s) travels through the shock tube
and hits the mouse head for 0.2 ms.

9 minutes. The reflected pressure was 69 psi measured in
separate control experiments. A reflected pressure of 69 psi
was chosen to assure that the single blast resulted in repro-
ducible axonal injury. During the blast experiments, incident
pressures were monitored. The resulting pressure wave was a
Friedlander wave with 622 m/s speed at the end of the tube.
The incident pressures measured on the inner wall of the shock
tube are significantly lower than the reflected pressure. The
6 feet long and 2 inches wide aluminum shock tube (Fig. 1)
was designed and physically characterized (Fig.2) by Dr.
Rigby. Recovery from blast and anesthesia was determined by
the regained ability of the mice to walk with controlled balance
using all four legs on the edges of their cages. No mortality
was observed. Controls were pseudo-blasted, treated similarly
like blasted mice, but without exposure to the pressure wave.

Experimental Groups

For the blast experiments, 11 mice were blasted and 6 mice
were pseudo-blasted. Details are described in the section ex
vivo DTL.

Cardiac Perfusion

Mice were anesthetized with 4% isoflurane and fixed on a
slanted board. A 25-gauge needle was inserted in the left
ventricle. The right atrium was opened by incision to drain
blood. Heparinized saline was flowing through the needle into
the left ventricle. Perfusion was continued for 10 to 15 mL.
Subsequently, saline was replaced by 4% paraformaldehyde
for 10 to 15 mL. The skull was opened, the brain removed and
stored in 4% paraformaldehyde.'?
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FIGURE 2. Pressure curve. During the experiment, the incident pressure is
monitored with two sensors, one close at the entrance of the pressure wave into
the shock tube, the other one close to the exit. The presented figure shows the
reflected pressure, which is larger than the incident pressures and cannot be
measured during the mouse experiment, but has to be determined in a separate
experiment in the absence of the mouse. In the experiments presented here,
the reflected pressure was 69 psi (shown), whereas the incident pressures (not
shown) were approximately 34 and 27 psi.

Ex vivo DTI

Brains were rehydrated in 0.2 M sodium phosphate buffer
(pH 7.3) for 48 hours and transferred to holders filled with
perfluoroether (Fomblin). DTI was performed on a Bruker
Avance 14.1 T microimager at ambient temperature. Multi-
slice axial images comprising the genu, body, and splenium
of the corpus callosum (CC) (Fig. 3) were acquired using a
spin-echo DTI pulse sequence with the following parameters:
repetition time (TR)/echo time (TE) 3,000 ms/16.5 ms, 30 dif-
fusion gradient directions, one b value equal to 1,000 s/mm?,
number of slices 10, slice thickness 0.5 mm, and in-plane
resolution 59 pm x 59 um. Diffusion parameter images were
calculated using Paravision 5.0 software (Bruker Biospin,
Billerica, Massachusetts, USA) from which FA was measured
in the CC. Regions of interest comprising medial and lateral
CCin the genu, body, and splenium were drawn manually, and
FA was measured in each region of interest. If a CC region
was present in more than one slice, the average of two slices
was calculated. Brains from Day 2 (n = 3), Day 5 (n = 5),
and Day 12 (n = 3) representing acute and subacute periods
of injury were analyzed. They were compared to brains from
mice, which were anesthetized, but not exposed to the blast
(controls, n = 6).

Statistical Analysis

The DTI-measured FA values were compared between
pseudo-blast- and blast-injured brains by Student t-test, and
significant differences (P < 0.05) were recorded.
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FIGURE 3. T2-weighted axial magnetic resonance (MR) images of a mouse brain. Images acquired on a 14.1T microimager show slices containing the genu
(A; bregma 0.98 mm), body (B; bregma —0.34 mm), and splenium (C; bregma —1.82 mm) of CC. Imaging parameters: TR/TE 2,000 ms/40 ms, 1 average,
slice thickness 0.5 mm, field of view (FOV) 1.5 cm x 1.5 cm, matrix size 256 x 256. Ex vivo DTI was acquired from these slice locations with the same slice

thickness and in-plane resolution (59 um x 59 um).

RESULTS

Recovery from blast and anesthesia was significantly longer
for the anesthetized and blasted mice (6.10 & 1.79 min; n = 8)
than for the anesthetized and pseudo-blasted controls (2.05 £
0.51 min; n = 6). The one-way analysis of variance group
effect was significant (P = 0.0001). The FA values from three
regions of CC (genu, body, splenium) for Days 2, 5, and 12
after the blast and their pseudo-blasted controls are summa-
rized in Table I. Since there was no significant difference in
FA between left and right CC in all mice, measurements from
the two hemispheres were averaged. After blast, FA values
were significantly reduced on Day 2 in the medial and lateral
body of the CC. On Day 5, FA was significantly higher in
the medial part of the body of the CC and the medial and
lateral genu, and on Day 12, FA was significantly lower in the
medial splenium of blasted mice (Table I). To investigate in
greater detail the nature of pathology on Day 5, we determined
axial diffusivity (AD) and radial diffusivity (RD) in the medial
CC for the three CC regions. Left medial CC genu of brains
from blasted versus pseudo-blasted mice showed significantly
elevated AD (4.32 + 0.47 x 10~* versus 3.69 + 0.45 x
10~* mm?/s, P = 0.047). The corresponding values in the right
medial CC genu were 4.31 & 0.040 x 10~ versus 3.73 - 0.42
x 10~* mm?/s (P = 0.045). The slight increase of AD in the
CC body was not significant, and AD was unchanged in the
CC splenium. RD was not significantly changed in these CC
regions. Increases in AD are consistent with edema resulting
from axonal injury.'* Another pathology affecting FA values
on Day 5 could be demyelination.!> It would be expected to
result in increased RD. The observation of unchanged RD in
any of the CC regions on Day 5 suggests that demyelination
was not an acute consequence of our model of blast injury.
Axonal injuries were spatially wide spread as observed on
Days 2, 5, and 12 (Table I).
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DISCUSSION

Several diffusion imaging studies of chronic TBI in humans
have found FA changes in the CC.'%!7 Our DTI results from
a mouse model of blast-induced mild TBI demonstrate that
acute and subacute changes of white matter structures result-
ing from axonal injury can be detected with DTI. Thus, DTI
may have potential in detecting pathology in patients who
suffer from blast injuries within days following the injury.
We found that the extent of diffusion changes in the CC
measured with DTI very likely depends on injury severity.
Blasting young adult mice with a supersonic helium wave at a
reflected pressure of 69 psi one time resulted in axonal injury
in the body of the CC on Day 2. In preliminary experiments,
we found that a lower reflected pressure (35 psi) did not
induce axonal injury as determined by FA values (Joachim
Spiess, unpublished observation). Thus, it appears that axonal
diffusion changes are dependent on injury severity which in
turn is dependent on blast pressure.

Previous studies of blast injury in animal models have
looked predominantly at pathohistology in the cortex and the
hippocampus, and therefore, little details were provided about
changes in the CC.'""!32! In this study, we have specifically
examined changes in diffusion metrics in the CC, which is a
major white matter structure in the brain. Our results indicate
that these structures in the mouse brain are vulnerable to blast-
induced mild TBI. Similar vulnerability was found in the
human brain. Our data show bilateral alterations in FA and
diffusivity, which vary with time after injury.

Animal studies of TBI employing intrusive injury meth-
ods such as cortical-controlled impact injury or fluid percus-
sion injury models have reported reduced FA in the injured
CC.?>%% In our blast injury model, not all regions of the
CC show the same pattern of FA changes during the acute
and subacute phases of blast-induced injury, which suggests
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TABLE I. Ex vivo DTI After Single Blast at 69 PSI on Day 1 and Cardio-Perfusion on Days 2, 5, and 12

CC Genu CC Body CC Splenium
Medial Lateral Medial Lateral Medial Lateral
Controls 0.56 £0.02 0.49+£0.01 0.45+0.02 0.43+£0.02 0.55+0.01 0.47 +0.04
Day 2 0.55+£0.04 0.50£0.04 0.41 £0.02 0.39+0.04 0.55+0.10 0.49 + 0.04
Day 5 0.60 £ 0.02 0.56 £ 0.04 0.50 +0.04 0.45+0.03 0.55+£0.08 0.49 +0.05
Day12 0.58 £0.03 0.49£0.05 0.45+0.07 0.41+0.04 0.48 £0.05 0.44 +0.02

Statistically significant reductions (P < 0.05) of FA are indicated by italic bold. Statistically significant increases of FA are indicated by bold non-italic.
Controls were anesthetized and pseudo-blasted. FA values from the two hemispheres were averaged. Number of animals used for ex vivo DTI: n = 3 for Day

2; n =15 for Day 5; n = 3 for Day 12; and n = 6 for controls.

differential vulnerability to injury among white matter struc-
tures. The earliest FA change occurs in the CC body as
significant reduction on Day 2. At this time point, FA is
not changed in the genu or splenium of the CC. A decrease
of FA is generally considered to signify axonal injury. On
Day 5, FA increases were found in the CC body as well as
in the CC genu. These increases most likely result from an
increase in AD without change in RD. In the subacute stage
on Day 12, FA is only reduced in CC splenium, the other
two CC regions return to control values. Thus, FA follows
a biphasic response to blast-induced mild TBI in the mouse
model. Similar dynamic changes were observed in humans in
the first week after uncomplicated mild TBI.?’ Using electron
microscopy, a previous study of closed skull impact in mice
detected extensive myelin damage followed by repair from 3
days to 6 weeks post-injury.'””> Our DTI results, however, do
not indicate any change in the myelination of CC axons in the
acute phase of blast injury.

CONCLUSION

Mild TBI induced by a helium pressure wave at a reflected
pressure of 69 psi directed at the head of an anesthetized young
adult male mouse resulted in a biphasic reduced FA response
with decreases on Days 2 and 12 and an increase on Day 5. A
similar FA dynamics was observed in human subjects.
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