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Traumatic brain injury (TBI) as a consequence of expo-
sure to blast is increasingly prevalent in military popula-
tions, with the underlying pathophysiological mecha-
nisms mostly unknown. In the present study, we utilized
an air-driven shock tube to investigate the effects of
blast exposure (120 kPa) on rat brains. Immediately fol-
lowing exposure to blast, neurological function was
reduced. BBB permeability was measured using IgG
antibody and evaluating its immunoreactivity in the
brain. At 3 and 24 hr postexposure, there was a tran-
sient significant increase in 1gG staining in the cortex.
At 3 days postexposure, IgG immunoreactivity returned
to control levels. Quantitative immunostaining was
employed to determine the temporal course of brain
oxidative stress following exposure to blast. Levels of
4-hydroxynonenal (4-HNE) and 3-nitrotyrosine (3-NT)
were significantly increased at 3 hr postexposure and
returned to control levels at 24 hr postexposure. The
response of microglia to blast exposure was deter-
mined by autoradiographic localization of *H-PK11195
binding. At 5 days postexposure, increased binding
was observed in the contralateral and ipsilateral den-
tate gyrus. These regions also displayed increased
binding at 10 days postexposure; in addition to these
regions there was increased binding in the contralateral
ventral hippocampus and substantia nigra at this time
point. By using antibodies against CD11b/c, microglia
morphology characteristic of activated microglia was
observed in the hippocampus and substantia nigra of
animals exposed to blast. These results indicate that
BBB breakdown, oxidative stress, and microglia activa-
tion likely play a role in the neuropathology associated
m:th TBI as a result of blast exposure. © 2010 witey-Liss,
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Accumulating clinical evidence as well as experi-
ence in contemporary military operations suggests that
substantial short-term and long-term neurologic deficits
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can be caused by blast exposure without a direct blow
to the head (Trudeau et al., 1998; Cemnak et al., 1999;
DePalma er al., 2005; Ling et al., 2009; Elder and Cris-
tian, 2009). With an estimated 15% of troops scrving in
Iraq sustaining some level of neurological impairment
resulting from blast exposure, TBI has become the signa-
ture injury of this war (Hoge et al., 2008). Hoge and
colleagues reported a high correlation between service
members who reported symptoms consistent with mild
TBI and those who received exposure to blast. Although
sharing common clinical features with both, brain injury
caused by blast (bTBI) is clinically distinct from closed-
head and/or penetrating TBI (Ling et al., 2009).
Although the exact biophysics underlying bTBI are not
completely understood, interaction with a fast-moving,
transient pressure wave is generally accepted as the pn-
mary cause of brain injury that results from blast expo-
sure (Elsayed, 1997; DePalma ct al., 2005; Taber et al.,
2006). Expenmental studies in rodents have demon-
strated a correlation between memory dysfunction and
distribution of neuropathological damage in the brain
after exposure to blast overpressure (BOP; Cernak et al.,
2001a,b).

Previous studies have also demonstrated that rats
exposed to low- and moderate-intensity BOP (83 kPa
or 112 kPa) had lowered food intake and exercise per-
formance (Bauman et al, 1997), with similar findings

The opinions expressed herein are those of the authors and do not reflece
the official policy of the Department of Navy, Department of Defense,
or the U.S. Government.

Contract  grant  sponsor:  Office of Naval Rescarch Work  Unic
601153N.04508.5180.A0805; Contract grant sponsor: National [nsticuces
of Health; Contract grant number: 5T32 DA022738.

*Corrcspondence to: Patrick Sullivan, PhD, 741 South Limestone,
BBSRB 475, Lexington, KY 40536. E-mail: patsuli@ecmail.uky.cdu
Received 23 March 2010; Revised 22 July 2010; Accepted 6 August
2010

Published online 29 September 2010 in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/jnr.22510



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
2010 2. REPORT TYPE 00-00-2010 to 00-00-2010
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Increasein Blood-Brain Barrier Pertneability, Oxidative Stress, and
Activated Microgliain a Rat Model of Blast-Induced Trautnatic Brain
Injury 5¢c. PROGRAM ELEMENT NUMBER

5b. GRANT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Medical Research Center,503 Robert Grant Avenue,Silver REPORT NUMBER
Spring,M D,20910

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR' S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 10
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



reported in sheep (Mundie et al., 2000). Rats exposed to
low-intensity BOP (20 kPa) displayed significant per-
formance deficits on rotametric and grip-strength tests
(Moochhala et al., 2004; Saljo et al., 2009), whereas ani-
mal studies using moderate levels of BOP (126 kPa)
have shown Morris water maze performance impair-
ment, gliosis, and fiber degeneration (Long et al., 2009).
Reactive gliosis, neuronal swelling, and cytoplasmic
vacuolation have also been observed in the hippocampus
of rats subjected to thoracic blast injury (Cernak et al.,
2001a,b). Rhesus monkeys exposed to high BOP (207
kPa, 276 kPa, or 345 kPa) demonstrated significant,
albeit transient, memory and performance deficits (Bogo
etal, 1971).

TBI can result in brain microvasculature and
blood-brain barrier (BBB) breakdown, leading to
increased BBB permeability. Disruption of the BBB fol-
lowing TBI results in brain edema, a primary event that
affects both morbidity and mortality following TBI
(Unterberg et al., 2004). Edema increases intracerebral
pressure (ICP) and leads to secondary ischemic injuries
by impairing cerebral perfusion and oxygenation (Unter-
berg et al, 2004). After TBI, various mediators are
released that enhance vasogenic and/or cytotoxic brain
edema. These include glutamate, lactate, H*, K*, Caz+,
nitric oxide, arachidonic acid and its metabolites, free
oxygen radicals, histamine, and kinins (Unterberg et al.,
2004). BBB permeability to endogenous proteins, such
as immunoglobulins (IgG), is increased following experi-
mental TBI (Tanno et al., 1992; Sullivan et al., 2000).
An additional consequence of BBB disruption is the
infiltration of leukocytes into brain tissue, activation of
microglia, and inflammation (Morganti-Kossmann et al.,
2007).There is some indication of a widespread activa-
tion of microglia 1-14 days after exposure to blast; how-
ever, it remains unclear whether this activation was a
direct result of blast wave or was caused indirectly by an
increase in permeability in the BBB and transfer of
inflammatory ediators from circulation (Kaur et al.,
1995). Oxidative stress has been shown to play a critical
role in the secondary injury process following TBI. In
recent work, our colleagues demonstrated that, in both
controlled cortical impact and weight drop models of
TBI, there is a rapid increase in the lipid peroxidation
marker 4-hydroxynonenal (4-HNE) and the protein
nitration marker 3-nitrotyrosine (3-NT; <30 min post-
injury), which returned to control levels 24 hr postinjury
(Hall et al., 2004; Deng et al., 2007).

PK11195, an isoquinoline derivative, is an antago-
nist of the translocator protein (TPSO; 18 kDa; Banati
et al.,, 1997). TPSOs, previously referred to as the periph-
eral benzodiazepine receptor (PBR), play an important role
in steriodogenesis by acting as cholesterol pores in the
outer mitochondrial membrane (Scarf et al., 2009).
TPSOs are absent from neurons but are expressed at
high density in glial and ependymal cells (Chen and
Guilarte, 2008). Increcased PK11195 binding has been
localized to activated microglia in several animal models
of CNS injury, including TBI, ischemia, and excitotoxic

Joumal of Neuroscience Research

Blast-Induced Brain Injury 3531

lesion models (Dubois et al., 1988; Gotti et al., 1990;
Grossman et al., 2003). The use of TPSO autoradio-
graphic analysis as a marker of inflammation is advanta-
geous over other methods because of the high sensitivity
and anatomical resolution of the technique (Benavides
et al., 2001).

To begin to elucidate the mechanism(s) involved
in bTBI neuropathology, the current study was designed
to assess acute changes in neurological function and to
characterize acute changes in BBB permeability and oxi-
dative damage and the subacute inflammatory response
of the brain following BOP exposure. The results dem-
onstrate the novel findings that after exposure to a mod-
erate BOP (120 kPa) there is significant reflex suppres-
sion, disruption of the BBB, oxidative stress, and wide-
spread microglia activation. Taken together, these data
suggest that bTBI shares mechanisms of pathobiology
that are hallmarks of injury in other models of TBI,
which may widen future avenues of neuroprotective
interventions for blast injuries.

MATERIALS AND METHODS
Animals and Exposure to Blast

Adult, virus-free male Sprague-Dawley rats (250-300 g;
n = 49) were randomly divided into blast-exposed (n = 44)
and control (n = 14) groups. Animals were anesthetized with
isoflurane and positioned in a holder that prevented secondary
and tertiary blast injuries as previously described (Chavko
et al., 2006). Animals were then placed into the end of the
expansion chamber of an air-driven shock tube (2.5 ft com-
pression chamber connected to a 15 ft expansion chamber)
with their right side ipsilateral to the direction of the BOP.
Animals assigned to exposures were subjected to a peak over-
pressure of 120 kPa. Control animals reccived anesthesia and
were treated in the same way except for the exposure to

BOP.

Acute Neurological Assessment

Acute neurological function was assessed by using a bat-
tery of tests that arc analogous to motor components of the
Glasgow Coma Scale (GCS) as previously described (Dixon
et al,, 1987). These tests measure the duration of suppression
of a response duc to injury. Immediately following BOP ex-
posure or control treatment, the duration of suppression of
three reflexes were acutely evaluated. The reflexes of control
animals were evaluated in order to determine the effects of
anesthesia on reflex suppression. The corneal reflex was
assessed by lightly touching the eye to elicit a blinking
response. The paw flexion reflex was assessed by briefly apply-
ing a pinch (approximately 0.2 kg/mm?) to the hind paw to
elicit a withdrawal response. The righting response was tested
by placing the animal on its back and timing the return to a
spontaneous upright position. Evaluation continued undl all
reflexes had retumed.

Immunohistochemistry

For IgG inmunohistochemical assessment, 24 animals
were exposed to blast and allowed to recover for 0.5, 3. 24,
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or 72 hr following BOP exposure (n = 6/group). In total six
control animals were handled in a similar manner and did not
receive any BOP exposure. At the designated survival inter-
vals, animals were anesthetized with pentobarbital (95 mg/kg
body weight) and transcardially perfused with phosphate-but-
fered saline (PBS), followed by 4% parafonmaldehyde, pH 7.4.
After removal, the brains were placed in 4% paraformalde-
hyde-sucrose (15%) for an additional 24 hr. Coronal sections
(50 pm) were then cut using a freezing microtome through-
out the rostral caudal extent of the brain, extending through
the septal area to the most posterior extent of the hippocam-
pus. BBB permeability was assayed on every twelfth section
from each animal with biotinylated anti-rat IgG antibody as
previously described (Hoane et al., 2006). Sections were
rinsed with PBS and incubated in 0.3% H,O, in order to
block endogenous peroxidase activity. Next, sections were
blocked in 10% normal goat serum with 0.2% Triton X-100
in PBS for 1 hr at room temperature, followed by incubation
in primary antibody overnight at 4°C (1:1,000; biotinylated
goat anti-rat IgG; Vector, Burlingame, CA). Sections were
rinsed and incubated in avidin-horseradish peroxidase complex
(Vectastain ABC) for | hr. IgG; immunoreactivity was visual-
ized by incubation of sections in 0.05% diaminobenzidine,
0.01% H,0,, and 0.3% imidazole for 10 min. Finally, sections
were rinsed with PBS, mounted on gelatinized slides, and
coverslipped with permount. IgG inununoreactivity was quan-
tificd b y using a gray-level-index (GLI) as previously
described (Bisler et al., 2002). Quantification was performed
in Image-Pro Plus software (Media Cybemetics, Bethesda,
MD) such that GLI values corresponded to the area of immu-
noreactivity in relation to an area of interest. The GLI value
for each section (~12 sections per animal) were calculated and
averaged in order to determine the percentage of total brain
area immunoreactive for IgG. These values were then aver-
aged for each group.

For immunohistochemical detection of brain oxidative
stress levels, six animals were subjected to BOP and allowed
to recover for either 3 hr or 24 hr following BOP exposure.
Three control animals were handled in a similar manner and
did not receive any BOP exposure. At the designated survival
intervals, animals were anesthetized with pentobarbital and
perfused with PBS and 4% paraformaldehyde. Brains were
placed in 4% paraformaldehyde-sucrose (15%) for an addi-
tional 24 hr. Coronal sections (50 pm) were then cut using a
freezing microtome throughout the rostral caudal extent of
the brain, extending through the septal area to the most poste-
rior extent of the hippocampus. Free-floating sections were
double labeled for 3-NT (1:1,000 mouse anti-3-NT monoclo-
nal antibody; Upstate, Lake Placid, NY) and 4-HNE (1:5,000
rabbit ant-HNE polyclonal antibody; Calbiochem, San
Diego, CA) and visualized by infrared immunohistochemistry
as previously described, with a few modifications (Hawes
et al., 2005). Briefly, sections were washed three times for 5
min each in PBS, followed by adduct reduction in 0.1 M
NaBH4 in 0.1 MOPS (Sigma, St. Louis, MO) for 10 min.
After reduction, sections were rinsed three times for 5 min
each in PBS, followed by blocking in 10% normal goat serum
with 0.2% Triton X-100 in PBS for 1 hr at room tempera-
ture. Sections were incubated in primary antibodies overnight

at 4°C. Before incubation in secondary antibody, sections
were washed three times for 5 min each in PBS. Sections
were then incubated with secondary antibodies for 2 hr at
room temperature (1:20,000 IRye700DX-conjugated anti-
mouse 1gG; 1:10,000 [RDye800;conjugated anti-rabbit 1gG).
All sections were rinsed three times for 5 min each in PBS
and mounted onto Fisher Supertrost Plus slides. Slides were
scanned simultaneously on a LI-COR  Odyssey Infrared
lmager (LI-COR Biosciences). The fluorescence intensity for
cach section (~12 sections per animal) was quantified using an
area of sinilar size throughout each section. To obtain a value
for each animal, the levels of 3-NT and 4-HNE for each sec-
tion were averaged. These values were then averaged for cach
group.

For assessment of microglia morphology, antibodies
against CD11b/c that recognize microglia-specific comple-
ment type 3 receptor were utilized. Briefly, endogenous per-
oxidase activity was blocked using 0.3% H,O,. Next, sections
were blocked in 10% normal goat serum with 0.2% Triton
X-100 in PBS for 1 hr at room temperature, followed by
incubation in primary antibody overnight at 4°C (1:1,000
mouse anti-rat CD11b/c: BD Pharmigen, San Diego, CA).
Sections were then incubated in secondary antibody for 2 hr
at room temperature (1:500; biotinylated goat anti-mouse;
Vector). Sections were rinsed and incubated in avidin-horse-
radish peroxidase complex (Vectastain ABC) for 1 hr. IgG im-
munoreactivity was visualized by incubation of scctions in
0.05% diaminobenzidine, 0.01% H,Q,, and 0.3% imidazole
for 10 min. Finally, sections were rinsed with PBS, mounted
on gelatinized slides. and coverslipped with Permount.

[*H]PK11195 Autoradiography

For autoradiography studies, 14 animals were subjected
to BOP and allowed to recover for either 5 or 10 days fol-
lowing exposure (n = 7/group). Five control animals were
given the same treatment except for BOP exposure. Animals
were euthanized, and their brains were immediately removed
and frozen in isopentane on dry ice. Brains were sectioned
(16 pm) on a cryostat and mounted on Fisher Superfrost Plus
slides, TPSO autoradiography was performed using 1 nM
[*H]PK11195 ligand (PerkinElmer, Boston. MA; specific ac-
tivity 85.5Ci/mmol) as previously described (Kelso et al.,
2009). Brain scctions were preincubated in 50 mM Tris-HC),
pH 7.4, at 4°C for 15 min, followed by incubation with radi-
oactive ligand at 4°C for 2 hr. The binding was terminated by
washing sections in 50 mM Tris-HCl, pH 7.4 (3 X 3 min),
followed by dipping in ice cold water. The sections were
exposed to Kodax BioMax Autoradiography Film (Kodak,
Rochester, NY) for 55 days. All films were developed using a
Kodak D-19 developer and analyzed in NIH Image v1.59 on
a Power Macintosh connected to a Sony XC-77 CCD camera
via a Scion LG-3 frame-grabber (Scion, Inc.. Frederick, MD).
Autoradiograph data was quantified by densitometry.

Statistical Analysis

Individual reflexes (corneal, paw flexion, and righting)
were analyzed by one-tailed r-test. Data from immunohisto-
chemical assays were analyzed by one-way ANOVA followed
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was independent of inflammation; the BBB was leaky
within the first 30 min to 4 hr after controlled cortical
impact in rats, whereas white blood cell accumulation
peaked at 24 hr. It was concluded that BBB damage was
not related to the white blood cell accumulation and
inflammation. It was previously shown that exposure to
BOP produced early (1-3 hr postexposure) recruitment
of polymorphonuclear leukocytes (PMNs) in peripheral
blood (Gorbunov et al., 2004) at the level of blast in the
present study. Therefore, a contribution of inflammation
to the BBB opening cannot be ruled out and requires
further investigation.

[n virtually all pathological conditions of the CNS,
accumulation and activation of microglia precede or are
concomitant with neuronal and glial cell damage. Micro-
gha, as the principal immune cells in the CNS, are
known as a source of highly cytotoxic substances,
including proinflammatory cytokines, reactive oxygen
intermediates, proteinases, and complement proteins
(Rieske et al., 1989; McGeer et al., 1993; Giulian et al.,
1995). Microglia-derived oxygen free radicals as well as
subsequent reaction products, hydrogen peroxide and
peroxynitrite, have the potential to harm cells and have
been implicated in contributing to oxidative damage and
neurodegeneration in neurological diseases. Our findings
show the inflammatory response in the brain long after
initial impact and with the absence of detectable cell
loss. It has been suggested that microglial activation in
TBI cannot be attributable exclusively to the infiltration
of blood-borne macrophages or molecules from the cir-
culating blood. This implies that the microglial activation
occurring is caused largely by intrinsic mechanisms
within brain tissue, e.g., as a response to diffuse axonal
injury. Several recent reviews have suggested that
inflammation may serve as a biomarker for bTBI
(Agoston et al., 2009; Svetlov et al., 2009). After a single
severe blast, Kaur and colleagues (1995) previously dem-
onstrated that there is widespread microglial activation
up to 14 days postblast. In addition, ultrastructural find-
ings by Cernak and colleagues (2001a,b) demonstrated
glial reaction in the hippocampus of rats exposed to high
levels of BOP. Recently, Long and colleagues (2009)
rcported that, after moderate levels of BOP (126 kPa),
there was widespread gliosis throughout all levels of the
brain. However, it was unclear whether microglia and/
or astrocytes were activated, and the regional pattern of
inflammation remained uncertain.

It was recently shown that increased PK11195
binding in some brain areas corresponds with microglial
activation following TBI (Benavides et al., 1990; Ragha-
vendra Rao et al., 2000). To provide higher anatomical
resolution of regional microglial activation following a
moderate level of BOP, we selected PK11195 binding as
a surrogate marker of microglial activation. We demon-
strated increased PK11195 binding in the dentate gyrus,
substantia nigra, and ventral hippocampus 5 days and 10
days after exposure to blast. At 10 days, the inflamma-
tory response appeared to be evolving further, insofar as
increased binding was observed compared with 5 days.
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Whereas at 5 days after exposure the distribution of
lesions was localized bilaterally in both hemispheres, later
at 10 days increased binding density was distributed
more contralaterally to the site of impact. This distribu-
tion of microglia has some analogy with previously pub-
lished data on the vasospasm distribution after exposure
to blast. Unlike conventional TBI, traumatic cerebral
vasospasm (TCV) often occurred in vessels far distal to
the area of fragment penetration in the hemisphere con-
tralateral to the injury. It was suggested that, in addition
to the fragment injury, propagation of the blast wave
through the tissuc could have caused TCV (Armonda
et al., 2006). Another possibility is migration of toxic
components of microglia activation products from the
site of injury into distant regions (Gong et al., 2000).

The results presented clearly illustrate the selective
vulnerability of the hippocampus and substantia nigra to
BOP exposure. The high density of NMDA receptors
present in the hippocampus may be partially responsible
for the vulnerability of the hippocampus to excitotoxic
insults (Buder et al., 2009). It was shown by positron
electron tomography (PET) that PK11195 can visualize
excitotoxic lesions in the living human brain (Groom
et al., 1995). High vulnerability to oxidative stress of do-
paminergic neurons in the substantia nigra and resultant
mitochondrial dysfunction may contribute to the
observed increase in microglia activation in substantia
nigra (Hastings, 2009).

Cemak and colleagues (1999) demonstrated that
high levels of BOP result in an increase in brain nitric
oxide production and lipid peroxidation as early as 3 hr
postexposure that resolves by 5 days postexposure. How-
ever, prior to the current study, oxidative stress follow-
ing a moderate level of blast remained undetermined.
Here we report that as carly as 3 hr postexposure there
is a significant increase in 3-NT and 4-HNE levels. At
24 hr, 4-HNE and 3-NT levels had returned to control
values. This indicates that there is a rapid increase in
oxidative stress following moderate BOP exposure and
that oxidative stress is at least partially occurring con-
comitantly with BBB breakdown. It has been postulated
that vascular abnormalities following TBI are dependent
on the production of oxygen radicals (Kontos and Pov-
lishock, 1986; Pun et al., 2009). Therefore, antioxidants
may represent one potential neuroprotective target for
therapeutic intervention following bTBI, which may in
turn reduce other downstream pathological processes
(i.e., BBB breakdown).

In summary, our data demonstrate that bTBI likely
shares some common mechanisms of injury with other
TBI models. In this study, we have demonstrated that
inflammation likely plays a role in the neuropathology
associated with bTBI. We report significant BBB break-
down that resolved by 3 days postexposure. Oxidative
damage markers increased rapidly and were resolved by
24 hr postexposure. Taken together, our results clearly
show that the brain is susceptible to BOP exposure and
that specific brain regions are more susceptible to blast
than others.
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