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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. 888 permeability was measured using lgG 
antibody and evaluating its immunoreactivity in the 
brain. At 3 and 24 hr postexposure, there was a tran­
sient significant increase in lgG staining in the cortex. 
At 3 days postexposure, lgG 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 3H-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 1 0 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 CD11 b/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 
with TBI as a result of blast exposure. c 2010 Wiley-Liss, 
Inc. 
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Accumulating clinical evidence as well as experi­
ence in contemporary military operations suggestc; 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; Cernak et al., 1999; 
DePalma et al., 2005; Ling et al.. 2009; Elder and Cris­
tian, 2009). With an estimated 15% of troops serving in 
Iraq sustaining some level of neurolobrical impaim1em 
resulting from blast exposure, TBI has become the signa­
ture injury of this war (Hogc et al., 2008). Hoge and 
colleagues reported a high correlation between service 
members who reported symptomc; 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 ct 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 pri­
mary cause of brain injury that results from blast expo­
sure (Elsayed, 1997; DePalma et al., 2005; Taber et al., 
2006). Experimental 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 ct al., 
2001a,b). 

Previous studies have also demonstrated that rats 
exposed to low- and moderate-intensity BOP (H3 kPa 
or 112 kPa) had lowered food intake and exercise per­
formance (Bauman et al., 1 'J97), with similar findings 

The opinions expres.~ed herein arc those of rhc authors and do nor reflect 
the offici:~) policy of the Dep:~rtment of N:~vy, Department of Defense, 
or the U.S. Government. 

Contract grant sponsor: Otliet• of Naval Resl·arch Work Unit 
601153N.04508.5180.A0805; Contract gram sponsor: N.ttion:tl Institutes 
of Health; Contract grant number: ST32 DA022738. 

*Correspondence to: Parri~.:k Sullivan, PhD, 741 South Limestone, 
BBSR.B 475, Lexington, KY 4053o. E-mail: patsull@cmail.uky.edu 

Received 23 March 2010; Rl·viscd 22 July 2010; Accepted 6 August 
2010 

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



Report Documentation Page Form Approved
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 
2010 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2010 to 00-00-2010  

4. TITLE AND SUBTITLE 
Increase in Blood-Brain Barrier Pertneability, Oxidative Stress, and
Activated Microglia in a Rat Model of Blast-Induced Trautnatic Brain 
Injury 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Medical Research Center,503 Robert Grant Avenue,Silver 
Spring,MD,20910 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

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 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

10 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

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 deficitc; on rorametric and grip-strength teste; 
(Moochhala et al., 2004; Saljo et al., 2009), whereas ani­
mal studies using moderate levels of BOP (126 kPa) 
have shown Morris water maze perfonnance 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., 
200la,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 T.BI 
(Unterberg et al., 2004). Edema increases intracerebral 
pressure (ICP) and leads to secondary ischemic it~uries 
by impairing cerebral perfusion and oxygenation (Unter­
berg et al., 2004). After TBI, various mediators are 
released that enhance vasogenic and/ or cytotoxic brain 
d h . I + + .,+ e ema. T ese me ude glutamate, lactate, H , K , ca- , 

nitric oxide, arachidonic acid and its metabolites, free 
oxygen radicals, histamine, and kinins (Unterberg et al., 
2004). BBB pern1eability 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 mediators from circulation (Kaur et al., 
1995). Oxidative stress has been shown to play a critical 
role in the secondary it~ury process following TBI. In 
recent work, our coiJeagues 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-nitrotyrosinc (3-NT; <30 min post­
injury), which returned to control levels 24 hr postit~ury 
(Hall et al., 2004; Deng et al., 2007). 

PK11195, an isoquinolinc derivative, is an antago­
nist of the translocator protein (TPSO; 18 kDa; Banati 
et al., 1997). TPSOs, previously referred to as the periph­
eral beuzodiazepine 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). Increased PK11195 binding has been 
localized to activated microglia in several animal models 
of CNS injury, including TBI, ischemia, and excitotoxic 
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lesion models (Dubois er al., 1988: Gotti et al.. 1990; 
Grossman et al., 2003). The use of TPSO auroradio­
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 ro 
characterize acute changes in BBB pen11eability and oxi­
dative damage and the subacute inflammatory response 
of the brain following BOP <.~xposure. The results dem­
onstrate the novel findings that after exposure to a mod­
erate BOP (120 kPa) there is significant reflex suppres­
sion, dismption of tht• BBB, oxidative stress, and \vide­
spread microglia activation. Taken together, these data 
suggest that bTBI shares mechanisms of pathobiology 
that arc 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 inco the end of the 
expansion chamber of an air-driven shock tube (2.5 ft com­
pression chamber conn!:cted 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 received anesthesia and 
were treated in the same way except for the exposure to 
BOP. 

Acute Neurological Assesstnent 

Acute neurological function was assessed by using a bat­
tery of tests that are 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 due to injury. Immediately f{.11lowing 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 dicit a blinking 
response. The paw flexion reflex was assessed by briefly apply­
ing a pinch (approximately 0.2 kg/mm2

) 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 until all 
reflexes had retumed. 

Immunohistochemistry 

For IgG immunohistochemical assessment, 24 animals 
were exposed to blast and allowed co 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 \Vere anesthetized with pentobarbital (95 mg/kg 
body weight) and transcardially petfused with phosphate-but:. 
fered saline (PBS), followed by 4% paratonnaldehyde, pH 7.4. 
After removal, the brains were placed in 41% parafonnalde­
hyde-sucrose (15%) for an additional 24 hr. Coronal sections 
(50 J.lln) 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 penneability was assayed on every twelfth section 
from each animal with biotinylated anti-rat lgG antibody as 
previously described (Hoane et al., 2006). Sections were 
rinsed with PBS and incubated in 0.3% H 20 2 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 lgG; Vector, Burlingame, CA). Sections were 
rinsed and incubated in avidin-horseradish peroxidase complex 
(Vectastain ABC) for I hr. lgG immunoreactivity was visual­
ized by incubation of sections in 0.05% diaminobenzidine, 
0.01'% H 20 2, and 0.3'% imidazole for 10 min. Finally, sections 
were rinsed with PBS, mounted on gelatinized slides, and 
coverslipped with permount. lgG inununoreactivity was quan­
tified b y using a gray-level-index (GLI) as previously 
described (Bisler et al.. 2002). Quantification was perfom1ed 
in Image-Pro Plus software (Media Cybernetics, 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 lgG. 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 tor either 3 hr or 24 hr following BOP exposure. 
Three control animal'i were handled in a similar manner and 
did not receive any BOP exposure. At the designated survival 
intervals, animals were anesthetized with pentobarbital and 
perfi.tsed with PBS and 4% paratonnaldehyde. Brains were 
placed in 4% parafom1aldehyde-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 anti-HNE polyclonal antibody; Calbiochem, San 
Diego, CA) and visualized by inti-ared 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, sectiom were rinsed three times for 5 min 
each in PBS, followed by blocking in 10% normal goat semm 
with 0.2'% Triton X-I 00 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 IR.Dye700DX-conjugated anti­
mouse lgG: 1:10,000 IRDye800;conjugated anti-rabbit lgG). 
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 
Imager (Ll-COR Biosciences). Tht> ftuort>scence intensity for 
each section ("-' 12 sections per animal) was quantified using an 
area of similar 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 each 
group. 

For assessment of microglia morphology, antibodies 
against CD 11 b/ c that recognize microglia-specific comple­
ment type 3 receptor were utilized. Briefly, t>ndogenous per­
oxidase activity was blocked using 0.3% H 20 2. Next, sections 
were blocked in 10% nonnal 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: I ,000 
mouse anti-rat CD 11 b/ c: BD Pharmigen, San Diego, CA). 
Sections were tht>n incubated in secondary antibody fi>r 2 hr 
at room temperature (1 :500; biorinylatcd goat anti-mouse; 
Vector). Sections were 1inscd and incubated in avidin-horse­
r.tdish peroxidase complex (Vectastain ABC) for I hr. lgG im­
munoreactivity was visualized by incubation of sections in 
0.05% diaminobenzidine. 0.01% H 20 2 , and 0.3% imidazole." 
for 10 min. Finally, st>ctions wert> rinsed with PBS, moumt>d 
on gelatinized slides. and coverslipped with Pennount. 

eHJPK11195 Autoradiography 
For autoradiography studies, 14 animals were subjectt>d 

to HOP and allowed to recover tor either 5 or 10 days tal­
lowing exposure (n = 7/group). Five control animals were 
given the same trt>atrnent except for BOP exposure. Animals 
were eurhanized, and their brains were immediately removed 
and frozen in isopentane on dry ice. Brains were sectioned 
(16 f.lln) on a cryostat and mounted on Fisher Superfrost Plus 
slides. TPSO autoradiography was perfonncd using 1 nM 
eHJPK11195 ligand (PerkinElmer, Boston. MA; specific ac­
tivity 85.5Ci/mmol) as previously describt>d (Kelso et al., 
2009). Brain sections were preincubated in 50 mM Tris-HCI, 
pH 7 .4, at 4°C for 15 min. fi>llowed by incubation with r.tdi­
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 ict> 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 fi·ame-grabber (Scion, Inc .. Frederick. MD). 
Autoradiograph data was quantified by dt>nsitometry. 

Statistical Analysis 

Individual reflexes (comeal, paw flexion, and righting) 
were analyzed by one-tailed t-tt>st. Data from immunohisto­
chemical assays were analyzed by one-way ANOV A followed 
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by Stmkm Newman- Keuls (SNK) post hoc .111alysis. 
1-'H jPK 11195 JumrJdiography results IV<'I'C .malyzcd by two­
W.l)' rt·peJtcd nwasure~ (h t·misphere) A NOV/\ rollowed by 
Honrerron i post hoc analy~ i s. Sign ificanct' was acccpu.:d at J1 < 
0.05. All values .trc pn:s..:ntcd as means .!: SEM. T he expcri­
ments repo rtt·d herem 1wre co ndunc:d .trcord in~ to the prin­
ciples se t forth in the Guide _li1r til<' '•"<' 111111 "-''' <!{ lnbMatory <llli­

lltals (lnsmutc or Laborato ry Animal ltesourccs. National 
Rt'scarch C o uncil, N .ttio nal AcJdcm y Press . I 996) and wt·n: 
approved by the WR.A II~./NM il..C IACUC Commntec. 

RESULTS 

Effect of Blast Overpressure on Acute 
Neurological Function and Brain Morphology 

R.eccnrly, H:~mm (200 1) demonstrated th:tt reflex 
suppression is ,, sensiti1·e predinor of inju ry efli.:ct; there­
to re, :u:ure neurological ddicits :ts :1 result of BO P expo­
sure wen.: assessed using .1 battery o ( rellexes that rest 
somaromoror t\mct io n. T hl' survival rate of an i111a ls Io l­
lowing BOP exp osure was 98% •. The re rum of the cor-

c: 
0 
Ill 
Ill 

~ 
a. 
a. 
::l 
en 
>< -
41 0 

; ~ 
~--0 

Corneal Paw Flexion Righting 

Fig. I . Effct'l o i' UU I' o n . l ~ lll~ llt'urulugic:d functiuni ll!-; in nncdiatdy 
followin~ expusurt•. Expo<u rt· ro hb>t (Stllid columns) , jgnific.uu ly 
dcby.:d rht· retum of cornc~l ~nd p~w tlcxion rcHext·s t:ompa rt·d 
with cor11rol (op~n colurnm). The dat.l rqlrCSt' lll tht· mc.rr r dur:11inn 
of suppr<!<>rnn ::: SEM. Sr!-;rnfio ncc (Ht'' l) rs dcnorcd as fo llow,: n P 
< (Ul:i, * I' < ().1)1 h contml. 

A 
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neal rdkx in BO P-c.:xposed ,mi mals (23 .6 ::!:: 2.2 sec) 
wa$ signific:tn rly del.tycd co mpared with control animals 
( 14.3.1 ::!:: 6.6 sec; P < 0 .05). Additionally, BOP expo­
sure resulted in a signific;mt suppression of the p:tw Hex­
ion reflex (47.7 ::±: 4.0 sec) rompan:d with control ani­
mal~ (2 1.8::!:: 4.5 sec: P < 0.0 1; Fig. 1). H owe1·cr, no 
significant di LTerence~ were mc:asurcd between the right­
ir;g rdlt:xes of the two gro ups. There was no evid~nce 
of tissue disruptio n o r tissue loss in BOP-exposed ani ­
mals (Fig. 2). 

Effect of BOP on l gG Immunoreactivity 
Tht! spatial extr.tvasarion o t' endogenous lgG im­

muno re:tct iviry was used as an index for BBB break­
down follow ing BOP exposutT. BBB disruption is a 
well-established hallmark follo11:ing brai n ittiury and has 
been :1ssessed in sever:tl modd ot' TB I. Qualit;Hive 
assessment of lgG extr:tvasatio n r(·walcd that ar 3 and 24 
hr fo llowing UOP exposure then: was a compicuous 
increase in lgG immunoreactivi ty in the outer most l:tyer 
or the cortex. An ANOVA revealed :1 signiti c:~nr group 
difference (Ff4.22l = 12.77, P < !).0001) in lgG imtllu­
noreactivity lo llowing BOP exposm c: . Alter B O P l!xpo­
sure, posr hoc comparisons reve:tkd ,1 significant inc rc:1se 
in lgG immunoreactivity at 3 hr (P < (J.OO I ) and 24 hr 
(P < 0.0 1) post-BOP exposure (Figs. 3, 4) . Although ir 
was no r signilicallt, there was a trend toward increased 
lgG immunoreactivity at 0.5 h r postinjury surrounding 
the lateral vcmricles. 

Effect of BOP o n Oxidative Stress 
Oxidative stress is known to play a role in the· sec­

ombry injury cascade loll01o~:ing Tl31 ; in the present 
study, we deren11ined 3-NT ;utd 4- H NE levels fo llow­
ing .130P exposure using quantitative im munohistochem­
istry. An ANOVA revc;tled a significant gro up difference 
(F[2,() j = 11.24, P < (J.(J I) in 4- H NE levels fo llo wing 
BOP exposmc at 3 hr postcxposure (P < 0 .0 1). 4- H NE 
k vd s l't'ntrned to contro l values at 24 h r postcxposure. 
Similarly, the re w:1s " signiticam gro up d ifference (F[2.oJ 
= 11 .5 5, P < 0.0 I) in 3-NT kwls ar 3 hr followi ng 

B 

Fig. 2. R cprncnurrn· rr rr~gc; nr II&.E- >t~mcd brJrrl <c,·tiom from ..:ormo ls (A) .md .rc 3 d .ry< po<tbl.r~! 
120 k1'.1 (B). There were rro overt s1gm or tr» Uc di>ruptiu rr u r cd l lo,$. So le b.1r = I rnrn . 
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F1~:;. 3. Eff~<·t of 12U kl':. UOI' un br:un lg(; immunon:J<"ti,·iry. Tla: 
im.lg<'S .m: rcprcscntati,·c for control .mim.1b (A). 0.5 hr postblast 
(D). 3 hr postbbsr (C) . 2-1 hr po<!hbst (D). ~nd 3 cby.1 postbblt (E). 
IIKa·a~t·d lgG nn num<>rcanivir>· in larer I of rhe rort<·x wa, 
obsnvcd .1r 3 .111d 24 hr fo llowing cxpo>ll re . i\hho11gh it was n<>l sil!-

.... 
.2 
Q) 

> :;::; 
u 

"' ~ 
0 
c: 
:I 
E 
E 

Control 0.5 hr 3 hr 24 hr 72 hr 

Group Designation 

F1g. 4. Qllamitir.ltion of lgC lllllllliiHlrc.ll'tl\'lty in brain 'en ions .11\t-r 
cxpu<urc m bl.1s1. Significant ina<··""' 111 lg<..: <1aining were observed 
at J .lrld 2-1 hr after exposure Cllmparcci w1th nmrrol. Tlw data rcprc­
~cm the pnccnt.1ge of br:un arl'a stained for lgG :± SEM. Signili­
<':1 11\'t: with ANOVA follow..:.! by post hoc .111.1lvsis (SNK) as follows: 
•r• < 0.0 I vs. contro l; ~' {' < 0.05 v . 72 hr. · 

exposure (P < 0.05), which rerumcd to comrol values 
aL 24 hr postexposure (Fig. 5). 

E ffect of BOP on TPSO Bindin g and Microglia 
Morpho lo gy 

I nAammarion ha.~ he en demonstrated in multiple 
models ofTDI; in rhe present study, microglial acrivarion 
was detem1ined using TPSO autor:tdiographic localiz:t-

) 

ll itic.lnl. thcrc W:t> IIKTLtwd ~t.llni11g 111 tht· area ;urroundint; th<· l.n­
nal velHI;clcs (four of SIX br.ti m) :n 0.5 hr post bl~sc. Then· \\',1\ 110 
dilierencc in lgG < t~inin~ i11 br.1im ~ d~y< pom:xposure colnpart•d 
with ~cmtruls. Sok b.1r = I 111111. 

tion. T he eflecrs 9! blas r expo~un: on TPSO density wt:n.: 
evalu.tted u~ing [-'H] PK I I I CjS .turor.tdiography in several 
br:~in regions .H 5 and 10 d.ty~ posrbbst (Fig. 6). A t\\'O­
way ANOVA w:ts signifie<tnt lor dfL'Ct of BOP exposure 
(F[2.1 6] = 2.287. P < 0.00 I) bur not for hen tisphere 
(F[1 , 16J = 11.20. P > 0.05; Table 1). No significant 
interaction berween BOP exposure and hemisphere 
existed (F[2,16J = 1.-194, fJ > 0.0:;) . At 5 days postbl::tst, 
post hoc resting reve:t led a signiticmt increase in thl' den­
sity ol [3H]PK 11 195 bindi ng in rhe ipsibrer:t l den tare 
gyrus (P < 0.00 I) :md conrralatnal dentate gyrus (P < 
0.05). At I 0 days postblasr, post hoc comparisons tTwakd 
:1 significanr incre;tsl: in [.}H ]PK I I I 95 binding in the con­
tralateral denrate gyrus ( fJ < O.llO I), ipsilarer:t l dentate 
gyrus (P < 0.00 1), conrral:ncr.1l subsrami:t nigra (P < 
0.0 I). and conrr:tl:tter:tl vemral hip)'OC:tmpus (P < (l.(l5). 

To demonstrate lunhcr the response ol microglia 
LO BOP exposure. anribodi e~ against CDI 1 bit: were 
used to visualize microgl i:t morphology. In the cortex . 
hippocampus, :tnd subst:.tmia nigra o l control animals, 
microglia demonst ra red a resti ng morphology character­
ized by highly r;tmi fied proccsses (Fig. 7). In contrast , 
mjcroglia in the hippocampus fi·om animals exposed to 
bl:m displayed an activared morphology characterized by 
clustering. In addiLion to this, microgli:t in rhe substant ia 
nigra of BO P-exposed an imals rcvc;~kd ;~crivated mor­
phology char.tcreti zl·d by rounded cell bodies :md !ewer 
ram ifications. 

DISCUSSIO N 
Brain injury in rats :ts ;t resu lt of exposure ro BOP 

usmg an air-driven shock rube was used to study rite 

Joun1.1l o f Nl·uroscicncc R l'St.':lrch 
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Fig. 5. Q uantification of 4- H E (A) and 3-NT (B) levds in brain sections after exposure ro blast. Sign ifi ­
cant increases in 3-NT and 4-H NE levds were observed at 3 hr after exposure compared with control. At 
24 hr after exposure, 3-NT and .J-H N E levels had returned to control values. T he data represent the mean 
Auorcscencc: ::!: SEM. Significance with A NOVA fo llowed by post hoc analysis (SNK) as follows: * P < 0.05. 

progression of neuropatho logical processes tha t could be 
relevant to blast-ex-posed popu lations. The systemic 
effects of the level of bl~st ('""' 120 kPa) used in the pres­
ent study w ere p reviously characterized and were shown 
to induce moderate pulmonary damage with acute 
inflanu11atory responses that were resolved by 8 days 
(Chavko et al., 2006). T he exposure to th is level of 
BOP does not produce lethal damage, and the survival 
rate of rats at 120 kPa under isofiurane anesthesia is 
more than 90%. In the present study , we lo oked for 
some basic neurological and neuropatho logical changes 
in the brain and demonstrated that 120 kPa BOP expo­
sure produced acute reflex suppressio n in r::~ts that was 
similar to suppression observed in other models o f diffuse 
brain inju ry (Denny-Brown and Russell, 1940; Dixon 
et al. , 1987; Fijalkowski et ~1. . 2007) . T his extent of 
reflex suppressio n is consistent wi th concussion and mild 
TB!, w hich closely resembles the cl inical manifestation 
of bTBl Qones et al. , 2007; Bruns and Jagoda, 2009). 
Previous studies have demonstr~ ted a dose- response rela­
tionship between the extent of acute neurological 
impairment and the overall cognitive ou tcome fo llowing 
ell.-perimental diffuse brain injury (Beau mont ct al., 
1999). Long and colleagues (2009) reported that, follow­
ing 126 kPa BOP exposure, there is transient cognitive 
dysfunction; the observed reflex suppression in the pres­
ent study predicts these findings by Lo ng et al. The 
results also demonstrate increased lgG immunoreactivity 
in the brain 3 and 24 hr after exposure, indicating 
increased early permeability of BBB followed by micro­
glia activation at 5 and lO days postell.-posure. 

BBB breakdown has been shown co occur early af­
ter TB I; it is mostly transient, and the time course of the 
BBB opening varies in different models. In a fl uid per­
cussion model of injury, BBB damage in the rat brain 
was most prono unced w ithin the first hour afi:er TB I 
and was reestablished by 6 hr after injmy (T an no et al., 
1992). Others also reported that the BBB was sealed 
within a few hours after fl uid pe rcussion injury (Enters 
et al., 1992) . W e observed signifi ca nt BBB breakdown 
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Fig. 6 . Elfect of exposure to 120 kPa 130 P on TPSO expression. 
Pseudocolored autoradiogram of brain sections labeled with 
e HJPK11 195 in control and in 5- or 10-days-posrexposurc animals. 
Four dilferent levels are shown : anterior striatum (A), dorsal hippo­
campus (B), dorsolateral thalamus (C), and vc:nrral hippocampus (D). 
13rain are regions a brevi a ted as follows: primary motor cortex (M I), 
striatum (St), dentate b'Ynts (DG), dorsolateral thalamus (DT), ventral 
hippocampus (VH), and substantia nigra (SN). Prominent art"as of high 
TPSO dc:nsiry in control animals are restricted to ventricular/choroid 
pk·xus n:gions. High- densiry areas of TPSO in exposed animals an: 
the: dentate gyms and substantia nigra. The scale at bottom shows the 
range from low to high expression . [Color figure can be viewed in the: 
online issue, which is available ar wileyonlinelibrary.com.] 
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TABLE I. Q uantificat ion ofTPSO Expression in Selected .Brain Regions1 

R,·);iOII Control lpsilatc r~l 

P rim~ry mmnr cort t·x 4 1.25 (6.8) 41.53 (5.5) 
Stnacum 3ll.22 (·1.9) 37.29 (7.3) 
Dentate b'Y"'S J7JJ7 (SA) 4:\.95 (~.4)* 
f)orsolatcr.ll th.Jbnlll< 37.69 (ll.tl) 39.! 5 (11.5) 
Subsr.lnti3 nign 3'!.2ll (H.i!) .J:!.RO (6.ll) 
Ventral hippoompu~ 40.4 1 (11.3) 42.0(, (3.4) 

Cnntr.•btcr.•l 

·13.79 (H>) 
JR.47 (S.ll) 

~ 5.34 (3.3)*• 
39.HH (7.2) 

45.6~ (3.5) 
43.45 (4.9) 

lp'lbteral 

.J-1.89 (1.9) 
~:! .(,H (~> . ! ) 

48.114 (3.4 ) ~ 
•li .H-1 (3. 1) 

45.711 (3.5) 
·12.'!7 (4 .7) 

Cnntral.n,-r.•l 

4!U:! (J.tl) 
43.'1'1 (3.7) 
·17.(•8 (2.5)* 
·l:!.ll'J (:HI) 

4<J.74 (.3. 1)** 
.JI:L::!tl (J.5) •• 

1Thcrc w.1s .1 significa nt IIKrcast• in f'K III'JS bindin~ in the de mate gyrus at both survival inrcrvals. In additton. the T I'SO cxprc<sion w.1s tncrcascd 
in both tht· comr:tl.tt<'r.t! subst.mtia nigr:~ :~ml the wntr.tl hippocampus I 0 day> after blast. Th" dato rcprc ·,·m till' mean density of I ' l ijPK Ill 'JS binding 
(.trbitrary optical nnir') ± SEM. 
• P < 0.110 I vs. control. 
** P < 0.05 vs. comrol. 

Cortex 

Control 

BOP Exposed 

Fig. 7. ECfcct of 120 k1'.1 UOP on microglia morpholob'Y in sdcctt·d 
brain loci. T o continn PK 11195 .mtoradiogr.tphic data demonstr:ning 
microgliJI activation in the dt:ntatt> gyrus and subsmmia nigra, antibod­
ies ag.1inst C D II b / c WelT t•tnploy.:d to visuJiizc microglial morphol­
ogy. In sham animals. all rcgiom char \Vt:re evaluated comained micro­
glia wirh resting morpholC>!,'Y characrcrizcd by highly ramified processe;-s 

fo llowing blast, which w:ts limjted to layer I of' the cor­
tex and was consider:tbly sm:tllcr in comparison with dif­
fuse fluid percussio n brain injury, with w hich overt BBB 
breakdo-.vn was observed throughout the neocortex, hip­
pocampus. and thalamus (Kelley ct al. , ~007). Similarly 
to other TBI models . .13.13.13 disru ptio n was transient and 
appeared ro h:we recovered by 3 days. 

It is generally thought rhat the Bl3B opening is a 
major t;tcror concribming to the prcscncl: of brain edem:1 
observed in T BI. H owever. in some TB I mo dels, edema 
formation clearly docs not correspo nd to nnn opening 
(Bcaum.ont e t al. , 2000). Instead, a cytotoxic mechanism 
is thought to be the major mechanism of edema fonna­
tion in TBI. D espite th is, a pcnncablc BBB can provide 
:t route fo r passive Auid movement :tnd rims worsen the 

Hippocampus Substantia Nigra 

(A-C). In tht· cortex of .mi tnals exposed w bl."t, mit' roglia also dis­
played n:sting morpholo!::.')' (D ). Exposure to blast re<~tltecl in .Ktivaced 
microglial morphology char.ll'taizt·d by nucroglial dmtering in th<" 
hippocampus (dcntate b')'TUS; E). In addition . . tcrivatcd nucrogh.t mor­
phology in the subsramia ni!!ra is r.:vealccl by microgli.1 wirh rounded 
cell bodies and reduced ramifi,·~tions (F). Scale bar = 50 ~ 1111. 

cytoto xic cell edema. R ecently. SaUo et al. (~OU<J) 
reported a blast dose-dependent rise in IC P tn rats 
exposed repetitively three time~ to blast and an increas­
ing time delay in elevation w ith decreasing intensity o f 
exposure. Although the initia l elevation rook place 
within 30 min after exposure to 60 kPa, it did no t 
appear until after 2 h r and 6 hr :~fter exposure at 30 and 
l 0 kP:~, respectively. T he delayed BBB o pening and 
similar time course in ICP increase may indica te a con­
tribution of a vasogenic com po nent to brain damage :d:.. 
ter exposure to b last. 

BBB breakdown in T BI can be a result of the in i­
ti:tl insult o r the product of secondary injuries. such as 
accumulation of inAanunatory cytokines. W halen er :~ 1. 
(2000) fou nd a p:mern of mmsient BBB ope ning that 



was independent of inflammation; the BBB was leaky 
within the first 30 min to 4 hr after controlled cortical 
impact in rate;, 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 
inflanunation. 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. 

In virtually aU pathological conditions of the CNS, 
accumulation and activation of microglia precede or are 
concomitant with neuronal and glial cell damage. Micro­
glia, as the p1incipal immune cells in the CNS, are 
known as a source of highly cytotoxic substances, 
including proinflanunatory 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 
pero}l.')'nitrite, have the potential to hann cells and have 
been implicated in contributing to oxidative damage and 
neurodegeneration in neurological diseases. Our findings 
show the inflanunatory response in the brain long after 
initial impact and with the absence of detectable celJ 
loss. It has been suggested that microglial activation in 
TBI cannot be attributable exclusively to the infiltration 
of blood-bon1e macrophages or mol~cules from the cir­
culating blood. This implies that the microglial activation 
occurring is caused largely by intrinsic mechanismc; 
within brain tissue, e.g., as a response to diffuse axonal 
injury. Several recent reviews have suggested that 
inflanunation may st~rve 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. 1 n addition, ultrastructural find­
ings by Cemak and colleagues (2001a,b) demonstrated 
glial reaction in the hippocampus of rats exposed to high 
levels of BOP. Recently, Long and colleagues (2009) 
reported 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 
inflanunation remained uncertain. 

It was recently shown that increased PK 11195 
binding in some brain areas corresponds with microglial 
activation folJowing 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 PK111 <:>5 binding in the dentate gyrus, 
substantia nigra, and ventral hippocampus 5 days and l 0 
days after exposure to blast. At 10 days, the inflanuna­
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, tr.lUmatic 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 tissue 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 il1ustrate 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 (Butler et al.. 2009). It was shown by positron 
electron tomography (PET) that PKl1195 can visualize 
excitotoxic lesions in the living human brain (Groom 
ct 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 minoglia activation in substantia 
nigra (Hastings, 200<:>). 

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 early as 3 hr postexposurc tht•re 
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 inrreasc 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 abnom1alities following TBI are dependent 
on the production of oxygen radicals (Kontos and Pov­
lishock, 1986; Pun et al., 2009). Therefore, antioxidants 
may represent one potentia] neuroprotective target for 
therapeutic intervention following bTBI, which may in 
turn reduce other downstream pathologica] 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 
inflanunation likely plays a role in the neuropatholobry 
associated with bTBI. We reporr 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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