JOURNAL OF NEUROTRAUMA 31:505-514 (March 1, 2014)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2013.2965

Correlations between Blood—Brain Barrier
Disruption and Neuroinflammation in an Experimental
Model of Penetrating Ballistic-Like Brain Injury

Tracy L. Cunningham, Casandra M. Cartagena, Xi-Chun M. Lu, Melissa Konopko,
Jitendra R. Dave, Frank C. Tortella, and Deborah A. Shear

Abstract

Blood-brain barrier (BBB) disruption is a pathological hallmark of severe traumatic brain injury (TBI) and is associated with
neuroinflammatory events contributing to brain edema and cell death. The goal of this study was to elucidate the profile of BBB
disruption after penetrating ballistic-like brain injury (PBBI) in conjunction with changes in neuroinflammatory markers. Brain
uptake of biotin-dextran amine (BDA; 3 kDa) and horseradish peroxidase (HRP; 44 kDa) was evaluated inrats at4 h, 24 h, 48 h,
72 h, and 7 days post-PBBI and compared with the histopathologic and molecular profiles for inflammatory markers. BDA and
HRP both displayed a uniphasic profile of extravasation, greatest at 24 h post-injury and which remained evident out to 48 h for
HRP and 7 days for BDA. This profile was most closely associated with markers for adhesion (mRNA for intercellular adhesion
molecule-1) and infiltration of peripheral granulocytes (mRNA for matrix metalloproteinase-9 [MMP-9] and myeloperoxidase
staining). Improvement of BBB dysfunction coincided with increased expression of markers implicated in tissue remodeling
and repair. The results of this study reveal a uniphasic and gradient opening of the BBB after PBBI and suggest MMP-9 and

resident inflammatory cell activation as candidates for future neurotherapeutic intervention after PBBI.
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Introduction

RAUMATIC BRAIN INJURY (TBI) is a leading cause of death and
disability in the United States and represents one of the most
prevalent types of injuries sustained by military personnel serving
in Iraq and Afghanistan. Of more than 16 million military personnel
involved in conflicts since 2001, 12-35% have sustained TBI. Re-
cent reports indicate that the vast majority (more than 80%) of
combat-related TBI result from blast explosion.! Moreover, ap-
proximately 70% of severe blast-induced injuries are confounded by
a penetrating injury to the brain.” In contrast to non-penetrating TBI,
few experimental studies have been conducted on penetrating TBI,
which not only constitutes a major threat to our military,’ but is also
the leading cause of TBI-related death in our civilian population.*™®
Penetrating ballistic-like brain injury (PBBI) in rats has been
established as a military-relevant model of TBI and can be cali-
brated to simulate the leading pressure or shockwave to the brain
from penetrating projectiles of low or high velocities.” The 10%
unilateral, frontal PBBI rodent model has been well characterized
and reproduces acute neuropathological aspects of penetrating
brain injury seen in humans, including lacerated brain damage,
intracerebral hemorrhage, increased intracranial pressure (ICP),

axonal degeneration, upregulation of pro-inflammatory cytokines,
electrocortical disturbances, and neurofunctional irnpairmentj’14

The blood—brain barrier (BBB) is a highly specialized structure
crucial for maintaining homoeostasis of the central nervous system
(CNS) and limiting exposure to damaging cells and molecules.
Breakdown of the BBB is a pathological hallmark of severe TBI
and is associated with infiltration of peripheral fluid and leukocytes
into the CNS leading to sequelae such as edema formation, neu-
roinflammation, and cell death.">"'7 Status of the BBB is of critical
importance in the treatment of CNS disorders because the majority
of large- and small-molecule neurotherapeutic agents are unable to
cross into the cerebrovasculature from the peripheral circulation.'®
Elucidation of the dynamics of BBB dysfunction post-PBBI would
provide important information to guide the selection of therapeutic
agents and timing of treatment.

Methods
Subjects

Male Sprague-Dawley rats (245-325g, Charles River Labs,
Raleigh, VA) were used in the study. All procedures were approved
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by the Institutional Animal Care and Use Committee of Walter
Reed Army Institute of Research. Research was conducted in
compliance with the Animal Welfare Act and other federal statutes
and regulations relating to animals and experiments involving an-
imals, and adhered to the principles stated in the Guide for the Care
and Use of Laboratory Animals, National Research Council (NRC)
Publication, 1996 edition. Animals were housed individually under
a 12 h light/dark cycle (lights on at 0600) in a facility accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care International.

General surgical procedures

All surgical procedures were performed on anesthetized animals.
Anesthesia was induced with isoflurane (2-5%) delivered in oxygen.
Body temperature was maintained at 37 £ 1°C throughout all surgical
procedures by means of a homeothermic heating system (Harvard
Apparatus, South Natick, MA). Indwelling intravenous (IV) can-
nulas were microsurgically placed into the right jugular vein of all
animals for injection of horseradish peroxidase (HRP) or biotin-
dextran amine (BDA) in accordance with the Thrivikraman proto-
col.'? After surgery, the animals were placed in a clean cage and kept
warm by a circulating water-bath heating system (Gaymar In-
dustries, Orchard Park, NY) until recovery from anesthesia. Food
and water were provided ad libitum postoperatively.

Penetrating ballistic-like brain injury

Unilateral frontal PBBI was induced by stereotactic insertion of
a custom probe through the right frontal cortex, and a rapid infla-
tion/deflation (<40 msec) of an attached, elastic water-filled bal-
loon to create a temporary cavity in the brain. The temporary cavity
mimics that caused by the ballistic energy dispersion from a bullet
or shrapnel.”'> More specifically, the PBBI apparatus consisted of
a computer-controlled hydraulic pressure generator (Mitre Corp.,
McLean VA), a PBBI probe (with balloon), and a stereotaxic frame
equipped with a custom-designed probe holder. The probe was
made of a 20 g stainless steel tube with fixed perforations along one
end, which was sealed by a piece of elastic tubing (1 cm). The probe
was secured on the probe holder attached to the stereotaxic frame
angled at 50 degrees from the vertical axis and 25 degrees coun-
terclockwise from the midline. The other end of the probe was
connected to the hydraulic pressure generator, which, on activation
by a computer, could inflate (and deflate) the elastic tubing on the
probe to an elliptical-shaped balloon. The injury severity of the
PBBI was determined by the size of the water-filled balloon under
control of the hydraulic pressure. A balloon diameter calibrated to
be 0.63cm represents 10% of the total rat brain volume, and
therefore defines the 10% PBBI.

During the PBBI surgery, the rat was secured in the stereotaxic
frame under 2% isoflurane anesthesia. The scalp was incised along
the midline and a craniectomy was performed (4 mm diameter,
+4.5 mm anterioposterior (AP), +2 mm mediolateral (ML) from
bregma) to expose the right frontal pole of the brain. The PBBI
probe was manually advanced through the cranial window into the
right frontal hemisphere to a distance of 1.2 cm from the surface of
the cortex. Once it was in place, the hydraulic pressure generator
was activated to inflate/deflate the water balloon. The probe was
then retracted from the brain, the cranial opening sealed with sterile
bone wax, and the incision closed with sterile wound clips followed
by the administration of topical antibiotic. Sham controls received
craniectomy without insertion of the PBBI probe.

Tracer administration

Experimental groups included PBBI+HRP and PBBI+BDA
(n=5-6/group/time point) euthanized at 4 h, 24 h, 48h, 72 h, and 7
days post-PBBI. Before euthanasia, animals received a single (IV)
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injection of either 5 mg HRP (44 kDa, Sigma-Aldrich, St. Louis,
MO) or 3mg BDA (3 kDa, Invitrogen, Carlsbad, CA) dissolved in
0.5 mL physiologic saline. The tracers were allowed to circulate for
30 minutes before perfusion with physiologic saline followed by
4% paraformaldehyde (~ 3 min). Appropriate injured (PBBI alone,
n=6) and non-injured (sham with either HRP or BDA, n=4/group)
control groups were included at the 24 h post-injury time point
only.

Histopathology

At the indicated time point, animals were fully anesthetized with
ketamine/xylazine (70 and 6 mg/kg, intramuscular [IM], respec-
tively) and transcardially perfused with physiologic saline followed
by ice-cold 4% paraformaldehyde. Brains were extracted, im-
mersed in 4% paraformaldehyde for 24 h, and then transferred to
0.1 M phosphate buffer containing 20% sucrose (pH 7.4, 4°C). All
brain tissue was sent to FD Neurotechnologies (Ellicott City, MD)
for histopathological and immunohistochemical processing. After
immersion in 0.1 M phosphate buffer (PB) containing 20% sucrose
for 72 h at 4°C, brains were snap frozen and stored at —75°C. Serial
sections (40 mm thick) were cut coronally through the cerebrum
from +4.0 to —7.0mm (AP) from bregma. Six sets of serial sec-
tions (22 sections per set per rat) were collected at 1 mm intervals.
The first set was mounted on Superfrost plus microscopic slides and
were stained with hematoxylin and eosin (H&E) for gross mor-
phological assessment of injury. The remaining sets were stored as
free floating sections.

Immunohistochemistry

Brain sections from animals injected with BDA were first treated
with hydrogen peroxidase to block the endogenous peroxidase
activity. After thorough rinsing (3 X 10 min) in 0.01 M phosphate-
buffered saline (PBS; pH 7.4), sections were processed according to
the previously established avidin-biotin complex method?® using
the Vectastin elite ABC kit (Vector Lab., Burlingame, CA). Sec-
tions were incubated in PBS containing 0.3% Triton X-100 (Sigma,
St. Louis, MO) and avidin-biotinylated HRP complex for 1h.
Sections were then incubated for 10 min in 0.05 M Tris buffer (pH
7.2) containing 0.03% 3’,3’-diaminobenzidine (Sigma) and
0.0075% H,0,. All steps were performed at room temperature, and
each step was followed by washes in PBS. After thorough rinses in
distilled water, all sections were mounted on slides, dehydrated in
ethanol, cleared in xylene, and coverslipped in Permount® (Fisher
Scientific, Fair Lawn, NJ).

Brain sections from animals injected with HRP were rinsed
(3x10min) in 0.01 M PBS (pH 7.4) then incubated free floating in
PBS containing 1% normal horse serum (Vector Lab., Burlingame,
CA), 0.3% Triton X-100 (Sigma, St. Louis, MO), and a mouse
monoclonal HRP (2H11) antibody (1:2,000; Santa Cruz Bio-
technology, Santa Cruz, CA) for 3 days at 4°C. Subsequently, the
immunoreaction product was visualized according to the same
avidin-biotin complex method using Vectastin elite ABC kit
detailed above with one alteration. Before incubation with avidin-
biotin complex, sections were incubated in PBS containing bioti-
nylated horse anti-mouse IgG, Triton-X, and normal horse serum
for 1h.

Additional sets of free floating sections were processed for glial
fibrillary acidic protein (GFAP) for detection of activated astro-
cytes, rat MHC class I (OX-18) for detection of activated microglia,
and myeloperoxidase (MPO) for detection of neutrophils,21 re-
spectively. After inactivating the endogenous peroxidase activity
with hydrogen peroxidase, sections were incubated separately with
avidin and biotin solutions (Vector Lab, Burlingame, CA) for
blocking nonspecific binding of biotin, biotin-binding protein, and
lectins. Sections were then incubated free floating in 0.01 M PBS
(pH 7.4) containing 1% normal blocking serum, 0.3% Triton
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X-100, and one of the following specific antibodies: rabbit anti-
GFAP (1:8,000; DAKO, Carpinteria, CA), mouse anti-OX-18 (1:
6,000; AbD Serotec, Raleigh, NC), and rabbit anti-MPO (1:8,000;
DAKO) for 1h. Subsequently, the immunoreaction product was
visualized according to the avidin-biotin complex method with the
Vectastin elite ABC kit detailed above for BDA processing. Cri-
tically, all tissue sections were processed simultaneously in batches
based on each respective antibody to ensure consistent and uniform
staining results.

Immunohistochemical analysis

For unbiased evaluation of histopathology, digital images of
immunostained sections were captured using a BX61 microscope
(Olympus, PA) at uniform criteria for sensitivity and exposure
time. For HRP and BDA, digital images (2x) were captured for
four consecutive sections spaced 200 ym apart from +2.26 mm to
—3.80 mm to bregma. Digital images of MPO, GFAP, and OX-18
immunostaining were taken at 4 X magnification to evaluate posi-
tive staining in regions of interest (i.e., the injured hemisphere and
perilesional regions). Additional, high magnification (20X for
GFAP; 40 x for OX-18) images were captured from these sections
to quantify reactive astrocytes (GFAP) and activated microglia
(OX-18). Threshold quantification of GFAP-positive staining on
20 x pictures was assessed in the thalamus and hippocampus (CA1
and CA3 regions). Threshold quantification of OX-18-positive
staining on 40X pictures was evaluated in the parietal cortex,
thalamus, and hippocampus (CA1 and CA3 regions).

Computerized thresholding analysis was performed using ImagelJ
software (NIH, Version 1.44) as it has been used similarly in previous
studies®>>* to measure the extent of positive staining in areas of
different size/shape. In this study, the area (mm?) of specific regions
of interest may vary across animals because of animal variability,
especially in the area along the injury tract.'> Thus, we chose to apply
the thresholding ‘“‘area” technique to provide more accurate and
objective assessments of the extent of protein expression for better
comparison across different protein markers of interest. In part, this
was based on our previous work demonstrating that threshold anal-
ysis provides a sensitive and reliable measure of neuroinflammation
in a closed-head concussive model of mild TBI.>>

The threshold values (i.e., grey level index) were set to consis-
tently detect maximal positive staining of extravasated tracer or
immunohistochemical targets with minimal artifacts. To ensure
objective quantification, the same threshold value was applied to all
brain sections for each respective protein marker. Threshold mea-
surements on low magnification (i.e., 2 X and 4 X ) images were made
on injured and non-injured hemispheres (demarcated by tissue bor-
ders) whereas threshold measurements at high magnification
(20x and 40 x ) were made using the entire image. Positive staining
was quantified as number of pixels detected above the selected
threshold for a given area. All pixel measurements were automati-
cally converted into area measurements (mm?) according to the scale
(pixels per mm) for each image. Area of positive staining was av-
eraged across all analyzed sections for a given animal.

RNA isolation

A 3mm (100 ug) coronal section starting at the frontal pole of
the brain was divided into ipsilateral and contralateral hemisections
and the ipsilateral hemisection was used for RNA isolation. Purified
total RNA was isolated using the RNeasy Lipid Tissue Mini Kit
(Qiagen, Valencia, CA). Briefly, tissue samples were homogenized
using a cell disruptor in QIAzol Lysis Reagent. Chloroform was
added, and the homogenate was separated into aqueous and organic
phases by centrifugation at 13,000 rpm for 15 min.

The upper, aqueous layer was collected and 70% ethanol added
to provide appropriate binding conditions. The sample was applied
to an RNeasy spin column, where the total RNA bound to the
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column’s membrane while the phenol and other contaminants were
washed away. The RNA was then incubated in RNase-free DNase
(Qiagen, Valencia, CA) for 15 min at 37°C. After DNase treatment,
the membranes were washed with RW1 and RPE buffers and spun
at 10,000 rpm. Lastly, the membranes were eluted with RNase-free
water. Sample concentrations were measured and then samples
were stored at —80°C.

cDNA synthesis for quantitative real-time
polymerase chain reaction (PCR)

AffinityScript QPCR cDNA synthesis kit (Agilent technologies,
Santa Clara, CA) was used for synthesis of cDNA. 20 uL reactions
contained 3 ug of total RNA, 0.3 ug of oligo(dt) primers, 10 uL. of
Mastermix, and 1 ul of AffinityScript RT/RNase enzyme. The
reaction was incubated at 25°C for 5 min, 42°C for 45 min, 95°C for
5 min, and 4°C for 5 min. cDNA was diluted 1:10 in RNase/DNase
free water and then stored at —20°C until further use.

Quantitative real-time PCR

Relative amounts of mRNA were measured by QRT-PCR
using Taqman assays and primer/probes (Applied Biosystems)
for icam-1 (species R norvegicus, Rn00564227_m1), vcam-1 (spe-
cies R norvegicus, Rn00563627_m1), sel e (species R norvegicus,
Rn00594072_m1), mmp-9 (species R norvegicus, Rn01423075_g1),
mmp-3 (species R norvegicus, Rn00591740_m1), and mmp-2 (spe-
cies R norvegicus, Rn01538170_m1). Each sample was tested in
triplicate. AC, levels for f-actin were used as an endogenous control
to normalize AC levels for each sample, and relative quantities were
calculated using the formula RQ=2724C, Analysis of real-time
amplification data was done; relative quantities were calculated us-
ing 7500 software V.2.0.1 (Applied Biosystems). Sham data were
collected at the 24 h time point and used for comparison to all ex-
perimental PCR groups.

Statistical analysis

All statistical analysis of immunohistochemical quantification
was performed with IBM SPSS Statistics version 20.0 using the
Student 7 test or one-way analysis of variance (ANOVA) (using
time as a factor) followed by Bonferroni post hoc analysis when
appropriate. The one-way ANOV A was used to analyze significant
trends over time, whereas the Student 7 test was used to identify
between-group trends (*p<0.05; PBBI vs. 24 h sham) at specific
post-injury time points. Statistical analysis of relative mRNA levels
was performed with Graphpad Prism version 5.0 using one-way
ANOVA followed by Dunnett and Bonferroni post hoc tests when
appropriate. All data are presented as mean * standard error of the
mean (SEM).

Results
Histology

As previously described,”'? unilateral 10% frontal PBBI pro-
duced a consistent pattern of severe brain damage along the injury
track. At 24 h post-PBBI, H&E-stained brain sections revealed a
hemorrhagic core lesion that permeated the frontal cortex and
progressed through the dorsolateral striatum toward the lateral
amygdala. The lesion included laceration damage surrounded by a
region of pale H&E staining representing the lack of parenchymal
neuronal cells and tissues (Fig. 1).

BBB disruption

Digitized slides for animals from PBBI+BDA, PBBI+HRP, and
BDA and HRP sham control groups were evaluated microscopically
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Photomicrographs of hematoxylin and eosin (H&E) staining and tracer coronal sections at 0.26 mm to bregma. H&E (A, C)

and tracer specific (B, D) immunostains of tissue sections from animals injected with biotin-dextran amine (A, B) and horseradish

peroxidase (C, D) shown at 2 x magnification across all time points.

to quantify the degree of tracer extravasation into parenchyma. Po-
sitive staining for both tracers appeared brown to dark-brown and
could be visualized diffusely within the perilesional parenchyma
(Fig. 1). The one-way ANOVA showed that both BDA and HRP
displayed a uniphasic distribution of tracer extravasation that was
evident by 4h post-injury, peaked at 24h, and was significantly
reduced by 48 h post-injury, albeit not to sham levels. HRP extrav-
asation levels remained significant out to 48h (3.30+0.86 mm?)
post-PBBI but were no longer evident at 72 h post-injury (Fig. 2). In
contrast, BDA extravasation levels remained significantly elevated
out to 7 days (0.80+0.18 mm?) post-PBBI despite a significant de-
crease at 72h compared with levels at 24h (Fig. 2). In addition,
overall measurements of the mean area of extravasation demon-
strated the extent of positive staining was greater for BDA
(13.01+4.18 mm®) than HRP (6.83+3.55mm’) at 24 h post-PBBI
(p<0.05).

Immunohistochemistry

Microscopically, MPO was visualized as a dark-brown cyto-
plasmic stain. Cells staining positively for MPO were observed to
be small granulocytes (predominantly neutrophils and to a lesser
extent monocytes). After PBBI, immunoreactivity for MPO was
significantly elevated from 4-72h with peak elevations evident
from 24h (0.41+0.08 mm?) to 48h (0.38 £0.05 mm?) post-PBBI
(p<0.05; Fig. 3). Examined sections confirmed perilesional infil-
tration of granulocytes into the parenchyma evident by 4 h post-
injury that was significantly increased from 24-48h (p<0.05
compared with 4h and 72h post-injury) and was less apparent at
72 h (Fig. 3).

High magnification microscopic examination of GFAP-positive
astrocytes showed an activated morphology of increased dentritic
branching with thicker processes and strongly staining stroma (Fig.
4). Similar to MPO, a significant increase in GFAP-positive
staining in the injured hemisphere (including perilesional regions)
was evident by 4 h, reached maximal levels 24—48 h after injury,
and declined significantly at 72 h. Unlike MPO, however, GFAP
reactivity remained significantly elevated out to 7 days post-PBBI
(Fig. 4). Notably, although GFAP reactivity in perilesional
and subcortical (thalamic) regions was significantly elevated
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FIG. 2. Quantification of tracer extravasation. Mean area of
BDA (A) and HRP (B) extravasation from 4h to 7 days post-
PBBI. Data presented as means * standard error of the mean. Grey
dashed line represents level of tracer extravasation in 24 h sham
rats. *p <0.05 compared with sham rats by Student 7 test. 'p <0.05
compared with the 24 h experimental group by one-way analysis
of variance.
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FIG. 3. Myeloperoxidase (MPO) immunohistochemical quantification and photomicrographs. (A) Mean area of MPO-positive
staining from 4 h to 7 days post-PBBI. (B) Representative sections (4 X and 20 X magnification) in the perilesional region at 24 h and 72 h
post-injury. Data presented as means * standard error of the mean. Grey dashed line represents level of positive staining in 24 h sham
rats. *p <0.05 compared with sham rats by Student 7 test. Tp <0.05 compared with the 24 h and 48 h experimental groups by one-way

analysis of variance. Scale bar=50 um.

(compared with sham) across all post-injury time points, ANOVA
results showed that GFAP expression was significantly higher at
48h (1.28+0.14mm?) and 7 days (1.11£0.10mm?) compared
with 72h (0.62+0.05 mm?) post-injury (p<0.05) suggesting a
biphasic pattern of GFAP reactivity in the thalamic region (Fig.
4). Measurements of GFAP staining in the CA1 and CA3 regions
of the hippocampus were not significant at any time point com-
pared with sham controls.

Morphologic examination of sections confirmed that in regions
staining intensely for OX-18, the majority of cells reactive to the
OX-18 stain were activated microglia. Staining cells observed in
the cortical, perilesional, and subcortical (thalamic) regions of the
injured hemisphere exhibited the typical bushy, amoeboid mor-
phology at 7 days (Fig. 5). ANOVA revealed a biphasic increase
in OX-18 expression detected primarily in the perilesional regions
of the injured hemisphere. Notably, a significant increase in
OX-18 expression was not detected until 24 h post-PBBI, and
maximum upregulation was detected at 48 h (2.67 £0.26 mm?)
and 7 days (3.25+0.68 mm?) post-injury. In contrast, a significant
increase in subcortical expression of OX-18 was detected only at
7 days post-PBBI (p <0.05; Fig. 5). No significant increases in
0OX-18 expression were detected in hippocampal or cortical re-
gions of interest.

Inflammatory gene expression profiles

QRT-PCR was used to track the time course of alterations in
mRNA for selected cellular adhesion molecules (CAM) and matrix
metalloproteinases (MMP) post-PBBI. The relative quantities of
mRNA for icam-1 and vcam-1 were significantly upregulated within
4 h of injury. Greatest increases in CAM mRNA expression relative
to 24 h sham were as follows: icam-1 (8.02£0.89 fold at 4 h; Fig. 6),
and vcam-1 (1.56+£0.09 fold at 4h; Fig. 6). icam-1 and vcam-1
mRNA levels returned to sham by 24 h post-injury. Uniquely, vcam- 1
mRNA levels followed an inverse parabolic curve after the sig-
nificant decrease between 4 h and 24 h, reaching a minimum of
0.29£0.02 fold at 48 h, then undergoing a second significant rise to
1.36£0.17 fold mRNA (p<0.05) at 7 days (Fig. 6). Relative
quantities of mRNA for sel e were not significantly changed at any
time point compared with those measured in sham rats (not shown).

Relative levels of mmp-9 mRNA were most increased at 24 h
(4.12+1.32 fold) and returned to approximate sham levels at 72h
post-injury (Fig. 7). Alternatively, relative quantity of mmp-2
mRNA showed a delayed 3.72+0.47 fold (p<0.05) increase at
only 7 days post-PBBI (Fig. 7). Relative quantities of mmp-3 were
not significantly changed at any time point compared with those
measured in sham rats (not shown).
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FIG. 4. Glial fibrillary acidic protein (GFAP) immunohistochemical quantification and photomicrographs. Mean area of GFAP-
positive staining in the injured hemisphere (A), perilesional region (B), and subcortical region (C) from 4h to 7 days post-PBBI. (D)
Representative sections (20X ) of the subcortical and perilesional immunostains at 48 h, 72 h, and 7 days. The image in the lower right
corner depicts the measured regions. Data presented as means + standard error of the mean. Grey dashed line represents level of positive
staining in 24 h sham rats. *p <0.05 compared w1th sham rats by Student 7 test. (A) Tp <0.05 compared with the 48 h experimental group
by one-way analysis of variance (ANOVA). (C) 'p<0.05 compared with the 48 h and 7 day experimental groups by one-way ANOVA.

Scale bar=50 um.

Discussion

In this study, we defined the temporal profile of BBB dynamics
after a PBBI injury using more sensitive markers of BBB integrity
and compared the time-course of PBBI-induced BBB dysfunction
with measured changes in markers of neuroinflammation. Using
BDA (3kDa) and HRP (44 kDa) extravasation, the present study
defined a profile of BBB disruption that was uniphasic and gradient
after PBBI. This uniphasic profile corresponded closely to markers
for adhesion (icam-1 mRNA) and infiltration (MPO staining and
mmp-9 mRNA) of peripheral granulocytes, and improvement of
BBB dysfunction coincided with increasing markers implicated in
tissue remodeling and repair (OX-18 staining and mmp-2 mRNA).

BBB disruption time course

Loss of BBB integrity has long been considered a pathological
hallmark of severe TBI, linked to neuroinflammation and to de-
velopment of later neuropathological disorders."*>2® Using Evan’s
blue (EB; albumin-bound, ~ 66 kDa) extravasation, we previously
reported evidence of a biphasic pattern of BBB disruption after
PBBI consistent with what others have reported in preclinical
models of TBI or ischemia.?’~*° In that study, we detected two peak

phases of EB extravasation evident at 4 h post-PBBI and then again
at 48-72h post-injury.’® PBBI, however, produces significant
mechanical damage to the microvasculature that may result in re-
sidual trapping of albumin-bound EB within the lumen of damaged
blood vessels perhaps partly caused by interaction of albumin and
albumin aggregates with both damaged vascular endothelium and
thrombus. This trapping may lead to overestimates of BBB per-
meability using EB extravasation methods.*"*> One goal of the
present study was to more clearly delineate the BBB permeability
profile after PBBI by using molecular tracers, such as BDA and
HRP, which have been reported as providing measures of BBB
disruption that may be less confounded by damaged or clotted
cerebral vasculature.®'~?

Results of the current study revealed a uniphasic and gradient
profile of BBB disruption after PBBI. Extravasation of both BDA
and HRP tracers was initially detected at 4 h post-PBBI, reached
maximal extravasation at 24 h post-injury, and remained evident
out to either 48 h for HRP or 7 days for BDA. Differences between
the extent and duration of BDA and HRP extravasation support the
theory that the BBB permeability is not an all-or-none event but
rather occurs in an incremental (or gradient) manner after PBBIL.
These findings are supported by previous studies in other TBI
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post-PBBI. Representative sections (4xand 40X) of subcortical
immunostains (C) at 7 days post-PBBI. Data presented as
means * standard error of the mean. Grey dashed line represents
level of positive staining in 24 h sham rats. *p<0.05 compared
with sham rats by Student 7 test. Scale bar=30 um.

models that have shown that the BBB remains permeable to smaller
molecular weight tracers (i.e., BDA) at post-injury times when
barrier permeability to larger molecules (i.e., HRP) has re-
solved.*'** Continued diffusion of BDA at later time points
(>72h) indicates persistent underlying BBB dysfunction despite
functional improvement sufficient to prohibit passage of HRP into
the CNS. The presence of sustained BBB permeability to com-
pounds of smaller molecular weights may be clinically significant
with regard to the therapeutic window for small (<3 KDA) mo-
lecular weight compounds after severe penetrating TBI.
Critically, significant adverse effects were detected after ad-
ministration of HRP, including edema and mild cyanosis evident in
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FIG. 6. Relative mRNA levels for adhesion molecule genes.
Quantities of relative mRNA for icam-1 (A) and vcam-1 (B) from
4h to 7 days post-PBBI. Data presented as means * standard error
of the mean. Grey dashed line represents level of relative mRNA
in sham rats at 24 h post-PBBI. *p <0.05 compared with sham rats
by one-way analysis of variance (ANOVA). Tp<0.05 compared
with the 4 h and 7d experimental groups by one-way ANOVA.

the distal limbs (i.e., the hind and forepaws) resulting in distress to
the animals. In addition, conservative interpretation of HRP ex-
travasation is needed because of evidence supporting facilitated
and passive transfer of the peroxidase across membranes that might
lead to overestimations of BBB permeability.***> Based on these
observations, it is strongly recommended that the use of HRP be
limited to anesthetized animals, or avoided completely.

BBB and neuroinflammatory markers

Overall, the primary objective of this study was to compare the
time course of PBBI-induced BBB permeability with measured
changes in markers of neuroinflammation: activation of resident
inflammatory cells, upregulation of pro-inflammatory genes, and
markers of peripheral inflammatory cell infiltration. From the
current results, it is clear that the regulation of these markers is
dynamically altered in the first week after PBBI. The neuroin-
flammatory processes occurring after PBBI are implicated in the
progression of TBI via secondary mediators such as reactive oxy-
gen species, nitric oxide, pyrogenic and pro-apoptotic cytokines,
and matrix metalloproteinases.**™*' For the purpose of this
discussion, the post-PBBI BBB permeability/neuroinflammatory
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FIG. 7. Relative mRNA levels for matrix metalloproteinase
genes. Quantities of relative mRNA for mmp-9 (A), mmp-2 (B)
from 4 h to 7 days post-PBBI. Data presented as means * standard
error of the mean. Grey dashed line represents level of relative
mRNA in sham rats at 24 h post-PBBI. *p <0.05 compared with
sham rats by one-way analysis of variance.

response is broken down into the following three phases: Phase 1
(04 h), Phase 2 (24-72h), and Phase 3 (>72h).

During Phase 1 (0—4 h post-PBBI), significant increases in BBB
permeability occurred in conjunction with an upregulation in as-
trocytic GFAP expression as well as icam-1 and vcam-1 mRNA
levels. Although global mRNA changes in these inflammatory
markers do not allow for cell-specific analysis, they are highly
indicative of recruitment of peripheral immune cells. Previous
research using both pre-clinical and clinical models of TBI has
demonstrated that the acute post-injury phase is characterized by
increased expression of pro-inflammatory cytokines'®'**? that
have been implicated in triggering the upregulation of CAMs.*?
CAMs play a pivotal role in the migration of peripheral leuko-
cytes into the CNS, and the interactions between ICAM-1,
VCAM-1, and their ligands facilitate adhesion and transmigra-
tion of peripheral inflammatory cells.*>**~*® The PBBI-induced
release of plasma and cellular components likely triggers rapid
activation of astrocytes and endothelial cells, resulting in as-
trocytic cytokine production and upregulation of CAM genes in
endothelial cells.'**® These alterations would facilitate acute
migration of peripheral inflammatory cells as well as contribute
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to a secondary phase of increased vascular permeability and
continued leukocyte infiltration.

In support of this, the current results demonstrated a progressive
activation of resident inflammatory cells and peripheral leukocyte
infiltration (MPO-positive granulocytic infiltration, mmp-9
mRNA) in conjunction with a rapid decrease of icam-1 and vcam-1
mRNA production from 24—72 h post-PBBI (Phase 2). Astrocytes
and microglia reached peak activation levels during this period,
while icam-1 and vcam-1 mRNA levels were sharply decreased.
This was consistent with the results of our previous PBBI studies
demonstrating glial activation during this period.'**” Novel to this
study is the finding of a direct correlation between the peak phase of
both BBB permeability and infiltrating granulocytes, and corre-
sponding increase in mmp-9 mRNA. These results, however,
should be interpreted conservatively, because further work is nee-
ded to confirm/identify corresponding patterns of protein expres-
sion using immunohistochemistry. That notwithstanding, the
mRNA results in the present study provide critically important
information regarding which proteins and time points should be
targeted for further examination.

The current results suggest that release of MMP-9 into the in-
jured brain tissue is an important factor in sustaining increased
BBB permeability and recruiting peripheral inflammatory cells in
the second phase of the PBBI-BBB disruption time course. MMP
are zinc-dependent proteinases that are collectively capable of
degrading all components of the extracellular matrix and basement
membrane. MMP-2, -3, and -9 have been linked to severe TBI and
the associated BBB dysfunction in both preclinical and clinical
studies.**~>° Of note, MMP-9 (gelatinase B) plays an important role
in the degradation of basement membrane components, including
collagen type IV and type V, fibronectin, and elastin.”® Past work
using fluid percussion injury models has established that MMP-9 is
acutely upregulated after TBI and is sensitive both to injury severity
and to manipulations in core brain temperature.*>*!

Studies of ischemic brain injury have implied that MMP-9 is
predominantly leukocyte-derived, its release into tissues likely
resulting from rapid degranulation of neutrophils.>”*® In the
current study, concurrent increases in mmp-9 mRNA and MPO-
positive granulocytes detected in the injured hemisphere post-PBBI
provide further support for a granulocytic origin for early MMP-9.
The actions of MMP-9 on the extracellular matrix and basement
membrane have been implicated in both the acute disruption of
the BBB and in migration of early inflammatory cells.*”*° While
further work is ongoing to identify the localization of MMP-9
activation in brain tissue, the progression of increased mRNA for
CAMs, increasing BBB permeability, and infiltration of peripheral
leukocytes supports a strong association between the degree of
BBB disruption and the relocation of peripheral immune cells to the
site of CNS injury.

Phase 3 (>72h post-PBBI) is characterized by measures that
may be indicative of a ““wound healing” response in the injured
brain including increased microglial activation, sustained astro-
cytic activation, and an abrupt increase in mmp-2 mRNA. Notably,
the time frame during which this wound healing response emerges
(i.e., 3-7 days post-injury) appears to coincide with the resolution
of post-injury edema and EB extravasation as well as acute spon-
taneous recovery of motor function evaluated previously using
neurological and balance beam assessments within 3 days post-
injury in the same PBBI model.>*®

In the current study, both mmp-2 mRNA and glial activation
increased sharply in the injured brain tissue during the same time
frame that BBB permeability to tracer molecules appears to be
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resolving. Microglia have long been considered the resident
macrophages of the CNS. They serve several functions necessary
for neuronal survival after injury including clearing toxic debris,
producing anti-inflammatory mediators, and facilitating repair.>®
While a subset of activated microglia was detected at 7 days post-
PBBI in the subcortical (thalamic) region, the majority were
perilesional and well-placed to support tissue repair near the site
of injury.

The relationship between astrocytes and microglial activation
appears to be both spatial and temporal. While the activation of
astrocytes and microglia were detected in similar brain regions, the
temporal profiles of activation of these cell types differed. Astro-
cytic activation was detected more intensely in the injured hemi-
sphere and, to a lesser degree, in the subcortical regions throughout
the post-injury period. In contrast, activation of microglia appeared
to evolve more slowly in both the injured hemisphere and areas
distal to the site of injury. These differential patterns of protein
expression were similar to what was previously reported in this
PBBI model,”'* indicating that both cell types are exquisitely
sensitive to brain injury, but they may play different roles in the
development of neuroinflammation after PBBI.

Recent studies have also begun to suggest that MMP-2 plays an
important role in the reparative aspects of injury response and tissue
remodeling in the CNS. At > 5 days post-injury, MMP-2 (gelatinase
A) has been localized to both reactive astrocytes and macrophages
surrounding the resolving injury site.>®*? Similarly increased ex-
pression of MMP-2 has been associated with augmented axonal
outgrowth in mammalian spinal cord injury and localized to as-
trocytes surrounding the proximal nerve stump and lesion after rat
optic nerve crush injury.’>' Correspondingly, genetic upregulation
of MMP-2 was evident solely in the latest period of the current
study beginning between 3—7 days after PBBI. The background of
continued astrocytic activation, delayed increases in perilesional
microglial activation, and the upregulation of mmp-2 mRNA sug-
gests that upregulation of MMP-2 may contribute to post-PBBI
CNS repair mechanisms. Further work is warranted to identify the
regional and/or cellular profile of MMP-2 protein activation in the
injured brain.

Conclusion

The current results indicate that there is a strong temporal and
spatial association between the degree of BBB disruption and the
ability of circulating inflammatory cells to quickly relocate to the
site of CNS injury. Although these findings significantly enhance
the understanding of BBB dysregulation after penetrating brain
injury, further studies of relevant structures (i.e., basement mem-
brane components and junctional proteins) are warranted. In ad-
dition, examination of cell-specific changes rather than global
changes in inflammatory markers would provide greater resolution
in identifying specific targets for potential therapies.
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