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Abstract

Exposure to blast overpressure may result in cerebrovascular impairment, including cerebral vasospasm. The mechanisms

contributing to this vascular response are unclear. The aim of this study was to evaluate the relationship between blast and

functional alterations of the cerebral microcirculation and to investigate potential underlying changes in vascular mi-

crostructure. Cerebrovascular responses were assessed in sham- and blast-exposed male rats at multiple time points from

2 h through 28 days after a single 130-kPa (18.9-psi) exposure. Pial microcirculation was assessed through a cranial

window created in the parietal bone of anesthetized rats. Pial arteriolar reactivity was evaluated in vivo using hypercapnia,

barium chloride, and serotonin. We found that exposure to blast leads to impairment of arteriolar reactivity >24 h after

blast exposure, suggesting delayed injury mechanisms that are not simply attributed to direct mechanical deformation.

Observed vascular impairment included a reduction in hypercapnia-induced vasodilation, increase in barium-induced

constriction, and reversal of the serotonin effect from constriction to dilation. A reduction in vascular smooth muscle

contractile proteins consistent with vascular wall proliferation was observed, as well as delayed reduction in nitric oxide

synthase and increase in endothelin-1 B receptors, mainly in astrocytes. Collectively, the data show that exposure to blast

results in delayed and prolonged alterations in cerebrovascular reactivity that are associated with changes in the micro-

architecture of the vessel wall and astrocytes. These changes may contribute to long-term pathologies involving dys-

function of the neurovascular unit, including cerebral vasospasm.
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Introduction

Exposure to blast overpressure (BOP) from high-energy

explosions has been on the rise in the civilian population and

combat troops. A notable clinical finding in military casualties

exposed to blast is cerebral vasospasm, a complication experi-

enced more commonly by blast casualties than other forms of

traumatic brain injury (TBI).1 Post-traumatic vasospasm is a de-

layed, highly unpredictable pathological phenomenon, often oc-

curring in brain regions distal from the primary site of injury and

is most commonly associated with the presence of subarachnoid

hemorrhage (SAH). Significant constriction of the lumen of major

cerebral arteries and diminished blood flow occur 3–7 days post-

SAH,2 with earlier onset in blast-induced TBI.1 A seminal study

by Armonda and colleagues3 found that nearly half of 57 patients

with severe blast-induced TBI suffered from angiographic cere-

bral vasospasm, which tended to peak 14–16 days post-injury

and was observed up to 30 days after the initial traumatic insult.

Of note, blast exposure was sufficient to initiate vasospasm in

the absence of SAH. The presence of vasospasm alone predicted

negative short- and long-term clinical outcomes. Though the

underlying pathophysiology is unclear, the presence of vasospasm
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in the absence of SAH suggests unique mechanisms from non-

blast TBI.

Cerebrovascular injury remains a poorly studied pathogenic

mechanism in blast-induced TBI, particularly in mild cases that

rarely come to autopsy.4 Converging lines of evidence suggest that

blast exposure is associated with vascular pathology. Experimen-

tally, blast TBI is associated with alterations in blood–brain barrier

(BBB) permeability,5–7 cerebral perfusion,8 and autoregulation.9

Repeated exposure to blast results in a uniform degradation of the

cerebral endothelial glycocalyx with pervasive small vessel pa-

thology,10 and long-term vascular pathology has been reported in

the absence of overt neuronal damage.11,12 Additionally, exposure

to blast impairs the vasodilatory ability of the basilar artery

ex vivo13 and increases vascular smooth muscle contractility

in vitro.14

Despite clinical indications and experimental data supporting a

role of cerebrovascular insult in the pathogenesis of blast-induced

TBI, there remains a paucity of data on alterations in microvascular

structure and function after exposure to blast. Various physiologi-

cal mechanisms regulate the cerebral microcirculation to produce

vasodilation or vasoconstriction,15 and the balanced responses of

the cerebral vasculature are critical for neurovascular coupling,

maintaining constant blood flow by autoregulatory mechanisms,

and responding to neurohumoral stimuli. Changes in cerebrovas-

cular reactivity are predictive of SAH-induced vasospasm.16 Evi-

dence of vascular damage in cerebral vasospasm comes from the

spontaneous activity of vascular smooth muscle resulting in vaso-

constriction in the early phase. Subsequent proliferation of these

cells leads to vascular wall thickening, changes in arterial com-

pliance, and resistance to treatment with vasodilator pharmaco-

logical agents.2,17–19 Increase in arterial rigidity caused by injury to

the vascular endothelium and smooth muscle is a well-established

concept in cardiovascular disease,20 where contractile vascular

smooth cells switch to a pro-proliferative, non-contractile pheno-

type in response to changes in intravascular mechanical forces,

resulting in vascular remodeling.

The unique mechanics of blast and the response of the cerebral

vasculature to rapid acute increase in pressure loads may contribute

to alterations in cerebrovascular reactivity, vascular remodeling,

and initiation of vasospasm. Indeed, in vitro and ex vivo studies

suggest that exposure to blast may be associated with vascular

remodeling and altered vasoreactivity.13,14 Therefore, our study

sought to assess blast-induced changes in pial microvascular re-

sponsiveness to mechanistically varied vasoactive mediators

in vivo, characterize the time course of any observed microvascular

dysfunction, and examine structural changes in the vasculature

within the same time frame. Our data indicate that blast exposure is

associated with impaired microvascular dilation and enhanced

constriction, along with alterations in vascular smooth muscle, the

endothelium, and astrocytes.

Methods

The study protocol was reviewed and approved by the Walter
Reed Army Institute of Research/Naval Medical Research Center
Institutional Animal Care and Use Committee in compliance with
all applicable federal regulations governing the protection of ani-
mals in research.

Blast overpressure exposure

Anesthetized male, 7–9 weeks old, hooded Long Evans rats
(Charles River Laboratories, Wilmington, MA), weighing 357 – 4 g,

were exposed to blast overpressure in a compressed air-driven
shock tube as previously described.21,22 Mylar sheets (DuPont Co.,
Wilmington, DE), 350 lm thick, were used to separate the com-
pression and expansion chambers in the tube to generate a blast
wave with a mean peak pressure of 130 – 0.61 kPa (mean – standard
error of the mean [SEM]; equivalent to *18.9 psi), overpressure
duration of 9.26 – 0.21 ms (mean – SEM), and overpressure im-
pulse of 510 – 0.004 kPa.ms (mean – SEM). Under 4% isoflurane
anesthesia, each rat was placed in a plastic cone (DeCapi Cones;
BrainTree Scientific Inc., Braintree, MA) to restrain head and body
movements induced by the shock wave. The rat was then placed
under three rubber tourniquets in an animal holding basket inside
the shock tube to further stabilize the head, chest, and lower torso
during blast exposure. All rats were exposed to a single blast in the
frontal facing position (i.e., nose and head 180 degrees relative to
the pressure wave propagation. Sham (non-blast) rats were exposed
to all procedures but the blast.

After blast exposure, rats were allowed to recover from anes-
thesia and returned to their cages until the appropriate study time
point. For intravital microscopy studies, rats were randomized into
2 h, 1, 3, 14, or 28 days post-BOP groups before exposure to blast.
For immunohistochemistry (IHC) and western blot studies, a ran-
domized block design was used. Because of the large number of
animals needed to complete the studies reported here, only male
rats were used in this initial investigation to control for sex-related
differences. The majority of reports of clinical outcome after ex-
posure to blast are based on observations in male military service
members attributed to higher participation and incidence of injury
in males.23,24 The findings of our study are limited to males, and sex
differences in cerebrovascular responsiveness after exposure to
blast remain unknown. It will be crucial that future studies inves-
tigate the effects in females.

Intravital microscopy: pial arteriolar reactivity

After exposure to sham procedures or BOP and on the day of
surgery, rats were weighed and anesthetized with an intraperitoneal
injection of a mixture of acepromazine (4 mg/kg) and ketamine
(72 mg/kg). Buprenorphine (0.01 mg/kg) was administered subcu-
taneously for analgesia. Surgical plane of anesthesia was main-
tained subsequently with intramuscular injections of ketamine.
Throughout the study, core body temperature was maintained at
37�C with a warming pad (MouseVent; Kent Scientific, Lichtfield,
CT). Because pilot studies showed that rats breathing room air
(21% oxygen) became hypoxemic, all animals were mechanically
ventilated by an endotracheal tube with a small animal ventilator
(MouseVent) using 40% medical grade oxygen (O2) and 60% ni-
trogen (N2; Airgas, Alexandria, VA). Ventilator settings were ad-
justed to maintain normocapnia (partial pressures of carbon dioxide
[paCO2] of 35–45 mm Hg) and normoxia (partial pressures of ox-
ygen [paO2] ‡80 mm Hg).

The right femoral artery was cannulated with PE-50 tubing for
continuous blood sampling and invasive arterial blood pressure and
heart rate (HR) monitoring (MouseVent). Blood samples were
analyzed on an automated blood-gas system (ABL 700; Radio-
meter Medical ApS, Copenhagen, Denmark) for pH, paCO2, and
paO2, lactate, and bicarbonate (HCO3

-). Pial microcirculation was
accessed through a rectangular craniotomy (*3 · 4 mm) prepared
in the right parietal bone as described in Levasseur and col-
leagues.25 The dura was cut and removed to the side to expose pial
microvasculature. To maintain moisture and electrolyte balance,
the surface of the brain was superfused with artificial cerebrospinal
fluid (CSF; Na 150 mM, K 3.0 mM, Ca 1.4 mM, Mg 0.8 mM, P
1.0 mM, and Cl 155 mM; Harvard Apparatus, Holliston, MA) and
covered with a glass cover-slip. A stereomicroscope (SZ16;
Olympus, Tokyo, Japan) equipped with a DP-73 digital camera was
used for imaging pial microvessels. A total magnification of
40 · and a resolution of 0.8063 pixel/micrometer for both X and Y
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dimensions were used for image collection. Pial arterioles were
measured at the same locus throughout the experiment using the
computer program CellSens (2010; Olympus).

After a 10-min stabilization period after surgery and under an-
esthesia, vessel reactivity was assessed by measuring pial arteriolar
diameters before and after treatment with each of three mecha-
nistically varied vasoactive mediators: carbon dioxide (CO2),
barium chloride (BaCl2), and serotonin (5-hydroxytryptamine; 5-
HT). The vasodilatory response of CO2 was assessed by switching
the ventilator air supply from 40% O2 to a certified gas mixture of
7% CO2, 40% O2, and 53% N2 (Airgas). The CO2 test was ter-
minated when end-tidal CO2 readings reached 10%, which typi-
cally occurred after *90 sec. An arterial blood-gas sample was
analyzed at the end of the CO2 test to confirm that paCO2 in-
creased to at least *70 mm Hg. After a 10-min washout period
with artificial CSF, 5% aqueous BaCl2 (0.3 mL) was applied to-
pically to the pia dropwise to probe vascular reactivity to this
potent vasoconstrictor.26,27

For the 5-HT response, 0.3 mL of 1 · 10–4 M of 5-HT HCl
(Sigma-Aldrich, St Louis, MO) was applied topically to the pial
surface after a 10-min washout period with artificial CSF after the
BaCl2 test. At the end of the experiment, reactivity of the pial
microcirculation was tested again with BaCl2 and CO2 to ensure
that the vessels remained reactive and able to constrict or dilate,
respectively, until the end of the experiment. Figure 1 illustrates
examples of vasoconstriction and -dilation of pial arterioles as seen
through a cranial window.

For analysis of microvascular diameter changes, pial micro-
vessels were grouped into either a ‘‘small’’ (<50 lm) or ‘‘medium’’
(50–100 lm) size category based on the pre-treatment baseline
size.28–35 The increase in the amount of smooth muscle with vessel
size correlates with the ability of vessels to contract justifies di-
viding the vessels into size categories.27 A power analysis of pilot
data indicated that 40 vessels per size category were required to
detect a 10% change in diameter with 80% power. All animals were
euthanized with 150 mg/kg of sodium pentobarbital at the end of
the experiment administered by intracardiac puncture.

Immunohistochemistry

To characterize blast-induced changes within the vascular wall
and astrocytes and the time course of these changes, the expression
of the following proteins was examined using IHC: vascular
smooth muscle protein smoothelin (SMTH), smooth muscle a-actin
(SMA), smooth muscle myosin heavy chain (SM-MHC), myosin
light chain II-20 kDa (MLC), endothelin type A receptor (ETA),
endothelin type B receptor (ETB), and the astrocyte marker glial
fibrillary acidic protein (GFAP). Rats were exposed to BOP or
sham procedures as described above, and, at each of the time points

studied (2 h and 1, 3, 14, and 28 days post-BOP), rats (n = 5 rats/
group for each time point) were euthanized with sodium pento-
barbital (150 mg/kg) and brains were collected and immediately
embedded in optimal cutting temperature compound (Sakura Fi-
netek, Torrance, CA) on dry ice.

Frozen cryostat sections (5 lm) from 0.8 mm anterior to bregma
to 4.8 mm posterior to bregma were washed in phosphate-buffered
saline (PBS) for 15 min and blocked in 2% bovine serum albumin
in PBS for 30 min at room temperature. Sections were then incu-
bated with rabbit or mouse antibodies against SMTH (1:2000;
Invitrogen, Carlsbad, CA), SMA (1:500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), SM-MHC (1:500; Invitrogen), MLC (1:500;
Cell Signaling Technologies, Danvers, MA), ETA (1:500; Abcam,
Cambridge, UK), ETB (1:500; Abcam), or GFAP (1:1000; Milli-
pore, Burlington, MA) overnight at 4�C. After three washes in
PBS, the sections were incubated with the appropriate cyanine
(Cy) 2– or Cy3-conjugated secondary antibodies (1:500; Jackson
ImmunoResearch, West Grove, PA) at room temperature or over-
night at 4�C. Sections were then washed in PBS, dehydrated
through a graded (50, 70, 80, 90, and 100%) series of water-ethanol,
cleared with xylene, mounted with Permount, and cover-slipped.
For all proteins, with the exception of the endothelin receptors,
sections were examined with an Olympus AX80 (Olympus) and
images were captured with a DP72 camera (Olympus) using the
software, cellSens Dimension (Olympus).

Immunofluorescence intensity, blood vessel thickness, and ves-
sel luminal diameter were measured using the software, ImagePro
Premier (Version 9.3; Media Cybernetics Inc., Rockville, MD).
Images from six to eight sections from each animal were used for
semiquantitative analyses. For analysis of SMTH, SMA, SM-MHC,
and MLC immunostained sections, the threshold was adjusted so
that only the fluorescent staining (and not the background) was
visible. Image color was converted to black and white, with white
representing the immunostained areas and black representing non-
stained areas. For consistency, the same threshold was applied to all
sections. Individual vessels were selected, and densitometry of
immunolabeled vessels was used to obtain intensity values.

To determine whether exposure to blast leads to change in ex-
pression pattern of endothelin receptors within the blood vessel
wall and astrocytes, tissue sections were double-labeled against
endothelin receptors A or B and GFAP or SMA to label astrocytes
or smooth muscle, respectively. For colocalization studies, the
same standard immunolabeling procedures described above were
used and the sections that were incubated with anti-ETA or ETB

antibodies were combined with anti-SMA or anti-GFAP antibodies.
Immunofluorescence was examined using confocal microscopy
(Fluoview FV1200; Olympus). For quantification of ET receptors,
single immunofluorescence intensity for the whole slide was ob-
tained. Double-labeled cells were counted manually and were

FIG 1. An example of pial microcirculation as seen through a cranial window in the parietal bone under baseline conditions (left,
paCO2 = 35–45 mm Hg), after topical application of BaCl2 (middle, paCO2 = 35–45 mm Hg), and after ventilation with 7% CO2 (right,
paCO2 = 80.6 mm Hg in the illustrated example). Pial arterioles (arrows) respond with vasoconstriction to BaCl2 and *4% dilation to
7% CO2. Scale bars, 100 lm. paCO2, partial pressure of carbon dioxide.
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expressed as percentage of ETA or ETB and GFAP-positive cells or
ETA or ETB and SMA-positive cells.

Western blotting

For western blotting, anesthetized rats (n = 6 rats/group for each
time point) were exposed to blast or sham procedures and eutha-
nized as described for IHC. Harvested brains were flash-frozen in
liquid nitrogen until further processing. For protein extraction,
tissue from the frontoparietal cortex was sonicated and lysed on ice
in a buffer containing 150 mM of NaCl, 50 mM of Tris-HCl, 0.25%
deoxycholate, 1 mM of ethylene glycol tetraacetic acid, 1 mM of
NaF, 1 mM of Na3VO4, and a cocktail of proteinase inhibitors.
Protein assays and western blot analyses were determined as pre-
viously described.36 Briefly, equal amounts of protein from each
sample (25 lg) were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes, which were then blocked in 5% nonfat milk.
Membranes were then probed overnight at 4�C using the following
dilutions of the same antibodies used for IHC: SMTH (1:2500),
SM-MHC (1:1000), SMA (1:1000), MLC (1:1000), ETA (1:1000),
and ETB (1:2000).

In addition, antibodies against endothelin-1 (ET-1; 1:1000; In-
vitrogen), endothelial nitric oxide synthase (eNOS; 1:1000; Ab-
cam), inducible nitric oxide synthase (iNOS; 1:1000; Thermo
Fisher Scientific, Waltham, MA), and serine 19 phosphorylated
MLC (p-MLC; 1:1000; Cell Signaling) were also used to assess
expression of these proteins. After incubation with the appropriate
antimouse or -rabbit secondary horseradish peroxidase (HRP)-
linked immunoglobulin G secondary antibodies (Cell Signaling),
blots were developed with an enhanced chemiluminescence re-
agent (SuperSignal WestFemto; Thermo Fisher Scientific) and
imaged in a Fuji Image analyzer (LAS-3000; Fujifilm, Tokyo, Ja-
pan) to detect the HRP-conjugated antibody complex. Band density
was quantified using the NIH software, ImageJ (NIH, Bethesda,
MD). Each membrane was then incubated in a stripping buffer for
15 min to remove the immune complex and probed for the house-
keeping protein, b-actin.

Statistical analysis

All results are reported as mean – SEM. Statistical analyses were
performed using SPSS software (2012; IBM Corporation, Armonk,
NY). Data for each variable were assessed for normality before
inferential statistical analyses. For pial arteriolar diameters, percent
change from pre-treatment baseline for each vasoactive mediator
was compared among the groups using the Mann-Whitney U test
because the data were not normally distributed and a transformation
was not feasible. Adjustments for multiple comparisons against the
sham group were performed, and, when appropriate, the adjusted p
values were used to determine statistical significance. GraphPad
Prism software (version 6; 2009; GraphPad Software Inc., San
Diego, CA) was used for generating graphs. IHC and western
blotting data were analyzed using analysis of variance (ANOVA),
followed by Dunnett’s test for post-hoc pair-wise comparisons.

Results

Exposure to blast overpressure alters cerebrovascular
reactivity in a time-dependent manner

For each time point assessed post-BOP exposure, a total of 90–

136 vessel measurements of pial arteriolar diameters were obtained.

Previous work from our lab30,37 and others38 have demonstrated

that vascular responses to local or systemic (intravenous) admin-

istration of vasoactive substances are different in small versus

larger vessels within the microcirculation. The amount of smooth

muscle as well as the presence of pericytes and other factors that

affect vascular contractility vary considerably between small and

larger vessels and capillaries lack smooth muscle altogether.27

Therefore, we examined the relationship between vessel diame-

ter/size and responsiveness to the vasoactive mediators evaluated in

this study by grouping vessels into size categories, as previously

described.30,31,37 Responses of small (<50 lm) and medium (50–

100 lm) sized vessels were compared across the different time

points examined in this study. Overall, in sham animals, the three

vasoactive mediators used in this study elicited responses that were

consistent with the previously established normal vascular reac-

tivity induced by these agents (Fig. 1); specifically, CO2 resulted in

*4% vasodilation whereas BaCl2 and 5-HT caused *24% and 1%

constriction, respectively.

Response to CO2. Hypercapnia-induced dilation of cerebral

blood vessels is a nitric oxide (NO)-dependent mechanism that

significantly increases cerebral blood flow (CBF) to match tissue

metabolic demands, and disruption of this phenomenon is an in-

dication of impairment in vascular regulatory mechanisms. An

example of pial arteriolar CO2-induced dilation is illustrated

(Fig. 2A,B). For each time point examined, 44–92 vessel mea-

surements were analyzed in the small vessel category and 41–46 in

the medium vessel category. The vascular response to CO2 was

different in small- compared to medium-sized vessels at 3 and 28

days (Mann-Whitney U test: U = 17.37 and 14.40 for 3 and 28 days,

respectively; p < 0.0001 for each pair-wise comparison). Small

vessels exhibited significant dilation compared to sham vessels at

both 3 and 28 days (Fig. 2A; 3.74 – 1.392% vs. 17.66 – 3.077% for

sham vs. 3 days post-blast, respectively; Mann-Whitney U:

U = 11.44, p < 0.01; 3.74 – 1.392% and 17.85 – 2.873% for sham vs.

28 days post-blast, respectively; Mann-Whitney U: U = 3.82,

p < 0.01).

On the other hand, medium vessels exhibited diminished dilation

in response to CO2 at all time points after blast compared to sham rats

(Fig. 2B; Kruskal-Wallis: v2 = 19.58, p < 0.05; Mann-Whitney U test:

U = 4.66, 3.15, 5.12, 15.68, and 4.75 for sham vs. 2 h, 1, 3, 14, or 28

days, respectively; p < 0.05 for all pair-wise comparisons with sham).

Unexpectedly, medium-sized vessels exhibited vasoconstriction 14

days post-BOP (-1.94 – 1.061% compared to 4.071 – 0.973% in

sham rats; Mann-Whitney U test: U = 15.68, p < 0.0001). Thus, the

data show a delayed disruption of hypercapnia-induced vasodila-

tion with exposure to blast in both small- and medium-sized vessels.

Most strikingly, CO2-induced vasodilation was completely im-

paired in medium-sized arterioles.

Response to BaCl2. Barium (barium ions in BaCl2) is a

relatively selective antagonist of inward rectifier potassium chan-

nels (Kir) and adenosine triphosphate (ATP)-sensitive K+ channels

in vascular smooth muscle causing membrane depolarization of the

cell and vasoconstriction.39,40 Activation of both types of channels

causes dilation of arteries and arterioles. BaCl2 triggers vasocon-

striction by inhibiting K+ located on smooth muscle cells in the

rat41 through an endothelium-independent mechanism.42 In both

small- and medium-sized arterioles, treatment with BaCl2 caused

robust constriction of pial vessels in both sham and blast rats. How-

ever, pial arteriolar responses to treatment with BaCl2 were distinct in

small- compared to medium-sized vessels 2 h and 1 and 3 days post-

BOP. Small-sized arterioles exhibited 3 times the constriction ob-

served in medium-sized arterioles (Fig. 2C,D; 9.43 – 3.209% to

13.24 – 3.147% constriction in medium-sized vs. 30.22 – 4.953% to

46.31 – 4.358% in small-sized arterioles; Mann-Whitney U test:

U = 5.88, 9.07, and 22.83 for 2 h and 1 and 3 days post-blast,
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FIG 2. Intravital microscopy analysis of pial arteriolar vasoreactivity to hypercapnia (A and B), BaCl2 (C and D), and 5-HT (E and
F) in sham and blast-exposed rats. (A) Exposure to blast led to enhancement of the expected dilatory response in small-sized arterioles
(<50 lm) 3 and 28d post-blast. (B) Medium-sized (50–100 lm) arterioles exhibited impaired vasodilation in response to CO2 at all time
points examined after exposure to blast. (C) Exposure to blast led to enhancement of barium-induced constriction in small-sized
arterioles (<50 lm) 3–28d post-blast. (D) Medium-sized (50–100 lm) arterioles showed enhanced constriction only 14d post-blast.
(E) 5-HT-induced constriction was reversed to dilation in small-sized arterioles >1d post-blast. (F) 5-HT-induced constriction was also
reversed to dilation in medium-sized arterioles (50- 100 lm) 3–28d post-blast. Data are mean – standard error of the mean percentage
change of arteriolar diameter relative to pre-treatment baseline after treatment with each of the vasoactive mediators. *p < 0.05 versus
sham. 5-HT, 5-hydroxytryptamine.
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respectively; p < 0.05 for all comparisons). Vasoconstrictive re-

sponse to BaCl2 in both vessel size categories peaked 14 days

post-BOP, reaching a constriction of 62.26 – 4.185% in small-

sized arterioles and 42.43 – 5.330% in medium-sized arterioles.

For small-sized arterioles, there was a statistically significant

enhancement in barium-induced vasoconstriction 3, 14, and 28

days post-BOP (Fig. 2C; Mann-Whitney U test for 3, 14, or 28 days

vs. sham, respectively: U = 11.53, 23.78, and 6.11; p < 0.05 for all

pair-wise comparisons). For medium-sized arterioles, there was

only enhancement in barium-induced constriction 14 days post-

BOP exposure (Fig. 2D; Mann-Whitney U test: U = 6.02, p < 0.05).

At 2 h and 1 and 3 days after blast exposure, medium-sized vessels

showed reduced constriction to barium compared to sham (Fig. 2D;

Mann-Whitney U test: U = 6.82, 10.24, and 4.17 for 2 h and 1 and 3

days vs. sham, respectively; p < 0.05 for all pair-wise comparisons).

Thus, both small- and medium-sized pial arterioles show a delayed

increase in barium-induced constriction that occurs 14 days after

exposure to blast. Small-sized arterioles show increased sensitivity

to the vasoconstricting effects of barium compared to medium-

sized vessels.

Response to serotonin. 5-HT has been shown to have both

constricting and dilating effects on pial microvessels,43–45 de-

pending on several factors that include the health of the endo-

thelium and the initial tone of the vessels under study. In our

study, the vasoconstrictive response to 5-HT was observed in

sham animals and 2 h after blast exposure in both small- and

medium-sized pial arterioles (Fig. 2E,F); however, 3 days post-

blast exposure, arterioles in both vessel size categories exhibited a

dilatory response to 5-HT that increased significantly with time

after exposure (Mann-Whitney U test for small-sized arterioles in

sham vs. 3, 14, and 28 days post-blast, respectively; U = 6.37,

9.20, and 30.51, with p < 0.05 for all comparisons; Mann-Whitney

U test for medium-sized arterioles in sham vs. 3, 14, and 28 days

post-blast, respectively, U = 8.83, 4.69, and 6.35; p < 0.05 for all

comparisons).

The magnitude of the response to 5-HT was significantly greater

in small vessels (12.5 – 3.52 to 14.31 – 2.18%) compared to medium-

sized vessels (0.59 – 1.40 to 5.69 – 2.44%) at 3, 14, and 28 days post-

BOP (Fig. 2E,F; Mann-Whitney U test: U = 3.93, 7.66, and 8.78 for

3, 14, and 28 days post-blast, respectively; p < 0.05 for all compar-

isons). It is noteworthy that the responses to 5-HT of all the vessels

examined were never biphasic; that is, a vessel either responded

with constriction only or dilation in response to 5-HT application.

The intravital microscopy data provide direct evidence that expo-

sure to blast led to reversal of the vascular response to 5-HT from

constriction to dilation.

Taken together, the intravital microscopy data demonstrate that

exposure to blast leads to impairment in vascular reactivity that is

not simply (or completely) attributed to direct mechanical defor-

mation of the vessel as most of the changes occurred 24 h after blast

and later. The data show that medium-sized vessel responses to the

different vasoactive mediators were less pronounced than the re-

sponses of smaller arterioles. In addition, 14 days after exposure to

blast, both small- and medium-sized pial arterioles exhibit en-

hanced contractility compared to other time points examined here,

with diminished or absent dilation to CO2 and the maximum

amount of constriction observed in this study to BaCl2. This phe-

nomenon occurring 14 days post-blast was more pronounced in

medium-sized vessels. The delayed loss of dilatory ability and in-

crease in contractility may be an indication of an altered vascular

phenotype that favors constriction, a process that involves re-

modeling of the vascular wall as previously suggested by in vitro

work.14 Additionally, the time course of the changes in vascular

reactivity is consistent with clinical findings of the delayed onset of

cerebral vasospasm in blast casualties.3

Alterations in vascular reactivity are not caused
by differences in blood pressure, pH, or blood gases

It is well established that arterial blood pressure affects cere-

brovascular tone and vessel size/diameter through autoregulatory

mechanisms.46–48 Also, other physiological variables, including

body temperature, blood pH, and arterial blood gas tensions (paCO2

and paO2), may affect cerebrovascular tone. Therefore, during the

intravital microscopy studies, mean arterial blood pressure (MAP),

HR, body temperature, pH, paO2, and paCO2 were experimentally

controlled and monitored. The collected data were compared

among animals within the different experimental groups to rule out

the effects of these variables on the observed responses of pial

arterioles to the vasoactive mediators used in the study. MAP, HR,

and body temperature values were collected every 5 min and

compared before, during, and after stimulation with each of the

three vasoactive mediators used in this study. Arterial blood sam-

ples were used for comparing pH, paO2, and paCO2 data. None of

these variables were significantly different among the groups or

between any pair at any point during the experiment. Table 1

summarizes the mean values (–SEM) of these physiological pa-

rameters of all the time points and animals within each experi-

mental group.

Table 1. Blood Pressure, Vital Signs, and Blood Gas Parameters

Sham 2h 1d 3d 14d 28d

MAP (mm Hg) 94 – 4 88 – 4 86 – 3 87 – 4 88 – 3 90 – 3
HR (beats/min) 399 – 18 375 – 22 439 – 16 395 – 18 402 – 16 402 – 13
Temp (oC) 36.8 – 0.1 36.8 – 0.1 36.8 – 0.1 36.8 – 0.1 36.8 – 0.1 36.7 – 0.1
pH 7.268 – 0.023 7.278 – 0.031 7.268 – 0.034 7.151 – 0.292 7.288 – 0.032 7.289 – 0.027
paCO2 (mm Hg) 52.7 – 3.6 52.5 – 5.1 56.2 – 5.9 54.4 – 5.2 52.9 – 5.3 52.5 – 4.8
paO2 (mm Hg) 167.8 – 7.3 176.0 – 6.8 152.5 – 10.6 172.2 – 7.1 164.1 – 4.9 165.9 – 9.1

2h indicates 2 h post-blast exposure; 1, 3, 14, and 28d are 1, 3, 14, and 28 days post-blast exposure. paCO2 and paO2 represent arterial partial pressures
of carbon dioxide and oxygen, respectively. No statistically significant differences in any of these parameters were found among any of the treatment
groups, and therefore values are mean values – standard error of the mean over the entire duration of the intravital microscopy studies for all animals
studied.

MAP, mean arterial blood pressure; HR, heart rate.
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Exposure to blast is associated with loss of vascular
smooth muscle contractile proteins

To investigate the changes in cerebrovascular structure associ-

ated with alterations in cerebrovascular reactivity after blast ex-

posure, we studied the contractile structural components of blood

vessels. Based on findings from previous studies,13,14 we hypoth-

esized that changes in vascular smooth muscle cell structure may

contribute to changes in vascular reactivity after exposure to blast.

To that end, we examined and compared the expression of smooth

muscle contractile proteins (SMTH, SM-MHC, SMA, and MLC) in

sham- and blast-exposed rats. We first confirmed the localization

of these proteins to the vessel wall in the rat cerebral vasculature

using IHC to visualize colocalization of these proteins with smooth

muscle (i.e., SMA; Fig. 3). Immunoreactivity of the four proteins

was highly specific to the vasculature and SMTH, SM-MHC, and

MLC colocalized with SMA (Fig. 3).

We examined whether blast exposure led to changes in thick-

ness of vascular smooth muscle layers within the vessel wall. To

address this question, we used IHC to label vascular smooth muscle

in sham- and blast-exposed brain tissue sections with SMTH anti-

sera. Immunoreactivity of SMTH (Fig. 3) was only observed in the

vasculature, with high-fidelity colocalization with SMA, and almost

no non-vascular or non-specific labeling. Therefore, SMTH served

as a highly specific marker for vascular smooth muscle and was

used for obtaining measurements of wall thickness of SMTH im-

munolabeled vessels (Fig. 4A,B). Wall thickness of each vessel was

divided by lumen diameter to control for the effects of vessel size

on smooth muscle thickness within the wall. Neither vessel thick-

ness nor diameter was different among the sham- and blast-exposed

groups examined (Fig. 4C; wall thickness was 5.41 – 0.10 lm

[mean – SEM; n = 681 vessels]).

We next used analysis of immunofluorescence intensity of im-

munolabeled brain sections (Fig. 5) and western blotting to determine

changes in vascular smooth muscle contractile protein expression

after exposure to blast. There was a decrease in SMTH immunore-

activity that started 1 day post-blast and reached statistical signifi-

cance 3 and 28 days post-blast (Fig. 6A; ANOVA: F(5,24) = 2.70,

p < 0.05; Dunnett’s: p < 0.05 for sham vs. 3 and 28 days post-blast and

p = 0.059 for sham vs. 14 days post-blast). Similarly, expression of

SMTH showed a significant reduction (30–50% compared to sham)

when assayed by western blotting in blast-exposed rats 3–28 days

after blast-TBI (Fig. 6B; ANOVA: F(5,28) = 3.68, p < 0.05; Dunnett’s:

p < 0.05 for sham vs. 1, 3, 14, and 28 days post-blast). The vessel wall

thickness data of SMTH-labeled vessels combined with the immu-

nofluorescence and western blot findings demonstrate that the loss in

this contractile protein was 1) pervasive, affecting vessels of different

thickness and sizes (diameters) equally, and 2) that the delayed de-

crease in the expression of SMTH did not correlate with decrease in

the thickness of the vascular smooth muscle layer.

FIG 3. Colocalization of SMA, SMTH, SM-MHC, and MLC to the vasculature. SMA was used as a marker for contractile vascular
smooth muscle and combined with antibodies against SMTH, SM-MHC, and MLC to confirm localization of these smooth muscle
proteins to the vasculature in the cortex of Long Evans rats. Scale bar, 25 lm. MLC, myosin light chain; SMA, smooth muscle actin;
SM-MHC, smooth muscle myosin heavy chain; SMTH, smoothelin.
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FIG 4. Exposure to blast does not alter microvessel wall thickness. (A) SMTH-immunolabeled small- and medium-sized microvessels
in sham- and blast-exposed rats examined 2 h and 1, 3, 14, and 28 days after exposure to a single *130-kPa blast. Scale bar, 25 lm.
(B) Measurements of vessel wall thickness (mean – standard error of the mean) did not change after blast exposure at any of the time
points examined. (C) Vessel wall thickness was normalized to the lumen diameter of each measured vessel to correct for vessel
diameter. Data are mean – standard error of the mean. SMTH, smoothelin.

FIG 5. Expression of smooth muscle proteins after exposure to blast. Brain sections from sham- and blast-exposed rats were probed
with antibodies against SMTH, SM-MHC (MYH11), SMA (a-actin), and MLC to study the time course of changes in immunofluo-
rescence intensity in cortical microvessels 2 h and 1, 3, 14, and 28 days after blast exposure. Scale bar, 25 lm. MLC, myosin light chain;
SMA, smooth muscle actin; SM-MHC, smooth muscle myosin heavy chain; SMTH, smoothelin.
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Similar to the SMTH data, SM-MHC expression decreased by

*55–80% of the sham values 1, 3, 14, and 28 days post-blast in

immunofluorescence (Fig. 7A; ANOVA: F(5,24) = 5.56, p < 0.01;

Dunnett’s: p < 0.05 for sham vs. 1, 3, 14, and 28 days post-blast)

and western blot studies (Fig. 7B; ANOVA: F(5,28) = 14.58,

p < 0.0001; Dunnett’s multiple comparisons: p < 0.005 for sham

vs. 1, 3, 14, or 28 days post-blast). Immunofluorescence intensity

analysis of SMA showed a different pattern from SMTH and

SM-MHC; specifically, immunofluorescence intensity of SMA

increased 3 days post-blast (Fig. 8A; ANOVA: F(5,24) = 1.80,

p = 0.15, i.e., statistically not significant; Dunnett’s: p < 0.05 for

sham vs. 3 days post-blast). Western blot data, on the other hand,

showed that SMA expression decreased 28 days post-blast to 44%

of the sham value (Fig. 8B; ANOVA: F(5,30) = 2.60, p < 0.05;

Dunnett’s: p < 0.05 for sham vs. 28 days post-blast). The cause of the

discrepancy between immunofluorescence intensity and western blot

analysis is unknown. A possible explanation is that assessment of

immunofluorescence intensity is based on the subset of vessels

present within the field of view of the microscope and selected for

assessment, whereas western blotting yields a whole sample (brain

region in this study) signal and is therefore the more sensitive, global,

and less biased assay.

The phosphorylation state of MLC regulates the actin-myosin

interactions in vascular smooth muscle cells. In the cerebral vas-

culature, MLC is found in both endothelial and smooth muscle

cells. Although the signaling mechanism remains unknown, en-

hancement in the phosphorylation of MLC is associated with cer-

tain vascular pathologies, including TBI49 and enhancement in

vasoconstriction in cerebral vasospasm.50,51 Here, we found that

exposure to blast leads to a delayed sustained increase in immu-

nofluorescence intensity of total MLC, with *36–88% increase

relative to sham values 1–28 days after blast exposure (Fig. 9A;

ANOVA: F(5,24) = 4.06, p < 0.01; Dunnett’s: p < 0.01 for sham vs. 3

and 28 days post-blast). Similarly, western blot analyses showed an

increase in total MLC beginning 3 days post-blast and persisting up

to 28 days post-blast, where the levels of MLC were 41% higher

than sham (Fig. 9B; ANOVA: F(5,30) = 5.52, p < 0.01; Dunnett’s:

p < 0.01 for sham vs. 28 days post-blast). Changes in phosphory-

lation of MLC were also delayed, and, although not statistically

significant, there was an 18% increase in phosphorylation of MLC

FIG 6. Delayed reduction in the expression of SMTH after blast exposure. (A) Immunofluorescence intensity (arbitrary units; AU)
assessment of SMTH-immunolabeled microvessels in sham- and blast-exposed rats (n = 5 rats/group). SMTH immunofluorescence
intensity (mean – standard error of the mean) decreased 3–28 days post-blast. *p < 0.05 versus sham. (B) Semiquantitative analysis of
western blots of frontoparietal cortex (mean – standard error of the mean normalized to sham values) shows a reduction in SMTH
expression 1–28 days post-blast exposure (n = 6 rats/group). *p < 0.05; **p < 0.01 versus sham. SMTH, smoothelin.

FIG 7. Blast-induced delayed reduction in the expression of SM-MHC mirroring reduction in SMTH expression.
(A) Immunofluorescence intensity (arbitrary units; AU) assessment of SM-MHC–immunolabeled microvessels in sham- and blast-
exposed rats (n = 5 rats/group). SM-MHC immunofluorescence intensity (mean – standard error of the mean) decreased 3–28 days post-
blast. *p < 0.05 versus sham. (B) Semiquantitative analysis of western blots of frontoparietal cortex (mean – standard error of the mean
normalized to sham values) show a reduction in SM-MHC expression 1–28 days post-blast exposure (n = 6 rats/group). **p < 0.01;
****p < 0.000 versus sham. SM-MHC, smooth muscle myosin heavy chain; SMTH, smoothelin.
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on day 14 post-blast (Fig. 9C). At 28 days post-blast, levels of p-

MLC showed a 75% reduction compared to non-blast sham brains

(Fig. 9D; ANOVA: F(5,29) = 3.89, p < 0.01; Dunnett’s: p < 0.01 for

sham vs. 28 days post-blast).

Analyzing the ratio of p-MLC to total MLC is a helpful approach

to understanding how an increase or decrease in phosphorylation

levels of a protein relates to expression of the protein after exposure to

blast. Predictably, the ratio was lowest 28 days post-blast because

expression of MLC was highest and that of p-MLC was lowest 28

days post-blast (Fig. 9D; ANOVA: F(5,30) = 7.06, p < 0.001). Based

on analysis of phosphorylated-to-total MLC, it can be concluded that

the decrease in phosphorylation of MLC is not caused by a decrease

in the expression of MLC 28 days post-blast. Representative im-

munoblots of total and phosphorylated MLC are shown in Figure 9.

Overall, analyses of smooth muscle proteins show that exposure

to blast leads to delayed reduction in markers of contractile vas-

cular smooth muscle cells (SMTH, SM-MHC, and SMA) and in-

crease in MLC. These changes signal a shift in the phenotype of

vascular smooth toward a non-contractile phenotype and indicate

changes in smooth muscle contractility, most markedly suggested

by changes in MLC.

Endothelial-related changes after blast exposure

In addition to effects on vascular smooth muscle, alterations in

cerebral vascular reactivity after exposure to blast can result from

impairment in the vascular endothelium. The endothelium regu-

lates vessel tone by producing vasoactive substances, including

ET-1 and NO, which control the myogenic state of vascular smooth

muscle. To understand blast-induced changes within or directly

affecting the endothelium, we assessed expression of NO-

producing eNOS and iNOS, ET-1, and the two ET-1 receptor types

(ETA and ETB).

Although eNOS and iNOS serve different functions, there was a

delayed decrease in the levels of both enzymes after blast exposure.

The levels of eNOS decreased 1–14 days post-blast and reached a

62% reduction compared to sham levels 14 days post-blast

(Fig. 10A; ANOVA: F(5,29) = 7.44; Dunnett’s for sham vs. 14 days

post-blast; p < 0.05), followed by a non-significant increase 28 days

after blast. Although previous reports showed that blast exposure is

associated with increase in iNOS in the acute phase,52 our study

shows that iNOS levels decreased by *55–60% 14 and 28 days

after blast exposure (Fig. 10B; ANOVA: F(5,29) = 3.75, p < 0.01;

Dunnett’s: p < 0.05 for sham vs. 14 days and sham vs. 28 days).

These data suggest that exposure to blast is associated with a de-

layed decrease in NO availability that lasts up to a month after blast

exposure.

We next examined the endothelin system because it is highly

implicated in the pathogenesis of cerebral vasospasm. ET-1 is

produced and released by endothelial cells lining the vasculature.

There was an increase in both ET-1 and the biologically inactive

‘‘big’’ ET-1 levels relative to sham in frontoparietal cortical tissue

within 2 h after exposure to blast (Fig. 11A–C; ANOVA: for ET-1

F(5,30) = 3.01, p < 0.05 and Dunnett’s: p < 0.05 for sham vs. 2 h post-

blast; for big ET-1 F(5,30) = 3.85 p < 0.01 and Dunnett’s: p < 0.05 for

sham vs. 2 h post-blast) that returned to sham levels at later time

points examined. As such, blast exposure results in a significant (2-

fold relative to non-blast shams) increase in biologically active ET-

1 levels in the acute phase after exposure. To further understand

blast-induced changes in ET-1, we examined expression of ETA

and ETB receptors and sought to answer the following two ques-

tions. 1) How does blast exposure affect the overall expression of

ETA and ETB? 2) Does exposure to blast induce redistribution of

either receptor from microvessels to astrocytes or vice versa?

To address the first question, we examined the effects of blast

exposure and time on ETA and ETB. Immunofluorescence intensity

analysis of ETA immunoreactivity showed an increase in ETA ex-

pression in the early phases after blast exposure, specifically, 1 and 3

days post-blast relative to sham (Fig. 11D; ANOVA: F(5,24) = 5.13,

p < 0.01; Dunnett’s: p < 0.05 for sham vs. 1 and 3 days). Western

blot data, which present a more global picture of changes in ETA,

revealed a 28% decrease in the receptor expression 14 days post-

blast and 33% increase 28 days post-blast (Fig. 11E,F; ANOVA:

F(5,29) = 9.89, p < 0.0001; Dunnett’s: p < 0.05 for sham vs. both 14

and 28 days). The difference between the IHC and blotting data

may be attributed to differences in the assays utilized: Immuno-

fluorescence analyses are based on several sections per rat, whereas

protein blots are based on frontoparietal cortex tissue homogenate.

Analysis of immunofluorescence of the ETB receptor revealed a

gradual increase in the expression of the receptor with time after

FIG 8. Delayed reduction in the expression of SMA after exposure to blast. (A) Immunofluorescence intensity (arbitrary units; AU)
assessment of SMA-immunolabeled microvessels in sham- and blast-exposed rats (n = 5 rats/group). SMA immunofluorescence in-
tensity (mean – standard error of the mean) increased 3 days post-blast. *p < 0.05 versus sham. (B) Semiquantitative analysis of western
blot of frontoparietal cortex (mean – standard error of the mean normalized to sham values) shows a *50% reduction in SMA
expression 28 days post-blast exposure (n = 6 rats/group). *p < 0.05 versus sham. SMA, smooth muscle actin.
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blast exposure that peaked 28 days post-blast (Fig. 11G; ANOVA:

F(5,24) = 2.44, p = 0.06; Dunnett’s: for sham vs. 28 days, p < 0.05).

Levels of ETB in western blot also exhibited a gradual increase with

time after blast exposure that doubled ETB 14 days after injury

(Fig. 11H,I; ANOVA: F = 17.02, p < 0.0001; Dunnett’s: p < 0.0001

for sham vs. 14 days). In the case of ETB, the data from both assays

clearly demonstrate a pattern of delayed increase in the expression

of this receptor.

To address the question of whether exposure to blast leads to

changes in the distribution of ETA and/or ETB within the vascular

or astrocytic compartments, we examined the colocalization of

the endothelin receptors with SMA (used as a marker of micro-

vessels) and GFAP (used a marker of astrocytes). Under normal

conditions, ETA expression in the rat cortex predominantly co-

localized with smooth muscle and not with astrocytes (Fig. 12A).

However, some very low levels of ETA immunoreactivity was

observed on non-vascular and non-astrocytic cells, presumably

neurons, as previously described in rat brain.53 Unlike the ETA

receptor, ETB receptor colocalized to both vascular smooth

muscle and astrocytes (Fig. 12B). Exposure to blast did not cor-

relate with changes in colocalization of ETA with microvessels or

astrocytes (data not shown).

In contrast, ETB colocalization with astrocytes increased grad-

ually 3–28 days after blast exposure (Fig. 12C; arrows), reaching a

FIG 9. Delayed increase in the expression of smooth muscle MLC after blast exposure. (A) Immunofluorescence intensity (arbitrary
units; AU) assessment of MLC-immunolabeled microvessels in sham- and blast-exposed rats (n = 5 rats/group). MLC immunofluo-
rescence intensity (mean – standard error of the mean) increased beginning 3 days post-blast and remained elevated until 28 days after
exposure. *p < 0.05 versus sham. (B–D) Western blot density analysis (mean – standard error of the mean) of total (B), phosphorylated
(C), and ratio of phosphorylated-to-total MLC (D) in frontoparietal cortex in sham- and blast-exposed rats. (B) Semiquantitative
analysis of blot density show a *50% in MLC expression 28 days post-blast exposure. **p < 0.01 versus sham. (C) Phosphorylation of
MLC at Ser19 showed a statistically non-significant increase *20% increase 14 days post-blast, which then decreased by *75% 28
days after exposure. *p < 0.05versus sham. (D) The ratio of phosphorylated-to-total MLC show that the decrease in MLC phosphor-
ylation 28 days post-blast was not attributed to a reduction in the total levels of MLC. ***p < 0.001 versus sham. (E) Immunoblots of
MLC and phospho-MLC tissue lysates. Each band is a single representative animal from each group studied (n = 6 rats/group). MLC,
myosin light chain; p-MLC, phosphorylated myosin light chain.
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*30% increase relative to sham by 28 days post-blast (Fig. 12D;

ANOVA: F(5,24) = 2.97, p < 0.05; Dunnett’s p < 0.01 for sham vs. 28

days). In the meantime, the density of ETB on SMA-positive vas-

cular elements remained unchanged. The increase in astrocytic ETB

after blast exposure cannot be simply attributed to astrogliosis.

GFAP expression was examined and a 15–20% reduction was

observed in IHC (Fig. 12E) and western blot (Fig. 12F; ANOVA:

F(5,29) = 5.95, p < 0.05; Dunnett’s: p < 0.05 for sham vs. 2 h) within

the first 2 h post-blast. Levels of GFAP were unchanged at the later

time points post-blast when ETB levels were on the rise.

Collectively, these data show that exposure to blast increases

ET-1 production in the acute phase, whereas impairment in NO

production and changes in ET-1 receptors occur in the later phase

(>24 h). In particular, the data demonstrate exposure to blast is

associated with a delayed increase in the expression of ETB and

concomitant redistribution of the receptor from the vessel wall to

astrocytes. Our observations establish that the effect of blast ex-

posure on astrocytes is more complex than reactive astrogliosis and

involves a delayed change in the phenotype of astrocytes as evi-

denced by the increase in the expression of ETB on these cells.

Discussion

Impaired vascular reactivity is a major contributor to various

neuropathological conditions including TBI54,55 and cerebral va-

sospasm.16 The effects of exposure to blast overpressure on cerebral

microvascular reactivity are largely unknown as are blast-induced

pathological changes in the vasculature initiating post-blast vaso-

spasm. The principle finding of the present study is that exposure to

blast leads to prolonged impairment in vasoreactivity of the pial

microcirculation and changes in the structure and phenotype of

cerebral vessels and astrocytes. We provide direct evidence in vivo

that cerebral arterioles exhibit diminished vasodilation and en-

hanced constriction >24 h after blast exposure, with a peak 14 days

post-blast. The role of serotonin was reversed from constrictor to

dilator of pial arterioles up to 28 days after exposure to blast. Within

the same time frame, cortical microvessels underwent changes in

vascular smooth muscle contractile proteins, endothelial proteins,

and endothelin receptor density in astrocytes. The changes in vas-

cular architecture may contribute to alterations of cerebrovascular

tone and the observed change in cerebrovascular reactivity. Our

findings indicate that exposure to blast induces remodeling not only

in the vasculature, but also in the astrocytic compartment of the

neurovascular unit.

Exposure to blast overpressure impairs
microvascular vasodilation

The vasodilatory effects of hypercapnia, including in pial arte-

rioles, are widely believed to be mediated by production of NO.56–58

FIG 10. Decline of expression of nitric oxide synthase (NOS) after blast exposure as measured by western blot analysis.
(A) Endothelial NOS (eNOS) levels decreased gradually after blast exposure reaching a >50% reduction 14 days post-blast. (B) Blast
exposure resulted in a delayed reduction in inducible NOS (iNOS) 14 and 28 days post-blast. In (A) and (B), data are mean band
density – standard error of the mean (n = 6 rats /group); *p < 0.05 versus sham.

‰

FIG 11. Alterations in the levels of endothelin-1 (ET-1) and the endothelin receptors, ETA and ETB, after blast exposure. (A–C)
Western blot analysis (mean – standard error of the mean) of the levels of ET-1 and its biologically inactive precursor big ET-1.
(A) Semiquantitative analysis of blot density showed a near 2-fold increase in the expression of ET-1 acutely (2 h) post-blast exposure.
*p < 0.05 versus sham. (B) Big ET-1 expression also shows a significant increase 2 h after exposure. *p < 0.05 versus sham.
(C) Immunoblots of ET-1 and big ET-1 in cortical tissue lysate. Blots from representative animals are shown for each time point studied
(n = 6 rats/group). (D–F) Expression of ETA after blast exposure. (D) Immunofluorescence intensity (arbitrary units) assessment of ETA

immunoreactivity in microvessels in brain tissue sections. ETA expression increased 1 and 3 days after blast. *p < 0.05 versus sham.
(E) Semiquantitative analysis of western blots (mean – standard error of the mean) showed delayed changes in receptor expression 14
and 28 days post-blast exposure. A decrease in ETA levels 14 days post-blast was followed by a 33% increase 28 days after exposure.
*p < 0.05 versus sham. (F) Immunoblots of ETA in frontoparietal cortical tissue lysate. Blots from representative animals are shown for
each time point studied (n = 6 rats/group). (G–I) Expression of ETB after blast exposure. (G) Semiquantitative analysis of western blots
showed a gradual delayed increase in ETB expression, peaking 14 days post-blast exposure. *p < 0.05 versus sham. (H) Immunofluorescence
intensity (arbitrary units) assessment of ETB immunoreactivity in microvessels in brain tissue sections. ETB expression increased gradually
>1 day post-blast, reaching a statistically significant increase (*30% relative to sham) by 28 days post-blast. ***p < 0.001 versus sham.
(I) Immunoblots of ETB in frontoparietal cortical tissue lysate. Bands in immunoblots are from 2 representative rats from each group studied
(n = 6 rats/group). Error bars indicate standard error of the mean.
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Vasodilation-induced CBF alterations in response to hypercapnia

are impaired or abolished acutely after non-blast TBI, but recovery

is observed within 2–10 days.59 In our model, hypercapnia-induced

vasodilation was abolished in arterioles (50–100 lm), both acutely

and up to 28 days after blast exposure. Impaired CO2 vasodilation is

associated with endothelial dysfunction,60 and increasing NO

availability restores CO2 reactivity after TBI.61,62 Therefore, the

observed increase in ET-1 acutely after blast exposure, delayed

reduction in NOS, and increase in expression of ETB receptors in

this study may be associated with reduction in NO-mediated dilation

and the observed altered response to CO2. Blast-induced impair-

ment in cerebral arterial dilation ex vivo was previously reported.8,13

Our data extend this emerging view and demonstrate similar find-

ings in vivo.

Regulation of the cerebral circulation by altering vessel diameter

can vary with vessel size. In particular, the magnitude of the va-

sodilatory effects of CO2 on pial arterioles depends on the resting

vessel baseline diameter, with smaller arterioles exhibiting greater

dilation than larger arterioles.63,64 Dilation of larger arterioles has

been shown to be more dependent on NO than that of smaller

arterioles.65,66 Our observations in sham animals did not show a

difference in magnitude of dilation in the smaller (<50 lm) versus

larger (50–100 lm) microvessels. However, the loss of hypercapnia-

induced dilation after exposure to blast in the larger arterioles

(50–100 lm) at all time points examined is consistent with a dys-

regulation of NO-mediated dilation mechanism explanation given

that these vessels may be more sensitive to NO.

It is noteworthy that there is some controversy surrounding the

role of NO in hypercapnia-induced cerebrovascular changes. Some

reports failed to show an effect of NO synthase inhibition on CO2-

induced vasodilation in the cerebral vasculature,67 whereas others

demonstrated a combined effect of NO and potassium channels

(e.g., ATP-sensitive channels).68,69 Our studies were not designed

to distinguish the different factors eliciting CO2-induced vasodi-

lation, and therefore the involvement of other mechanisms in the

altered response to hypercapnia after exposure to blast cannot be

ruled out.

Enhanced vasoconstriction may result from increase in endo-

thelial vasoconstrictors70 or decrease of vasodilators43; however, it

can also result from changes in vascular smooth muscle. Smooth

muscle barium-sensitive Kir channels participate in CBF regulation

by triggering vasodilation in response to extracellular K+ generated

by neuronal activity. The hyperpolarizing effects of K+ associated

with vasodilation are only found in contractile, and not prolifera-

tive, smooth muscle cells.71 An increase in proliferative smooth

muscle cells within the vessel wall would diminish the Kir-

mediated vasodilatory capacity of the vessel. Such a change would

shift the balance of constricting and dilating factors acting on the

vessel in favor of constriction. This is supported in this study by the

significant reduction in smooth muscle contractile proteins after

blast exposure (a change associated with shifting of smooth muscle

cells to a proliferative phenotype) and increase in barium-induced

constriction.

In the present study, the increase in barium-induced constriction

after exposure to blast was observed as early 3 days post-blast in

smaller arterioles (<50 lm), but appeared later (at 14 days) in the

50- to 100-lm vessel category. These differences in the time-course

response of the microvasculature may be related to early versus

delayed manifestations of blast-induced injurious processes.

Whether differences in the amount of smooth muscle within the

vessel wall contribute to these temporal dynamics changes in re-

activity in smaller versus larger pial arterioles remains to be de-

termined. The exact mechanism of the enhanced barium-induced

vasoconstriction in vessels with fewer contractile smooth muscle

cells after blast exposure remains unclear and warrants further in-

vestigation. The prolonged increase in barium-induced vasocon-

striction and impaired CO2 dilation (especially in the 50- to 100-lm

vessels) reported here is consistent with reports of cerebral hypo-

perfusion after exposure to blast in rats that lasts up to at least 3

days.72

Whereas some investigations demonstrated that non-blast brain

injury alters the expected cerebrovascular response to certain fac-

tors (e.g., neuronal activation or acetylcholine) from vasodilation to

-constriction,73,74 our study demonstrates that exposure to blast

elicits an unexpected change in the microvascular response to se-

rotonin from constriction to dilation. The finding that exposure to

blast leads to reversal of the serotonin vasomotor effect from a

constrictor to a dilator of pial arterioles may be related to several

changes within the microvascular milieu. First, the phenomenon

may be explained, in part, by differences in the initial tone of the

vessels under study. Although most studies reported vasocon-

striction of the pial vasculature in response to serotonin,75,76 some

studies reported a tone-dependent effect.45,77,78 Specifically, Har-

per and MacKenzie77 demonstrated that small pial arterioles

(<70 lm in their study), which have the highest tone within the pial

microcirculation, respond with dilation to locally applied serotonin

whereas larger vessels respond with constriction.

In the present study and in agreement with the findings of Harper

and MacKenzie, small pial arterioles (<50 lm in our study) showed

a greater degree of dilation to serotonin than medium-sized vessels.

In addition, reversal of serotonin-induced constriction has been

reported after increasing vessel tone by chemical pre-constriction

of pial arterioles before serotonin application.45 Thus, the

serotonin-induced vasodilation in our studies 1–28 days post-blast

‰

FIG 12. Alteration in the distribution of ETB receptors within the neurovascular unit after blast exposure. Colocalization of ETA

(A) and ETB (B) receptors to vascular smooth muscle (SMA-positive) or astrocytes (GFAP-positive) under normal, sham conditions.
(A) ETA expression in the rat cortex predominantly colocalized with vascular smooth muscle and not with astrocytes. Scale bar, 25 lm.
(B) ETB receptor colocalized to both vascular smooth muscle and astrocytes. Scale bar, 25 lm. (C) Confocal micrographs of sham- and
blast-exposed brain sections examined 28 days after blast exposure. ETB colocalization with astrocytes (arrows) increased gradually
after blast exposure, reaching a *30% increase relative to sham by 28 days post-blast. Scale bar, 50 lm. (D) Analysis of percentage of
ETB immunoreactivity colocalizing with GFAP-positive astrocytes showed an increase in percent of astrocytic ETB 28 days after
exposure. Data are mean – standard error of the mean. **p < 0.05 versus sham. Semiquantitative analysis of GFAP expression by
analyzing (E) immunofluorescence intensity or (F) western blots after blast exposure showed that increase in astrocytic ETB was not
attributed to increase in GFAP (i.e., astrogliosis). Analysis of immunoblots in (F) showed that the only difference in GFAP levels
occurred 2 h post-blast, where a decrease in GFAP levels were observed. Data in (E) and (F) are mean – standard error of the mean.
*p < 0.05 versus sham. AU, arbitrary units; GFAP, glial fibrillary acidic protein; SMA, smooth muscle actin.

EFFECTS OF BLAST ON CEREBRAL MICROVASCULATURE 3151



3152



FIG 12. (Continued)

3153



may be a result of increase in vessel tone. Blast-induced constric-

tion of microvessels attributed to decrease in NO production and/or

upregulation of receptors mediating vasoconstriction (e.g., ETB

receptor, as we show in this study) could contribute to increase in

initial vessel tone. Blood pressure was not different between the

blast-exposed and control groups (Table 1), and it is highly unlikely

that tone differences existed between the groups because of

pressure-mediated myogenic autoregulation. An increase in vessel

wall thickness similar to that observed in basilar artery of blast-

exposed rats13 would increase vascular tone and lead to the ob-

served serotonin-induced dilation; however, our data do not support

this speculation.

Damage to the endothelium is another possible underlying

cause of the blast-induced reversal of the serotonin effect on pial

arterioles. Targeted endothelial injury that preserved vascular

smooth muscle was shown to convert serotonin-induced con-

striction in rodent pial arterioles to dilation, indicating that endo-

thelium injury may unmask endothelial-independent dilation.44

Impaired CO2-induced vasodilation after exposure to blast oc-

curring within the same time frame as the serotonin changes lends

some support to endothelial dysfunction as a contributing factor to

this phenomenon. Finally, blast-induced alterations in serotonin

could also contribute to reversal of the serotonin effect by

changing microvascular sensitivity to serotonin. Upregulation of

5HT1B receptor expression has been implicated in the enhance-

ment of vasoconstriction, hypoperfusion, and the development of

post-SAH vasospasm.79,80

It is unknown whether similar delayed changes in serotonin re-

ceptors occur after exposure to blast at the time points examined in

this study, and more work is needed to characterize these potential

contributing factors. Regardless of the underlying cause, our data

show that exposure to blast shifts the balance of forces acting on pial

arterioles stimulated with serotonin toward dilation. The precise

contribution of smooth muscle versus endothelium to the altered

microvascular reactivity remains to be elucidated in future studies.

Given the role of the serotonergic system in the pathophysiology of

migraine-type headaches,81 the alterations in the cerebrovascular

response to serotonin reported here may be of clinical relevance

given that post-traumatic headaches with migraine features are re-

ported in nearly half of blast-exposed veterans.82

Blast exposure induces maladaptive vascular smooth
muscle changes

Phenotypic switching is a feature of several vascular pathologies,

including cerebral vasospasm17,83 and blast exposure in vitro14 and

ex vivo.13 In our model, blast exposure was associated with a de-

layed loss of the contractile smooth-muscle–specific proteins

(SMTH and SM-MHC) and a concomitant increase in MLC. Re-

duction in SMTH has been linked to loss of contractile vascular

smooth muscle. Knockout mice lacking vascular SMTH show re-

duced vascular contractility, indicating that SMTH actively partic-

ipates in smooth muscle contractility.84 Reduction in SM-MHC

occurs during ‘‘de-differentiation’’ of contractile smooth muscle

cells.85 Similar changes in both proteins have been described in vitro

after simulated blast,14 suggesting that exposure to blast overpres-

sure may trigger vascular proliferation. MLC controls the activation

of smooth muscle actin-myosin cross-bridge cycling. Increase in

MLC is associated with hypoxia-induced vascular smooth muscle

remodeling86 and vasoconstriction post-TBI.49 Thus, these protein

changes indicate decrease in vascular contractility after blast ex-

posure, vasoconstriction, and vascular remodeling.

Endothelial and astrocytic dysregulation after blast

ET-1 and NO are critical for healthy autoregulatory and func-

tional control of the cerebral microcirculation and are implicated in

cerebral hypoperfusion after TBI, stroke, and other cerebrovascular

pathologies.70,87–89 Blast exposure increases the sensitivity of the

vascular wall to the effects of ET-114 and enhances arterial con-

striction to ET-1.13 The temporal sequence of blast-induced events

in the present study show that increase in ET-1 precedes the re-

duction in NOS and increase in both ETA and ETB expression. It has

been shown that ET-1 impairs endothelial NO production and re-

duces endothelium-dependent vascular responses.90 NO functions

as a modulator of proliferation of vascular smooth muscle, and

reduction in NO availability may result in excessive smooth muscle

proliferation within the vessel wall,91 evidence of which is also

reported here. Endothelial dysregulation may be initiated by me-

chanical damage to structural components of endothelium caused

by the overpressure and changes in shear stress,10 leading to re-

duction in flow-induced NO production92 and increase in ET-1 in

the acute phase after blast exposure.

Similar to our findings after blast exposure, delayed increase in

the density of ETB has been shown in post-SAH arterial vaso-

spasm80 and may be associated with increased vasoconstriction as

shown after ischemia.93 The astrocytic ET-1 system is activated in

different pathological conditions in which astrocytes express high

levels of the endothelin receptors, mainly ETB.53,94 Increase in as-

trocytic expression of ETB has been reported after brain injury95,96

and may result from mechanical deformation of cellular compo-

nents and increase in shear stress. In the present study, we show that

the physical forces of blast overpressure trigger a delayed increase

in astrocytic ETB (by mechanisms that are yet to be determined)

eliciting a ‘‘phenotypic switch’’ in astrocytes. Collectively, these

changes favor vasoconstriction and increase the risk of vasospasm.

A notable finding in this study is the variable time course of the

development of changes in vascular reactivity, as well as those of

endothelial, vascular smooth muscle, and astrocytic proteins.

Specifically, some changes occur early after blast exposure and are

evident within the first few hours after exposure, such as the in-

crease in ET-1. Other changes have a delayed manifestation and

persist up to 28 days after exposure, including the increase in

barium-induced vasoconstriction and serotonin-induced vasodila-

tion. Whereas the early changes may be a direct response to the

injury that result from mechanical forces, the delayed changes may

result from secondary processes. A similar temporal dynamic has

been shown in blast-induced disruption of BBB integrity, which

also occurs in a biphasic manner (early and delayed).97 The rela-

tionship between changes in vascular reactivity and BBB disruption

after exposure to blast remains to be determined, and studies ex-

amining the interplay between these two features of blast-induced

brain injury are indicated. Astrocytes are involved in regulation of

both BBB and cerebral blood flow.97–99 Considering our finding of

increased expression of astrocytic ETB receptors in blast-exposed

animals, it would be important to examine the role of blast-induced

changes in the perivascular astrocytes as a possible link in the

dysregulation of vascular contractility and BBB integrity.

Arterial vasospasm is a prominent clinical finding in casualties

exposed to explosive blast overpressures and tends to be a pro-

longed angiographic feature of blast-induced neurotrauma.3 Ex-

perimentally, acute exposure to blast overpressure induces arterial

vasospasm.100 It has been suggested that exposure to blast may

result in genetic changes in vascular smooth muscle cells that ini-

tiate remodeling of the vasculature and contribute to potentiation of
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vasospasm.14 Our in vivo studies demonstrating prolonged alter-

ations in vasoreactivity, as well as endothelial changes and alter-

ations in smooth muscle and astrocytic phenotype, indicate that

exposure to blast impairs the microcirculation. A decline in smooth

muscle contractile proteins and NO-producing enzymes, along with

an increase in ET-1 and endothelin receptors (specifically on as-

trocytes), begin to reveal the underlying mechanisms of blast-

induced dysregulation of cerebrovascular function. It is important

for future studies to explore the nature of signaling among endo-

thelial, smooth muscle, and astrocytic cells after blast exposure.

The delayed incidence of functional impairment and associated

vascular and astrocytic structural changes may define a therapeutic

window for intervention to prevent full progression to vasospasm or

other long-term vascular pathology.
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(2006). Dependence of acetylcholine and ADP dilation of pial arteri-
oles on heme oxygenase after transfusion of cell-free polymeric he-
moglobin. Am. J. Physiol. Heart Circ. Physiol. 290, H1027–H1037.

29. Rebel, A., Ulatowski, J.A., Kwansa, H., Bucci, E., and Koehler, R.C.
(2003). Cerebrovascular response to decreased hematocrit: effect of
cell-free hemoglobin, plasma viscosity, and CO2. Am. J. Physiol.
Heart Circ. Physiol. 285, H1600–H1608.

30. Abutarboush, R., Scultetus, A., Arnaud, F., Auker, C., McCarron, R.,
and Moon-Massat, P.F. (2013). Effects of N-acetyl-L-cysteine and
hyaluronic acid on HBOC-201-induced systemic and cerebral vaso-
constriction in the rat. Curr. Drug Discov. Technol. 10, 315–324.

31. Moon-Massat, P., Mullah, S.H., Abutarboush, R., Saha, B.K., Pap-
pas, G., Haque, A., Auker, C., McCarron, R.M., Arnaud, F., and
Scultetus, A. (2017). Cerebral vasoactivity and oxygenation with
oxygen carrier M101 in rats. J. Neurotrauma 34, 2812–2822.

32. Mullah, S.H., Abutarboush, R., Moon-Massat, P.F., Saha, B.K.,
Haque, A., Walker, P.B., Auker, C.R., Arnaud, F.G., McCarron,
R.M., and Scultetus, A.H. (2016). Sanguinate’s effect on pial arte-
rioles in healthy rats and cerebral oxygen tension after controlled
cortical impact. Microvasc. Res. 107, 83–90.

33. Abutarboush, R., Mullah, S.H., Saha, B.K., Haque, A., Walker, P.B.,
Aligbe, C., Pappas, G., Tran Ho, L.T.V., Arnaud, F.G., Auker, C.R.,
McCarron, R.M., Scultetus, A.H., and Moon-Massat, P. (2018).
Brain oxygenation with a non-vasoactive perfluorocarbon emulsion
in a rat model of traumatic brain injury. Microcirculation 25, e12441.

34. Abutarboush, R., Saha, B.K., Mullah, S.H., Arnaud, F.G., Haque, A.,
Aligbe, C., Pappas, G., Auker, C.R., McCarron, R.M., Moon-Massat,
P.F., and Scultetus, A.H. (2016). Cerebral microvascular and sys-
temic effects following intravenous administration of the per-
fluorocarbon emulsion Perftoran. J. Funct. Biomater. 7, E29.

35. Moon-Massat, P.F., Abutarboush, R., Pappas, G., Haque, A., Aligbe,
C., Arnaud, F., Auker, C., McCarron, R., and Scultetus, A. (2014).
Effects of perfluorocarbon dodecafluoropentane (NVX-108) on ce-
rebral microvasculature in the healthy rat. Curr. Drug Discov.
Technol. 11, 220–226.

36. Golech, S.A., McCarron, R.M., Chen, Y., Bembry, J., Lenz, F., Me-
choulam, R., Shohami, E., and Spatz, M. (2004). Human brain endo-
thelium: coexpression and function of vanilloid and endocannabinoid
receptors. Brain Res. Mol. Brain Res. 132, 87–92.

37. Abutarboush, R., Aligbe, C., Pappas, G., Saha, B., Arnaud, F., Ha-
que, A., Auker, C., McCarron, R., Scultetus, A., and Moon-Massat,
P. (2014). Effects of the oxygen-carrying solution OxyVita C on the
cerebral microcirculation and systemic blood pressures in healthy
rats. J. Funct. Biomater. 5, 246–258.

38. Asano, Y., Koehler, R.C., Kawaguchi, T., and McPherson, R.W.
(1997). Pial arteriolar constriction to alpha 2-adrenergic agonist
dexmedetomidine in the rat. Am. J. Physiol. Heart Circ. Physiol. 272,
H2547–H2556.

39. Edwards, G., Dora, K.A., Gardener, M.J., Garland, C.J., and Weston,
A.H. (1998). K+ is an endothelium-derived hyperpolarizing factor in
rat arteries. Nature 396, 269–272.

40. Ko, E.A., Han, J., Jung, I.D., and Park, W.S. (2008). Physiological
roles of K+ channels in vascular smooth muscle cells. J. Smooth
Muscle Res. 44, 65–81.

41. Marrelli, S.P., Johnson, T.D., Khorovets, A., Childres, W.F., and
Bryan, R.M. (1998). Altered function of inward rectifier potassium
channels in cerebrovascular smooth muscle after ischemia/reperfusion.
Stroke 29, 1469–1474.

42. Johnson, T.D., Marrelli, S.P., Steenberg, M.L., Childres, W.F., and
Bryan, R.M., Jr. (1998). Inward rectifier potassium channels in the rat
middle cerebral artery. Am. J. Physiol. 274, R541–R547.

43. Rosenblum, W.I. (1986). Endothelial dependent relaxation demon-
strated in vivo in cerebral arterioles. Stroke 17, 494–497.

44. Rosenblum, W.I., and Nelson, G.H. (1988). Endothelium-dependent
constriction demonstrated in vivo in mouse cerebral arterioles. Circ.
Res. 63, 837–843.

45. Rosenblum, W.I., and Nelson, G.H. (1990). Tone regulates opposing
endothelium-dependent and -independent forces: resistance brain
vessels in vivo. Am. J. Physiol. Heart Circ. Physiol. 259, H243–
H247.

46. Harper, A.M. (1966). Autoregulation of cerebral blood flow: influ-
ence of the arterial blood pressure on the blood flow through the
cerebral cortex. J. Neurol. Neurosurg. Psychiatry 29, 398–403.

47. MacKenzie, E.T., Strandgaard, S., Graham, D.I., Jones, J.V., Harper,
A.M., and Farrar, J.K. (1976). Effects of acutely induced hyperten-
sion in cats on pial arteriolar caliber, local cerebral blood flow, and
the blood-brain barrier. Circ. Res. 39, 33–41.

48. Baumbach, G.L., and Heistad, D.D. (1988). Cerebral circulation in
chronic arterial hypertension. Hypertension 12, 89–95.

49. Kreipke, C.W., Morgan, R., Roberts, G., Bagchi, M., and Rafols, J.A.
(2007). Calponin phosphorylation in cerebral cortex microvessels
mediates sustained vasoconstriction after brain trauma. Neurol. Res.
29, 369–374.

50. Kim, I., Leinweber, B., Morgalla, M., Butler, W., Seto, M., Sasaki,
Y., Peterson, J., and Morgan, K. (2000). Thin and thick filament
regulation of contractility in experimental cerebral vasospasm.
Neurosurgery 46, 440–447.

51. Sato, M., Tani, E., Fujikawa, H., and Kaibuchi, K. (2000). Involve-
ment of rho-kinase-mediated phosphorylation of myosin light chain
in enhancement of cerebral vasospasm. Circ. Res. 87, 195–200.

52. Logsdon, A.F., Lucke-Wold, B.P., Nguyen, L., Matsumoto, R.R.,
Turner, R.C., Rosen, C.L., and Huber, J.D. (2016). Salubrinal re-
duces oxidative stress, neuroinflammation and impulsive-like be-
havior in a rodent model of traumatic brain injury. Brain Res. 1643,
140–151.

53. Kallakuri, S., Kreipke, C.W., Schafer, P.C., Schafer, S.M., and Ra-
fols, J.A. (2010). Brain cellular localization of endothelin receptors A
and B in a rodent model of diffuse traumatic brain injury. Neu-
roscience 168, 820–830.

54. Wei, E.P., Hamm, R.J., Baranova, A.I., and Povlishock, J.T. (2009).
The long-term microvascular and behavioral consequences of ex-
perimental traumatic brain injury after hypothermic intervention. J.
Neurotrauma 26, 527–537.

55. Kontos, H.A., Wei, E.P., and Povlishock, J.T. (1981). Pathophy-
siology of vascular consequences of experimental concussive brain
injury. Trans. Am. Clin. and Climatol. Assoc. 92, 111–121.

56. Faraci, F.M., Breese, K.R., and Heistad, D.D. (1994). Cerebral va-
sodilation during hypercapnia. Role of glibenclamide-sensitive po-
tassium channels and nitricoxide. Stroke 25, 1679–1683.

57. Irikura, K., Huang, P.L., Ma, J., Lee, W.S., Dalkara, T., Fishman,
M.C., Dawson, T.M., Snyder, S.H., and Moskowitz, M.A. (1995).
Cerebrovascular alterations in mice lacking neuronal nitric oxide
synthase gene expression. Proc. Natl. Acad. Sci. U. S. A. 92, 6823–
6827.

58. Xu, H.-L., Ye, S., Baughman, V.L., Feinstein, D.L., and Pelligrino,
D.A. (2005). The role of the glia limitans in ADP-induced pial ar-
teriolar relaxation in intact and ovariectomized female rats. Am. J.
Physiol. Heart Circ. Physiol. 288, H382–H388.

59. Fieschi, C., Beduschi, A., Agnoli, A., Battistini, N., Collice, M.,
Prencipe, M., Risso, M., and Passero, S. (1972). Regional cerebral
blood flow and intraventricular pressure in acute brain injuries. Eur.
Neurol. 8, 192–199.

60. Lavi, S., Gaitini, D., Milloul, V., and Jacob, G. (2006). Impaired
cerebral CO2 vasoreactivity: association with endothelial dysfunc-
tion. Am. J. Physiol. Heart Circ. Physiol. 291, H1856–H1861.

61. Zhang, F., Sprague, S.M., Farrokhi, F., Henry, M.N., Son, M.G., and
Vollmer, D.G. (2002). Reversal of attenuation of cerebrovascular
reactivity to hypercapnia by a nitric oxide donor after controlled
cortical impact in a rat model of traumatic brain injury. J. Neurosurg.
97, 963–969.

62. Zimmermann, C.M., and Haberl, R.L. (2003). L-arginine improves
diminished cerebral CO2 reactivity in patients. Stroke 34, 643–
647.

63. Wei, E.P., Kontos, H.A., and Patterson, J.L.J. (1980). Dependence of
pial arteriolar response to hypercapnia on vessel size. Am. J. Physiol.
238, 697–703.

3156 ABUTARBOUSH ET AL.



64. Rebel, A., Ulatowski, J.A., Kwansa, H., Bucci, E., and Koehler, R.C.
(2003). Cerebrovascular response to decreased hematocrit: effect of
cell-free hemoglobin, plasma viscosity, and CO2. Am. J. Physiol.
Heart Circ. Physiol. 285, H1600–H1608.

65. de Wit, C., Jahrbeck, B., Schäfer, C., Bolz, S.-S., and Pohl, U.
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