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Transient compression of rat somatosensory cortex has been reported to affect cerebral
microvasculature and sensory function simultaneously. However, the effects of long-term cortical
compression remain unknown. Here, we investigated whether and to what extent sustained but
moderate epidural compression of rat somatosensory cortex impairs somatic sensation and/or
cortical microvasculature. Electrophysiological and behavioral tests revealed that sustained
compression caused only short-term sensory deficit, particularly at 1 day after injury. Although
the diameter of cortical microvessels was coincidentally reduced, no ischemic insult was observed.
By measuring Evans Blue and immunoglobulin G extravasation, the blood–brain barrier (BBB)
permeability was found to dramatically increase during 1 to 3 days, but this did not lead to brain
edema. Furthermore, immunoblotting showed that the BBB component proteins occludin, claudin-5,
type IV collagen, and glial fibrillary acidic protein were markedly upregulated in the injured cortex
during 1 to 2 weeks when BBB regained integrity. Conversely, treatment of ascorbic acid prevented
compression-induced BBB disruption and sensory impairment. Together, these data suggest that
sustained compression of the somatosensory cortex compromises BBB integrity and somatic
sensation only in the early period. Ascorbic acid may be used therapeutically to modulate cortical
compression and/or BBB dysfunction.
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Introduction

Extra mass produced within the closed skull may
lead to compression of the brain tissue. In a clinical
context, it could be associated with epidural or
subdural hematoma, brain tumor, hemangioma, or
head trauma (DeAngelis, 2001; Mayer and Rincon,
2005). Although the mechanism contributing to the
clinical manifestations of affected patients has not
been fully elucidated, it may depend on the mass
location and the magnitude to which the mass
affects the surrounding tissue, including the brain
microvasculature.

A number of studies have indicated that physical
compression of the cerebral cortex can interfere
with the cerebral microvessels. Compression of the
rat sensorimotor cortex for 30 mins can induce
cerebral ischemia followed by behavioral sensory
and motor deficits, such as paresis of the
contralateral forelimbs and hindlimbs (Kundrotiene
et al, 2002). In addition, transient compression of
the rat somatosensory cortex can result in a syn-
chronized reduction of cerebral blood flow and
electrophysiological performance (Burnett et al,
2005). More recently, traumatic brain injury has been
shown to cause loss of tight junction proteins in the
endothelium, disruption of the blood–brain barrier
(BBB), and eventually brain edema (Zhao et al, 2007).
These findings suggest that transient compression
of the cerebral cortex can elicit pathophysiolog-
ical alterations of cerebral microvessels and brain
parenchyma. However, the effects of long-term
cortical compression on the underlying tissue remain
unknown.
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The BBB is primarily composed of the brain
microvascular endothelial cells interconnected with
transmembrane tight junction proteins, claudins and
occludin, and therefore can restrict paracellular
permeability (Furuse et al, 1993; Morita et al,
1999). The claudin family comprises more than 20
members in mammals, among which claudin-5
predominantly expresses in the BBB. The cyto-
plasmic domains of both claudins and occludin are
linked to the actin cytoskeleton by the anchoring
proteins zonula occludens (ZO) (Itoh et al, 1999;
Morita et al, 1999). Apart from the endothelium, the
structural constituents of the BBB also include the
perivascular astrocytes, the pericytes, and the basal
lamina, which consists of the extracellular matrix
such as type IV collagen and laminin (Abbott et al,
2006; Muellner et al, 2003). Under physiological
conditions, the BBB permits a constant supply of
oxygen and nutrients for brain cells, but precisely
limits molecules that may be harmful to neurons
from passing into the brain parenchyma.

The aim of this study was to directly investigate
the effect of sustained epidural compression of the
primary somatosensory cortex on the underlying
cortical microvessels and its correlation to the
somatic sensation of rats. To evaluate BBB perme-
ability, extravasations of exogenous Evans Blue dye
and endogenous serum immunoglobulin G (IgG)
were assayed. The morphological alterations of
cortical microvessels, the brain water content, and
the expressions of BBB components were examined.
The astrocytic reaction and its spatial relation to
the microvessels were also analyzed. Conversely,
reactive oxygen species (ROS; e.g., superoxide,
hydrogen peroxide, and hydroxyl radical) and
reactive nitrogen species (e.g., nitric oxide (NO)
and peroxynitrite) have been shown to affect en-
dothelial cell permeability (Parathath et al, 2006;
Schreibelt et al, 2007). Thus, we examined the
expressions of the biomarkers 3-nitrotyrosine
(3-NT) for protein nitration and 4-hydroxynonenal
(4-HNE) for lipid peroxidation, both of which have
been extensively used to evaluate the free radical-
induced cellular damage (Choi et al, 2007). In
addition, a short-term regimen of the antioxidants
ascorbic acid (vitamin C), a-tocopherol (vitamin E),
nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase inhibitor apocynin, xanthine oxi-
dase inhibitor allopurinol, or NO synthase inhibitor
N-nitro-L-arginine methyl ester (L-NAME) adminis-
tration was used on animals to determine the effects
of these drugs on the pathophysiological alterations
as a result of cortical compression.

Materials and methods

The experiments were conducted under authorization of
the Institutional Animal Care and Use Committee of Tzu
Chi University. All efforts were made to minimize the
number of animals used and to prevent their suffering.

Animals were maintained under veterinarian assistance,
kept in a temperature-controlled room on a 12/12-h light/
dark cycle, and provided with a standard rodent diet
and water ad libitum. Adult male Sprague–Dawley rats
(n = 120, 200 to 250 g; Charles River, BioLASCO, Taipei,
Taiwan) subjected to cortical compression were divided
and allowed to survive for 1 day, 3 days, 1 week, 2 weeks,
and 3 months, respectively. Thirty normal rats were also
included. An additional 72 rats received different drug or
vehicle treatment (see below).

Epidural Compression of Primary Somatosensory
Cortex

Hemispherical plastic beads, 5 mm in diameter and 1.5 mm
in thickness, were used for compression of the cerebral
cortex. The surgical procedure has been previously
detailed (Chen et al, 2003). Briefly, each animal was
anesthetized with chloral hydrate (315 mg/kg intraperito-
neally; Merck, Darmstadt, Germany) and secured to a
stereotaxic device (51600, Stoelting, Wood Dale, IL, USA).
An elliptical hole with short diameter 4 mm and long
diameter 6 mm was drilled in the skull over the right
primary somatosensory cortex under a Zeiss surgical
microscope (OPMI pico, Oberkochen, Germany). The
plastic bead with the flat surface facing up was slowly
implanted in the epidural space, with care not to damage
the dura. The coordinates of bead center was 0.84 mm
posterior and 4.5 mm lateral to the bregma. In this way, the
flat surface of the bead sealed the hole in the skull. The
contralateral control side was sham-operated without bead
implantation. The wound of the skin was closed with 6-0
sutures (Silkam, B/BRAUN, Tuttlingen, Germany). In
normal animals, the dura on both sides were not exposed.

Drug Treatment

On the basis of the preliminary analyses, the efficacious
doses of drugs were determined as previously described
(Wang et al, 2009). The rats were injected intraperitoneally
with ascorbic acid (500 mg/kg) in phosphate-buffered
saline (PBS), a-tocopherol (200 mg/kg) in soybean oil, L-
NAME (100 mg/kg) in PBS, apocynin (50 mg/kg) in PBS, or
allopurinol (50 mg/kg) in PBS. These drugs were all
purchased from Sigma (St Louis, MO, USA) and applied
to animals (n = 60) starting immediately after surgery. If
animals were to survive for more than 1 day, they received
one injection every 24 h. Control animals (n = 12) received
the same surgery and the corresponding vehicle injections.

Behavioral Test

The von Frey behavioral test was carried out on rats in a
quiet room (temperature, 25±21C; humidity, 55±5%). A
series of monofilaments (Touch-Test Sensory Evaluators,
North Coast Medical, Wood Dale, IL, USA) were used to
determine the touch sensitivity of animals. Individual rats
were placed in a Plexiglas chamber with wire mesh floor.
After 30 mins for accommodation, filaments (bending
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force: 0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, 2.0, 4.0,
6.0, 8.0, 10.0, 15.0, 26.0, 60.0, and 100.0 g) were delivered
to the center of the whisker pad, and the plantar surfaces of
the forepaw and hindpaw. Each filament was applied five
times to the same region at 5-secs intervals. Head, forepaw,
or hindpaw withdrawal on filament application was
considered as a positive response. The threshold was
defined as the lowest force of the filaments that induced at
least three positive responses in five trials. A recovery
(5 mins) was allowed to rats after each threshold had been
reached. To reduce errors attributed to individual varia-
bility, we calculated the threshold ratio as the threshold of
the injured (left) side over that of the contralateral side in
each animal and the mean threshold ratio as the average of
threshold ratios of the same animal group.

Electrophysiological Measurement

To confirm the results of behavioral tests, we measured
the somatosensory evoked potentials (SSEPs) of the same
group of animals, which were not processed further for
other experiments. The animals were anesthetized and
secured to a stereotaxic device. The core temperature of
animals was maintained at 37±0.51C and electrophysiolo-
gical recordings were carried out with a 4-channel EMG/
NCV/EP system (Nicolet VikingQuest, Madison, WI, USA).
A silver electrode was placed on the dura over the primary
somatosensory cortex. The contralateral whisker pad
(1.5 mA), forepaw (4.5 mA), and hindpaw (6 mA) were
transcutaneously stimulated by electric pulses (0.2 msecs,
4 Hz). Analysis time of 60 msecs and filters of 30–3000 Hz
were applied. Each measurement was repeated 20 times
and averaged. Amplitudes between the first negative (N1)
and the first positive (P1) peaks of the waveforms (as shown
in Figure 2B) were analyzed by VikingQuest 7.3.1 software
(Madison, WI, USA). The amplitude ratio was derived from
the average of amplitudes of the injured side over that of
the contralateral side in each animal and the mean
amplitude ratio was the average of amplitude ratios of the
same animal group.

Tissue Preparation

Animals were deeply anesthetized and perfused transcar-
dially with normal saline followed by a fixative containing
4% paraformaldehyde in phosphate buffer (PB) at room
temperature for 30 mins. After perfusion, brains were
dissected out, post-fixed in the same fixative for 4 h, and
then immersed in 30% sucrose in PB at 41C until they sank.
Frozen brains were cut into 20-mm-thick sections on a
LEICA cryostat (CM1850, Nussloch, Germany). These
sections were processed for histochemistry or immunohis-
tochemistry (see below). All sections except those for
immunofluorescence were mounted on gelatin-coated
slides and coverslipped with Permount (Fisher, Fair Lawn,
NJ, USA). Mounted sections were inspected using a Zeiss
Axioplan epifluorescence microscope and images were
captured by a SPOT cooled CCD camera system (Diagnostic,
Sterling Heights, MI, USA) combined with SPOT software
(VR 4.6.3.8).

Cytochrome Oxidase Reaction

To ensure that our sections contain the primary somato-
sensory cortex and to demarcate cortical layers I to IV and
V to VI, selective sections were incubated in a solution,
0.05% 3,30-diaminobenzidine tetrahydrochloride (Sigma),
4% sucrose (Sigma), and 0.02% cytochrome c (Sigma) in
0.1 mol/L PBS (pH 7.4), at 371C for 3 h in the dark and then
washed with cold PBS. In addition, to verify the bound-
aries between cortical layers, selective sections were
stained with cresyl violet or antiserum to protein gene
product 9.5 (data not shown) as previously described
(Wang et al, 2009).

Alkaline Phosphatase Histochemistry

To reveal cortical microvessels, selective sections contain-
ing the primary somatosensory cortex were reacted with
a solution, 0.1 mol/L NaCl (Sigma), 20 mmol/L MgCl2

(Sigma), 0.0333% nitro-blue tetrazolium (Sigma), 0.0165%
5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt
(Sigma), 0.5% Triton X-100 (Sigma), and 0.89% dimethyl
formamide (Sigma) in 0.1 mol/L Tris buffer (pH 9.0), for
30 mins at room temperature. Sections were then washed
with 10 mmol/L Tris buffer (pH 7.5). In each section, the
total area occupied by cortical microvessels in the right
somatosensory cortex was divided by the total area of
the right somatosensory cortex. The obtained value of the
right (lesion) side was further divided by that of the left
(contralateral) side, acquiring the area ratio. The diameter
ratio was derived from the average diameter of all cortical
microvessels of the injured cortex over that of the
contralateral cortex in each section.

Immunohistochemistry

Selective sections were processed for free-floating immu-
nohistochemistry. First, sections were quenched in 1%
H2O2 for 1 h and then immersed in 10% normal goat serum
(Vector, Burlingame, CA, USA) for 1 h at room temperature.
Subsequently, sections were incubated in mouse anti-glial
fibrillary acidic protein (GFAP, 1:400; Sigma), mouse anti-
3-NT (1:500; Chemicon, Temecula, CA, USA), or rabbit
anti-4-HNE (1:2000; Calbiochem, La Jolla, CA, USA) at 41C
overnight and then in biotinylated goat anti-mouse IgG
(1:200; Vector) or goat anti-rabbit IgG (1:200; Vector) for 1 h
at room temperature. To label endogenous IgG, sections
were incubated in biotinylated rabbit anti-rat IgG (1:200;
Vector). After rinses in PBS, all sections were treated in
avidin–biotin–horseradish peroxidase reagent (1:100;
Vector) and reacted with 0.05% 3,30-diaminobenzidine
tetrahydrochloride and 0.01% H2O2 in Tris buffer, pH 7.4.
For 3-NT, 4-HNE, and IgG analysis, the optical density (OD)
ratio was derived from the OD of the whole area of the
injured somatosensory cortex over that of the contralateral
cortex in each section and the mean OD ratio was the
average of OD ratios of the same animal group. For
immunofluorescence, selective sections were treated with
GFAP labeling, but the secondary antibody was conjugated
with FITC (Vector).
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Cerebral Infarct Measurement

To determine whether cortical compression causes
ischemic damage, slices containing the primary somato-
sensory cortex were stained with 2,3,5-triphenyltetrazo-
lium chloride. Animals were decapitated under deep
anesthesia, and their brains were removed and immersed
in ice-cold PBS for 20 mins to facilitate cutting. Brains were
cut into 2-mm thick slices in the coronal plane using an
RBM-4000C rodent brain matrix (ASI, Warren, MI, USA).
The brain slices were then stained with 2% 2,3,5-
triphenyltetrazolium chloride (Sigma) in PBS at 371C for
6 mins, and after surface reversal of the slices, for another
6 mins.

Evans Blue Extravasation

Evans Blue was used to assess the BBB permeability as this
dye has a very high affinity for serum albumin. Three
percent Evans Blue (Sigma) in saline was injected slowly
through the femoral vein (4 mL/kg) and allowed to
circulate for 90 mins. Animals were then transcardially
perfused with lukewarm saline, followed by 4% parafor-
maldehyde. The brains were harvested and photographed.
The selected cortical region was cut and incubated in
500mL formamide (Sigma) at 551C for 24 h. After incuba-
tion, the solution was centrifuged at 20,000 g for 20 mins.
The supernatant was collected, and the OD at 620 nm was
measured using a Beckman Coulter spectrophotometer
(DU-7400, Fullerton, CA, USA) to determine the relative
amount of Evans Blue in each sample. The OD ratio was
derived from the OD of the injured (right) side over that of
the contralateral side in each animal.

Brain Edema Measurement

To measure the brain water content, we used the wet-dry
method. After decapitation, brains of animals were quickly
dissected out. The cerebellums and brainstems were
discarded, the remaining right and left hemispheres were
separated, and the wet weight of each hemisphere was
measured using a high-precision analytical balance (AE 50,
Mettler, Greifensee, Switzerland). The tissues were then
completely dried in a desiccating oven at 1001C for 48 h
and then the dry weight of each hemisphere was measured.
The percentage of brain water content is calculated for each
hemisphere using the following formula: ((wet weight�dry
weight)/wet weight)� 100.

Western Blotting

To analyze the expressions of the BBB components,
Western blotting was performed. The whole brains of
animals were removed and the dissected right or left
somatosensory cortices were homogenized in an ice-cold
RIPA buffer (Sigma). The homogenates were then centri-
fuged at 15,000 g at 41C for 10 mins and the supernatant
fraction was collected. The protein contents were deter-
mined by the Bio-Rad Protein Assay (Hercules, CA, USA).
After boiling in Laemli’s buffer (Bio-Rad) for 10 mins, 5 mg

of protein samples per lane were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred onto polyvinylidene difluoride mem-
branes (Bio-Rad). The membranes were then incubated
with blocking buffer (0.1 mol/L PBS, 0.05% Tween-20, 5%
non-fat dry milk) at room temperature for 1 h and then
probed with primary antibodies, mouse anti-b-actin
(1:400,000, Sigma), mouse anti-GFAP (1:400,000, Sigma),
mouse anti-type IV collagen (1:50,000, Chemicon), rabbit
anti-ZO-1 (1:20,000, Zymed, Carlsbad, CA, USA), mouse
anti-occludin (1:50,000, Zymed), or mouse anti-claudin-5
(1:50,000, Zymed), at 41C overnight. After rinses with wash
buffer (0.1 mol/L PBS, 0.05% Tween-20), the blots were
probed with horseradish peroxidase-conjugated secondary
antibodies at room temperature for 1 h and then revealed
by Amersham ECL Advance Western Blotting Detection Kit
(RPN2135, GE Healthcare, Buckinghamshire, UK). The
immunoblots were quantitated using a BioSpectrum AC
imaging system (UVP, Upland, CA, USA) combined with
VisionWorksLS software (UVP, Upland, CA, USA).

Image and Data Analyses

All quantifications were performed by an individual
masked to the treatment groups. To enable equal compar-
ison, care was taken to ensure that both images of injured
and contralateral somatosensory cortices were acquired
using the same brightness and exposure settings. Image-Pro
Plus software (Media Cybernetics, Silver Spring, MD, USA)
was used to analyze digital photographs of histochemical
and immunohistochemical sections. All data were pre-
sented as mean±standard error of the mean (s.e.m.).
Statistical significance was determined by one-way
analysis of variance followed by Tukey’s post hoc test,
using Prism 4.03 software (GraphPad, San Diego, CA,
USA).

Results

Primary Somatosensory Cortex Revealed by
Cytochrome Oxidase Reaction

As this study was focused on the primary somato-
sensory cortex, the compressed region needed to be
verified. One principal hallmark of the primary
somatosensory cortex is the cellular organization of
layer IV. Through cytochrome oxidase reaction,
stellate cells in layer IV of the barrel field were
observed to form a series of barrels (Figures 1A and
1B, black arrowheads), which corresponds to the
topographic distribution of the contralateral whis-
kers. In forelimb and hindlimb regions, although
stellate cells did not form barrels, layer IV was still
discernible (white arrowheads).

Oxidative Stress Induced by Cortical Compression

We first investigated whether compression of the
primary somatosensory cortex elicits oxidative
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stress. We found that compared with the normal
animals (Figures 1C and 1G), the expressions of 3-NT
and 4-HNE were markedly elevated in layer IV of
compressed somatosensory cortices (P < 0.001) at 1
day after compression (Figures 1D, 1H, and 1K). The
increase in both biomarkers was seen in stellate cells

(black arrowheads), microvessel walls (white arrow-
heads), and neuropils. The expressions of both
biomarkers in the contralateral (left) somatosensory
cortices of compressed animals were not signifi-
cantly different from those of normal animals (data
not shown). These results indicate that epidural

Figure 1 Photomicrographs from coronal sections of the primary somatosensory cortices processed with cytochrome oxidase
reaction, 3-nitrotyrosine (3-NT), or 4-hydroxynonenal (4-HNE) immunolabeling. (A and B) Show the contralateral (left) and
compressed (right) sides, respectively, of the same section from one representative rat at 1 day after surgery. The staining technique
revealed the barrels (black arrowheads) in layer IV of the somatosensory cortex, which is the topographic area of the contralateral
whiskers. Layer IV, contiguous to the barrel field, represents the forelimb and hindlimb area (white arrowheads), which did not form
barrels but is still evident. Physical compression caused a concave (arrows in B) on the somatosensory cortex and decreased the
cortical thickness (compare A with B). (C–J) Show the immunoreactivities of 3-NT (C–F) and 4-HNE (G–J) in the right
somatosensory cortex of a representative normal rat (C and G) and rats that received cortical compressin (D and H), cortical
compression and ascorbic acid injection (E and I), or cortical compression and apocynin injection (F and J), and survived for 1 day
after surgery. Compared with the normal rat (C and G), immunoreactivities of 3-NT and 4-HNE in stellate cells (black arrowheads)
and microvessel walls (white arrowheads) were apparently increased after compression (D and H). (K) Shows the mean OD ratios of
3-NT and 4-HNE immunoreactivity in the total somatosensory cortical areas. Mean±s.e.m., n = 4 per group, d = day. **P < 0.01,
***P < 0.001, compared with the normal group; ###P < 0.001, compared with the animal group surviving for 1 day after
compression (Comp-1d). Scale bar = 300 mm (A and B) or 25mm (C–J).
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compression rapidly enhanced oxidative stress in the
underlying somatosensory cortex. We next examined
whether antioxidants could block the oxidative
stress caused by cortical compression. We found
that treatment of ascorbic acid or a-tocopherol
significantly prevented increases in 3-NT and
4-HNE at 1 day after compression (P < 0.001),
although ascorbic acid seems to be more effective
than a-tocopherol (Figures 1E, 1I, and 1K). Treatment
of L-NAME significantly prevented the increase in 3-
NT (P < 0.001) but not in 4-HNE (Figure 1K).

Behavioral and Electrophysiological Tests

The von Frey behavioral test was used to assess the
sensory function of animals. For quantification, the
mean threshold ratios were calculated as mentioned
in ‘Materials and methods’ section. In normal rats,

the mean threshold ratios obtained by stimulation on
whisker pads, forepaws, and hindpaws were all 1
(Figure 2A), indicating that touch sensitivity was not
different between both sides of normal animals. In
contrast, the mean threshold ratios all abruptly
increased at 1 day after compression, no matter
which body region was tested (Figure 2A). However,
as the survival time of rats prolonged, the ratios were
apparently reduced. In addition, we found that
treatment of ascorbic acid, a-tocopherol, or L-NAME
significantly prevented whisker pad sensory impair-
ment at 1 day after compression (P < 0.001), but it is
noteworthy that ascorbic acid or a-tocopherol was
more effective than L-NAME. Similar results were
also seen in the forepaw and hindpaw.

We also used electrophysiological techniques to
confirm the behavioral results. In normal animals,
the mean amplitude ratios of SSEP were 1.07±0.02
for the whisker pad, 1.05±0.02 for the forepaw, and

Figure 2 Time-dependent changes in the mean threshold ratios of the von Frey behavioral test (A) and the mean amplitude ratios of
the somatosensory evoked potentials (SSEPs) (B) from normal animals and animals subjected to compression of the right
somatosensory cortices. The upper panels in B were example SSEP waveforms recorded from a normal animal. The N1-P1

component was used to analyze the peak-to-peak amplitude. Mean±s.e.m., n = 4 per group, d = day, w = week, m = month.
*P < 0.05, **P < 0.01, ***P < 0.001, compared with each corresponding normal; #P < 0.05, ##P < 0.01, ###P < 0.001,
compared with each corresponding animal group surviving for 1 day after compression (Comp-1d).
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1.20±0.06 for the hindpaw (Figure 2B). At 1 day
after cortical compression, the mean amplitude ratios
were dramatically reduced to 0.65±0.03 for the
whisker pad (P < 0.01), 0.62±0.03 for the forepaw
(P < 0.01), and 0.78±0.03 for the hindpaw (P < 0.05).
In contrast, starting at 3 days after compression, the
mean amplitude ratios for all three stimulation sites
gradually recovered. We also examined the effect
of the drugs we used on the SSEP performance. We
found that in contrast to the mean amplitude ratios
0.62 to 0.78 at 1 day after compression, treatment of
ascorbic acid maintained the ratios at 1.00 to 1.28
(Figure 2B, compare Comp-1d with Comp-1d +
ascorbic acid). In contrast, the effect of a-tocopherol
was not prominent and L-NAME failed to prevent the
compression-induced decrease in SSEP amplitudes.
Treatment of normal animals with antioxidants or
vehicles and treatment of compressed animals with
vehicles had no significant effect on the behavioral
and electrophysiological performance (data not
shown).

Morphological Alterations of Cortical
Microvasculature

We next used alkaline phosphatase histochemistry to
illustrate the cortical microvessels in the primary
somatosensory cortices to evaluate their morpholog-
ical alterations in response to cortical compression
(Figure 3). Microvessels in layers I to IV and in layers
V to VI were analyzed separately as implanted beads
might exert pressure of varying degrees on these two
compartments. To quantify this, high-power images
were analyzed with an Image-Pro Plus analysis
system. We found that in normal animals, the
average diameter of microvessels in layers I to IV of
the somatosensory cortex was 7.70 mm, ranging from
3.57 to 23.04mm. In layers V to VI, the average was
7.61 mm, ranging from 3.85 to 25.33 mm. We also
measured the area occupied by individual micro-
vessels in cortical sections. In layers I to IV of normal
animals, the average area was 267.78 mm2, ranging
from 5.10 to 2,225.51mm2. In layers V to VI, the
average was 252.10 mm2, ranging from 13.78 to
2,578.57 mm2. We further calculated the mean dia-
meter ratios and the mean area ratios (Figures 3K and
3L) as mentioned in ‘Materials and methods’ section.
At 1 day after compression, the mean diameter ratio
and the mean area ratio in layers I to IV were
significantly reduced to 0.71 (P < 0.05) and 0.57
(P < 0.05), respectively. Those in layers V to VI were
also reduced to 0.79 (P < 0.05) and 0.65 (P > 0.05),
respectively. During the 3 days to 3 months post-
compression, both ratios were markedly restored in
both layers I to IV and V to VI. In addition, treatment
of ascorbic acid or a-tocopherol, rather than L-NAME,
prohibited the decrease of both ratios.

Furthermore, we examined whether the observed
morphological alterations of cortical microvessels
could lead to cerebral infarct. Through 2,3,5-triphe-

nyltetrazolium chloride staining, no ischemic insult
was observed in response to cortical compression at
1 day, 3 days (Figures 4A–4D), and any other time
point we examined (data not shown).

BBB Permeability

The rationale for these experiments was to determine
whether and to what extent cortical compression
affects the BBB permeability of cortical microvessels.
In normal animals, no Evans Blue extravasation was
detected in the somatosensory cortices, as shown in
Figure 4E. In contrast, the pineal gland, which is
located between the cerebrum and cerebellum, was
stained and could serve as a positive control (Figure
4E, arrowhead), as it is devoid of the BBB. In the
compressed somatosensory cortices, Evans Blue extra-
vasation was observed starting at 1 day, peaking at 3
days, but apparently decreasing at the remaining time
points (Figures 4F–4J and 4P). In addition, the Evans
Blue extravasation as a result of injury was attenuated
in rats treated with vitamins or L-NAME, but the
statistical significance was shown only in the case of
ascorbic acid (P < 0.01) (Figures 4K–4M and 4P).

Evans Blue is an exogenous tracer and the
possibility that it might directly act on the BBB
could not be entirely ruled out. To further substanti-
ate the notion that the BBB breakdown is attributable
to cortical compression, we also measured the
endogenous IgG extravasation as IgG is normally
confined within cortical microvessels and virtually
absent from brain parenchyma (Figures 5A and 5B).
At 1 day after compression, IgG leakage into the brain
parenchyma soon reached a maximum (P < 0.001),
but declined rapidly at the remaining time points
(P < 0.001) (Figures 5C, 5D, and 5J). Treatment of
ascorbic acid or a-tocopherol significantly prevented
IgG extravasation at 1 day after compression
(P < 0.01) (Figures 5E, 5F, and 5J). Interestingly, after
treatment with L-NAME, the leaked IgG was observed
to concentrate on the cortical neurons (Figure 5G). In
addition, we also observed IgG immunoreactivity in
the pial vessels superficial to the somatosensory
cortices (Figures 5K and 5L). We found that contrary
to the normal rats (Figure 5K), intensive immunola-
beling appeared in the vessel wall and the neighbor-
ing meninges at 1 day after compression (Figure 5L).
Moreover, the IgG extravasation from the pial vessels
was much more drastic than that from the parench-
ymal vessels within the cortical tissue (Figure 5L).
This suggests that physical compression differen-
tially modulated the permeability of pial and
parenchymal vessels.

We further investigated whether the BBB break-
down observed can cause brain edema. We found
that the brain water content in normal adult male
Sprague–Dawley rats was 78% to 80% (Figure 6A).
Sustained compression of the primary somatosen-
sory cortex has no significant effect on percentage in
all of the animals that we examined.
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Expression of BBB Components

To investigate the molecular basis for the BBB
breakdown and restoration observed, the cortical
tissue was extracted and immunoblotted. We found
that the expression of ZO-1 in the compressed
somatosensory cortex showed no or negligible altera-

tion at any given time point (Figures 6B and 6C). At
1 day, sustained cortical compression gave rise to
the upregulation of occludin, claudin-5, type IV
collagen, and GFAP in the affected cortical region,
but the statistical significance was shown only in
occludin (P < 0.05) (Figures 6B and 6C). In contrast,
the immunoreactivities of these BBB components

Figure 3 The cortical microvasculature, revealed by alkaline phosphatase histochemistry, in the coronal sections of the normal and
the compressed somatosensory cortices. Micrographs were taken from the left (contralateral) and the right (lesion) sides of the same
sections of representative normal rats (A and B) and rats surviving for 1 day (C and D), 3 days (E and F), 1 week (G and H), and 2
weeks (I and J) after surgery. The vertical lines on the top of the figure depict the boundaries between cortical layers IV and V in all
panels. (K and L) Show the time-dependent changes in the mean diameter ratios and the mean area ratios of cortical microvessels.
Mean±s.e.m., n = 4 per group, d = day, w = week, m = month. *P < 0.05, compared with each corresponding normal; #P < 0.05,
##P < 0.01, ###P < 0.001, compared with each corresponding animal group surviving for 1 day after compression (Comp-1d).
Scale bar = 300 mm.

Sustained compression of somatosensory cortex
J-L Lin et al

1128

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1121–1136



were drastically and significantly enhanced at 1 and
2 weeks after compression but returned to the normal
level at 3 months.

Astrocytic Reaction

To elucidate the specific role of astrocytes in BBB
modulation, we used morphological methods to
examine the astrocytic reaction after cortical com-
pression. Consistent with the GFAP immunoblotting
results, the astrocytic reaction revealed by immuno-
fluorescence was obviously increased both in layers I
to IV and V to VI of the compressed somatosensory
cortex at 1 week after compression, relative to the
corresponding contralateral cortical region (Figures

7A–7D). In contrast, the astrocytic coverage on
cortical microvessels was significantly increased
only at 1 day after compression (P < 0.05) (Figures
7E–7I). Treatment of ascorbic acid or a-tocopherol
apparently prevented the increase in astrocytic
coverage at 1 day after compression, but this was
not statistically significant (Figure 7I). The astrocytic
coverage was unchanged after treatment of L-NAME
(compare Comp-1d with Comp-1d + L-NAME).

The Source of Oxidative Stress

On the basis of the above experimental results, the
antioxidant vitamin ascorbic acid was a potent drug
to prevent BBB disruption and sensory deficit caused

Figure 4 Effects of sustained cortical compression on the 2,3,5-triphenyltetrazolium chloride staining and the Evans Blue
extravasation. (A) Shows a representative 2,3,5-triphenyltetrazolium chloride-stained coronal slice from a normal rat. (B) Shows a
2,3,5-triphenyltetrazolium chloride-stained slice from a rat that received a permanent ligation of only a branch of the middle cerebral
artery (to reduce the suffering of the rat) and survived for 1 day after surgery. Note that the ischemic sign (loss of red stain) was
detected in this slice (arrowhead). (C and D) Show representative 2,3,5-triphenyltetrazolium chloride-stained slices from the rats
surviving for 1 day and 3 days after compression. (E–O) Are representative whole brains from different animal groups receiving Evans
Blue perfusion. In the normal animal (E), no Evans Blue was seen in the tissue except in the pineal gland (arrowhead). (P) Shows the
time-dependent changes in the mean OD ratios of extravasated Evans Blue. Mean±s.e.m., n = 4 per group, d = day, w = week,
m = month. **P < 0.01, compared with the normal animal group; #P < 0.05, ##P < 0.01, compared with the animal group
surviving for 3 days after compression (Comp-3d). Scale bars = 3 mm (A–D) and 10 mm (E–O).
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Figure 5 Endogenous IgG extravasation after cortical compression. (A) Shows a representative image of the somatosensory cortex
from a normal rat. The rat was not perfused with saline, which can clear the content of vasculature and thus the serum IgG remains in
the microvessels (arrows). (B) In contrast, a normal rat received saline perfusion, and therefore the IgG immunostaining is negative in
the microvessels (arrows). (C) Cortical compression led to drastic IgG leakage into the brain parenchyma at 1 day after surgery. The
immunoreactivity was also present within the cytoplasm of layer IV neurons (arrowheads) and some of them were intensely stained
(arrows). (D) At 3 days after compression, the IgG immunoreactivity was abruptly decreased in the brain parynchyma. (E, F, H, and I)
Treatment of ascorbic acid, a-tocopherol, apocynin, or allopurinol markedly blocked the IgG leakage at 1 day after compression,
although some neurons were still immunostained (arrowheads in E and arrows in F). (G) In contrast, treatment of L-NAME caused the
extravasated IgG to concentrate on the cortical neurons. (J) Shows the time-dependent changes in the mean OD ratios of IgG
immunoreactivity in the total somatosensory cortical areas. Mean±s.e.m., n = 4 per group, d = day, w = week, m = month.
***P < 0.001, compared with the normal group; ##P < 0.01, ###P < 0.001, compared with the animal group surviving for 1 day
after compression (Comp-1d). (K–M) Show the IgG immunoreactivity in the pial vessels dorsal to the somatosensory cortices of a
normal rat (K), a rat surviving for 1 day after compression (L), and a rat that received cortical compression and allopurinol injection
and survived for 1 day after compression (M). Scale bar = 25mm (A–I) or 50mm (K–M).
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by compression of the primary somatosensory cortex.
This prompted us to find out the source of the ROS
involved in the compression-induced pathophysio-
logical responses. The major ROS superoxide is a
natural by-product of mitochondrial respiration that
is also generated by xanthine oxidase, NADPH
oxidase, and cyclooxygenase (Halliwell, 1994). Thus,
we used the NADPH oxidase inhibitor apocynin and
the xanthine oxidase inhibitor allopurinol to treat
animals. We found that treatment of apocynin or
allopurinol significantly prevented increases in 3-NT
and 4-HNE in the affected cortical region (Figures 1F,
1J, and 1K) and the sensory deficits detected in the
whisker pads and forepaws (Figures 2A and 2B) at
1 day after compression. Although both drugs had
no conspicuous effect on the permeability of pial
vessels (compare Figures 5L with 5M), they signifi-
cantly prohibited the BBB disruption after cortical
compression, shown by Evans Blue (Figures 4N–4P)
and IgG (Figures 5H–5J) quantifications. These
results suggest that both xanthine oxidase and
NADPH oxidase were implicated in the pathological
signs caused by cortical compression.

Discussion

In previous studies, short-term compression (less
than 2 h) has been applied on the cerebral cortex
through a Plexiglas piston or brass or plastic cylinder
to intentionally lower the cortical surface approxi-
mately 3 mm, thereby inducing a decrease in cerebral
blood flow and, in turn, ischemia (Burnett et al,
2005; Kundrotiene et al, 2002; Watanabe et al, 2001).
These studies were focused mainly on ischemia-
induced brain damage. In contrast, the plastic bead
used herein was an optimal compression tool for the
current investigation, which ensured the long-term
(up to 3 months) and persistent compression of the
somatosensory cortex when the animals were unrest-
rained in the cage. The thickness of 1.5 mm of the
plastic beads was used as, in preliminary experi-
ments, 2-mm thick beads implantation produced a
localized cortical infarct, evidenced by coagulated
necrosis and cell damage starting at 3 days after
compression and 1-mm thick beads did not cause
any Evans Blue and IgG extravasation (data not
shown). Although cortical compression through

Figure 6 Analyses of the brain water content and the expressions of the BBB components after cortical compression. (A) To exclude
the aging factor, each group of compressed (Comp) animals (n = 4) was accompanied by a group of normal animals (n = 2). The
brain water content in both the left and right cerebral hemispheres of all normal rats was maintained within 78% to 80%, although a
slight decrease was seen in the older rats that had survived for 3 months (Normal-3m). Sustained compression of the somatosensory
cortex did not elicit significant alteration of the percentage at all time points, relative to each corresponding normal. (B and C)
Representative Western blots and summary data from the normal and the compressed somatosensory cortices. b-Actin served as the
internal control. Mean±s.e.m., n = 4 per group, d = day, w = week, m = month. *P < 0.05, **P < 0.01, ***P < 0.001, compared
with each corresponding normal.
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1.5-mm thick beads transiently reduced the size of
cortical microvessels (Figures 3K and 3L), no
substantial ischemia-induced brain tissue damage
or cell death was found on the basis of the results of
2,3,5-triphenyltetrazolium chloride stain, caspase-3
immunoblotting, and H&E stain (data not shown).
Therefore, by the present surgery paradigm, the
investigation of the effects of long-term cortical
compression on the cortical microvessels and the
BBB could be achieved.

In this study, we show for the first time that
sustained epidural compression on the primary
somatosensory cortex induced only transient BBB
breakdown, evidenced by IgG and Evans Blue
extravasation. As shown in Figure 5, IgG extravasa-
tion peaked at 1 day but almost completely vanished
at 3 days after compression. In contrast, the BBB
showed more prolonged permeability to the exogen-
ous tracer Evans Blue (960 Da), which is a marker for
serum albumin and was observed to extravasate

Figure 7 Astrocytic reaction and coverage on the microvasculature after cortical compression. (A–D) Are representative
immunofluorescent micrographs showing the astrocytic reaction in layer IV (A and B) and layer V (C and D) of the somatosensory
cortices. In contrast to the contralateral cortex (A and C), astrocytic reaction was markedly upregulated in the compressed cortex at 1
week after surgery (B and D). (E–H) Are representative micrographs double-labeled with the GFAP immunohistochemistry to reveal
astrocytes and the alkaline phosphatase histochemistry to reveal cortical microvessels. In contrast to the normal rats (E), astrocytic
coverage on the cortical microvessels was abruptly increased at 1 day after compression, regardless of the size of the blood vessels
(F–H). The tiny microvessels with a diameter less than 5 mm (arrowheads in E and G) were difficult to analyze and not included in the
quantification. (I) Shows the time-dependent changes in the mean astrocytic coverage ratios. Mean±s.e.m., n = 4 per group,
d = day, w = week, m = month. *P < 0.05, compared with each corresponding normal; #P < 0.05, compared with each
corresponding animal group surviving for 1 day after compression (Comp-1d). Scale bar = 25 mm.
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maximally at 3 days after compression (Figure 4).
These results suggest that the degree of the BBB
opening was large enough to permit both the macro-
molecules albumin and IgG to pass, starting before
24 h post-compression. Nevertheless, the BBB tight-
ness partially recovered to some extent on the third
day, as a result of which the larger molecule IgG
(150 kDa) extravasation resolved but the smaller-sized
albumin (67 kDa) leakage into brain parenchyma was
still evident. However, in any case, the BBB integrity
was completely restored before 1 week post-compres-
sion as shown by the observation that both serum
proteins stopped leaking from cortical microvessels. It
suggests that the BBB compromise could be rapidly
reversed after cortical compression and this may help
prevent the brain edema. The repair of the BBB may
begin at as early as the third day after compression
as IgG extravasated maximally at 1 day but nearly
disappeared at 3 days. We recently explored the effect
of decompression with preceding 1-week compression
of somatosensory cortex as the removal of compressive
mass is a common clinical practice (Chen et al, 2004).
Interestingly, we found that decompression also
elicited short-lasting BBB disruption and sensory
deficits in the early stage (unpublished). Together,
these findings indicate that the BBB is a dynamic
structure that could be rapidly modulated.

Another intriguing finding of this study is that the
leaked IgGs accumulated not only in the neuropil but
also within the cytoplasm of many cortical neurons
at 1 day after compression. The uptake of IgG or other
serum proteins by neurons has been implicated in
the neuronal dysfunction, which is associated with
epilepsy, abnormal cortical development, and neu-
rodegenerative disease (Hallene et al, 2006; Orr et al,
2005; Rigau et al, 2007). Consistent with these
reports, we found that persistent compression on
the somatosensory cortex also caused the impair-
ment of somatic sensation, which was concurrent
with the breakdown of the BBB and the neuronal
accumulation of IgG. Collectively, our results suggest
that the leaked serum proteins owing to the BBB
disruption may directly enter the cortical neurons
and thus interfere with the neuronal function after
cortical compression. However, to our surprise, the
leaked serum proteins could be rapidly cleared from
the neuropil and the cortical neurons (compare
Figures 5C with 5D). This may help facilitate the
recovery of neuronal function. Indeed, the sensory
deficit owing to sustained compression of the
somatosensory cortex was found to occur only
during the initial several days and resolve soon
within 2 weeks. This rapid adaptation may involve
the regulation of thalamocortical connections. We
recently found that thalamocortical fibers did not
withdraw from layer IV after cortical compression
(unpublished). Furthermore, cortical compression
caused a decreased expression of glutamate receptor
subunits and an increased expression of g-aminobu-
tyric acid receptor subunits in layer IV stellate cells
only during the initial several days after compression

(unpublished). These findings may explain the rapid
adaptation of somatic sensation in response to
sustained compression of the primary somatosensory
cortex.

All of the BBB components have been reported to
participate in the regulation of the BBB permeability,
such as tight junctions of endothelial cells, astro-
cytes, pericytes, and the basal lamina (Abbott et al,
2006; Colgan et al, 2007; Muellner et al, 2003).
Among these, the expression of tight junction
proteins is considered to be essential to the BBB
integrity as claudin-5-deficiency has been shown
to result in BBB compromise (Nitta et al, 2003).
However, in this study, although the expressions of
ZO-1, occludin, and claudin-5 were maintained or
upregulated at 1 day after compression (Figure 6C),
the IgG extravasation was most drastic at this time
(Figure 5J). It means that the maintained or increased
expression of tight junction proteins is not sufficient
to guarantee the BBB integrity. In our model, despite
no ischemic signs, cortical compression significantly
reduced the size of the cortical microvessels. This
may cause the alteration of the blood flow-associated
hemodynamic forces such as shear stress and cyclic
strain on the vascular endothelium, which have been
evidenced to activate integrin and Rac1, to decrease
the occludin tyrosine phosphorylation and increase
the ZO-1 serine/threonine phosphorylation, and to
modulate the expression, association, and distribu-
tion of occludin and ZO-1 (Colgan et al, 2007; Collins
et al, 2006; Tzima et al, 2002). Moreover, increasing
evidences have suggested that the BBB permeability
is strictly regulated by the redistribution of tight
junction proteins between the cell membrane and the
cytoplasmic fraction of endothelial cells, and the
underlying mechanism involves the phosphorylation
of tyrosine, serine, or threonine in the tight junction
proteins (Andras et al, 2007; Elias et al, 2009).
Interestingly, we recently found that cortical com-
pression elicited the alteration of phosphorylation
status of tight junction proteins in the early period
(unpublished). Thus, it is likely that the redistribu-
tion, rather than the total expression, of ZO-1,
occludin, and claudin-5, predominantly affects the
BBB permeability within the initial several days in
our model. This may also be a reasonable cause for
the rapid reverse of the BBB compromise
as mentioned above. In contrast, the expressions of
occludin, claudin-5, type IV collagen, and GFAP
were dramatically increased at 1 and 2 weeks after
compression. This may be beneficial to the BBB
integrity as the BBB tightness recovered entirely
during this period. Taken together, our results are
consistent with the idea that the redistribution
of tight junction proteins may predominantly under-
lie the BBB compromise in the early stages after
compression. On the contrary, the recovery of the
BBB tightness may be contributed and accelerated by
both the redistribution and enhanced total expres-
sion of the BBB component proteins. However, the
deduction needs to be further investigated.

Sustained compression of somatosensory cortex
J-L Lin et al

1133

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 1121–1136



In this study, the astrocytic reaction was also
found to be biphased. The early phase was 1 to 3
days after compression when the total expression of
GFAP in the somatosensory cortex was only slightly
elevated but the astrocytic coverage on the cortical
microvessels was largely increased. The late phase
was 1 to 2 weeks after compression when the total
expression of GFAP was drastically enhanced, but
the astrocytic coverage on the cortical microvessels
returned to near the normal level. Astrocytes are well
known to enwrap brain capillaries by their endfeet
and to promote the formation and maintenance of the
BBB through intercellular contact, diffusible factors,
or GFAP (Abbott et al, 2006; Reuss et al, 2003). It is
also well established that water channel aquaporin-4
is highly expressed in the hypertrophied perivascu-
lar astrocytic processes, which help clear the
vasogenic edema because of the BBB disruption
(Tomas-Camardiel et al, 2005). Thus, in our model,
the increased astrocytic coverage on cortical micro-
vessels in the early phase may help prevent brain
edema. On the contrary, the elevated astrocytic
reaction in the late phase may trigger an increase in
tight junction protein expressions as astrocytes have
been shown to enhance the occludin protein expres-
sion and BBB integrity in vitro (Colgan et al, 2008).
Together, all of the above results and considerations
support the deduction that astrocytes may have
distinct roles in the early and late phases in our
model.

In addition, we show for the first time that the
systemic administration of ascorbic acid or a-toco-
pherol, rather than L-NAME, prevented the BBB
disruption caused by cortical compression. Under
physiologic conditions, ascorbic acid and a-toco-
pherol function as a potent ROS scavenger, thereby
prohibiting the oxidation of lipid, protein, and DNA.
In contrast, L-NAME is a competitive NO synthase
inhibitor that can retard the production of NO. In this
regard, ROS seems to have a more important role
than reactive nitrogen species in the BBB disruption
in our model. Superoxide, one of the major ROSs,
has been shown to regulate the endothelial tight
junction proteins and increase the BBB permeability
through RhoA, phosphatidylinositol 3 kinase (PI3
kinase), and the protein kinase B (PKB/Akt) signaling
pathway (Schreibelt et al, 2007; Sheth et al, 2003).
Activation of protein tyrosine kinase by superoxide
has also been implicated in dissociation of occlud-
ing–ZO-1 and E-cadherin–b-catenin complexes from
the cytoskeleton (Rao et al, 2002). In addition, direct
treatment of 4-HNE or hydrogen peroxide to brain
endothelial cells has been shown to impair the BBB
integrity (Lee et al, 2004; Mertsch et al, 2001). In this
study, both the NADPH oxidase inhibitor apocynin
and the xanthine oxidase inhibitor allopurinol
prevented the BBB disruption, which is consistent
with the findings from other laboratories that these
two oxidases contribute to the BBB dysfunction
(Kahles et al, 2007; Schreibelt et al, 2007; Sheth
et al, 2003). Collectively, these results indicate that

ROSs have a detrimental role in the BBB integrity. In
addition, with regard to reactive nitrogen species, we
found that the treatment of NO synthase inhibitor
L-NAME reduced the extravasation of Evans Blue
and IgG, despite no statistical significance (Figures
4P and 5J). However, ascorbic acid, which protected
the BBB in our model, has been shown to be capable
of increasing the NO production and bioactivity
without affecting the NO synthase expression (Heller
et al, 2001; Huang et al, 2000). Actually, up to now, a
number of reports on the role of NO in the BBB
modulation are also contradictory (Boje and Lakh-
man, 2000; Kuhlmann et al, 2006; Wong et al, 2004).
Thus, NO and/or its derivatives may be a double-
edged sword in the BBB modulation. Conversely, the
oxidative stress-mediated effect on sensory deficit
caused by compression of somatosensory cortex may
not need to occur indirectly by influencing on the
BBB but instead directly on the layer IV neurons.
Indeed, we found that both 3-NT and 4-HNE were
markedly upregulated in stellate cells and neuropils
after compression. 4-HNE is a highly reactive
aldehyde derived from lipid peroxidation because
of superoxide and its derivatives, and 3-NT is
produced through tyrosine nitration by peroxyni-
trite, a combined product of superoxide and NO
(Choi et al, 2007). Thus, it is reasonable that both
apocynin and allopurinol, which can block super-
oxide production, prevented the upregulation of 3-
NT and 4-HNE in response to cortical compression in
our model. Taken together, in this study, the cortical
compression may cause sensory deficit through two
routes. First, cortical compression elicits high oxida-
tive stress (and/or hemodynamic forces as mentioned
above) on microvessels, leading to disruption of the
BBB, accumulation of serum proteins in cortical
neurons, and eventually dysfunction of neurons.
Second, cortical compression directly elicits high
oxidative stress in cortical neurons and neuropils
and thus impairs their function.

In conclusion, this study provides direct evidence
that sustained but moderate compression of the rat
somatosensory cortex impairs the BBB integrity and
somatic sensation only in the early period. Oxidative
stress may be implicated in these pathophysiological
changes and ascorbic acid may be used therapeuti-
cally to modulate cortical compression complicated
by the BBB dysfunction. In addition, the animal
model of this study could serve as a convenient and
effective tool for further investigation of the molec-
ular mechanisms underlying the relationship be-
tween the BBB disruption and neuronal function.
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