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Abstract

Background Recent evidence has demonstrated that
rosiglitazone can attenuate cerebral vasospasm following sub-
arachnoid hemorrhage (SAH). Some studies have shown that
rosiglitazone can suppress inflammation and immune re-
sponses after SAH. However, the precise molecular mecha-
nisms by which cerebral vasospasm is attenuated is not clear.
Methods In this study, SAH was created using a “double
hemorrhage” injection rat model. Rats were randomly divided
into three groups and treated with saline (control group),
untreated (SAH group), or treated with rosiglitazone. Using
immunocytochemistry, hematoxylin and eosin (HE) staining,
and measurement of the basilar artery, we investigated the
formation of pathologic changes in the basilar artery, mea-
sured the expression of caveolin-1 and proliferating cell nu-
clear antigen (PCNA), and investigated the role of
rosiglitazone in vascular smooth muscle cell (VSMC) prolif-
eration in the basilar artery after SAH.

Results In this study, we observed significant pathologic
changes in the basilar artery after experimental SAH. The
level of vasospasm gradually increased with time during the
Ist week, peaked on day 7, and almost recovered on day 14.
After rosiglitazone treatment, the level of vasospasm was
significantly attenuated in comparison with the SAH group.
Immunocytochemistry staining showed that caveolin-1 ex-
pression was significantly increased in the rosiglitazone
group, compared with the SAH group. Inversely, the expres-
sion of PCNA showed a notable decrease after rosiglitazone
treatment.
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Conclusions The results indicate that rosiglitazone can atten-
uate cerebral vasospasm following SAH. Up-regulation of
caveolin-1 by rosiglitazone may be a new molecular mecha-
nism for this response, which is to inhibit proliferation of
VSMCs after SAH, and this study may provide a novel insight
to prevent delayed cerebral vasospasm (DCVS).
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Introduction

Despite decades of study, subarachnoid hemorrhage (SAH)
remains a devastating complication of ruptured intracranial
aneurysms that threatens the lives of many patients worldwide
[1]. Delayed cerebral vasospasm (DCVS) is a severe compli-
cation following SAH, which contributes to mortality and
morbidity [2]. Previous experiments in vivo and in vitro have
demonstrated that vascular smooth muscle cell (VSMC) pro-
liferation and phenotypic changes play a key role in the DCVS
phase [3-5]. Since the underlying signaling modulation of
DCVS after SAH remains unclear, it has become increasingly
important to understand the underlying signaling pathways
that activate the critical effector cells during the multiple
phases of this disease.

Early evidence has shown that inflammation and immune
responses play important roles in the development of cerebral
vasospasm [6—8] and administration of rosiglitazone, a perox-
isome proliferator-activated receptor (PPAR) agonist, reduces
this inflammatory reaction in vivo [8, 9]. However, suppres-
sion of the inflammatory response may be just one of the
molecular mechanisms by which rosiglitazone attenuates ce-
rebral vasospasm. Rosiglitazone can up-regulate the expres-
sion of caveolae and caveolin-1, both of which play a signif-
icant role in regulating the proliferation of VSMC [10-13].
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Therefore, this study investigates and assesses the possible
mechanisms underlying the role of rosiglitazone in the sup-
pression of VSMC proliferation in the basilar artery after
SAH.

Caveolae are 50— to 100-nm flask-shaped invaginations of
the plasma membrane which are found in numerous cell types
including smooth muscle cells, endothelial cells, type I
pneumocytes and adipocytes. Caveolae are biochemically
distinct, because they are rich with cholesterol and
sphingolipid, and contain large amounts of caveolin proteins.
There are three major caveolins, caveolin-1, =2, and —3,
which are encoded by distinct genes. Caveolin-1 is the prima-
ry caveolae protein, both in terms of quantity and function,
and is very important in maintaining the invaginated structure
of the caveolae [11]. Recent reports have discovered that
caveolae and caveolin-1 play an important role in regulating
vascular smooth muscle proliferation, and overexpression of
caveolin-1 attenuates vascular myocyte growth [12]. Howev-
er, the precise role of caveolin-1 as a determinant of cell
responses to mitogens is not entirely clear. Previous evidence
suggests that through binding of the platelet-derived growth
factor (PDGF) receptor to a conserved caveolin scaffolding
domain, caveolin-1 can inhibit PDGF receptor activation,
thereby reducing p42/p44 mitogen-activated protein kinase
(MAPK) activation and smooth muscle cell (SMC) prolifera-
tion [14]. Thus far, there are no studies that have examined the
possible functional role of caveolin-1 in cerebral VSMC pro-
liferation after experimental SAH in rats.

Materials and methods
Animals and treatments

The study was approved by the Biomedical Ethics Committee
of Medical College of Xi’an Jiaotong University, and
conformed to the NIH Guide for the Care and Use of Labora-
tory Animals. A total of 66 male Sprague Dawley rats
weighing 300-350 g were purchased from the Laboratory
Animal Center of Xi’an Jiaotong University. Animals were
housed and fed in a temperature- and humidity-controlled
environment with a standardized light-dark cycle (12 h day/
night) for 1 week. Rosiglitazone (Cayman Chemical Co., Ann
Arbor, MI, USA) was first dissolved in dimethyl sulfoxide
([DMSO] Sigma-Aldrich, St. Louis, MO, USA; vehicle for
rosiglitazone) and then diluted with saline (1:4 ratio). Fifty
micrograms of rosiglitazone [9] was injected into the cistema
magna of each rat 30 min before the injection of autologous
blood.

Animals were randomly assigned to three groups: the sa-
line control group (n=6) which received an intracisternal
saline injection, the SAH group (»=30), which received an
injection of DMSO and autologous blood, and the
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rosiglitazone group (n=30), which received an injection of
rosiglitazone and autologous blood. All three groups received
an equal dose of the drugs. SAH was initiated in these rat
models by “double hemorrhage” injection where autologous
blood was injected twice through the cistema magna. First,
male Sprague Dawley rats were anesthetized with an intraper-
itoneal injection of 10 % chloral hydrate (0.35 ml/kg) and
placed in a prone position. The cistema magna was
transcutaneously punctured with a no. 8 scalp needle until
the flow of clear cerebrospinal fluid. Then, saline (50 pg) for
the saline control group, vehicle (50 pg) for the SAH group,
and rosiglitazone (50 pg) for the rosiglitazone group was
injected into the cistema magna through the needle. Thirty
minutes later, fresh autologous arterial non-heparinized blood
(0.1 ml/100 g) was slowly injected into the site. Rats in the
saline control group were injected with the same dose of
normal saline instead of the blood at 37 °C and were subse-
quently euthanized on day 1. Pressure was applied to the
puncture site for 3 min, and the rat was placed in a 30°
head-down position for at least 30 min to permit distribution
of blood around the basal intracranial arteries. Forty-eight
hours after the first injection, the same injections were repeat-
ed. On day 1, 3, 5, 7 and 14 after the second injection, rats in
the SAH and rosiglitazone groups were euthanized (n=6)
through deep anesthesia and the fixation-perfusion method.
Whenever a rat died, it was replaced in the study by another,
randomly chosen rat. The basilar arteries were isolated and
processed for immunohistochemical and hematoxylin and
eosin (HE) staining.

Histopathological analysis and measurement of basilar artery

Rats were deeply anesthetized with an intraperitoneal injec-
tion of 10 % chloral hydrate (0.4 ml/kg). Animals were
perfused with 250 ml of normal saline followed by 400 ml
of 4 % paraformaldehyde under a perfusion pressure of
120 cm H,O. The whole brain with the basilar artery was
removed and post-fixed in paraformaldehyde solution,
dehydrated via a graded ethanol series, vitrified with dimethyl
benzene, embedded with paraffin and sectioned into 10-pum-
thick sections using a microtome. Three sections per animal
were processed for HE staining. The staining results were
observed at 400x magnification; then two blinded investiga-
tors without knowledge of the treatment groups, determined
the lumen diameter and the wall thicknesses (intimal layer+
medium layer) of the blood vessels using a computerized
image analysis system (Image-Pro Plus 6.0, Leica, Germany).
The lumen diameter was corrected as:

CD = vmaxD x minD

where CD is the corrected diameter, maxD the maximum
diameter, and minD the minimum diameter.
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Immunohistochemistry study

The brain sections were de-paraffinized in xylene and hydrat-
ed in a decreasing gradient of alcohol to distilled water.
Endogenous peroxidase activity was blocked with 3 % H,0,
for 5 min, followed by a brief rinse in distilled water and a 15-
min wash in phosphate-buffered saline (PBS). Sections were
placed in 0.01 mol/l citrate buffer and heated in a microwave
oven at 95 °C for 30 min. Sections were cooled at room
temperature for 20 min and rinsed in PBS. Non-specific
protein binding was blocked by 30 min of incubation in
normal goat serum at room temperature, followed by incuba-
tion with primary antibodies (rabbit anti-caveolin-1 polyclon-
al antibody, diluted at the concentration of 1:400; Bioss,
Beijing, P. R. China; Rabbit anti-PCNA polyclonal antibody,
1:400 dilution; Bioss, Beijing, P. R. China) for 24 h at 4 °C
and a 15-min wash in PBS. Sections were then incubated with
goat anti-rabbit IgG-biotin (diluted 1:200) for 30 min, and
streptavidin-horseradish peroxidase (diluted 1:100) for 30 min
at 37 °C, and sections were washed with PBS for 15 min after
each step. Diaminobenzidine was used as the chromogen, and
hematoxylin was used as the counterstain. Sections incubated
with PBS in the absence of primary antibodies were used as
negative controls. Microscopic observation of the
immunohistochemically stained sections was performed by
an experienced pathologist blinded to the experimental con-
ditions. The immunoreactivity of all of the molecular markers
was analyzed using Image-Pro Plus 6.0 software in five mi-
croscopic fields (at 400x magnification) throughout identical
regions of the basal artery in each section, and the mean
optical density (OD) was calculated. Six animals in each
group and five sections per animal were chosen for quantita-
tive analysis.

Statistical analysis

The lumen diameter, wall thicknesses and the mean OD value
of the immunohistochemically stained sections were deter-
mined by two investigators who did not have knowledge of
the treatment groups. SPSS 13.0 (SPSS, Chicago, IL, USA)
was used for statistical analyses. All data were presented as
mean+SD. Comparisons among multiple groups were per-
formed using ANOVA followed by Tukey’s tests. A P value
of less than 0.05 was considered statistically significant.

Results
General observation

No animals died in the control group, and no obvious neuro-
logical deficits were observed. However, a series of

neurological symptoms that contained reduced activity and
food intake, weight loss, weakened response to stimulation,
drowsiness, and even limb paralysis had been discovered in
the experimental groups that had SAH. The mortality rate of
the animals in the SAH group was 20 % (6 of 30) compared
with 16.67 % (5 of 30) in the rosiglitazone treated group.
Through craniotomy, we found that animals in the experimen-
tal group had excessive blood in their brain, with some blood
clots in the basilar cistern and cisterna magna (Fig. 1).

Measurement of basilar artery

To investigate the vascular changes in the basilar arteries, the
mean diameter and thickness of the vessel walls were mea-
sured. Representative images of each group are shown in
Fig. 2. No obvious pathologic changes were found in the
control group. Compared with the control group, significant
vasospasm was found in the SAH group and the rosiglitazone
group (P<0.05). However, the level of the vasospasm was
markedly attenuated in the rosiglitazone group. Moreover, the
mean diameter at each time point was obviously increased
(Fig. 3a), and the thickness of the vessel wall was notably
declined in the rosiglitazone group (Fig. 3b), compared with
the SAH group (P<0.05). Furthermore, in both the SAH
group and the rosiglitazone group, the pathological changes
in the basilar arteries became gradually more noticeable,
peaked on day 7 and almost recovered on day 14.

Immunocytochemical study for cavelin-1 and PCNA

We measured the expression of caveolin-1 and PCNA through
immunohistochemical analysis. The results showed that
cavelin-1 was mainly localized in the membrane of endothe-
lial cells and expressed by SMCs in the basilar arteries.
Caveolin-1 was highly expressed by animals in the control
group. After SAH, the expression of positive caveolin-1 was
significantly attenuated, almost disappeared on day 7 and
recovered to normal levels on day 14, compared with the

Fig. 1 Macroscopic observations of rat brains in each group. No obvious
abnormalities were observed in the control group (a); a large amount of
blood clots was observed surrounding the arteries in the basilar cistern
and cisterna magna after SAH (b)
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Fig.2 Histological changes in the basilar arteries on day 7 after SAH. a—
¢ Representative images of basilar arteries in the control group, in the
SAH group and in the rosiglitazone group. No notable abnormality was
observed in the control group. Remarkable pathologic changes could be
detected in the SAH group, which was attenuated significantly in the
rosiglitazone group. e-g Magnified images of the square areas from a
through ¢, respectively. Scale bars 200 and 20 pum, respectively

A= " =

control group. However, rosiglitazone treatment increased
caveolin-1 expression at each time point (Fig. 4). PCNA
expression was mainly localized to the nucleus of SMCs.
PCNA expression was very low in the control group. Inverse-
ly, the number of PCNA-positive cells gradually increased
after SAH, peaked on day 7, but decreased back to normal
levels on day 14. These observations were consistent with the
pathologic changes observed in the basilar arteries. In compari-
son with the SAH group, the PCNA-positive cells showed a
significant decline in the rosiglitazone group at each time point,
accompanied with the attenuation of pathologic changes (Fig. 5).
Semi-quantitative analysis of the immunohistochemistry
data showed that the expression of caveolin-1 was markedly
decreased in the basilar arterial wall after SAH, compared with
the control group, but after the administration of rosiglitazone
the level of caveolin-1 was increased significantly at each time
point (P<0.05). However, PCNA expression was very low
level in the control group but elevated gradually after SAH.
After rosiglitazone intervention, PCNA expression declined in
comparison with the SAH group (P<0.05). Moreover, correla-
tion analysis between PCNA expression and arterial wall thick-
ness showed a strongly positive correlation (#=0.91, P<0.01).

Discussion

Activation of PPAR by its ligand, rosiglitazone, up-regulated
caveolin-1 mRNA and protein, and increased the levels of
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caveolin-1 proteins twofold to fivefold in a concentration-
dependent manner within 24 h of treatment [13, 15]. It is
presumed that PPAR, as a member of the nuclear hormone
receptor superfamily of ligand-activated transcription factors,
regulates target gene expression by binding to specific re-
sponse elements at enhancer sites. In this study, rosiglitazone
increased the expression of caveolin-1 in the smooth muscle
cells in the basilar arteries. Furthermore, rosiglitazone signif-
icantly decreased the thickness of the vessel walls, and de-
creased the extent of the pathological changes in basilar arter-
ies caused by SAH. On the contrary, rosiglitazone decreased
the expression of PCNA in comparison with the SAH group.
This study indicates that rosiglitazone inhibits the proliferation
of VSMC in the basilar artery in experimental SAH, and
upregulates the expression of caveolin-1.

PCNA is a nuclear cyclin and has been found to be the most
specific molecular maker for cell proliferation. In the present
study PCNA expression increased on day 1 of induction of
experimental SAH and peaked on day 7—all in parallel with
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Fig. 3 Representative measurements of the mean diameter and the wall
thickness of the basilar arteries. a The mean diameter of the basilar
arteries from the control, SAH, and rosiglitazone groups. b The wall
thickness of the basilar arteries from each group. The results indicated
that, after rosiglitazone treatment, cerebral vasospasm in the basilar
arteries was significantly attenuated following SAH. Bars represent the
mean+SD (n = 6, each group). ¥*P<0.05 compared with the control
group, *P<0.05 compared with the rosiglitazone group
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Fig. 4 Immunohistochemical
analysis of caveolin-1 expression
in cross sections of the basilar
arteries. Caveolin-1 was highly
expressed in the vessel walls in
the control group (a), almost
disappeared in the SAH group
(b), and obviously increased in
the rosiglitazone group (c). d—f
Magnified images of the square
area from a through ¢,
respectively. The arrows indicate
positively stained cells. Scale
bars 200 and 20 um, respectively.
*P<0.05 compared with the
control group, *P<0.05
compared with the rosiglitazone
group

Fig. 5 Immunohistochemical
analysis of PCNA expression in
cross sections of the basilar
arteries. PCNA was expressed at a
very low level in the vessel walls
in the control group (a), increased
remarkably in the SAH group b,
and obviously declined in the
rosiglitazone group (c¢). d—f
Magnified images of the square
area from a through c,
respectively. The arrows indicate
positively stained cells. Scale
bars 200 and 20 um, respectively.
*P<0.05 compared with the
control group, *P<0.05
compared with the rosiglitazone
group
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the changes in vessel wall thickness observed in the HE-
stained specimens. Up-regulation of caveolin-1 significantly
suppressed the expression of PCNA after rosiglitazone treat-
ment, accompanied by an attenuation in the pathological
changes of the vessel wall. The expression of PCNA signifi-
cantly increased after SAH and implied that VSMCs had
switched from a contractile to a synthetic/proliferative pheno-
type. This has been proven by many studies. Furthermore, the
change in the phenotype of VSMC was associated with a loss
of plasma membrane caveolae and a decrease in caveolin-1
expression [16].

Caveolae, as a platform for the assembly and compartmen-
talization of signaling molecules, participates in numerous
signaling pathways in both normal and pathological events.
Several studies have shown that the close relationship between
caveolin-1, growth factor receptor (PDGF) and downstream
mediators suggests a functional role for caveolin-1 in the
regulation of proliferative events [12, 17, 18]. The present
study is the first to describe the role of caveolin-1 in DCVS in
the basilar artery in a rat experimental model of SAH. Our
observations are highly consistent with previous data in path-
ological conditions that exhibit hyperproliferative properties
or in other cell types, including embryonic fibroblasts, airway
smooth muscle cells, and fetal type II epithelial cells from
caveolin-1 null mice [17, 19, 20].

There is a direct evidence to suggest that caveolin-1 and
caveolae participate in the mechanotransduction and remod-
eling of blood vessels [21]. Previous reports have demonstrat-
ed that caveolin-1 overexpression results in the inhibition of
cell-cycle progression and triggers apoptosis in these cells
[10]. It was involved in the activation of caspase-3, caspase-
9 and other effector caspases [22, 23]. Nevertheless, the
underlying signaling pathways and relevant mechanism of
how caveolae and caveolin-1 regulate the proliferation of
VSMC after SAH is still unknown.

Many studies have demonstrated that PDGF signaling
events occur in the specialized plasma membrane microdo-
main which is known as a caveolae [24, 25] which activates
intracellular signal transduction pathways, such as the MAPK
pathway, the phosphatidylinositol 3-kinase pathway, and the
Ca”" signal pathway [11, 26-29]. PDGF can be released from
blood blots, and PDGF is elevated in the cerebrospinal fluid
after SAH. Some studies have shown that PDGF stimulation
causes an obvious reduction in the overall caveolae number
when compared with untreated VSMCs, consistent with the
observation that caveolin-1 levels are reduced under the same
conditions. Caveolin-1 is targeted for degradation via the
lysosomal pathway after PDGF stimulation and the mecha-
nism for caveolin-1 degradation appears to involve the inter-
nalization of cell surface caveolae in response to PDGF stim-
ulation, followed by the merger with the acidic endosomal/
lysosomal compartments [12]. Previous results have shown
that the proliferative response of VSMCs to PDGF is
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enhanced in SAH, and that the PDGF-induced proliferation
is dependent mainly on early tyrosine phosphorylation [30].
Moreover, phosphorylation of caveolin-1 may be a key step in
initiating signal transduction cascades mediated by PDGFR-in
human airway smooth muscle cells [17]. However, many
direct and/or indirect signaling pathways are involved with
the formation of DCVS after SAH and PDGF-induced DCVS
may be just one of these underlying pathogenic mechanisms
[31]. Subsequent studies should consider the underlying
mechanisms of DCVS and the early intracellular signals in-
duced by early brain injury [32, 33].

In conclusion, the results of this study indicate a significant
role for rosiglitazone in the suppression of VSMC prolifera-
tion in experimental SAH and in the attenuation of the path-
ological changes in the basilar artery after SAH. Caveolin-1
may play a strong anti-mitogenic role in the inhibition of
proliferation of VSMCs after experimental SAH. In the pres-
ent study, we provide novel data to suggest that it is possible to
prevent DCVS after SAH. However, a study of the precise
molecular mechanism of this process remains elusive and
further experiments are required to address this aspect.
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