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Alterations of caveolin-1 expression in a mouse model of delayed
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Abstract. The aim of the present study was to evaluate the
expression levels of caveolin-1 in the basilar artery following
delayed cerebral vasospasm (DCVS) in a rat model of subarach-
noid hemorrhage (SAH), in order to investigate the association
between caveolin-1 and DCVS, and its potential as a treatment
for DCVS of SAH. A total of 150 Sprague Dawley rats were
randomly allocated into blank, saline and SAH groups. The
SAH and saline groups were subdivided into days 3,5,7 and 14
following the establishment of the model. The murine model of
SAH was established by double injection of autologous arterial
blood into the cisterna magana and DCVS was detected using
Bederson neurological severity scores. Hematoxylin and eosin
(HE) staining was used to observe the inner perimeter of the
basilar artery pipe and variations in the thickness of the basilar
artery wall. Alterations in the levels of caveolin-1 protein in
the basilar artery were measured using immunofluorescence
and western blot analysis; whereas alterations in the mRNA
expression levels of caveolin-1 were detected by reverse
transcription-quantitative polymerase chain reaction. In the
present study, 15 mice succumbed to SAH-induced DCVS
in the day 3 (n=3), 5 (n=5) and 7 (n=2) groups. No mortality
was observed in the blank control and saline groups during
the process of observation in the SAH group, All mice in the
SAH groups exhibited Bederson neurological severity scores
=1; whereas no neurological impairment was detected in the
blank and normal saline groups, demonstrating the success
of the model. HE staining was used to assess vasospasm and
the results demonstrated that the inner perimeter of the basal
artery pipe decreased at day 3 in the SAH group; whereas
values peaked in the day 7 group. The thickness of the basal
artery wall significantly increased (P<0.05), as compared
with the blank and saline groups, in which no significant
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alterations in the wall thickness and the inner perimeter of
the basal artery pipe were detected. As detected by immuno-
fluorescence and western blot analysis, the expression levels of
caveolin-1 protein significantly decreased in the day 7 of SAH
group, as compared with the blank and saline groups (P<0.01),
in which no significant alterations were detected. Caveolin-1
mRNA expression levels significantly increased at the day 7
in the SAH group, as compared with the blank and the saline
groups (P<0.01), as detected by RT-qPCR. Furthermore,
significant differences were detected at day 14 in the SAH
group, as compared with the blank and the saline groups
(P>0.05), in which no significant alterations were detected.
Therefore, the results of the present study demonstrated that
caveolin-1 protein was downregulated in the basilar artery of
a rat modeling SAH, which may be associated with DCVS.
This suggested that caveolin-1 may be a potential target for the
treatment of DCVS.

Introduction

Subarachnoid hemorrhage (SAH) is a common cerebrovas-
cular accident which is associated with high morbidity. SAH
can be divided into spontaneous and traumatic SAH (1).
The annual incidence of spontaneous SAH is >10.5/100,000
individuals per year and, since the majority of spontaneous
SAH cases are induced by aneurysm rupture, the annual
incidence of aneurysm rupture-induced spontaneous SAH is
6-35.5/100,000 individuals per year (2). In recent years it has
been demonstrated that the incidence of SAH is increasing (3).
The American Heart Association demonstrated that the total
mortality of SAH has reached 25% (4,5). Spontaneous SAH
often results in numerous complications, of which cerebral
vasospasm (CVS) is the most severe (6). CVS occurs due to
the continuous contraction of one or several areas of smooth
muscle in the intracranial vasculature, or vascular injury
induced by sanguis stimulation, which leads to changes in
the luminal morphological and intracranial vascular stenosis
or spasm, whose incidence is 30-90% (7). According to
clinical presentation, CVS may be divided into two types,
early brain injury (EBI) and delayed cerebral vasospasm
(DCVS) (8). EBI predominantly occurs in patients several
minutes to half an hour post-SAH, as the blood which directly
and mechanically stimulates the intracranial vasculature
flows into cerebrospinal fluid (CSF) following SAH (8).
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DCYVS predominantly occurs at 4-15 days post-SAH. DCVS
often reaches vasospasm fastigium after 7-10 days, ulti-
mately leading to severe ischemia of the local brain tissue,
d(elayed ischemic injury or cerebral infarction, which are the
predominant causes of morbidity and mortality in patients
with DCVS (9). Patients with DCVS require long-term care
and active nursing, therefore they are an increased burden on
their family and limited medical resources, and suffer from
decreased quality of life. Eventually, this may impede the
development of social economic construction (10).

The occurrence of DCVS is associated with multiple
factors and procedures. Previous studies have demonstrated
that numerous factors influence the occurrence mechanism
of DCVS, such as hemolysate, inflammatory response and
endothelial dysfunction, which are associated with the occur-
rence of DCVS following SAH (11-13). The stabilization of
endothelial cells has a key role in the normal physiological
function of the human body. Vascular endothelial cells are
cable of generating various vasoactive substances, including
nitrogen oxide and prostacylin, which can dilate blood vessels,
and endothelin (ET), arachidonic acid and cyclooxygenase,
which can constrict vasculature (14). A previous study has
investigated the dysfunction of vascular endothelin cells (15).

Caveolin is a type of integral membrane protein with a
molecular weight of 17-24 kD, and is located on the inner
surface of the alveolar cell membranes (16). Three members
of the caveolin family, caveolin-1, caveolin-2 and caveolin-3,
have previously been cloned (17). Although the structure and
function of the caveolin gene family is highly conserved in
mammals, the cellular distribution is diverse. Caveolin-1 is
highly expressed in adipocytes, endotheliocytes and fibro-
cytes (18,19). Caveolin can form complexes by combining
with various signal molecules in order to regulate the activated
state of numerous key signaling molecules and control trans-
membrane signal transduction (20). Furthermore, caveolin
participates in vital cell activities in numerous cells, including
endocytosis, the transportation of cholesterol, cytomembrane
assembly and signal transduction (21-24).

Caveolin-1, which has a molecular weight of 21-24 kD, is
associated with cholesterol homeostasis, molecular transpor-
tation and transmembrane signal transduction. In particular,
a previous study has demonstrated that caveolin-1 has a
role in signal transduction, the pathological and biological
processes (25) of cell differentiation, proliferation, tumori-
genesis, myopathy, angiopathy, neurodegenerative disorders
and senility. Caveolin is a repository of calcium ions and is
key for its transportation. Furthermore, previous studies have
demonstrated that endothelial nitric oxide synthase (eNOS),
which is a key signaling molecule associated with the precise
regulation and control of calcium ions, is assembled around
caveolin (26). Jasmin et al (26) have previously utilized
caveolin knockout mice models in order to investigate the
function of caveolin in cerebral ischemic injury. In addition,
Jasmin et al (26) demonstrated that caveolin-1 gene knockout
resulted in an increase in the cerebral infarct volume, as
compared with the wild type, and the speed of endotheliocyte
proliferation of the wild type mice with cerebral ischemia
markedly increased, as compared with the caveolin-1 gene
knockout mice. Furthermore, the eNOS levels of wild type
mice with cerebral ischemia increased, whereas no notable
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alterations were detected in the caveolin-1 gene knockout
mice. Therefore, these results demonstrated that cerebral isch-
emia induced an increase in the number of endotheliocytes
and the expression of genes associated with angiogenesis
was impaired by cerebral ischemia in mice with caveolin-1
knockout; therefore, the number of apoptotic cells increases.
Using a mouse model of cerebral ischemia induced by arterial
occlusion, Shen et al (27) investigated the function of eNOS in
the regulation of caveolin-1. The results demonstrated that NO
regulates the expression of caveolin-1, and reduced caveolin-1
expression is associated with the generation of NO in the
ischemic brain. These previous studies demonstrated that
caveolin-1 may serve a crucial function in the pathogenesis of
cerebral ischemia and participates in the regulation of physi-
ological mechanisms following cerebral ischemia (26,27).
Furthermore, it has previously been demonstrated that cave-
olin-1 is associated with various types of vascular disease,
including atherosclerosis and hypertension, indicating that
caveolin-1 may be associated with the differentiation of
vascular endothelial cells (15). As endothelial cells have abun-
dant cell membrane alveoli and caveolin-1, the authors of the
present study hypothesize that caveolin-1 may be correlated
with DCVS following SAH. To the best of our knowledge, the
present study is the first to investigate whether caveolin-1 is
associated with the development of SAH-induced DCVS.

Using a mouse model of SAH, generated by suboccipital
pool double hemorrhage injection, the present study investi-
gated the pathogenesis of DCVS by observing alterations in
the levels of caveolin-1 in the basilar arteries of mice with
DCYVS following SAH. The results of the present study may
provide novel theories for the future treatment of patients with
DCYVS following SAH.

Materials and methods

Experimental animals. A total of 150 clean-grade male
Sprague-Dawley mice, weighing 30010 g and aged
8-10 weeks, were purchased from Shanghai Slyke Experimental
Animals, Co., Ltd. (SCXK 2007-0005; Shanghai, China).
Ethical approval was obtained from the Ethical Committee
of the First Affiliated Hospital of Wenzhou Medical College
(Wenzhou, China).

Apparatus. P627 microscale pipettor; Thermostat (4304057;
both Shanghai Medical Instrument Factory, Shanghai,
China); Electronic analytical balance (ESJ182-4; Hangzhou
Medical Equipment Factory, Hangzhou, China); Optical
microscope (P7220; Thermo Fisher Scientiifc, Inc.,
Waltham, MA, USA), Fluorescence microscope (AF6000;
Leica Microsystems GmbH, Wetzlar, Germany); Operating
microscope (HR900A/2-11; Germany); Mice stereotaxic
apparatus (YH51500D; Wuhan, China); Dural refrigerator
(BCD-575WDBI; Haier Group, Qingdao, China); Micrograph
system (Leica Microsystems GmbH); Thermostat water bath
(W1933; Shanghai Cairrao Apparatus Company, Shanghai,
China); T-Gradient polymerase chain reaction (PCR) ampli-
fier (Biometra GmbH, Géttingen, Germany); Sigma 1-14
centrifuge (Sigma Laborzentrifugen GmbH, Osterode am
Harz, Germany); and concentrator table (TP22; Wuhan,
China).
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Reagents. Chloral hydrate (302-17-0; Wuhan Boster
Biological Technology, Ltd., Wuhan, China); paraformal-
dehyde (Z-P193265; Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China); rabbit polyclonal caveolin-1 primary
antibodies (ab2910; Abcam, Cambridge, MA, USA); protein
inhibitors (85-00-4975-03; Beijing Aolilaiyin Technology Co.,
Ltd., Beijing, China); peroxidase-AffiniPure goat anti-rabbit
(111-035-003) and goat anti-mouse (115-035-003; both Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA)
immunoglobulin (Ig)G (H+L) fluorescent secondary antibodies;
and goat anti-human IgG secondary antibodies (ZF-0308;
Shanghai Boyun Chemical Reagent Co., Ltd., Shanghai,
China). GAPDH (TA-08; Zhongshan Jingiao, Beijing, China);
enhanced chemiluminescence (ECL) kit (sc-2048; Cell
Signaling Technology, Inc., Danvers, MA, USA). TRIzol kit
(15596-018); caveolin-1 mRNA primer design; TagMan DNA
polymerase (4405495), diethylpyrocarbonate-treated water
and 4',6-diamidino-2-phenylindole (62247) (all Invitrogen;
Thermo Fisher Scientific, Inc.). DNase I kit (D8071-25;
Solarbio Science & Technology Co., Ltd., Beijing, China).
Reverse transcription-quantitative PCR Master Mix (QPK-201;
Toyobo Co., Ltd., Osaka, Japan). Finland reagent; hematoxylin
and eosin (00-8011 and E-18); anti-fluorescence quencher
(P0126); bicinchoninic acid assay (BCA) kit (P0011); ammo-
nium persulfate (ST005); 30% acrylamide; 10% sodium
dodecyl sulfate (SDS); 1 M Tris-HCI (pH 6.8); 1.5 M Tris-HCl
(pH 8.8); tetramethylethylenediamine (ST066); phenylmethyl-
sulfonyl fluoride (ST506); horseradish without IgG secondary
antibodies marked (P0203); polyvinylidene difluoride (PVDF)
membrane (A0793); and Tween-20 (ST825; all Biyuntian
Nantong, Jiangsu, China).

Primary reagent compounds. i) 10% Chloral hydrate: 10 g
Chloral hydrate powder was supplemented with 100 ml distilled
water, incubated in a 55°C water bath unit and discontinuously
stirred until the solution was clear. Solution was maintained in
the dark. ii) 4% Paraformaldehyde: 40 g Paraformaldehyde was
supplemented with 100 ml phosphate-buffered saline (PBS;
0.1 mol/l), discontinuously stirred until the solution was clear
and the pH value was subsequently adjusted to 7.4 prior to pres-
ervation at 4°C. iii) 5X Tris-buffered saline (TBS): 20.375 g
Tris-HCI; 22.5 g sodium chloride, double-distilled water; and
1X TBS: 100 ml TBS (5X) + 400 ml double-distilled water.
iv) TBS with Tween-20 (TBST): 500 pl Tween-20 + 500 ml
TBS (1X). v) 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE): 15.1 g Tris; 72 g glycine, 5 g SDS, 500 ml
double-distilled water; 1% SDS-PAGE: 100 ml (10X) + 900 ml
double-distilled water. vi) 10X Transfer buffer: 15 g Tris,
72 g glycine, 5 g SDS, 500 ml double-distilled water; and
1X transfer buffer: 100 ml (10X) + 200 ml carbinol + 700 ml
double-distilled water. vii) 5% sealing milk: 5 g skim milk
powder + 100 ml TBST liquid. viii) ECL solution: ECL solu-
tion A + ECL solution B (mixed 1:1).

Experimental groups. Mice were allocated into three groups:
Blank group (n=14), the saline group (n=56) and the opera-
tional group (n=80). The normal saline and operational groups
were further divided into four subgroups: Days 3, 5, 7 and 14
post-SAH. The mice in the operational group were injected
autologous arterial blood into subarachnoid space. The saline

1995

group was injected equivalent saline into subarachnoid space.
The blank group did not receive any treatment.

Murine model of SAH-induced DCVS. In the present study
a model of SAH was created using the method of double
hemorrhage of cisterna magna, as previously described (28).
Mice were intraperitoneally anesthetized using 10% chloral
hydrate (3 ml/100 g) and fixed in the prone position. Following
disinfection of the preserved skin using 75% ethanol, the
fascia muscle was incised along the middle wire, using an
operational microscope. Mice were subsequently placed in the
supine position and the skin of the inguinal region was disin-
fected prior to the incision of the skin to expose the femoral
artery, which was subsequently separated and fixed. Following
these procedures, 0.01 ml heparin (25 U) was injected into the
artery using a hollow 1-ml needle and mice were fixed into
the prone position with their heads bent forward to extract
0.10 m1/100 g autologus arterial blood by weight. Subsequently,
autologus arterial blood was slowly injected into the cisternas
magna (speed, 0.1 ml/min) from the foramen occipital magnum
using a needle inserted at 1 mm. A ‘breakthrough’ sensation
was detected when the needle was inserted into the atlantooc-
cipital membrane and the puncture was immediately sealed
with a gelatin sponge. After hemostasis, the muscular layer
and skin were sutured layer-by-layer. Subsequently, mice were
placed in a dorsal elevated position for 30 min, and placed in a
cage. After 48 h, blood was harvested from the femoral artery
and injected for the second time. The method remained the
same. A total of 24 h after the second injection was regarded
as day 1 post-SAH, and so on.

Grading of neurological impairment in the SAH group.
Neurological impairment was assessed according to grading
system proposed by Bederson (29). Grading was conducted
on days 3, 5 and 14 post-SAH, according to the condition of
the tail, particularly its bend and whirl, and resistance of its
bilateral forelegs, and the condition of the whirl. Scoring was
classified as follows: 0, Normal; 1, mild neurological impair-
ment; 2, moderate neurological impairment; and 3, severe
neurological impairment.

Specimen collection

New specimen collection. Following establishment of the
mouse model of DCVS, mice were anesthetized using
3 ml/100 g chloral hydrate (10%) on days 3, 5 and 14 post-SAH,
according to the sub-groupings. Following this, the respec-
tive mouse brains were harvested, placed on an iced plate in
order to separate basilar artery and rapidly preserved in liquid
nitrogen.

Preparation of paraffin specimen. The abdominal skin of the
mice was cut off, the ensisternum was lifted using a vessel
clamp, and the ribs were cut along the two sides of sternum
using scissors in order to expose the heart, ventriculus
sinister, and right auricular. A 24-gauge transfusion needle
was inserted into the ventriculus sinister and, simultaneously,
using the hemostatic forceps to clamp the transfusion needles
and the left ventricular wall, normal saline was quickly
infused. Immediately, scissors were used to cut the right
auricular in order to release the blood until the effluent was
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clear. Following this, 300 ml paraformaldehyde (4%), which
had been prepared previously, was injected quickly at first
then slowly until the heads and necks of the mice stiffened.
Upon completion of the injection, the mice were immediately
decapitated and the scalps were simultaneously removed. The
skulls were subsequently removed and the brainstems, which
contains basal arteries, were respectively harvested. All the
mice brainstems were fixed in 4% paraformaldehyde and,
following 24 h, were paraffin embedded. The basal artery
brainstem specimens were trimmed to 10x5x4 mm and placed
in the embedding boxes. Specimens were processed according
to the following protocol: Overnight incubation with 75% ethyl
alcohol; once with 85% ethyl alcohol for 2 h; twice for hour
with 95% ethyl alcohol; twice for 45 min with absolute ethyl
alcohol to dehydrate; twice for 45 min with xylene to make the
cells transparent; wax I overnight; wax II for 2 h; and the wax
was subsequently injected into the specimen. After the wax
had cooled down, the specimen was sliced using the micro-
tome, with the slicing knife parallel with the transverse section
to ensure with each section was 4 ym-thick. Each specimen
was subsequently cut into 10 continuous pieces and subjected
to HE staining and immunofluorescence analysis, respectively.

HE staining. Staining with HE was performed in order to
measure the interfacial inner diameter of the basilar artery
and the thickness of the vessel wall of the basilar artery. Five
section pieces were selected from each specimen, were dried for
60 min at 65°C and stained as follows: Deparaffinization with
xylene twice for 5 min; hydration using an alcohol gradient:
100% Ethyl alcohol twice for 5 min, 95% ethyl alcohol once
for 5 min, 90% ethyl alcohol once for 5 min, 70% ethyl alcohol
once for 5 min, and washing three times with distilled water
for 5 min; staining with hematoxylin for 10 min, incubation at
37°C for 3 min in warm water to ensure the sections are stained
blue; washing with running water for 10 min; followed by coun-
terstaining with eosin for 5 min; 95% ethyl alcohol twice for
5 min, xylene twice for 10 min, and subsequent mounting using
neutral gum. The interfacial inner diameter of basilar artery
was calculated using the Image Pro Plus 5.1 image analyzing
system (Media Cybernetics, Inc., Rockville, MD, USA) and the
thickness of the vessel wall was measured and the mean values
were calculated. Following dewaxing, the sections were treated
with 0.3% H,0, in methanol for 10 min, washed with distilled
water supplemented with 0.01 M citrate solution (pH 6.0) and
heated in an oven for 10 min. Following cooling to 25°C, the
sections were washed three times with PBS prior to immuno-
histochemical analysis.

Immunofluorescence analysis. Five sections were taken from
each specimen and the section was dried for 60 min at 65°C;
deparaffinized with xylene twice for 5 min; hydrated using an
alcohol gradient (100% ethyl alcohol twice for 5 min, 95% ethyl
alcohol once for 5 min, 90% ethyl alcohol once for 5 min,
70% ethyl alcohol once for 5 min, and washed three times with
PBS water for 5 min). Antigen retrieval was performed using
sodium citrate, the sections were washed three times with PBS
for 5 min, immersed in 3% H,O, to wipe off the peroxidase,
sealed using serum, incubated overnight with rabbit polyclonal
caveolin-1 primary antibodies antibody (1:1,000). Following
this, the sections were washed three times with PBS water for
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5 min and incubated for 1.5 h with secondary fluorescence
antibody (1:1,000) in the dark room. Following washing three
times with PBS water for 5 min, 4',6-diamidino-2-phenylin-
dole, and fluorescence agent quenching mounting, the sections
were observed under a fluorescence microscope.

Western blot analysis

Extraction and measurement of protein. Protein extrac-
tion was performed as follows, 50 mg cryopreserved basilar
artery was placed in the grinding rod and supplemented with
500 pl organization lysate and 5 ul proteinase inhibitor prior
to full grinding on ice for 30 min The liquid was collected,
placed in 1.5-ml non-enzyme tubes, centrifuged for 5 min at
12,500 x g, prior to supplementing the dissolution liquid with
150 ul protein preserving liquid, which can be adjusted by the
precipitation capacity. After repeatedly blowing and beating
the sediment solution, the dissolution was placed in a 0.5-ml
centrifuge tube and 20-25 pl was preserved at 80°C. Protein
concentration was measured using a BCA kit, according to the
manufacturer's protocol, where the solubility of the protein
was measured using a microplate reader.

Western blot analysis. Proteins were separated by 10%
SDS-PAGE, which was selected according to the molecular
weight of the protein to be measured, caveolin-1. Following
albuminous degeneration (100°C for 5 min), 20 pl protein was
loaded into the respective wells using a microscale pipette,
and an equal quantity of buffer solution was subsequently
loaded in order to avoid edge effects. Electrophoresis was run
in 1X liquid at 35 mA for 90 min, until the leading edge of
the dye had migrated to the bottom of the gel. Proteins were
transferred to a PVDF membrane and were rinsed using
double-distilled water for 5 min. The membrane was trans-
ferred at 350 mA for 60 min in the 1X transferring membrane
liquid. In order to seal the PVDF membrane, it was removed,
washed with deionized water and incubated with 5% skim
milk for 2 h on the concentrator table. Subsequently, the
membrane was washed three times with TBST for 10 min and
incubated with caveolin-1 and GAPDH primary antibodies
(1:1,000) overnight at 4°C. Following this, the membrane was
again washed three times with TBST for 10 min and incubated
with goat anti-rabbit secondary antibodies (1:2,500), for 2 h at
25°C on the concentrator table. The membrane was washed
three times with TBST for 10 min prior to development and
exposure. According to the ECL protocol, ECL solutions A
and B were mixed (ratio, 1:1), and incubated with the PVDF
membrane in the dark room to develop for 3-5 min prior to
exposure. Data were analyzed using ImageJ protein grayscale
software (National Institutes of Health, Bethesda, MA, USA).

PCR

Extraction, concentration determination and reverse tran-
scription of RNA. RNA was extracted by grinding 50-100 mg
tissue into powder in liquid nitrogen and subsequently injecting
1 ml TRIzol prior to further grinding for 15 min. Following
this, the homogenate was transferred into an Eppendorf (EP)
tube and left to dissociate for 5 min at room temperature prior
to centrifugation 12,000 x g for 10 min at 4°C. Using a new
EP tube, the supernatant was collected and supplemented with
chloroform at the ratio of 0.2:1 ml TRIzol. The EP tube was
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Figure 1. Fresh brain tissue harvested from the (A) blank and (B) experimental groups.

shaken for 15 sec by hand prior to incubation for 3 min at
room temperature and subsequent centrifugation at 12,000 x g
for 15 min at 4°C. The supernatant was transferred to a new
EP tube, supplemented with isopropanol at the ratio of 0.5 ml
to 1 ml TRIzol, incubated for 10 min at room temperature
and subsequently centrifuged at 12,000 x g for 10 min at 4°C.
After discarding the supernatant, the pellet was washed with
75% ethyl alcohol at the ratio of <1 ml ethyl alcohol to 1 ml
TRIzol. Following shaking, the supernatant was discarded
and the sedimentary RNA was left to dry naturally at room
temperature. Once dry, the pellet was suspended in 20-40 pl
diethylpyrocarbonate-treated non-enzyme water and stored at
-70°C.

RNA concentration was determined by suspending
2 ul RNA in 98 ul non-RNase water and centrifuging at
12,000 x g for 10 min at 4°C, prior to measuring the optical
density (OD) 260/280 value using a spectrophotometer
(10D=40 g RNA). When the OD 260/280 value of the RNA
sample was detected as 1.8-2.0, the purity was regarded as
high. In general, the normal concentration value was deter-
mined to be 1,000 ng/ml, although when the concentration was
deemed too high, it was attenuated by diluting the sample with
an appropriate volume of non-RNase water and the measure-
ment was repeated. Reverse transcription was performed using
TagMan DNA polymerase by initially placing RNA at 65°C
for 51 min, and immediately transferring the sample to ice
to cool. Subsequently, the reverse transcription reaction was
performed for 15 min, followed by enzyme inactivation for
5 min. Upon completion, the subsequent cDNA underwent
DNase treatment and was stored at -20°C.

RT-gPCR analysis. PCR reaction mixtures contained:
5 ul SYBR Green Realtime PCR Master Mix-Plus; 1 ul Plus
Solution; 1 ul upstream and downstream primers (10 gmol/l),
respectively; and 1 ul template supplemented with sterile
deionized water to a final reaction volume of 10 ul. Reaction
conditions were as follows: 94°C for 3 min, then 94°C for 5 sec,
60°C for 20 sec, all for 40 cycles. Mouse actin was used as the
reference gene, against which the expression levels of the target
genes were normalized to calculate the standard curves for the

real-time quantification of the caveolin-1 target genes. The
following primers were used: Caveolin-1, upstream 5'-GAC
CCCAAGCATCTCAACGA-3' and downstream 5'-GCC
ATAGGGATGCCGAA-GA-3"; and actin internal reference,
upstream 5'-AGAGGGAAATCGTGCGTGAC-3' and down-
stream 5-AGAGGTCTTTACGGATGT-CAACG-3'. In order
to increase the credibility of the results, each specimen was
repeated in 6 tubes, 3 of which were target genes, and the
remainder were internal reference. RT-qPCR analysis of the
target gene and internal reference was completed in triplicate
in order to determine the mean Cq value. Relative mRNA
expression levels of caveolin-1 were calculated by dividing the
mean Cq of actin by the mean Cq of caveolin-1, according to
the 2-22°4 method.

Statistical analysis. Experimental data were statistically
analyzed using SPSS 18.0 software (SPSS, Inc., Chicago, IL,
USA). Data were expressed as the mean =+ standard deviation.
Inter-group and intragroup comparisons were performed using
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Establishment of the murine model. During the observation
period, 10 mice succumbed to SAH-induced DCVS in the day 3
(n=3), 5 (n=5) and 7 (n=2) groups. No mortality was observed
in the blank control and normal saline groups. In the experi-
mental group, blood clots were observed around the basilar
artery of the respective brainstems during the craniotomy
(Fig. 1A and B). Furthermore, all mice in the SAH group had
Bederson neurological severity scores =1, which indicated the
success of the model (Table I). No neurological impairment
was detected in the blank and normal saline groups.

As detected by light microscopy, HE staining of the basilar
artery demonstrated that the inner membranes of the basilar
arteries appeared smooth in the blank and normal saline
groups and the inner elasticity and integrity were maintained.
In the SAH groups, the inner perimeter of the basilar artery
was reduced, the thickness of the arterial wall of the basilar
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Table I. Bederson grading of neurological impairment in the mouse model of subarachnoid hemorrhage (SAH) group (n=20).

Bederson grade of neurological impairment

Duration of SAH 0 1 2 3 Mortality (%)
3 days 0 9 8 0 15
5 days 0 3 6 6 25
7 days 0 3 11 4 10
14 days 0 14 6 0 0

No neurological impairment was detected in the blank and normal saline groups.

Table II. Internal diameter (#m) of the basilar artery in the blank, normal saline and subarachnoid hemorrhage (SAH) groups.

Duration of SAH Blank group Normal saline group SAH group
3 days 1,002+0.24 1,001+£0.45 701+8.34
5 days 1,003+0.56 1,003+0.32 686+6.23
7 days 1,003+0.29 1,002+0.26 638+5.68
14 days 1,001+0.31 1,002+0.67 698+4.65

Figure 2. Hematoxylin and eosin staining of the basilar artery of a murine model of subarachnoid hemorrhage (SAH)-induced delayed cerebral vasospasm,
as detected by a light microscope (magnification, 20x). (A) Blank group, (B) normal saline group, (C) experimental group subjected to SAH for 3, (D) 5, (E) 7
and (F) 14 days. The inner membranes of the basilar arteries in the blank and normal saline groups appeared smooth and the inner elastic force maintained
integrity. In the SAH groups, the inner perimeter of the basilar artery was reduced, the thickness of the arterial wall of the basilar artery increased seen from

the light microscope and its inner membrane appeared to be buckling, as compared with the blank and normal saline groups.

artery increased under the light microscope and its inner
membrane appeared to be buckling, as compared with the
blank and normal saline groups (Fig. 2).

SAH significantly reduces the internal diameter of the
basilar artery. The internal diameter of the basilar artery was
measured in all the groups at various time points (Table II).
Across all durations of SAH, the internal diameter of the
basilar artery was significantly reduced in the SAH group

at the same time point, as compared with the normal saline
and blank groups (P<0.01). The t-values for the SAH group,
and the normal saline and blank groups were 9.72 and 10.13,
respectively (data not shown). No significant differences
were detected between the normal saline and blank groups
(t-value, 3.49; P>0.05).

SAH significantly increases the wall thickness of the basilar
artery. The wall thickness of the basilar artery was measured
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Table III. Wall thickness (xm) of basilar artery in the blank, normal saline and subarachnoid hemorrhage (SAH) groups.
Duration of SAH Blank group Normal saline group SAH group
3 days 9.80+0.34 9.26+0.13 22.68+0.36
5 days 9.47+0.29 9.43+0.20 36.74+0.52
7 days 9.58+0.27 9.39+0.32 64.86+0.31
14 days 9.24+0.12 9.35+0.19 32.16+0.45

A- '-
C- D-

Figure 3. Immunofluorescence analysis of caveolin-1 expression in the basilar artery of a murine model of subarachnoid hemorrhage (SAH)-induced delayed
cerebral vasospasm (DCVS) (magnification, 40x). (A) Blank group, (B) normal saline group and experimental groups subjected to SAH-induced DCVS for
(C) 5 and (D) 7 days. Red fluorescence denotes caveolin-1 expression; whereas the blue denotes nuclear staining. Caveolin-1 expression in the endothelial cells
of the basilar artery was significantly reduced (P<0.05) in the experimental group subjected to SAH-induced DCVS for 5 days, as compared with the blank and
normal saline groups. Although caveolin-1 expression notably improved by the seventh day, the reduction remained significant on the seventh day, as compared

with the blank and normal saline groups (P<0.05). No significant differences were detected between the normal saline and blank groups.

in all the groups at various time points (Table III). Across all
durations of SAH, the wall thickness of the basilar artery was
significantly increased in the SAH group at the same time
point, as compared with the normal saline and blank groups.
The t-values for the SAH group, and the normal saline and
blank groups were 8.63 and 8.19, respectively (P<0.01; data not
shown). No significant differences were detected between the
normal saline and blank groups (t-value, 2.18; P>0.05).

SAH significantly reduces the expression of caveolin-1 in the
basilar artery, as detected by fluorescence immunoassay.
Immunofluorescence analysis of caveolin-1 expression in the
basilar artery was performed on all groups (Fig. 3). The results
demonstrated that caveolin-1 expression levels in the endo-
thelial cells of the basilar artery were markedly reduced in
the experimental group subjected to SAH-induced DCVS for
5 days, as compared with the blank and normal saline groups.
Although caveolin-1 expression notably improved by day 7 of
SAH, expression levels remained reduced, as compared with

Figure 4. Western blot analysis of the expression of caveolin-1 in the basilar
artery of a murine model of subarachnoid hemorrhage (SAH)-induced
delayed cerebral vasospasm. GAPDH was used as an internal reference. 1,
Day 3 of SAH group; 2, day 5 of SAH group; 3, day 7 of SAH group; 4, day 14
of SAH group, 5, day 7 of the blank group; 6, day 7 of the normal saline
group. GAPDH, glyeraldehyde 3-phosphate dehydrogenase.

the blank and normal saline groups. No significant differences
were detected between the normal saline and blank groups.

Western blot analysis for the detection of caveolin-1 protein
expression in the basilar artery. The t-values of SAH group,
and the normal saline and blank groups were 21.72 and
53.66, respectively, at each time point (P<0.01; data not
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Figure 5. Relative expression levels of caveolin-1 protein, as demonstrated
by grayscale analysis. SAH, subarachnoid hemorrhage; GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase. "P<0.05, vs. the blank group; “P<0.05,
vs. the saline group; “P<0.03, vs. the other time points.
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Figure 6. Reverse transcription-quantitative polymerase chain reaction anal-
ysis of the mRNA expression levels of caveolin-1 mRNA. Caveolin-1 mRNA
expression levels were significantly upregulated across all time points in the
SAH group, peaking on day 7 of SAH (P<0.05). No significant differences
were detected between the blank and normal saline groups. SAH, subarach-
noid hemorrhage. “P<0.03, vs. the blank group; ““P<0.05, vs. the saline group;
#P<0.05, vs. the other time points.

shown). No significant differences were detected between
the normal saline and blank groups (t-value, 2.18; P>0.05).
Caveolin-1 expression levels were significantly reduced in the
SAH groups at all time points, as compared with the normal
saline and blank groups (Figs. 4 and 5). When the SAH groups
were compared, the reduction in caveolin-1 expression levels
detected on the day 7 was significantly lower than the other
SAH group time points.

RT-gPCR analysis of caveolin-1 mRNA expression. RT-qPCR
analysis was performed to compare the relative mRNA expres-
sion levels of caveolin-1 in the normal saline, blank and SAH
groups at various time points (Fig. 6). The results demonstrated
that caveolin-1 mRNA expression levels were significantly
increased across all time points in the SAH group, peaking
on day 7 of SAH (P<0.05). No significant differences were
detected between the blank and normal saline groups.
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Discussion

SAH is a common cerebrovascular emergency. A total of 30%
patients with arterial aneurysm SAH will experience DCVS,
which is a common complication of SAH that remains the
predominant cause of patient morbidity and mortality (28).
Cerebral angiospasm typically occurs on days 3-5 following
SAH, peaks on days 7-10 and ceases after 2-3 weeks. Cerebral
angiospasm causes delayed ischemic brain damage (30).
Although a previous study has investigated the pathogenesis of
DCYVS in patients following SAH, the mechanisms underlying
the pathogenesis of DCVS are yet to be elucidated (31).

DCYVS is the most severe complication of SAH and is
the predominant factor affecting the prognosis of patients
post-SAH (32). Therefore, it is crucial that the underlying
mechanisms of post-SAH DCVS are investigated and potential
clinical treatment options are elucidated. However, a simple
practicable animal model of post-SAH DCVS is required in
order to further study the pathogenesis and clinical treatment
of DCVS. The establishment of a good DCVS animal model
is the key finding of the present study. Previous experimental
animal models have been created to study DCVS via methods
such as, puncturing the murine middle cerebral artery to
induce SAH (33), mice pulvinar next blood injection and the
recognized method of murine cisterna magna double hemor-
rhage injection which was used to establish the present mouse
model of SAH (34). As a good DCVS animal model involves
the production of a blood clot circling around basicranial
blood vessel (34,35), mice occipital bone double hemorrhage
injection was adopted in the present study to form the most
effective animal model possible. According to the grading
system of neurological impairment proposed by Bederson (29),
mice in the SAH day 3, 5 and 7 experimental groups exhibited
Bederson neurological severity scores =1; whereas no neuro-
logical impairment was detected in normal saline and normal
control groups. The SAH groups demonstrated varying degrees
of neurological impairment, particularly in the day 5 and 7
SAH groups, where neurological impairment was graded as
the most severe. This result is consistent with the time of the
appearance of DCVS symptoms following SAH. Therefore,
the results of the present study suggested that a mouse model
of DCVS following SAH was successfully established, thus
supporting the accuracy and objectivity of the experimental
data.

DCYVS following SAH is a complex pathological process,
which is associated with vascular endothelial function impair-
ment, shrinkage and proliferation of vascular smooth muscle,
immune inflammatory reaction and gene regulation (36).
It has previously been demonstrated that cerebrovascular
endothelial cell damage is the key characteristic of cerebral
artery pathology in patients following SAH (37). Thus, it
may be associated with the pathogenic mechanism of DCVS.
Endothelial cells dilate vessels by generating NO, whereas
they constrict vessels via ET. Under normal pathology, there is
a dynamic balance between the two to maintain homeostasis
via the dilation and constriction of vessels (38). Disorder of
this balance following SAH is a key factor in the pathogenesis
of DCVS. In recent years, studies in this field have focused
on NO, which is generated by eNOS and L-arginine, and is
a key factor for the development of DCVS (39,40). At the
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same time, the organism also generates a kind of inductive
NOS. The generation of NO in vivo is controlled by a nega-
tive-feedback mechanism that is dependent on NO content,
the feedback affection of NOS and methylate of L-arginine.
NO adjusts vasodilatation via the cyclic guanosine monophos-
phate (cGMP) signaling pathway (41). When the endothelial
cells secrete NO, NO acts on smooth muscle cells, activating
guanylate cyclase in the inner cytoplasm to generate cGMP,
which facilitates the opening calcium channels on the endo-
plasmic reticulum membrane (42). Calcium ions subsequently
flow into the endoplasmic reticulum, inducing the dilation
of smooth muscle. As a result, oxygen and hemoglobin
consumption increases and the generation of endogenous NO
decreases, which in turn decreases the bioavailability of NO
on endothelial cells, leading to vasoconstriction and stenosis
of the lumen (43). ET-1 is released from the vestibular nucleus
in endothelial cells and is activated by receptor binding to
generate diacyl glycerol (DAG), leading to vasoconstriction
via DAG-protein kinase C (PKC) (44). Caveolin-1 is localized
between endothelial cells and vascular smooth muscle cells
and is a key constitutive protein for the formation of caveolae.
The oligomerization domain and caveolin scaffolding domain
(CSD) are key to the structure and function of this area. On
endothelial and vascular smooth muscle cells, caveolin-1
prevents PKC from activating CSD its by preventing interac-
tion and subsequent enzymatic activity (45). Therefore, this can
results in a reduction in the concentration of the ET compound
and subsequent vasodilatation. Furthermore, caveolin-1 is
capable of attenuating the excitation of downstream protein
molecules to reduce the release of eNOS, which weakens the
negative feedback NO release by combining CSD microcell
and eNOS (46). This increases the release of NO, leading to
vasodilatation (2). Shen et al (28) demonstrated that the loss of
caveolin-1 is associated with the generation of NO in the brain.

The present study demonstrated that the inner tube of the
basilar artery significantly narrowed on day 3 following SAH,
peaking on day 7, and subsequently attenuating on day 14,
as compared with day 7. All the results were obtained via
observation of inner diameter and thickness of the basilar
artery. The results of the present study also indicated that the
smooth muscle layer became thicker on day 5 post-SAH, once
again peaking on day 7 and attenuating by day 14. Caveolin-1
expression in the basilar artery was detected using immuno-
fluorescence and western blot analyses; the results of which
demonstrated that caveolin-1 protein expression significantly
reduced by day 5 following SAH (P<0.05), as compared
with the normal saline and blank groups. Caveolin-1 mRNA
expression levels were detected using RT-qPCR. The results
demonstrated that the mRNA expression level of caveolin-1
significantly increased following SAH, and peaked on day 7, as
compared with the blank and normal saline groups (P<0.01).
These results were consistent with previous findings (47) and
demonstrated similar time-related development of symptoms
in patients with SAH-induced DCVS. Therefore, the results of
the present study suggested that caveolin-1 may be crucially
involved in the development of DCVS following SAH.

In conclusion, the method of cisterna magna double hemor-
rhage injection may be used to successfully establish a model
of DCVS following SAH. Furthermore, the downregulation
of caveolin-1 expression detected in the basilar artery of mice
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with DCVS following SAH suggested that caveolin-1 may be
associated with the development of DCVS following SAH.
Therefore, intervening and regulating caveolin-1 and its asso-
ciated mechanisms may be a potential target for the treatment
of DCVS. However, the underlying molecular mechanisms are
yet to be elucidated, therefore, further studies are required in
the future.
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