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Proliferative changes in vascular smooth  
muscle cells influence the formation  
of rabbit carotid artery aneurysms
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Abstract: Objective: The rupturing of a cerebral aneurysm is the primary cause of subarachnoid hemorrhage (SAH). 
SAH often has a high morbidity and mortality rate. During the formation of an aneurysm, the endothelial layer is usu-
ally damaged first, followed by an internal elastic lamina breakdown resulting in reduced smooth muscle cell (SMC) 
degeneration as well as a reduction in the SMC layers. Our study evaluates the proliferative changes of vascular 
SMCs in aneurysm walls in a rabbit model. Methods: A rabbit carotid artery aneurysm model was established and 
tissues were isolated from the aneurysms at various time points, such as one week, three weeks and five weeks. 
The isolated aneurysmal tissues were divided into two parts at each time point. The first part was used for hema-
toxylin and eosin (H&E) staining, immunohistochemistry, and RT-PCR analysis. The second part was also cultured 
in 0.5% serum for a week and later used for H&E staining, immunohistochemistry and RT-PCR analysis. Results: 
We observed that the expressions of SM22α mRNA and the hypertension-related gene 1 (HRG-1) mRNA from the 
SMCs of the aneurysm wall were reduced remarkably in the specimens from 3-weeks onwards as the size of the 
aneurysm increases while the expression of platelet-derived growth factor (PDGF) also increases. We also observed 
a significant proliferation of SMCs in the specimens from 3-weeks onwards in the cultured group. The expressions of 
SMC marker SM22α mRNA, HRG-1 mRNA, and the cytoskeleton proteins (SM α-actin) were elevated as compared to 
the expression of PDGF in the cultured specimens from 3-weeks onwards. Conclusion: Aneurysmal growth is related 
to the proliferative changes of vascular SMC, but further research into the signaling mechanism is still needed. 
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Introduction

The primary cause of subarachnoid hemor-
rhage (SAH) is the rapturing of a cerebral aneu-
rysm. This event is usually associated with a 
high morbidity and mortality [1, 2]. The internal 
carotid artery (ICA) is divided into an endotheli-
um layer, an SMC layer, and the outer mem-
brane layer [3]. The endothelial layer is 
destroyed first during the formation of the 
aneurysm, followed by a breakdown of the 
internal elastic lamina resulting in reduced 
SMC degeneration and subsequent reduction 
in the smooth cell layers [3, 4]. Finally, the outer 
membrane is damaged and the aneurysm rup-
tures. Studies have shown that the proliferation 
and apoptosis of SMCs occurs during the for-

mation of aneurysms [3]. Therefore, the plastic-
ity of vascular SMCs is very crucial in the evolu-
tion of aneurysms. 

Vascular SMCs have distinctive physiological 
processes such as proliferation, differentiation, 
and apoptosis, which demonstrate their trans-
formational capabilities as well as their plastic-
ity. The rupturing of an aneurysm becomes 
inevitable when the number of vascular SMCs 
undergoing apoptosis gradually increases and 
the SMC layer is progressively decreased to a 
certain degree [5, 6]. At present, the mecha-
nism involved in the pathogenesis of aneurysm 
formation and the subsequent rupture is 
unclear [6]. It is, however, certain that the for-
mation of an aneurysm takes several years. 
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Therefore, we speculated that the proliferation 
activity of SMCs is different over time during 
the formation of an aneurysm. 

Our current study focuses on the pathological 
changes of vascular SMC layers during aneu-
rysm formation using a rabbit carotid artery 
aneurysm model. We investigated the prolifera-
tion changes during aneurysm formation as 
well as how these proliferative changes influ-
ence the growth of aneurysms. Our study will 
provide a theoretical basis for clinical aneu-
rysm repair from the perspective of promoting 
SMC proliferation.

Materials and methods 

Establishment of the carotid aneurysm model

New Zealand white rabbits were purchased 
from Suzhou Huqiao Biotechnology Company 
and kept at the Animal Center of Jiangsu 
University, China. All animal experiments were 
approved by the Administrative Committee of 
the Experimental Animal Care and Use of 
Shanghai, and conformed with the National 
Institute of Health guidelines on the ethical use 
of animals.

Six healthy New Zealand rabbits (2.5-3.0 kg) 
were randomly placed into each group, includ-
ing group A (the control), group B (the one-week 
group), group C (the three-week group), and 
group D (the five-week group). The rabbits in 
group A did not undergo any procedure. Every 
group consisted of 12 rabbits. For groups B, C 
and D, the animals were anesthetized with  
10% chloral hydrate (3.5 ml/kg) via an intra-
peritoneal injection. The fur around neck was 
sheared and the exposed skin was disinfected 
with iodophor. A 3 cm incision was made mid-
line along the upper neck, and the muscle lay-
ers were dissected carefully under the surgical 
microscope to isolate the ICA and external 
carotid artery (ECA) bifurcations. The fibrous 
tissue on the surface of the artery at the start 
of the bifurcation was carefully removed, and 
75 u/ml of 0.3 ml surface elastase (Maikun 
Bioengineering Ltd., Shanghai, China) was 
infused. Fifteen minutes later, 500 u of heparin 
was injected into the auricular vein [5, 7]. 

The skin was sutured and the animals were 
returned to their cages to recover. The rabbits 
in groups B, C, and D were sacrificed 1, 3, and 
5 weeks after surgery, respectively. ICAs from 

the sacrificed rabbits were obtained and divid-
ed into two parts. One part of the specimens of 
the ICA aneurysms were dissected and collect-
ed for different procedures, including H&E 
staining, transmission electron microscopy, 
RNA preparation, and the isolation of SMCs. 
Another part was cultured in vitro for a week, 
and then they were collected for immunocyto-
chemical staining and RNA detection.

H&E staining 

The rabbit ICA aneurysm samples were fixed in 
4% paraformaldehyde, dehydrated, embedded 
in paraffin, sliced into sections, stained with 
hematoxylin-eosin, and then observed under 
an Olympus CKX31 inverted lighted microscope 
(Olympus Corporation, Tokyo, Japan). 

Immunocytochemical staining

The rabbit aneurysm paraffin sections were 
dewaxed, hydrated, blocked with 0.04% hydro-
gen peroxide in methanol for 15 minutes, and 
blocked in normal goat serum at room temper-
ature for 20 minutes. The specimens were incu-
bated in mouse anti-platelet-derived growth 
factor polyclonal antibodies (1:200) at 4°C 
overnight, goat anti-mouse IgG (1:200) at room 
temperature for 30 minutes, streptavidin-biotin 
complex at room temperature for 20 minutes, 
developed with 3, 3’-diaminobenzidine for 3 
minutes, and observed under an Olympus 
CKX31 inverted lighted microscope (Olympus 
Corporation, Tokyo, Japan). A 0.01 ml PBS wash 
was performed three times between each step. 
The sections were dehydrated, permeabilized 
in xylene, and mounted. Absorbance values 
were analyzed using Image-pro plus software 
(Media Cybernetics, China/Japan) Inc.

RT-PCR 

The samples were chopped into pieces and 
their RNA was prepared using PCR primers syn-
thesized by Shanghai Biological Engineering 
Ltd. and were sequenced as follows.

Gene Primer sequence Length (bp)
SM22α Upstream: 5’-TTC TGC CTC AAC 

ATG GCC AAC-3’
252

Downstream: 5’-CAC CTT CAC 
TGG CTT GGA TC-3’

Hypertension-
related gene 1

Upstream: 5’-TTG CTG GGC TAC 
AAT GAT-3’

309

Downstream: 5’-CTT GCT GGC 
ACA GAT GAG-3’
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1 μg of RNA was used for the reverse transcrip-
tion reaction. The PCR reaction was performed 
under the following conditions: 94°C denatur-
ation for 50 s, 56°C annealing for 50 s, 72°C 
extension for 1 min, for a total of 32 cycles. The 
products were visualized by running 1.7% aga-
rose gel electrophoresis, followed by ethidium 
bromide staining. The intensities of the bands 
were quantitated using a GIS 2010 automatic 
image analysis processing system. Each experi-
ment was performed in triplicate. 

Statistical analysis 

The data are expressed as the mean ± SD. The 
analysis of variance was conducted using SPSS 
16.0 software. The multi-group data were ana-
lyzed using a paired comparison and a least 
significant difference t-test. A value of P < 0.05 
was considered statistically significant.

Results 

The establishment of an internal carotid artery 
aneurysm and the quantitative analysis of the 
experimental animals

A total of 48 healthy New Zealand rabbits were 
selected for the ICA aneurysm model establish-
ment. The rabbit models of each group were 
separately analyzed at 1, 3, and 5 weeks after 
being infused with elastase. The normal ICAs of 
six randomly-selected model rabbits were 
selected as the normal controls. The ICA aneu-
rysm volume was biggest in the 5-week group. 
The aneurysms of the 3-week group rabbits 
were a little smaller than the 5-week group rab-
bits (Table 1). It was further noted that the 
aneurysms grew larger over time.

H&E staining

The rabbits in group A were sacrificed, and the 
thicknesses of the ICAs on the left and right 

changes progressed over time and are consis-
tent with the general idea that the development 
of aneurysms is associated with the degrada-
tion of the extracellular matrix, the activation of 
proteolytic enzymes, smooth muscle inflamma-
tory response and apoptosis. The degree of 
repair in the 3-week and 5-week specimens 
cultured for a week was relatively high, and the 
most obvious proliferation of SMCs existed in 
the 3-week specimens. 

Immunocytochemical staining

Platelet-derived growth factor (PDGF) expres-
sion could not be detected in the ICA vessel 
walls of the normal rabbits (Figure 2). However, 
the PDGF expressions were high at 3 and 5 
weeks (Figure 2; Table 2). In addition, PDGF 
was visible in each layer of the aneurysmal  
wall, and the number of vascular SMCs was 
decreased at 1 week following the model in- 
duction (Figure 2). PDGF is a marker that can 
synthesize vascular SMCs. Thus, the expres-
sion of PDGF in the 3-week specimens cul- 
tured for a week was higher, demonstrating 
that the vascular SMCs transformed from the 
contraction type to the synthesis type, provid-
ing greater ability to repair the aneurysmal wall 
(Figure 2). The transformation of the vascular 
SMCs indicated that there were many vascular 
SMCs undergoing proliferation. 

Decreased expressions of SM22α and HRG-1

SM22α is a marker for the contractile mode of 
vascular SMC. It is usually in the differentiated 
state. In the experimental rabbits which did not 
receive an elastase infusion, the vascular 
SMCs highly expressed SM22α. Also, hyperten-
sion-related gene 1 (HRG-1) is associated with 
the proliferation of the vascular SMC gene. It is 
highly expressed in normal vascular SMCs. 
Nevertheless, its expression is usually low in 

Table 1. Internal carotid artery aneurysm volume after 
aneurysmal model establishment

Index 
Time after lentiviral injection (week) 

Control 1 3 5
Neck width (mm) 0 6.3±0.3a 9.4±0.3b 9.8±0.4c

Length (mm) 0 10.0±0.2a 13.7±0.4b 14.1±0.5c

The dimensions of the aneurysmal lumen also increased on 3 and 5 
weeks. Data are expressed as mean ± SD. There are six rabbits per 
time point. Least significant difference t-test was used for compari-
son. aP < 0.05, vs. 1 week; bP < 0.05, vs. 3 weeks; cP < 0.05, vs. 5 
weeks.

sides were observed. We noted equal 
thicknesses in both carotid arteries. 
Microscopic changes in the aneurysms 
were further confirmed. In comparison 
with sections prepared from the control 
rabbits, vessel media sections prepared 
from the rabbits with elastase infusions 
resulting in the development of aneu-
rysms demonstrated a fragmentation of 
the elastic fiber along the vessel accom-
panied by a decrease in the number of 
vascular SMCs as well as the destruction 
of endothelial cells (Figure 1). These 
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Figure 1. H&E staining to demonstrate the fragmentation of vessel media during the growth of the aneurysms. A-D. 
From the control group to the 5-week group respectively; E-H. From the control group to the 5-week group cultured 
in vitro for a week respectively.
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the synthetic phenotype of 
SMCs. However, in rabbits 
with aneurysms, the expres-
sions of SM22α and HRG-1 
were decreased in a time-
dependent manner (Figures 3, 
4; Tables 3, 4). Their expres-
sion was lowest in the 3-week 
specimens. Also, the expres-
sions of SM22α and HRG-1 
were lowest in the 3-week 
specimens cultured for a 
week. 

Cytoskeleton proteins in 
aneurysms

To further confirm the pheno-
typic change of vascular SMC, 
we also checked the expres-
sions of cytoskeleton proteins 
such as SM α-actin. In rabbits 
with elastase-induced aneu-
rysms at the right internal 
carotid artery, the expressions 
of SM α-actin along vascular 
SMCs were significantly dec- 
reased in a time-dependent 
manner (Figure 5; Table 5), 
indicating that the decrea- 
sed expression of cytoskele-
ton proteins was associated 
with development of aneu-
rysms. Their expressions were 
low in the 3-week specimens. 
Also, the expression of α-actin 
was low in the 3-week speci-
mens cultured for a week.

Discussion 

Aneurysm expansion may oc- 
cur due to many reasons, but 
as a common clinical disease, 
its pathogenesis is still unclear 
[5, 6]. Aneurysms occur as a 
result of vessel dissection 
with changes in the composi-
tion of blood vessel media  
[6]. Studies have shown that 
SMCs are proficient in under-
going phenotypic and func-

Figure 2. Immunostaining to demonstrate the protein expression of PDGF in aneurysms. A-D. From the control 
group to the 5-week group respectively; E-H. From the control group to the 5-week group cultured in vitro for a week 
respectively. 

Table 2. Internal carotid artery aneurysm volume after aneurysmal 
model establishment

Index 
Time after lentiviral injection (week) 

Control 1 3 5
Neck width (mm) 0 6.3±0.3a 9.4±0.3b 9.8±0.4c

Length (mm) 0 10.0±0.2a 13.7±0.4b 14.1±0.5c

The PDGF expression was high at 3 and 5 weeks. The dimensions of the aneurysmal 
lumen also increased on 3 and 5 weeks. Data are expressed as mean ± SD. There 
are six rabbits per time point. Least significant difference t-test was used for com-
parison. aP < 0.05, vs. 1 week; bP < 0.05, vs. 3 weeks; cP < 0.05, vs. 5 weeks.

Figure 3. RT-PCR analysis to demonstrate the transcript level of VSMC mark-
er SM22α and HRG-1 in rabbits with aneurysms. A1-D1, from the control 
group to the 5-week group respectively. 

Figure 4. RT-PCR analysis to demonstrate the transcript level of VSMC mark-
er SM22α and HRG-1 in rabbits with aneurysms. A2-D2, from the control 
group to the 5-week group cultured in vitro for a week respectively. 
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tional modifications leading to a proliferative, 
inflammatory phenotype [8-11]. This modifica-
tion potential is often depicted with a reduced 
expression of SMC contractile proteins as well 
as the augmented production of proinflamma-
tory cytokines. This phenomenon has been 
observed during the pathological formation of 
neointima [8, 9, 12]. It is confirmed that mature 
SMCs contributed enormously to neointima for-
mation [8]. 

Studies have demonstrated that precise SMC 
fate-mapping methodology in the location of 
restenosis confirms that the majority of prolifer-
ating intimal cells originated from well-devel-
oped SMCs [8, 13]. Reporter-positive, but SMC 
marker-negative, SMC-derived cells in the arte-
rial adventitia signify that mature SMCs par-
take in both intimal and adventitial modifica-
tion [8]. Studies have demonstrated that an 
extreme proportion of SMCs in atherosclerotic 
lesions are clearly deficient in the expression of 
conformist SMC markers but demonstrate a 
macrophage-like phenotype [8, 14, 15]. Our 
results, using the rabbit aneurysm model, dem-
onstrated a disease progress related to chang-
es in vascular SMC. Therefore, it is possible 

rysms. Studies have shown that the rupturing 
of aneurysms occurs when the amount of SMC 
apoptosis gradually increases, resulting in a 
decrease in the smooth muscle layer [17-19]. 
Our study, therefore, focuses on the prolifera-
tion activity of vascular SMCs in the walls of 
aneurysms in New Zealand rabbits. This study 
provides the hypothetical basis of vascular 
SMC proliferation and intracranial aneurysm 
wall repair.

Studies have demonstrated that SM22α mRNA, 
a marker gene of the vascular SMC phenotype, 
is only secreted by contractive vascular SMCs 
[20, 21]. Further studies have shown that 
HRG-1 is a negative regulatory gene associated 
with vascular SMCs [21, 22]. We demonstrated 
in our early research that early and persistent 
lentivirus trans-infection could augment syn-
thetic vascular SMC numbers by restraining cell 
differentiation as well as repairing damaged 
aneurysmal walls [21]. We observed that, 
SM22α mRNA and HRG-1 mRNA expressions 
were high in the aneurysmal wall 1- and 2-week 
old rats after lentiviral injection immediately 
following the aneurysmal model formation [21]. 
In our current experiment, we observed that 

that the maintenance of the prolif-
erative activity of vascular SMC 
and related cytoskeleton proteins 
might help prevent the dissection 
of vessel media. This therapeutic 
hypothesis needs to be further 
tested. 

The ICA is divided into the endothe-
lium, the smooth muscle cell layer, 
and the outer membrane. Studies 
have shown that SMC proliferation 
and apoptosis occur and are cru-
cial during aneurysm formation [6, 
16]. Aneurysms usually rupture as 
a result of shear stress and in- 
flammation. Furthermore, the pro-
liferative activity of SMC might aff- 
ect aneurysm formation as well as 
rupture [6]. SMCs have different 
physiological processes such as 
proliferation, differentiation, and 
apoptosis, as well as transforma-
tional abilities during the formation 
of intracranial aneurysms. SMCs 
also exhibit a very high plasticity 
during the pathogenesis of aneu-

Table 3. The results of image analysis of SM22α by PCR
Group A1 B1 C1 D1
GAPDH 28.32±1.27 17.36±1.07 11.82±1.34 6.19±0.84
SM22α 98418±129 43773±143 56835±157 34636±141
Mean Ratio 1.15 0.99 0.57 0.33
The expression of SM22α was decreased in a time-dependent fashion in rab-
bits with aneurysm. The samples were grouped into A1, B1, C1 and D1. Data 
are expressed as mean ± SD. There was a total of 24 rabbits in each GAPDH 
& SA22α groupings, six per each group (A1, B1, C1 & D1). Least significant dif-
ference t-test was used for comparison. GAPDH & SA22αP < 0.05 for A1; GAPDH & SA22αP 
< 0.05 for B1; GAPDH & SA22αP < 0.05 for C1; GAPDH & SA22αP < 0.05 for D1. Mean 
ratios for A1, B1, C1 & D1 were 1.15, 0.99, 057 and 0.33 respectively. 

Table 4. The results of image analysis of HRG-1 by PCR
Group A1 B1 C1 D1
GAPDH 84612±134 74241±112 87617±118 72321±115
SM22α 93450±113 46236±159 00824±036 63564±127
Mean Ratio 1.19 0.62 0.01 0.87
The expression of HRG-1 was decreased in a time-dependent fashion in rab-
bits with aneurysm. The samples were grouped into A1, B1, C1 and D1. Data 
are expressed as mean ± SD. There was a total of 24 rabbits in each GAPDH 
& HRG-1 grouping, six per each group (A1, B1, C1 & D1). Least significant dif-
ference t-test was used for comparison. GAPDH & SA22αP < 0.05, for A1; GAPDH & SA22αP 
< 0.05, for B1; GAPDH & SA22αP < 0.05, for C1; GAPDH & SA22αP < 0.05, for D1. Mean 
ratios for A1, B1, C1 & D1 were 1.15, 0.62, 0.01 and 0.87 respectively.
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SM22α mRNA and HRG-1 mRNA expressions 
from the aneurysm wall were remarkably 
reduced in the 3-week specimens with the con-
stant growth of the aneurysm while PDGF 
expression was increased in our rabbit aneu-
rysm models.

It is confirmed that the growth factor PDGF-BB 
is a critical regulator during initial vascular for-

cytoskeleton proteins (SM α-actin) where 
decreased while the expression of PDGF was 
low in the 3-week specimens. This suggests 
that the aneurysm continual growth is related 
to active transformations of vascular SMC. 

The remodeling of SMC from a contractile to a 
synthetic mode has been observed in damage 
repair and tissue healing [16, 25] which corre-

Figure 5. Immunostaining to demonstrate the protein expression of cytoskeleton proteins in aneurysms. A1-D1. 
From the control group to the 5-week group respectively; A2-D2. From the control group to the 5-week group cultured 
in vitro for a week respectively. 

Table 5. Internal carotid artery aneurysm volume after 
aneurysmal model establishment
Group 1 A1 B1 C1 D1
α-actin 28.32±1.27 17.36±1.07 11.82±1.34 6.19±0.84
Group 2 A2 B2 C2 D2
α-actin 25.35±1.15 15.22±1.03 3.82±0.74 1.19±0.38
Cytoskeleton protein SM α-actin was use to confirm the phenotypic 
change of VSMC. The samples were grouped into two (1 & 2). Group 1 
(A, B, C & D) were valves ICA before the aneurysmal model establish-
ment while Group 2 (A, B, C & D) where valves for the ICA aneurysm 
volume after aneurysmal model establishment. Data are expressed 
as mean ± SD. There a total of 24 rabbits in both grouping, six rabbits 
in each group (A1, B1, C1 & D1) & (A2, B2, C2 & D2). Least significant 
difference t-test was used for comparison. α-actinP < 0.05, for both groups 
(1 & 2).

mation. It is intensively secreted by the 
endothelial cells. It is also a prerequi-
site for the early conscription as well as 
the successive proliferation of pericytes 
and SMCs within the maturing vascula-
ture [23, 24]. Nevertheless, the intro-
duction of differentiated SMC to PDGF-
BB triggered the SMC phenotypic mo- 
dulation by increasing SMC prolifera-
tion and migration, and by down-regu-
lating the SMC differentiation marker 
gene secretion [23]. We also noted a 
significant proliferation of SMCs in  
the 3-week cultured specimens. The 
expression of smooth muscle markers 
SM22α mRNA, HRG-1 mRNA, and the 
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sponds to a specific type of cytoskeleton pro-
tein under various conditions [17, 26]. The sig-
nals associated with the induction of SMC 
remodeling are yet to be understood, although 
changes in the phenotype might represent a 
compensatory mechanism. For example, the 
decrease in the expression of the cytoskeleton 
protein may indicate an increase in cell mo- 
bility during cell division, associated with an 
increased remodeling of SMCs from the differ-
entiated contractile mode to the less differenti-
ated synthetic mode with the ability to prolifer-
ate. In our study, we observed a reduced 
expression of cytoskeleton proteins. 

Mechanical stretching and shear stress may 
induce changes in gene expression through 
which SMC remodeling could be modulated 
[22, 27]. Conditions such as atherosclerosis 
can result in the destruction and/or changes in 
the structural components of blood vessel 
walls resulting in a change in the mechanical 
and/or shear stress of blood flow to induce 
aneurysms. It will be worth studying the pattern 
of gene expression under conditions of mechan-
ical stretching and/or shear stress. In addition 
to the change in the SMCs, changes in collagen 
and the extracellular matrix (ECM) are also 
important for the formation of aneurysms. 
Further studies to explore the relationship 
between changes in ECM and the changes in 
SMC during the development of aneurysms will 
be of help in understanding the pathophysio-
logical processes of this disease.  

Overall, using the rabbit aneurysm model, we 
established that the changes in gene expres-
sion in the vessel media occur during the devel-
opment of aneurysms. These changes indicate 
the proliferation activity of vascular SMC 
remodeling from contractile vascular SMC of a 
more differentiated state to the synthetic vas-
cular SMC of a less differentiated state, accom-
panied by a decreased expression of the cyto-
skeleton protein SM α-actin [28, 29]. 

Conclusions

The growth of the aneurysm wall is closely 
related to the proliferation activity of vascular 
SMC. This finding might provide an experimen-
tal hypothesis to help establish whether the 
maintenance of contractile vascular SMC may 
help prevent the formation and progress of 
aneurysms.  
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