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SUMMARY

Aims: Endothelial progenitor cells (EPCs) are involved in vascular repair and homeostasis

after vascular injuries. In this study, we aimed to explore whether bone marrow (BM)-

derived EPCs contribute to neointima formation and reendothelialization in rabbit elastase-

induced aneurysm after flow diverter treatment. Methods: Elastase-induced aneurysms

were created in New Zealand male rabbits. Three weeks after model creation, flow diverter

was implanted to cover the induced aneurysm neck. Autologous EPCs were isolated from

bone marrow, expanded ex vivo, double labeled with Hoechst 33,342 and CFSE(carboxyflu-

orescein diacetate succinimidyl ester), and transplanted transvenously into the rabbits. The

rabbits were assigned into three groups. The first group received autologous transfusion of

double-labeled EPCs from the first day after stent implantation, and the second group

received transfusion from the fifteenth day. The autologous transfusion was given at a 3-

day interval and continued for 2 weeks. Fluorescence-labeled cells were tracked under fluo-

rescence microscope at the aneurysm neck and parent artery in the two groups. The third

group was established as control group without EPCs transplantation. Scanning electron

microscope was used to investigate the reendothelialization rate between the former two

groups and the control group. Results: In the first group, double-positive EPCs were found

in 3/5 rabbits and mainly located in the subendothelial space and around the stent struts. In

the second group, double-positive EPCs were found in 2/5 rabbits and mainly located on

the surface of neointima. More endothelial-like cells were observed on the neointima of

aneurysm neck and stented parent artery in the groups with EPCs transplantation than con-

trol group without EPCs transplantation, but the difference on the number of these cells did

not reach statistical significance. Conclusions: BM-derived EPCs participate in neointima

formation and reendothelialization in elastase-induced aneurysm after flow diverter treat-

ment. The EPCs may differentiate into different cell types according to the stages of neointi-

ma formation in vivo.

Introduction

Approximately 85% of patients with subarachnoid hemorrhage

had ruptured intracranial aneurysms [1]. In the past decades, sur-

gical clipping was widely used as a traditional therapy for intracra-

nial aneurysms. With the advancement of interventional

technology, endovascular treatment has been widely accepted for

its lower mortality and morbidity after surgical clipping of rup-

tured aneurysms [2]. However, endovascular treatment faces a

higher risk of recurrent bleeding than surgical clipping [3].

Recently, flow diverter (FD) has been applied to treat intracranial

aneurysms [4]. The device can reconstruct the parent vessel

lumen, provide a scaffold for neointima formation over the aneu-

rysm neck, and eliminate the aneurysm from the systemic circula-

tion. During the healing process, neointima formation is critical to

avoid recurrence. Unfortunately, little is known about the mecha-

nism of neointima formation at the aneurysm neck.

In 1997, Asahara et al. [5] found that CD34+ hematopoietic

progenitor cells differentiated to endothelial cells (ECs) in vitro

and may contribute to neoangiogenesis in vivo. The cells express-

ing CD34 and Flk-1 are named as endothelial progenitor cells

(EPCs). Since then, increasing data showed that EPCs were

involved in vascular repair and homostasis [6,7]. Previously, we

found that bone marrow-derived EPCs were involved in aneu-

rysm repair in rabbits after in situ or intravenous injection [8].

However, it still remains unknown whether bone marrow (BM)-

derived EPCs contribute to neointima formation and reendotheli-

alization in rabbit elastase-induced aneurysm after FD treatment.

In this study, we aimed to evaluate the role of EPCs in rabbit elas-

tase-induced aneurysm after FD treatment.
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Materials and Methods

Animals and Study Design

New Zealand male rabbits (weight: 2.2–2.6 kg) were purchased

from the Laboratory Animal Center of Shanghai Second Military

Medical University. Animals were given food and water ad libitum,

and all animal experiments were undertaken in accordance with

the principles and guidelines of the Chinese Convention on Use of

Laboratory Animals.

Sixteen New Zealand male rabbits were divided into three

groups (first group, 5; second group, 5; control group, 6). Saccular

aneurysms were induced with porcine pancreatic elastase. At

4 weeks after aneurysm establishment, FD was implanted. To

investigate whether BM-derived EPCs contribute to aneurysm

repair after FD treatment, fluorescence-labeled BM-EPCs were

autologously transfused into the model after FD treatment and

were tracked under fluorescence microscope. To investigate the

distribution of transfused cells in the neointima at different stages,

the first group received transfusion of the labeled EPCs on day 1

after stent implantation, and the second group received transfu-

sion of the labeled EPCs on day 15 after stent implantation. Con-

trol group without autologous EPCs transfusion was established to

investigate whether transfused EPCs accelerate the reendothelial-

ization in rabbit saccular aneurysm 2 weeks and 4 weeks after FD

treatment.

Rabbit Model of Elastase-Induced Aneurysms

Saccular aneurysmwas induced under sodium pentobarbital anes-

thesia by using our modified technique as previously described [9].

The right common carotid artery 2 cm proximal to the origin was

ligated after placement of a temporary arcuate aneurysm clip at the

origin. The proximal ligated lumen was digested endovascularly

with a total of 75-U porcine pancreatic elastase injected via a 22-

gauge catheter. The aneurysm clip was removed after ligation of

the puncture point for catheter introduction. After the model

establishment, heparin saline was administered intravenously for

3 days at a dose of 200 U/kg per day. Threeweeks later, flow diver-

sion stent (Tubridge; Microport, China) was implanted to cover the

induced aneurysm, which was braided with 40% metal coverage.

Antiplatelet treatment (aspirin, 10 mg/kg/day; clopidogrel,

10 mg/kg/day) was given by gavage for 3 days before stent implan-

tation and continued after stent implantation until tissue harvest.

Autologous Isolation, Expansion, and
Transfusion of EPCs

Fresh bone marrow was autologously obtained by iliac crest aspi-

ration under general anesthesia. BM-derived EPCs were isolated

with Ficoll gradient centrifugation, plated on 25 cm2 fibronectin-

coated flasks, cultured in endothelial growth medium�2 MV

(PromoCell, Heidelberg, Germany), and maintained for 7 days

until expansion. EPCs were identified as adherent cells positive for

CD133, CD34, vascular endothelial growth factor receptor II stain-

ing and for double staining with FITC-UEA-I (fluorescein isothio-

cyanate-ulex europaeus agglutinin I, Sigma, St. Louis, MO, USA)

and DiI-acLDL (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocy-

anine perchlorate-labeled AcLDL, Molecular Probes, Eugene, OR,

USA) under fluorescence microscope. EPCs at the second to fourth

passage were harvested at day 14, 17, and 20 of culture, double

labeled with the DNA-specific fluorochrome Hoechst 33,342

(1 lg/mL, Sigma, USA) for one hour and the intracellular fluores-

cent dye CFSE (carboxyfluorescein diacetate succinimidyl ester,

10 lmoL/mL, Santa Cruz Biotechnology, Santa Cruz, CA, USA)

for 15 min at 37°C, suspended in 10 mL saline, and autologously

transfused via the margin ear vein. The transfusion was given

every 3 days in the first and second group and was totally

performed for three times within 2 weeks.

Tissue Harvest and Processing

Animals were sacrificed with an overdose of sodium pentobarbital

2 weeks after the first transfusion of EPCs. The tissues in the first

group and of three in control group were harvested 2 weeks after

FD treatment, and the second group and the remained three in

control group were harvested 4 weeks after FD treatment. The left

ventricle was sequentially perfused with heparin and 4% parafor-

maldehyde before tissue harvesting. The implanted parent artery

was longitudinally cut into two parts; one was stored at �80°C for

EPCs tracking after stent strut removal, and the other was fixed in

4% paraformaldehyde or 2.5% glutaraldehyde for histomorpho-

logical analysis.

Cell Tracking and Histomorphological Analysis

The frozen tissues were molded in OCT and cut into 3-lm-thick tis-

sue longitudinal sections. Identification of positive labeled cells was

performed by fluorescence microscopic examination, which

showed blue emission fluorescence for the labeling with Hoechst

33,342 and yellow emission fluorescence for the labeling with

CFSE. For immunohistochemistry, the paraformaldehyde-fixed tis-

sue was paraffin-embedded after removal of stent struts and cut

into 3-lm-thick tissue longitudinal sections. To investigate the

components of the neointima, these sections were stained with von

Willebrand factor (vWF), CD68, and a-actin (Santa Cruz Biotech-

nology). To investigate the reendothelialization at the sites of aneu-

rysm neck, the stent-implanted parent artery was fixed in 2.5%

glutaraldehyde and processed for scanning electron microscope

(SEM) and transmission electron microscope (TEM) examination.

Statistical Analysis

Results are presented as mean � SD. The number of transfused

EPCs between the first and second group was compared with

unpaired t-test, the number of endothelial-like cells observed

under SEM on the neointima, and stented parent arteries between

the former two groups and control group were compared with

unpaired t-test. A value of P < 0.05 was considered significant.

Results

Elastase-Induced Aneurysms and Flow Diverter
Implantation

Saccular aneurysm was successfully induced with elastase in six-

teen New Zealand male rabbits. The mean diameter of the sixteen
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aneurysms was 2.84 � 0.8 mm in neck, 3.89 � 0.66 mm in

width, and 5.25 � 2.18 mm in height. The median size of the

stent was 3.5 mm in diameter and 14 mm in length. Exact

deployment over the aneurysm neck was successfully performed

in all rabbits. The induced aneurysms were completely occluded

2 weeks after stent implantation (Figure 1A–B). Hematoxylin-

eosin (HE) stain showed that a layer of neointima was covered on

the parent artery and aneurysm neck (Figure 1C-D).

Quantities of BM-Derived EPCs for Autologous
Transplantation

Most cultures reached 80% confluence by 7 days and yielded

1.51 9 106 cells by 12 days. Both groups received autologous

transfusion three times. The first group sequentially received

0.84 9 106, 0.83 9 106, 1.62 9 106 EPCs, and the second group

sequentially received 0.80 9 106, 0.80 9 106, 1.63 9 106 EPCs.

There was no statistical difference in the number of transfused

EPCs between two groups (P > 0.05).

Distribution of Autologously Transplanted
BM-Derived EPCs

In the first group, double-positive EPCs were detected in 3 out of 5

rabbits and mainly distributed in the subendothelium space (Fig-

ure 2A-B) or around the stent struts (Figure 2C-D). In the second

group, double-positive EPCs were detected in 2 of 5 rabbits and

mainly distributed on the surface of intima (Figure 2E-H).

Reendothelialization of the Aneurysm Neck after
Flow Diverter Implantation

In the first group, scanning electron microscope showed that the

aneurysm neck was fully covered by the neointima. Few EC-like

cells were observed in the neointima on the aneurysm neck and

parent artery (Figure 3A-B). Many scattered spider-like platelets

and inflammatory cells were found on the surface of neointima.

In the second group, SEM showed that lots of EC-like cells were

distributed in the neointima of aneurysm neck and parent artery

(Figure 3D-E), and few spider-like platelets and inflammatory

cells adhered to the neointima.

Compared with the control group, SEM results showed that all

three groups had few EC-like cells on the neointima of aneurysm

2 weeks after FD treatment, and the groups with autologous EPCs

transfusion had more EC-like cells on the surface of neointima at

the aneurysm neck (33 vs. 29 cells/high-power field, P > 0.05)

and parent artery (94 vs. 85 cells/high-power field, P > 0.05) than

control group without EPCs transfusion 4 weeks after FD

treatment.

Components of Neointima at the Aneurysm Neck

Two weeks after FD treatment, transmission electron microscope

showed that cells in the neointima were mainly comprised of mac-

rophages, smooth muscle cells (SMCs), and fibroblast cells (FC),

and these cells were arranged in disarray (Figure 3C). Immuno-

chemistry results demonstrated that cells with positive a-actin
staining were located in the subendothelium space (Figure 4A),

macrophages with positive CD68 staining were located around

the stent struts (Figure 4B), and the cells with positive vWF stain-

ing were seldom observed on the surface of the neointima

(Figure 4C).

Four weeks after FD treatment, cells in the neointima were

mainly comprised of ECs and SMCs with few macrophages, and

these cells were arranged in order (Figure 3F). Immunochemistry

results demonstrated that cells with positive vWF staining were

distributed on the surface of the neointima (Figure 4D).

Discussion

We previously demonstrated that BM-derived EPCs were involved

in aneurysm wall repair after in situ or intravenous injection [8].

In this successive study, we show that BM-derived EPCs partici-

pate in the neointima formation in rabbit elastase-induced aneu-

(A) (B)

(C) (D)

Figure 1 Neointima is formed on the

aneurysm neck and parent artery after FD

treatment. Histology samples stained with

Victoria Blue demonstrate that saccular

aneurysm is induced with elastase digestion in

the ligated lumen of the right common carotid

artery (A). H–E stain shows that aneurysm is

occluded at 2 weeks after FD treatment (B),

and the neointima is formed on the subclavian

artery (C) and aneurysm neck (D). An,

aneurysm; SA, subclavian artery; IA,

innominate artery.
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rysms after FD treatment. We also observed that the double-posi-

tive EPCs were distributed differently in the neointima when

transfused at the early 2 weeks and the late 2 weeks. Our results

indicated that BM-derived EPCs probably differentiated into dif-

ferent cell types according to the stages of neointima formation.

Previously, repair of vascular injury was thought to rely on the

migration of cells from the adjacent normal vascular wall [10].

Recently, accumulating evidence shows that EPCs contribute to

vascular repair and reendothelialization after arterial injuries [11–

17]. BM progenitor-derived cells were found to be recruited in the

wall of murine elastase saccular aneurysms [18]. Transplantation

of EPCs into denuded vessels was reported to accelerate reend-

othelialization and to attenuate neointima formation in injured

vessels [19,20]. After mobilization of EPCs with granulocyte col-

ony-stimulating factor or statins, reendothelialization could be

accelerated with reduced neointimal formation after vascular

(A) (B) (C) (D)

(E) (F) (G) (H)

Figure 2 BM-derived EPCs are tracked in neointima. In the early 2 weeks after autologous transfusion, EPCs with double fluorescence are observed in

the subendothelium space (A–B) and around the stent struts(C–D). In the late 2 weeks after autologous transfusion, EPCs with double fluorescence are

observed on the surface of neointima (E–H). Double-positive cells were identified by showing yellow emission fluorescence for CFSE and

blue emission fluorescence for Hoechst 33,342 concurrently.

(A) (B) (C)

(D) (E) (F)

Figure 3 Neointima morphology is different at 2 weeks and 4 weeks after FD treatment. At 2 weeks after FD treatment, SEM shows that few ECs are

attached on the surface of aneurysm neck (A) and the parent artery (B). TEM shows that most of the neointima is comprised of SMCs, MCs, and FCs with

disorder (C). At 4 weeks after FD treatment, SEM shows that ECs emerge on the surface of the aneurysm neck (D) and parent artery (E). TEM shows that

most of neointima is comprised of ECs and SMCs with order (F). EC, endothelial cell; SMC, smooth muscle cell; MC, macrophage cell; FC, fibroblast cell.
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injury [14,21,22]. The current study also shows that transplanted

BM-derived EPCs participate in the neointima formation in rabbits

with elastase-induced aneurysm after FD treatment.

Some studies maintained that BM-derived EPCs did not con-

tribute to the reendothelialization after vascular injuries [23–

25]. Tsuzuki [23] observed that BM-derived EPCs were not

involved in reendothelialized endothelium after simple endothe-

lial denudation in mice. Our study also demonstrated that

labeled EPCs were not tracked in all models. Many factors influ-

ence the tracking results of transplanted EPCs. Multiple types of

progenitors, including adventitial EPCs and non-BM-derived

EPCs, are involved in the process of vascular repair after arterial

injuries [26,27]. It remains unclear, how these progenitors coor-

dinate their function for the injured vessels. Furthermore, the

contribution of BM-derived cells to the cellular compartment of

the neointima is limited to a transient period of the inflamma-

tory response [28]. Therefore, tracking time points should cover

the stages of neointima formation and reendothelialization. In

the current study, two time points at a two-week interval were

purposely selected to observe the role of EPCs during the pro-

cess of neointima formation and reendothelialization. In addi-

tion, the labeled fluorescence gradually becomes weakened with

time after cell differentiation [29], which further reduces the

tracking sensitivity for transplanted EPCs. The results of our

study showed that more endothelial-like cells were observed on

the neointima of aneurysm neck and parent artery with EPCs

transplantation than without EPCs transplantation, and there

were no significant difference on the number of endothelial-like

cells among the groups. Previously, He et al. [30] locally deliv-

ered fluorescence-labeled EPCs in denuded carotid arteries of

rabbits to investigate the effect of EPCs on the endothelial

regeneration and found that the delivered EPCs can accelerate

endothelialization. Different from their transplantation method,

the cultured EPCs were intravenously transfused, and the trans-

fused EPCs would circulate in the circulatory system. Then, the

number of EPCs homing to the neointima of stent-treated aneu-

rysm may be lower than that of locally administered EPCs.

Therefore, the transplanted EPCs may exert weaker effects than

endogenous circulating EPCs because only a little ratio of trans-

planted EPCs would reside in the stent-treated aneurysm during

the healing process.

Differentiation of transplanted BM-derived EPCs in vivo remains

unclear, which is quite different from the situation in vitro. EPCs

are highly plastic and can give rise to pro-angiogenic smooth mus-

cle-like progeny in vivo [31]. It has been reported that transform-

ing growth factor-b1 induced the transdifferentiation of BM-

derived EPCs toward SMC lineage mediated by transforming

growth factor-b receptor II [32,33]. Therefore, our data indicated

that transplanted EPCs probably differentiate into SMCs in the

early 2 weeks and into ECs in the late 2 weeks.

There are some limitations of the study. The differentiated dou-

ble-positive cells within the neointima were not specifically iden-

tified. Furthermore, the labeling technique cannot tolerate long

time tracking. In addition, study designed with more time points

and large samples would be beneficial to explicitly validate the

contribution of transplanted EPCs.

Conclusions

Our study demonstrated that BM-derived transplanted EPCs con-

tribute to neointima formation and reendothelialization of the

elastase-induced aneurysms after FD treatment. The transplanted

EPCs were distributed differently and probably differentiated into

different cell types according to the stages of vascular repair

in vivo.
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(A) (B)

(C) (D)

Figure 4 Histological analysis of neointima at

2 weeks and 4 weeks after FD treatment. At

2 weeks after FD treatment, immunochemistry

shows that cells with positive a-actin staining

are distributed in the neointima of the

aneurysm neck (A); cells with positive CD68

staining are located around the stent struts (B).

Few cells with positive vWF staining are

observed on the surface of neointima (C). At

4 weeks after FD treatment, cells with positive

vWF staining are observed on the surface of

neointima (D).
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