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Abstract
Purpose To assess the feasibility of seeding adipose-
derived stem cells (ADSCs) onto bladder acellular matrix
grafts (BAMGs) for bladder reconstruction in a rabbit
model.
Methods Autologous ADSCs were isolated, expanded
and identiWed by Xow cytometry. In the experimental
group, ADSCs were seeded onto BAMGS for reconstruct-
ing bladder defects in 12 male rabbits. Unseeded BAMGs
were used for bladder reconstruction in the control group of
12 rabbits. Cystography was performed at 4, 12 and
24 weeks after grafts implantation. Following cystography,
the animals were killed and grafts were harvested; H&E
and immunohistochemical staining were performed with
cytokeratin AE1/AE3, smooth muscle �-actin and S-100
markers.
Results Flow cytometry demonstrated that the ADSCs
expressed CD90, CD44, CD105, CD166 and CD34, but not
CD45 or CD106. The cells demonstrated good biocompati-
bility with BAMGs. At 24 weeks, in the experimental
group, the reconstructed bladders reached a mean volume
of 94.68 § 3.31% of the pre-cystectomy bladder capacity.
Complete regeneration of smooth muscle and nerve tissue
was evident. Regenerated SMCs, urothelium and nerve

cells stained positively for �-smooth muscle actin, AE1/
AE3 and S-100. In the control group, the mean bladder vol-
ume was 69.33 § 5.05% of the pre-cystectomy volume;
histologically, the control group was characterized by
multi-layered urothelium without evidence for organized
muscle or nerve tissue.
Conclusions These data demonstrate that seeding ADSCs
onto BAMGs promote regeneration of smooth muscle and
nervous tissue regeneration in a rabbit model. This com-
pound graft was more suitable for bladder reconstruction
than BAMG alone.

Keywords Bladder · Tissue engineering · ADSCs · 
BAMG

Introduction

Profound developments in the Weld of tissue engineering
bring new hope for bladder reconstruction [1]. Conven-
tional bladder reconstruction, which uses gastrointestinal
tissue, is associated with complications such as infection,
metabolic disturbances, urolithiasis, perforation and malig-
nancy [2]. Tissue engineering techniques may avoid many
of these complications and oVer a potential alternative for
bladder reconstruction [3].

Historically, approaches to tissue engineering bladder
involved seeding acellular matrices with autologous blad-
der smooth muscle and urothelial cells [4]. However, this
approach cannot be applied for patients with invasive
bladder cancer or neurogenic bladders as these patients lack
a source of normal bladder smooth muscle and urothelial
cells [5]. Therefore, alternative sources of tissue are
required. Great consideration has been paid to the bone
marrow stromal cell (BMSC), due to their versatility.
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However, such BMSCs can only be obtained by bone mar-
row aspiration, which is traumatic. Compared with BMSCs,
adipose-derived stem cells (ADSCs) can be obtained in rel-
atively large quantities with greater ease. Like BMSCs,
they also can diVerentiate into several mature cell types [6].

Bladder acellular matrix grafts (BAMGs) are collagen-
based xenogenetic biomaterials, which exhibit good bio-
compatibility and support tissue regeneration [7]. Previous
investigations demonstrated the feasibility of using
BAMGs for bladder reconstruction [8]. Presently, we iso-
lated and cultured ADSCs in vitro and seeded them onto
BAMGs to repair bladder defects in a rabbit model. Our
present investigation allows us to assess the feasibility of
utilizing ADSC-seeded BAMGs for bladder reconstruction.
To our knowledge, this is the Wrst report to study whether
ADSC-seeded BAMGs can promote bladder tissue regener-
ation in an animal model.

Materials and methods

Cell culture and Xow cytometry analysis

Experimental protocols were approved by the Animal Care
and Use Committee at our institution. ADSCs were pre-
pared by collagenase digestion. The adipose tissues were
carefully dissected from the back of rabbits (approximately
2 £ 2 cm). After rinsing in 0.25% chloromycetin three
times, tissues were cut into small pieces and then digested
in 0.1% collagenase A (Roche USA) at 37°C for 1 h. The
suspension was Wltered through a 200-�m nylon mesh to
separate single cells from undigested tissue. The isolated
ADSCs were cultured in a 10 cm cell culture plate at 37°C
with 5% CO2.

For cytometry analysis, third passage ADSCs (approxi-
mately 2 £ 105 cells) were incubated with 10 �l of individ-
ual IO test monoclonal primary antibodies coupled to either
phycoerythrin (PE) or Xuorescein isothiocyanate (FITC in
50 �l PBS for 30 min in the dark at room temperature. Then
cells were washed twice with 1 ml PBS, resuspended with
PBS, diluted in 200 �l PBS and analyzed with a FACScan
Xow cytometer (Becton–Dickinson). Data were acquired
using CellQuest Pro and analyzed using FlowJo software.
Antibodies for CD34, CD44, CD166, CD90, CD45, CD105
and CD106 were obtained from BD Biosciences Franklin
Lakes, NJ, USA.

Preparing the BAMGs

Bladders from another 14 male New Zealand white rabbits
were obtained and rinsed with PBS. To promote cell lysis,
isolated bladders were soaked for 12 days at 37°C in 0.2%
Triton X-100 (Sigma) and 0.1% (v/v) ammonium hydrox-

ide [9]. The solution was refreshed every 3 days. The resul-
tant matrix was then washed thoroughly with distilled water
and lyophilized for 24 h. Ethylene oxide was used for steril-
ization before seeding.

Seeding on ADSCs onto BAMGs

Third passage ADSCs were seeded onto the mucosal side
of BAMGs by placing a cell suspension (3 £ 107 cells/ml)
onto the matrix. Four milliliter of culture medium was
added 4 h after cell seeding. The medium was changed
daily for 7 days.

Bladder reconstruction

A defect in the dome of the bladder wall, representing
approximately 1.5 £ 1.5 cm2 of the bladder surface area
(about 40–60% of the bladder surface), was created by sur-
gical excision in 24 rabbits. The seeded BAMG was
sutured as a patch onto the dome of the bladder using a run-
ning 5–0 Vicryl suture in 12 rabbits (experimental group).
Unseeded BAMGs were used in the remaining 12 rabbits
(control group). Multiple nonabsorbable marking sutures
were placed at the margin of the graft in order to rule out
the variation of tissue harvest. A small piece of perivesical
fat was wrapped over the ventral bladder wall in order to
cover the graft. The catheter was left indwelling and fas-
tened with sutures to provide bladder drainage for 14 days
postop.

Measurement of bladder volumes

Bladder volumes were measured using a 7 Fr double-lumen
transurethral catheter. The bladder was emptied and then
Wlled with a pre-warmed saline solution at constant rate.
Maximal bladder capacity was deWned as the volume of
infusion, which triggered the Wrst leakage of urine [10].

Histology and immunohistochemistry

Four animals in each group were killed at 4, 12 and
24 weeks post-implantation. Before being euthanized, cys-
tography was performed and the bladder capacity was mea-
sured. Then, the entire bladder was removed and its entire
mucosal surface was evaluated. 5 �m sections of formalin-
Wxed, paraYn wax-embedded tissue were stained with
H&E. Epidermal cell layers were identiWed immunohisto-
chemically based on their reactivity with the AE1/AE3
antibody (Sigma, St. Louis, MO). Similarly, smooth muscle
cells in the regenerating bladder were identiWed by reactiv-
ity to the �-smooth muscle (�-SM) actin monoclonal anti-
body (Sigma, St. Louis, MO). Antibodies to S-100 (Sigma,
St. Louis, MO) was used as neural cell markers.
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Results

After incubation for 2–3 weeks, the cell population covered
approximately 90% of the culture plate. ADSCs became
fusiform and exhibited spindle shaped morphologies
(Fig. 1). Flow cytometry demonstrated expression of CD90
(88.10%), CD44 (99.40%), CD34 (35.29%), CD166
(66.96%) and CD105 (35.55%). There was no signiWcant
expression of CD45 (0.86%) or CD106 (1.60%).

Histological examination demonstrated that BAMGs
were completely acellular. Masson’s trichrome staining
demonstrated that BAMGs consisted mainly of a collage-
nous extracellular matrix. After seeding, the compound
grafts were maintained in vitro for 7 days to allow for cell
adhesion. H&E staining showed that ADSCs grew well and
formed multilayers on the scaVolds (Fig. 1).

All rabbits in each group survived til killing with the
exception of one rabbit in the control group which died due
to infection secondary to bladder leakage. Preoperatively,
similar bladder capacities were recorded in the control and
experimental groups (49.83 § 1.89 vs. 49.73 § 0.25 ml).
At 4 weeks postoperatively, the capacity decreased to
36.83 § 1.34 ml (73.88 § 4.25% of original capacity) in
the experimental group and 24.5 § 1.51 ml (49.17 §
2.34%) in the control group. At 24 weeks after implanta-
tion, the capacity increased to 47.17 § 1.68 ml (94.68 §
3.31% of the original capacity) in the experimental group
and 34.5 § 2.81 ml (69.33 § 5.05% of original capacity) in

the control group. Furthermore, cystography revealed the
better shape of reconstructed bladders in the experimental
group (Fig. 2).

At macroscopic inspection, the unresolvable reference
sutures were easily distinguishable at all time points. There
were no diverticulum and the reconstructed bladders were
covered by soft, vascularized connective tissue at 4 weeks
postoperatively. The thickness of the grafted segment in
both groups was similar to native bladder tissue after
24 weeks. However, shrinkage of the grafts occurred in
many control rabbits, which accounts for the observed
decrease in bladder volumes.

All retrieved bladder tissues were studied by routine his-
tology and immunohistochemistry. There were no signiW-
cant diVerences in the H&E appearance of the experimental
and control tissues at 4 weeks postoperatively. Multilay-
ered urothelium could be observed at implanted sites in
each group by 4 weeks. There was evidence of several
smooth muscle cells around the graft site. At 24 weeks in
the control group, the smooth muscle cells at the periphery
of the graft were organized, but still distinguishable from
normal bladder tissue. In the experimental group, the blad-
der graft demonstrated a similar appearance to native blad-
der tissue histologically as there were organized smooth
muscle tissue, neo-angiogenesis and proliferation of neural
cells. Furthermore, immunohistochemical staining was
positive for �-smooth muscle actin, conWrming the presence
of well-diVerentiated smooth muscle cells. The entire

Fig. 1 a Colonies consisted of 
several cells by day 2. b The 
cells have a Wbroblastic appear-
ance by day 7. c ADSCs formed 
multilayers on the BAMG
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urothelial cell layers stained positively with anti-pancyto-
keratins AEl/AE3. Positive staining for S-100 demonstrates
the presence of mature neural cells (Fig. 3).

Discussion

Tissue engineering oVers a viable alternative for functional
bladder reconstruction. Atala et al. [1] used autologous, tis-
sue-engineered bladder for cystoplasty in seven patients
with myelomeningoceles. Their encouraging results bring
new hope for bladder reconstruction.

In previous reports, investigators seeded autologous
bladder smooth muscle and urothelial cells onto acellular
matrices or synthetic scaVolds. Oberpenning et al. [11]
reconstructed functional bladders with PGA meshes seeded
with both autologous bladder smooth muscle and urothelial
cells in a canine model. Yoo et al. [12] used seeded colla-
gen matrices for bladder reconstruction, also in a canine
model. However, such seed cells are diYcult to harvest and
culture in vitro [13]. In addition, such cells cannot be har-
vested from patients with invasive bladder cancer or neuro-
pathic bladders. Therefore, alternative cell sources are
required for such patients.

Several other alternative cell sources have been investi-
gated, including embryonic stem cells, bone marrow stem
cells (BMSCs), muscle-derived cells and adult stem cells
from other tissues [14, 15]. Since adult stem cells, which
can diVerentiate into several mature cell types, can be har-
vested and cultured easily with a high proliferative rate in
vitro, they are one of the most popular seed cells for tissue

engineering. However, harvest of stem cells is often associ-
ated with trauma at the donor site.

Adipose tissue is derived from embryonic mesodermal
precursors and contains multipotent progenitor cells capa-
ble of diVerentiating into mesenchymal tissue [16]. Com-
pared to other kinds of adult stem cells, ADSCs can be
procured easily. Adipose tissue contains 100–1,000 times
more pluripotent cells on a per-cubic centimeter basis than
bone marrow [17]. As multipotential cells, they can diVer-
entiate into other mature cell types including cardiac [18],
neural [19] and smooth muscle [20]. In addition, Rodriguez
et al. [21] have demonstrated that ADSCs are immunopriv-
ileged both in vitro and in vivo. They may have potential as
immunoprivileged universal donor cells for allogeneic
transplant. For these reasons, we selected ADSCs as the
source of seed cells in our study.

As ADSCs phenotype similar to Wbroblasts, it is diYcult
to characterize ADSCs based solely on their morphology in
culture. In our study, Xow cytometry analysis demonstrated
that ADSCs from rabbits expressed high levels of stem cell-
related antigens (CD90, CD29, CD44, CD34 and CD166),
but did not express the CD106 or CD45. Our results were
similar to previous reports, which suggested that they are a
distinct population of cells of mesenchymal origin [22].

The process by which we decellularize BAMGs resulted
in a biomaterial with compositional and structural charac-
teristics similar to native urinary collagenous extracellular
matrix. BAMGs contain several growth factors that are not
present in synthetic grafts, including Wbroblast growth fac-
tor, transforming growth factor-b and vascular endothelial
growth factor [23], which may promote cellular growth and

Fig. 2 Cystographies of blad-
ders reconstructed 4 weeks post-
operatively. a The control group, 
b the experimental group 
24 weeks postoperatively, c the 
experimental group and d the 
experimental group. Cystogra-
phy demonstrated an improve-
ment in both the shape and 
capacity of bladders recon-
structed with seeded matrices
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diVerentiation. Therefore, we believed that BAMGs may be
an ideal matrix for bladder reconstruction in our study.

Since urothelium is associated with high reparative capa-
bility, we simpliWed the experimental procedure by no uro-
thelial cells seeded onto the surface of BAMG. Multilayered
urothelium could be observed at the sites of implantation in
each group. Thus, these results indicate that the bladder ure-
thelial layer can regenerate independently. Most of the
implanted free grafts had a well-developed urothelial layer
but an abnormal muscular layer [24]. Our results indicate that
the unseeded matrices cannot be used to fully reconstruct the
1.5 £ 1.5 cm2 defect in the bladder (representing 40–60% of
the total bladder surface area). This Wnding is in agreement
with previous reports in the literature [25].

Bladder volumes were smaller in the control group. We
hypothesize that the collagen matrix is likely resorbed over
time, as has been reported with other types of collagen
matrices, such as SIS [26]. In the experimental group, the
compound graft showed similar bladder volume to the nor-
mal. We believe that the transplanted cells can help to form
a well-organized muscular layer, which can maintain the
normal architectural framework of the bladder.

In our study, the merit of ADSC-seeded BAMGs is read-
ily apparent. Nevertheless, the role of ADSCs in smooth
muscle regeneration has not yet been elucidated. A fasci-
nating new theory has been advocated that suggests that
patterns of adult stem cell diVerentiation depend on the host
niche. For example, ADSCs were found to diVerentiate into
smooth muscle cells when injected into the bladder wall
[27]. An alternative theory postulates that seeded adult stem
cells simply assist in proliferation of existing smooth mus-
cle cells [28]. In our study, we excised 40–60% of the blad-
der surface in order to avoid the regeneration of smooth
muscle cells from the native bladder tissue. However, cell-
labeling techniques may be the best way to identify whether
the smooth muscle cells regenerated from ADSCs or native
smooth muscle cells. We are presently pursuing this avenue
of research.

A neuronal network is crucial to create a tissue engi-
neered bladder with eVective function. In the study group,
mature neural cells, which stained positively with the S-100
antibody, could be observed in the renconstructed bladder.
Since S-100 is a marker for mature neural cells including
gliocytes, dendritic cells and Schwann cells, our results

Fig. 3 Histological features of 
the transplanted grafts. Four 
weeks postoperatively, native 
bladder tissue (blue arrow) and 
in the graft (yellow arrow). 
a The control group, b the exper-
imental group 24 weeks postop-
eratively, c in the control group 
there is no evidence of organized 
bladder tissue regeneration, 
d in the experimental group, the 
grafts had formed a multilayer 
epithelium with organized 
smooth muscle cells. Immuno-
histochemistry of the trans-
planted grafts. e Staining with 
cytokeratin AE1/AE3. f �-SM 
actin. g S-100 (arrows)
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suggested that proliferation of these neural cells is likely
necessary for recovery of bladder functionality. Growth
factors secreted by ADSCs may stimulate neural cell regen-
eration [29].

In our study, we focused on regeneration of bladder uro-
thelium, smooth muscle and neural cells, which is certainly
relevant to recovery of bladder function. However, future
directions of research may include functional studies of the
regenerating bladder. In addition, studies with long-term
follow-up in a larger animal model are also merited.

Conclusions

Adipose-derived stem cells demonstrate good biocompati-
bility with BAMGs. Our results suggest that seeding
BAMGs with ADSCs promotes regeneration of smooth
muscle and neural tissue. ADSCs may be an excellent cell
sources for tissue engineering.

ConXict of interest statement None.
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