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Biologic scaffolds composed of extracellular matrix
(ECM) have been used to facilitate the constructive
remodeling of several tissue types. Previous studies
suggest that the ECM scaffold remodeling process is
dependent on microenvironmental factors, including
tissue-specific biomechanical loading. The objective
of the present study was to evaluate the effects of
long-term catheterization (LTC), with its associated in-
hibition of bladder filling and physiologic biomechani-
cal loading, on ECM scaffold remodeling following
partial cystectomy in a canine model. Reconstruction
of the partial cystectomy site was performed using
ECM scaffolds prepared from porcine small intestinal
submucosa (SIS) or porcine urinary bladder matrix
(UBM). Animals were randomly assigned to either
a long-term catheterization (LTC) group (n [ 5, cathe-
terized 28 d) or a short-term catheterization group
(STC, n [ 5, catheterized 24h), and scaffold remodeling
was assessed by histologic methods at 4 and 12 wk post-
operatively. By 4 wk, animals in the STC group showed
a well-developed and highly differentiated urothe-
lium, a robust vascularization network, abundant
smooth muscle actin (SMA), and smooth muscle myosin
heavy chain (smMHC) expressing spindle-shaped cells,
and many neuronal processes associated with newly
formed arterioles. In contrast, at 4 wk the scaffolds in
LTC animals were not epithelialized, and did not ex-
press neuronal markers. The scaffolds in the LTC
group developed a dense granulation tissue containing
SMAD, smMHC–, spindle-shaped cells that were mor-
phologically and phenotypically consistent with myo-
fibroblasts, but not smooth muscle cells. By 12 wk
postoperatively, the ECM scaffolds in the STC animals
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showed a constructive remodeling response, with a dif-
ferentiated urothelium and islands of smooth muscle
cells within the remodeled scaffold. In contrast, at 12
wk the scaffolds in LTC animals had a remodeling
response more consistent with fibrosis even though
catheters had been removed 8 wk earlier. These
findings show that early exposure of site-appropriate
mechanical loading (i.e., bladder filling) mediates
a constructive remodeling response after ECM repair
in a canine partial cystectomy model. � 2010 Elsevier Inc.

All rights reserved.
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INTRODUCTION

A variety of pathological processes including bladder
extrophy, myelomeningocele, myelodysplasia, multiple
sclerosis, spinal cord injury, and cancer can lead to uri-
nary bladder damage that requires repair or recon-
struction [1–3]. The most commonly used materials
for this reparative surgery have been autologous stom-
ach and bowel [1–3]. However, the use of these tissues
has been associated with metabolic abnormalities, uri-
nary tract infections, tumor formation, and donor site
morbidity [2]. Given the limitations of these autologous
nonurologic tissue transplantation techniques, various
tissue engineering approaches have been investigated
as potential therapies for urinary bladder repair,
including synthetic and biologic scaffolds with or with-
out the addition of autologous cells [4–11].

Biologic scaffolds composed of extracellular matrix
(ECM) scaffolds have been successfully used to repair
a variety of tissues in animal and human studies,
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TABLE 1

Experimental Design

Survival (weeks)

Group 4 12

STC UBM¼ 2 SIS¼ 2
UBM¼ 1

LTC UBM¼ 2 SIS¼ 2
UBM¼ 1

STC¼ short-term catheterization; LTC¼ long-term catheterization.
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including the urinary bladder [12]. Studies in a canine
model have shown a single layer of small intestinal sub-
mucosa (SIS) can be surgically implanted after partial
cystectomy and that this biologic scaffold remodels
with distinct histomorphologic layers including urothe-
lium, smooth muscle, and serosa [4–6]. The remodeled
SIS-ECM shows contractile activity and functional in-
nervation [4–6]. In addition, decellularized urinary
bladder tissues have been shown to be reliable tools
for studying smooth muscle cell–urothelium interac-
tions, for designing urinary bladder bioreactors, and
for repair of lower urinary tract tissues [10, 11, 13–15].

Multiple in vitro studies have shown that mechanical
loading of naturally-derived ECM scaffolds changes the
biologic properties of the scaffold and can affect cell phe-
notype through regulation of gene expression [16–19].
In addition, in vivo studies focusing on tendon repair
have suggested that tissue-specific biomechanical load-
ing is essential for constructive remodeling of ECM
scaffolds [20]. For the present study, the term ‘‘con-
structive remodeling’’ is defined as the process of site-
appropriate tissue formation and three-dimensional
spatial organization. The hypothesis of the study design
is that early exposure to normal physiologic mechanical
loading is required for constructive remodeling of bio-
logic scaffolds. The objective of the present study is to
determine the role of early resumption of bladder filling
on ECM scaffold remodeling by comparing the histo-
FIG. 1. Surgical procedure. (A) Thirty-five percent of the bladder do
with interrupted sutures. (Color version of figure is available online.)
morphologic appearance of the remodeled ECM after
short term or long-term catheterization following
partial cystectomy in a canine model.
METHODS

Overview of Experimental Design

Ten dogs were randomly divided into two groups of five animals.
Each animal had approximately 35% of the anterior dome of the uri-
nary bladder resected and this defect was repaired with either a sin-
gle layer sheet of porcine SIS or porcine urinary bladder matrix
(UBM). SIS and UBM have shown a similar remodeling response in
most body systems, and both materials are available for clinical
use. Their use in this study is intended to show the effect of physio-

logic mechanical loading on a generic ECM scaffold. No comparisons
were made between the two scaffolds. One group of five animals
was subjected to long-term catheterization (LTC) whereby an indwell-
ing catheter remained in place for 28 d postoperatively. Therefore, the
reconstructed bladder was subjected to a physiologic pattern of
mechanical loads, but not bladder filling. The second group was sub-
jected to short-term catheterization (STC) whereby the catheter was
maintained for 24 h postoperatively, so normal bladder filling
resumed after only 1 d of nonphysiologic pattern mechanical loads.
The animals were euthanized and the bladder was evaluated at either
4 wk (n¼ 2 for each group) or 12 wk (n¼ 3 for each group) postopera-
tively (Table 1). The primary endpoint of the study was the histomor-
phologic appearance of the remodeled scaffold material with an
emphasis on cell phenotype, organization of the various cell popula-
tions, and presence or absence of a differentiated urothelial cell layer.
Tissue Harvest

Porcine small intestine and urinary bladder were harvested from
market weight pigs (110–130 kg) from an abattoir immediately after
euthanasia. Tissues were transported to the lab on ice for further
processing.
Small Intestinal Submucosa (SIS)

The preparation of SIS has been previously described [21, 22].
The luminal portion of the tunica mucosa, the tunica muscularis ex-
terna, and tunica serosa were mechanically removed, leaving the
stratum compactum, muscularis mucosa, and the tunica submu-
cosa. The resulting matrix was rinsed in saline, decellularized by
treatment in 0.1% peracetic acid/4% ethanol for 2 h, rinsed exten-
sively in sterile buffered saline, and terminally sterilized with 2.5
MRad g-irradiation.
me was resected. (B) Partial cystoplasty with ECM scaffold secured



FIG. 2. Gross morphology. (A) Animals in LTC group showed scar tissue formation and lack of urothelialization in the area where the scaf-
fold was implanted (center). (B) Animals in STC group showed complete urothelialization and constructive remodeling and the area where the
scaffold was implanted was difficult to distinguish from adjacent normal tissue. (Color version of figure is available online.)
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Urinary Bladder Matrix (UBM)

The preparation of urinary bladder matrix has been previously de-
scribed [22]. Urothelial cells were removed by soaking the bladder tis-
sue in 1.0 N saline. Intraluminal water pressure was used to stretch
the bladder and thereby facilitate the mechanical delamination of
the abluminal tissue layers. The bladder was bisected along one
side to form a sheet with the luminal side facing downward on a flat
surface. The tunica serosa, tunica muscularis externa, tunica submu-
cosa, and the majority of the muscularis mucosa were then mechani-
cally removed. The resulting matrix, consisting of the basement
membrane and tunica (lamina) propria, was soaked in buffered saline
(pH 7.4), placed in 0.1% peracetic acid/4% ethanol for 2 h, rinsed in
sterile buffered saline, lyophilized, and subsequently sterilized by
exposure to ethylene oxide (dose¼ 500 mg/h for 16 h).

Experimental Animals and Surgical Procedure

Ten mature female mongrel dogs weighing 18 to 23 kg were pur-
chased from Marshall BioResources-USA (North Rose, NY). Each
animal was given subcutaneous acepromazine (0.1–0.5 mg/kg) as
a pre-anesthetic. Animals then received 5% isoflurane by mask prior
to intubation, and surgical plane anesthesia was maintained with 1%
FIG. 3. Histological findings. (A) and (B) LTC group at 4 wk and (C) L
with no signs of urothelialization. (D) and (E) STC group at 4 wk and
vascularized connective tissue. Masson’s trichrome stain. Magnification
of figure is available online.)
to 3% isoflurane via endotracheal tube. The abdomen and genitalia
were scrubbed with povidone-iodine and draped for sterile surgery.
An 8-10 French rubber catheter was placed transurethrally. A ventral
midline abdominal incision was made and the bladder exteriorized.
The bladder was filled with approximately 200 mL of saline and a sec-
tion equivalent to 35% of the dome and anterior surface of the bladder
was resected. A patch of either SIS or UBM, similar in size to the
resected section of bladder (approximately 16 cm2), was sutured
through the full-thickness native bladder in a water-tight manner
with 3-0 vicryl suture (Fig.1). The scaffold materials were oriented
such that the stratum compactum of SIS and the basement membrane
of UBM became the luminal surface of the graft. The edges of each
graft were marked with proline sutures at four equidistant points.
The bladder was returned to its normal anatomic position and the
abdominal incision closed by layers. The transurethral in-dwelling
catheter was inserted and sutured to the adjacent skin.

Perioperatively all animals received Kefzol (1 g intravenously).
Postoperatively, each dog received Buprenex (0.1 mg/kg SC BID for
3 d) and cephalexin (500 mg PO BID for 7 d). Animals in the long-
term catheter set were given Baytril (2.5 mg/kg daily, d 8 through
d 28) and acepromazine (0.1-0.5 mg/kg SC BID through d 28) to pre-
vent them from displacing the in-dwelling catheter. Food and water
were given ab libitum after the first postoperative day.
TC group at 12 wk showed dense collagen tissue typical of scar tissue
(F) STC group at 12 wk showed complete urothelialization and loose
: (A) and (D) 340; (B) and (E) 3200; (C) and (F) 340. (Color version



FIG. 4. Positive controls for (A) SMA, (B) smMHC, (C) GFAP, (D) GAP-43, and (E) Uroplakin III markers (3100). (Color version of figure is
available online.)
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Tissue Collection

Two dogs from each group (STC and LTC) were euthanized at 4 wk
and the remaining three dogs from each group were euthanized 12 wk
after surgery by the sequential administration of acepromazine (10 mg
SC), 5% isoflurane via mask, and B-euthanasia solution (10 mL i.v.).
Bladders were harvested and fixed in 10% neutral buffered formalin.
Histology and Immunohistochemistry

Tissue was trimmed longitudinally through the remodeled ECM
scaffold area and adjacent native bladder tissue, sectioned (5 mm),
and stained with both hematoxylin and eosin and Masson’s trichrome
stains. Adjacent sections were stained by immunohistochemistry
techniques using the Vectastain avidin-biotin peroxidase reagents
and protocol (Elite ABC Kit; Vector Laboratories, Peterborough, En-
gland). Smooth muscle-specific protein expression was assessed using
antibodies against a-smooth muscle actin (SMA) and smooth muscle
myosin heavy chain (smMHC). The antibodies against glial fibrillary
acidic protein (GFAP) and growth-associated protein 43 (GAP43) were
used to assess neuronal regeneration and remodeling [23, 24]. Finally,
antibodies against uroplakin III were used to assess urothelium devel-
opment [25, 26]. Primary antibodies used were a-smooth muscle actin
(SMA monoclonal antibody, 1:100; DAKO, Carpinteria, CA), smooth
muscle myosin heavy chain (smMHC monoclonal antibody, 1:100
dilution; Sigma, St. Louis, MO), glial fibrillary acidic protein (GFAP,
polyclonal antibody, 1:500 dilution; DAKO), growth associated pro-
tein-43 (GAP43, monoclonal antibody, 1:500 dilution; Abcam, Cam-
bridge, MA), and uroplakin III (monoclonal antibody, 1:10 dilution;
Fitzgerald Industries Int., Concord, MA). Species-specific secondary
biotinylated antibodies were used at a 1:200 dilution (Vector Labora-
tories). Images were acquired, stored, and analyzed using a Nikon
E600 microscope (Nikon Instruments, Melville, NY) and MetaView
software (Molecular Devices, Sunnyvale, CA). Normal bladder was
used for positive controls for each marker (Fig. 4).
RESULTS

Clinical Outcome

Allanimalssurvivedthesurgicalprocedureandpostop-
erative course without complications and were sacrificed
electively at the desired time points. Animals in the LTC
groupthatweretreateddailywitha lowdoseofaceproma-
zine to prevent self mutilation and catheter removal
showednoadverseeffect tothemedication,suchasconsti-
pation, dryness of mouth, or any other signs related to
anticholinergic action; these findings suggest that
bladdertonewasunlikelytobeaffectedbythemedication.



FIG. 5. Smooth muscle markers. (A), (B), (C), and (D) SMA expression was positive in LTC group, whereas smMHC was not evident. (E), (F),
(G), and (H) SMA and smMHC were expressed in STC group at 4 and 12 wk. Magnification: (A), (B), (E), and (F) 3100; (C), (D), (G), and (H) 340;
(I) and (J) are negative controls (3100). (Color version of figure is available online.)
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LTC Group

Gross morphologic examination in all animals within
this group showed contraction characteristic of scar tis-
sue formation without signs of urothelialization at the
site of scaffold implantation (Fig. 2.). There were no dif-
ferences in morphologic appearance noted between the
4 and 12 wk samples.

Histologic examination showed lack of urothelializa-
tion of the ECM at 4 wk. The area of remodeled scaffold
was poorly vascularized, composed of dense collagenous
connective tissue, and lacked smooth muscle cells. At 12
wk postoperatively, the scaffolds still showed areas
without epithelialization and only sparse smooth mus-
cle formation relative in this group despite the 8 wk of
micturition (Fig. 3).

There were abundant SMAþ spindle cells observed at
4 wk postoperatively, but few of these cells expressed
smMHC (Fig. 5C and D). Few arterioles were present
(Fig. 5). At 12 wk postoperatively, there were occasional
arterioles noted and evidence of smooth muscle based
upon the presence of smMHC þ cells (Fig. 5).

There was no expression of either GFAP or GAP43
within the remodeled ECM scaffolds by 4 or 12 wk
(Fig. 6).

At 4 wk postoperatively, the LTC scaffold did not show
evidence of uroplakin III expression, a result consistent
with the lackofepithelializationobservedbystandardhis-
tologic staining analysis (Fig. 7).Small areas of the remod-
eled ECM scaffold showed urothelial cells that expressed
uroplakin III 12 wk postoperatively (data not shown),
but there was still a lack of complete urothelialization.
STC Group

All animals in the STC group showed complete uro-
thelialization of the remodeled ECM scaffold, similar
in appearance to the adjacent normal bladder, by 4
wk postsurgery. The remodeled scaffold site showed
limited reduction in size compared with the size at the
time of surgery and no evidence of scar tissue forma-
tion. Histologic examination showed development of
a highly vascular, loose connective tissue layer in place
of the scaffold material. The epithelium had the mor-
phology of normal bladder transitional urothelium,
including the presence of apical umbrella cells along
the luminal surface. Higher magnification images
showed small islands of smooth muscle developing
within the stroma subjacent to the urothelium
(Fig. 4). At 12 wk postoperatively, the ECM scaffolds
showed the appearance of a well-developed urothelium
and large bundles of smMHCþ smooth muscle cells dis-
tributed throughout the bladder wall (Fig. 4).

By 4 wk postoperatively, both SMA and smMHC were
expressed in arterioles and numerous spindle-shaped
cells (Fig. 5). At 12 wk postoperatively, abundant
SMA and smMHC expression was observed in arteri-
oles and large smooth muscle bundles throughout the
remodeling ECM scaffolds (Fig. 5).



FIG. 6. Neuronal protein expression in STC and LTC remodeling ECM scaffolds. GFAP and GAP-43 expression was observed in both the
LTC and STC groups at 4 and 12 wk after repair (A), (B), (C), (D), (E), (F), (G), and (H). Magnification: (A) and (E) 3400; (B), (C), (D), (F), (G), and
(H) 3200; (I) and (J) are negative controls (3400). (Color version of figure is available online.)
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Neuronal cells expressing GFAP and GAP43 were
identified in the STC group at 4 wk. The GFAPþ,
GAP43þ neuronal cells were typically found adjacent
to newly formed blood vessels (Fig. 6). At 12 wk postop-
eratively, a large number of GFAPþ, GAP43þ neuronal
cells persisted in the remodeling ECM, and the majority
of these neuronal cells continued to be associated with
blood vessels in the remodeling scaffolds (Fig. 6).

There was strong expression of uroplakin III at 4
weeks within the urothelium observed on the luminal
surface of the remodeled ECM graft. The uroplakin
III expression in the STC scaffolds was appropriately
confined to the apical umbrella epithelial cells in the
UBM graft and thereby identified this newly formed
epithelium as highly differentiated transitional urothe-
lium. At 12 wk postoperatively, uroplakin III expres-
sion continued within the apical umbrella epithelial
cells in the remodeled tissue (Fig. 7).
DISCUSSION

The present study showed that site-appropriate
mechanical loading facilitates the constructive remodel-
ing of a biologic, ECM scaffold material. Long-term
catheterization and prevention of bladder filling, with
the associated lack of cyclic distention and decrease in
maximal bladder distention, inhibited the constructive
remodeling of ECM scaffolds used for repair of a partial
cystectomy.Theexposureof thebiologic scaffold toaphys-
iologic pattern of mechanical loading in the early period of
remodeling promoted a constructive host response char-
acterizedby the presence of a highly differentiated transi-
tional urothelium, vascularity, innervation, and islands
of smooth muscle bundles. Delayed return of normal blad-
der filling was insufficient to overcome the lack of early
exposure to physiologic mechanical signals.

Although SMA and smMHC were expressed in the
remodeled scaffolds in both groups, at 4 wk postopera-
tively the LTC group had fewer SMAþ cells compared
to the STC group. In the LTC group, the SMAþ spin-
dle-shaped cells with almost no expression of smMHC
were consistent with a myofibroblastic phenotype. In
contrast, the SMAþ, smMHCþ spindle-shaped cells in
the STC scaffolds were characteristic of smooth muscle
cells. Furthermore, the STC group showed dramati-
cally increased presence of neuronal cells and enhanced
development of a highly differentiated urothelium.
Thus, smooth muscle cell migration or differentiation
and the presence of cells showing neuronal and
urothelial differentiation were associated with early
resumption of normal bladder filling and the resulting
site-appropriate mechanical cues transmitted to cells
within the remodeling ECM scaffold.

Site-specific remodeling of ECM scaffolds has been
seen in various muscular tissue locations [12]. Numer-
ous reports of lower urinary tract reconstruction,
including the urinary bladder, urethra, and ureter
have shown similar replacement of the ECM scaffold
by an epithelial cell population, submucosa, and smooth



FIG. 7. Uroplakin III protein expression in LTC (A) and STC (B) remodeling scaffolds 4 wk after repair and in LTC (C) and STC (D) remod-
eled ECM scaffolds 12 wk after repair. Magnification: (A), (B), and (C) 3100; (D) 3200; (E) is a negative control (3100). (Color version of figure is
available online.)
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muscle cell layer [27–31]. ECM scaffolds, in combina-
tion with native skeletal muscle, were able to promote
constructive remodeling when used for repair of a full
circumferential resection of the esophagus in a canine
model [32]. These studies involved both normal bladder
filling in the case of the urinary tract repair and early
feeding from an elevated platform after the esophageal
repair, so early site-appropriate mechanical loading
probably contributed to the constructive remodeling
in both locations. In the case of vascular repair, the
ECM remodeling response was different in the arterial
system than in venous system [33, 34]. When ECM was
used to repair the carotid artery, a smooth muscle layer
developed in the adventitia of the remodeling ECM,
while the remodeling response after repair of the
superior vena cava led to the formation of primarily
collagenous tissue [33, 34]. These differences in the
remodeling response are likely due to the different
mechanical cues present in the high pressure arterial
circulation and low pressure venous circulation.

A previous study showed that immobilization of an
Achilles tendon after repair with SIS inhibited construc-
tive remodeling [20]. With early restoration of joint
motion, the SIS was rapidly infiltrated by mononuclear
cells and new, highly aligned host collagenous connec-
tive tissue eventually replaced the ECM scaffold. In
contrast, after a period of immobilization, cell infiltra-
tion into the scaffold was limited to the periphery of
the graft in the Achilles tendon model, and little to no
ECM remodeling was observed. The lack of cellular infil-
tration in the immobilized Achilles tendon differed from
the abundant mononuclear cell population observed in
the LTC group in the present study, likely due to the
inadvertent mechanical loads on the bladder from sur-
rounding tissues. This finding suggests that nonspecific
mechanical loading may have a benefit in terms of cell
infiltration, but site-appropriate mechanical loading is
necessary for site specific remodeling.

The mechanisms by which ECM scaffolds promote
site-specific remodeling in the presence of site-appro-
priate mechanical loading have been partially eluci-
dated. In vitro studies have shown that static and
cyclic stretching of fibroblasts, smooth muscle cells,
urothelial cells, and bone marrow derived cells seeded
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on an ECM scaffold lead to modulation of collagen
expression, enhancements in cell and collagen align-
ment, and improvements in the mechanical behavior
of the scaffold [15–19]. During in vivo remodeling,
ECM scaffolds are known to degrade completely in 60
to 90 d [35]. The matricryptic peptides that are gener-
ated during the degradation process possess bioactive
properties, including chemotaxis for progenitor cells
[36, 37]. In vivo studies have shown that a population
of bone marrow cells are recruited to the site of ECM re-
modeling and become part of the newly-forming tissue
[38]. It is thought that this population of cells includes
mesenchymal progenitor cells that differentiate into
site-appropriate cells in the presence of local mechani-
cal cues. Several in vitro studies have shown that
mechanical loading can induce progenitor cells to dif-
ferentiate into fibroblasts, smooth muscle cells, and
osteoblasts [39–41].

A limitation of the present study is that the experi-
mental design did not differentiate between the remod-
eling of SIS and UBM. However, both scaffolds have
been reported to have similar constructive remodeling
outcomes when in contact with healthy tissue. Further-
more, the lack of urodynamic functional studies makes
it difficult to quantitatively determine the difference in
the mechanical loading environment between groups
and may limit the extent to which conclusions can be
drawn about the effect of site-appropriate mechanical
loading on remodeled ECM. However, the presence of
neuronal and urothelial markers in the STC group sug-
gests that functional remodeling can be achieved and
scar tissue can be avoided by permitting the resumption
of normal urinary bladder filling in the early stages of
the remodeling process.

In conclusion, the mere presence of an ECM scaffold
is not sufficient for constructive remodeling to occur.
Site-appropriate remodeling is dependent upon appro-
priate mechanical signaling during the early stages of
the remodeling process. These finding have implica-
tions not only for clinical repair of the urinary bladder
with ECM, but for all tissue and organs.
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