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Abstract
Background—Small intestinal submucosa (SIS) is a porcine-derived, acellular, collagen-based
matrix that has been tested without seeded smooth muscle cells (SMCs) for intestinal tissue
engineering. We examined the expression patterns of contractile proteins of SIS with SMCs
implanted in an in vivo rodent model.

Materials and methods—Intestinal SMCs were isolated from Lewis rat pups. Four-ply tubular
SMCs-seeded SIS or blank SIS scaffolds were implanted in an adult rat jejunal interposition
model. Recipients were sacrificed at 2, 4, and 8 weeks following the implantation. The retrieved
specimens were examined using antibodies against contractile proteins of SMCs.

Results—Cultured intestinal SMCs expressed α-smooth muscle actin (α-SMA), calponin, and
less smooth muscle myosin heavy chain (SM-MHC) in vitro. Cell-seeded SIS scaffolds contracted
significantly over 8 weeks of implantation but were comparable to SIS scaffolds without cell
seeding. Implanted cell-seeded SIS scaffolds at 2 weeks expressed extensive α-SMA, some
calponin, and minimal SM-MHC. At 4 weeks, α-SMA-expressing cells decreased significantly,
whereas calponin or SM-MHC expressing cells were rarely detected. A small number of α-SMA-
expressing cells were present at 8 weeks, whereas more calponin or SM-MHC expressing cells
emerged in proximity with the anastomotic interface.

Conclusions—Cell-seeded SIS contracted significantly after implantation, but the expressions
of contractile proteins were present at the site of SIS interposition. No organized smooth muscle
was formed at the site of implantation. A better scaffold design is needed to produce structured
smooth muscle.
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INTRODUCTION
Short bowel syndrome occurs following the massive loss of diseased or injured small
intestines, such as Crohn’s disease and necrotizing enterocolitis [1]. Chronic parenteral
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nutrition, serial transverse enteroplasty, and small intestinal transplantation have been
employed to compensate for the malabsorption [2, 3]. Intestinal tissue engineering has
emerged as a promising alternative for the treatment of short bowel syndrome [4]. The
tissue-engineered gastrointestinal tract, from esophagus to large intestine, has been
experimented in a number of animal studies [5–8]. In intestinal tissue engineering, intestinal
cells, biomaterial scaffolds, and various signaling molecules have been used [9]. The
neomucosa has been regenerated from organoid units [10]. However, the intestinal smooth
muscle layers were not regenerated in these studies [11, 12].

Multiple synthetic or naturally derived scaffolds have been utilized in combination with or
without seeding intestinal smooth muscle cells (SMCs) to create a neointestine mimicking
the native intestine [13]. Among them, small intestinal submucosa (SIS) is an FDA-
approved product that contains the extracellular matrix of the small intestine. SIS is a
porcine-derived, acellular, collagen-based matrix that has been widely used for the tissue
engineering of skin, body wall, myocardium, blood vessel, valve, trachea, bone, cartilage,
joint, intervertebral disk, tendon, urinary bladder, urethra, vagina, and gastrointestinal tract
[14–16]. Previous reports using SIS did not document the expression of contractile proteins
in SMCs although they claimed the presence of smooth muscular regeneration by
histological criteria [16].

In our previous study, we noted minimally regenerated mucosal epithelia or smooth muscle
in implanted SIS scaffolds and significant shrinkage of both 1-ply and 4-ply SIS [17]. In this
study, we examined the presence of seeded intestinal SMCs in SIS and characterized the
expression of contractile proteins in a rodent model of jejunal interposition.

MATERIALS AND METHODS
Reagents and Media

Antibiotic-antimycotic (ABAM), Hank’s balanced salt solution (HBSS), fetal bovine serum
(FBS), Dulbecco’s modified eagle medium (DMEM), trypsin, phosphate buffered solution
(PBS), and Dulbecco’s phosphate buffered solution (D-PBS) were purchased from
Invitrogen (Carlsbad, CA). Collagenase IV, dimethyl sulfoxide (DMSO), paraformaldehyde
(PFA), and Triton X-100 were from Sigma (St Louis, MO). Bovine serum albumin (BSA)
and buffered formalin phosphate were from Fisher Scientific (Fair Lawn, NJ). Normal goat
serum (NGS) and DAPI mounting medium were from Vector (Burlingame, CA).

Laboratory Animals
All the animal care and use complied with the institutional regulations established and
approved by the Animal Research Committee at University of California, Los Angeles.
Female adult Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 200–220g
were maintained in a temperature-regulated environment (24°C) on a 12-hour light/dark
cycle, housed in individual cages with soft bedding and a microisolator cover, and given
access to standard rat chow (Harland Teklad, Madison, WI) and tap water ad libitum.

Primary Harvest of Intestinal SMCs
Postnatal day 2–4 Lewis rat pups (Charles River Laboratories, Wilmington, MA) were
sacrificed through the inhalational isoflurane (Abbott Laboratories, North Chicago, IL). The
whole small intestines were dissected from the ligament of Treitz to ileum sterilely, which
were subsequently rinsed in iced HBSS. Muscular strips were teased off (free of mucosa)
and collected into iced HBSS. After being spinned down at 1,000 RPM and at 4°C for 5
min, muscular strips were digested in 1 mg/ml collagenase IV in HBSS at 37°C for 30 min.
After being inactivated by 10% FBS/DMEM, cell pellets were spinned down at 1,000 RPM
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for 5 min and resuspended in 10% FBS plus 1 × ABAM and incubated in 75-cm2 cell
culture flasks (Corning Inc, Corning, NY) at a density of 2 × 106 cells per ml at 37°C and in
an atmosphere of 10% CO2. The culture media were refreshed every 3 days.

Characterization of Intestinal SMCs in vitro
At 80% confluency, intestinal SMCs were trypsinized (1 ml of trypsin per well) and replated
onto 48-well tissue culture plate (Corning Inc, Corning, NY) for further immunofluorescent
staining. After being fed with 10% FBS for 3 days, cells were fixed in 4% iced PFA for 20
min, permeabilized with 0.1% Triton X-100 for 15 min, and blocked with 4% NGS for 30
min at 37°C. Cytoskeletal proteins of SMCs were detected by the incubation with mouse-
anti-human monoclonal antibodies (Dako, Capinteria, CA) diluted in 4% BSA at 4°C
overnight: 1:100 anti-α-smooth muscle actin (α-SMA), 1:100 anti-calponin (CALP), and
1:100 anti-smooth muscle myosin heavy chain (SM-MHC), whereas primary antibodies
were omitted as negative control. Cells were incubated with 1:200 FITC-conjugated goat-
anti-mouse IgG (Molecular Probes, Eugene, OR) for 60 min before being counterstained
with DAPI mounting medium.

Seeding of SIS scaffolds
Four-ply SIS sheets (Surgisis® ES™ Soft Tissue Grafts, Cook Medical Inc., Bloomington,
IN) were fashioned into rectangular-shaped sheets (2.0 cm × 1.5 cm). Intestinal SMCs were
resuspended in 10% FBS at a density of 20 × 106 cells per ml, and 1 ml cell suspension (20
× 106 cells) was seeded onto the rough side of each SIS. Seeded scaffolds were incubated at
37°C and 10% CO2 for 3 hr before another one ml of 10% FBS was added onto each sheet
for overnight incubation, whereas SIS grafts rehydrated with 10% cell-free FBS served as
negative control. The seeded SMCs on SIS scaffolds were fixed in 10% buffered formalin
phosphate, embedded in paraffin and sectioned vertically to determine the efficiency of cell
seeding.

Surgical Procedure
A modified jejunal interposition model previously described was employed for the
implantation [15]. Briefly, a 3-cm well-vascularized jejunal loop 10 cm distal to Treitz
ligament was exteriorized. The interrupted intestinal tract was anastomosed end-to-end by
interrupted 6-0 Prolene sutures to restore the anatomical continuity. The isolated jejunal
segment was further divided into two 1.5-cm segments. The cell-seeded SIS sheet was rolled
with the cell-seeded side facing outward (n = 9) over a 5-cm silicone tube (10F Red
Robinson catheter; Bard, Covington, GA) to create a 2-cm tubular SIS that was interposed
between the two jejunal segments in an end-to-end fashion using interrupted 6-0 Prolene
sutures. The isolated jejunal segments were fixed to the silicone stent by using 3-0 silk
sutures (Ethicon, Somerville, NJ). Both ends of the jejunal segment were brought out of the
abdominal wall as double permanent ostomies on each side symmetrically (1 cm from the
median incision). Non-seeded SIS grafts (n = 6) were implanted as controls using the same
protocol. Postoperative care regimens included 0.4 mg/0.1 mg per ml of sulfamethoxazole/
trimethoprim (High-Tech Pharmacal, Amityville, NY) was added into drinking water
(1:100) for 5 consecutive days. From postoperative day 7 onwards, jejunostomies were
flushed with sterile saline every 3 days.

Histology and Immunofluorescence Microscopy
Animals were sacrificed at 2, 4, and 8 weeks as scheduled (n = 3 per time point). Retrieved
tissues including native intestine and neointestine were fixed in 10% buffered formalin
phosphate, dehydrated in graded ethanol, embedded in paraffin, and sectioned in 5 µm for
hematoxylin and eosin and immunofluorescent staining. Briefly, sections were
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deparaffinized in xylene, rehydrated in graded ethanol, autoclaved in antigen retrieval citra
solution (BioGenex, San Ramon, CA) for 30 min, and blocked with 4% NGS. Sections were
incubated with primary mouse-anti-human monoclonal antibodies (anti-α-SMA, anti-CALP,
and anti-SM-MHC) in a humidified chamber at 4°C overnight and subsequently detected
with 1:200 FITC-conjugated goat-anti-mouse IgG (Molecular Probes, Eugene, OR) at 37°C
for 1 hr. Normal goat serum rather than primary antibodies was used as negative control,
whereas native small intestines were stained by using the same protocol as positive control.
Sections were mounted and counterstained with DAPI mounting medium. Photomicrographs
were captured by using a standard light and fluorescent microscope (Leica, Bannockburn,
IL) equipped with SPOT image collection system (Diagnostic Instruments, Sterling Heights,
MI). The length of SIS graft at each time point was measured in triplicates and was
expressed as the percentage of its length at the time of implantation (16 mm).

Statistical Analysis
All data were expressed as mean ± standard deviation. The inter-group or inter-timepoint
difference in relative SIS scaffold length was compared by using the analysis of variance or
Student’s –t-test. A P-value less than 0.05 was considered statistically significant.

RESULTS
Expression of Contractile Proteins by Intestinal SMCs in vitro

Intestinal SMCs reached confluency on day 7 of culture and exhibited immunoreactivity of
intracellular contractile filamentous proteins including α-SMA (Fig.1A), CALP (Fig.1B),
and SM-MHC (Fig.1C). Cross sections of cell-seeded SIS scaffolds showed that intestinal
SMCs were present throughout the four layers of the four-ply SIS with more cells present on
the rough side.

Histology of Implanted Scaffolds
The length of the cell-seeded SIS tubular scaffolds decreased significantly over the 8 weeks
(P < 0.01) but was comparable to that of SIS scaffolds without cell seeding (FIG. 3). The
implanted scaffolds remained without mucosa through the fourth week (FIG. 4A and B),
whereas scaffolds were partially lined with epithelia by week 8 (FIG. 4C). Non-specific
inflammation was noted throughout 8 weeks. Neovascualrization at the site of implantation
was found as early as 2 weeks.

In vivo Contractile Protein Expression of Seeded Intestinal SMCs
The contractile protein expressions of cell-seeded SIS scaffolds following the implantation
are shown in Figure 4. At 2 weeks, implant site exhibited extensive α-SMA expression, less
CALP expression, and minimal SM-MHC expression. At 4 weeks, α-SMA-expressing cells
decreased significantly, and CALP-expressing and SM-MHC-expressing cells were rarely
seen in the implant site. A small number of α-SMA-expressing cells were noted at 8 weeks,
but more cells expressing CALP or SM-MHC were observed in the proximity of the
anastomotic interface.

DISCUSSION
Similar to skeletal muscle cells, intestinal SMCs are able to contract using myosin and actin
filaments. Alpha-SMA belongs to the α-actin protein family, one of six subtypes of actin
[18]. As a non-specific maker of SMCs, α-SMA is also abundantly expressed by non-muscle
cells such as myofibroblasts [19]. Alpha-SMA is thought to be an early differentiation
marker of SMCs. SM-MHC is a cytoplasmic structural protein and a major component of
the contractile apparatus in SMCs. The expression of SM-MHC is developmentally
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regulated and emerges during smooth muscle development [20]. As a binding protein to
calmodulin, F-actin and tropomyosin, calponin is thought to be also involved in the
regulation of smooth muscle contraction. Calponin expression is specific to and
representative of the differentiated (contractile) phenotype of developing smooth muscle
[21]. Postnatal intestinal SMCs are expected to express α-SMA, calponin, and SM-MHC. In
vitro, the isolated SMCs tended to lose differentiation, as shown by our immunostaining
results. Moreover, the variation in SM-MHC expression demonstrates the heterogeneity of
our primary seeded cells, some of which are less mature and with a further differentiation
potential after the implantation.

SIS scaffold is reported to be biocompatible with multiple cell types, including fibroblasts,
epithelial cells, epidermal cells, endothelial cells, mesenchymal stem cells, Schwann cells,
and bladder SMCs [22]. SIS is a bioscaffold composed of extracellular matrix thought to be
useful for tissue regeneration. SIS supports cell adhesion, survival, migration, and
proliferation with the deposition of basement membrane components. Nevertheless, the
biological properties of SIS as scaffold are less defined in the regeneration of smooth
muscle. It has been shown that human bladder SMCs culture in SIS scaffolds exhibit normal
cell viability, apoptosis profile, metabolic activity, and DNA synthesis [23]. The seeded
SMCs in our experiments penetrated into the four layers of SIS scaffold. Additionally, SIS is
thought to be non-toxic and non-immunogenic [24]. As porcine-derived SIS is a xenograft
for rodent recipients, a chronic post-implantation foreign body inflammation was noted in
our implants, consistent with previous reports [25]. Such reaction is deemed to be
remodeling of the scaffolds [26].

As shown in our previous study [17], SIS demonstrates a less favorable biomechanical
property when being exposed to the intestinal environment. SIS scaffold is reported to
shrink remarkably in vivo [27]. The shrinkage was no different when intestinal SMCs were
seeded in the SIS prior to implantation. The shrinkage is primarily attributed to the wound
contraction that occurs at the implant site. The extracellular matrix content of the SIS is
likely degraded by endogenous proteinases at the implant site [28].

Seeding of intestinal SMCs failed to support sufficient intestinal smooth muscle
regeneration in this study. It is known that differentiated SMCs have a restricted capability
of regeneration [29]. Other studies reported well-formed smooth muscle layers by using SIS
scaffolds without seeded cells [14–16]; however, the observed smooth muscle is likely
derived from the adjoining native smooth muscle rather than newly formed tissue.

Nakase et al. [27] implanted gastric SMCs-seeded collagen sponge as a patch to cover ileal
wall defect. Seeded cells exhibited a transition from synthetic to contractile states over 12
weeks of implantation as shown by ultrastructural features. The expression of contractile
protein was verified by the immunoreactivity to calponin. Striking shrinkage was also
observed in the collagen sponge. Our experimental model is different from the report of
Nakase et al. [27] in several respects: intestinal SMCs, scaffold shape (tubular versus patch),
defect size (1.6 cm × 1.2 cm for rat versus 1.0 cm × 1.0 cm for dog), and implant site
(excluded segment versus in-continuity). In our model, intestinal SMCs lost calponin and
SM-MHC expression within a short period of implantation. Three growth factors, basic
fibroblast growth factor (bFGF), transforming growth factor β (TGF-β), and vascular growth
factor (VEGF) have been identified in SIS that may stimulate DNA synthesis and
proliferation [30]. The importance of these factors in our model remains to be determined.

The major limitations of our model include less biomechanically favorable scaffold,
minimally regenerated epithelia, and low survival of seeded cells following implantation.
Synthetic biomaterial may be an alternative scaffold to guide muscularis regeneration. A
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‘sandwich’ seeded cell/scaffold graft can be beneficial for synchronous epithelial and
smooth muscle regeneration [31]. Scaffolds coated with microsphere-encapsulated growth
factor, such as bFGF, are likely to be useful for intestinal tissue engineering [32].

In conclusion, our in vivo study suggests that SIS allows some SMCs to maintain their
contractile protein expressions after implantation, but SIS seeded with SMCs still contracted
significantly. The regenerated tissue also lacked orientation and organization of the SMCs.
The incorporation of physicochemical signals to guide muscularis regeneration into the
design of scaffolds may improve intestinal smooth muscle regeneration.
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FIG. 1.
In vitro expression patterns of α-smooth muscle actin (A), calponin (B), and myosin heavy
chain (C) in primary culture of intestinal smooth muscle cells (green fluorescence indicated
stained contractile cytoskeletons and blue fluorescence indicated DAPI-counterstained
nuclei) (400X, scale bar = 50 μm).
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FIG. 2.
Seeding of intestinal smooth muscle cells (arrows, hematoxylin-stained nuclei) onto four-ply
acellular small intestinal submucosa scaffold (eosin-stained layers) with the smooth side on
the top and the rough side on the bottom (400X, scale bar = 50 μm).
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FIG. 3.
Lengths of cell-seeded (n = 9) and non-seeded (n = 6) SIS scaffolds over 8 weeks of
implantation versus original length.
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FIG. 4.
Hematoxylin-eosin and immunofluorescent staining of contractile proteins (green
fluorescence against DAPI-counterstained nuclei) in regenerated tissues between the jejunal
interposition over 8 weeks of implantation (200X, scale bar = 100 μm).
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