tracheal reconstruction in mongrel dogs. In the report,
epithelialization began from either end of the grafts
and slowly proceeded toward the center, which was
the last area to be covered. Because of this pattern,
fibrosis occurred in the center of the grafts in asso-
ciation with an acute inflammatory reaction that led
to stenosis, resulting in the death of 4 of the 21 dogs.
Okumura et al® reported a successful animal experi-
ment using an artificial trachea made from spiral poly-
propylene stent and Marlex mesh woven of polypro-
pylene monofilament as the frame and using collagen
extracted from porcine skin for coating the frame as
the scaffold for a 2-cm-long circumferential tracheal
reconstruction in mongrel dogs. Confluent epithelial
coverage in the dogs was confirmed histologically af-
ter the dogs were sacrificed 6 months or more after op-
eration. Teramachi et al' and Nakamura et al2 used an
artificial trachea that was made from polypropylene
stent and Marlex mesh as the frame and used collag-
enous sponge as the scaffold for carinal replacement
in mongrel dogs, and reported successful results at the
S-year observation. Omori et al® reported the first hu-
man case of using an artificial trachea with a construc-
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Fig 5. Microscopic images of he-
matoxylin-eosin staining of de-
fects of tracheas after operation. A)
Three days after operation. Dou-
ble-stratified squamous epitheli-
um is observed on gel. Collage-
nous gel layer is well preserved.
B) Seven days after operation.
Stratified squamous epithelium
and infiltration of cells such as fi-
broblasts, granulocytes, and lym-
phocytes into gel are observed.
C) Fourteen days after operation.
Columnar ciliated epithelium is
observed. Most of gel has disap-
peared, and subepithelial layer has
regenerated. D) Thirty days after
operation. Same as 14 days after
operation.

50.0 Lm

Fig 4. Microscopic images of fluo-
rescent immunostaining of regen-
erated epithelium and normal tra-
cheal epithelium. Nuclei are blue.
Bars — 50.0 um. A-C) Regener-
ated epithelial cell layers express-
ing A) cytokeratin 14 (red), B) cy-
tokeratin 18 (red), and C) occludin
(red). D-F) Normal tracheal epi-
thelia expressing D) cytokeratin 14
(red), E) cytokeratin 18 (red), and
F) occludin (red).

tion the same as used in the previous studies.!2 The
patient had papillary carcinoma of the thyroid gland
with tracheal invasion and underwent hemithyroidec-
tomy, noncircumferential tracheal resection, and re-
construction with a patch of the artificial trachea. Un-
der endoscopic observation, the artificial trachea was
seen to be covered with epithelium after 2 months.
These results indicate that epithelialization on the lu-
men of the artificial trachea takes a considerable length
of time after reconstruction, and that the larger the re-
placement with artificial material, the more frequently
problems originate from inflammation or excessive fi-
brosis. It is expected that epithelialization at an early
post-reconstruction period helps to prevent problems
with grafts. In this study we tried to cover the artifi-
cial prosthesis with epithelium by means of tissue en-
gineering and examined its effectiveness for accelera-
tion of epithelialization.

Collagen accounts for about one third of the total
protein of an animal and is important not only for sup-
porting tissue construction, but also for differentiation
and formation of cells. Collagenous matrix has enabled
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Fig 6. Microscopic images of hematoxylin-eosin staining (left) and fluorescent immunostaining (right) at 3 days after operation.
GFP-positive cells (green) are located at central area of regenerated epithelium. Nucleic acid is stained by 4',6-diamidine-2'-phe-
nylindole dihydrochloride and colored blue. A — edge of tracheal defect; B — collagenous gel layer; C — collagenous sponge
layer; a — regenerated epithelium; b — epithelium with GFP-positive cells; ¢ — epithelium with GFP-negative cells; d — lump of

collapsing gel and GFP-positive epithelium.

many kinds of cells to be cultured in vitro. Cell culture
on a collagenous gel — an anchorage-dependent cul-
ture called the attached collagen gel culture method
— is suitable for epithelial cells. With this method,
culture of tracheal epithelial cells of several species,
such as rats, guinea pigs, rabbits, dogs, and humans,
has been reported.”® Collagen gel can be also strati-
fied on other matrices such as collagen sponge. These
two characteristics made collagen gel suitable for this
study. In this study, it was confirmed that covering the
surface of the prosthesis with epithelium was possible
with a collagenous gel layer.

Cytokeratin is found in the cytoskeleton of epithe-
lial cells. Cytokeratin 14 and cytokeratin 18 are mark-
ers of epithelial cells. Occludin is a marker of tight

junctions that is located on cell-to-cell adhesion in

epithelial and endothelial cellular sheets and plays
the important role of acting as a barrier to the diffu-
sion of solutes through the intercellular space. In our
in vitro study, it was demonstrated that the regener-
ated epithelium on the collagen gel displayed charac-
teristics that are found in the tracheal epithelium immu-
nohistochemically.

In our in vivo study, the artificial trachea was cov-
ered with epithelium through the observation period,
and the epithelium differentiated from single- or dou-
ble-stratified nonciliated squamous epithelium to co-
lumnar ciliated epithelium. Green fluorescent pro-
tein—positive cells were partially seen at 3 days after
operation, but they were not seen from 7 to 30 days.
It seems that the disappearance of GFP-positive do-
nor cells and epithelialization with the recipient’s
epithelial cells occurred simultaneously. One of the
reasons for this disappearance may be a kind of

allograft rejection. In the in vivo study, infiltra-
tion of lymphocytes and granulocytes into the gel
was observed at 7 days after operation. Those in-
flammatory cells probably play a role in immuno-
reactions against the transplanted graft containing
the donor’s cells. The allograft rejection can be over-
come by using autogenous cells such as the epithe-
lial cells of oral or nasal mucosa, and this is an im-
portant subject from the point of view of clinical
use. Another reason for the disappearance of GFP-
positive donor cells is the weakness of the fixation
between the epithelial cells and the collagenous gel.
Air currents or the alternately changing pressure
with respiration may exfoliate the epithelial layer. It
is necessary to find a way to fix the epithelial layer
on the collagenous gel more firmly.

In this study, it was confirmed that the donor’s epi-
thelial cells with artificial trachea survived until the re-
cipient’s epithelial cells formed the epithelium over
the defect, and that collagenous gel did not disturb the
regeneration of epithelium or subepithelial tissue. The
size of the tracheal defects of rats was too small to
evaluate the acceleration of epithelialization. The next
step is to repeat the experiment using a larger model
of tracheal defects and measure the acceleration of
epithelialization.

CONCLUSIONS

In the in vitro study, the surface of the artificial tra-
cheas was covered with a tracheal epithelium by a tis-
sue engineering technique. The epithelium on the ar-
tificial trachea kept the same immunohistochemical
characteristics as normal tracheal epithelium.

After transplantation of the artificial trachea with
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the epithelium to the tracheal defect of the rats, the
artificial trachea was covered with regenerated epi-
thelium through the observation period. The donor’s
epithelial cells survived until the recipient’s epithelial
cells formed an epithelium over the defect.

We believe that the method used in our experiment
is an effective way to regenerate the epithelium on
the surface of an artificial trachea. With further experi-
mentation, this method should be suitable for clinical
application.
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ABSTRACT

In a previously reported attempt to regenerate small intestine with autologous tissues, collagen scaf-
folds were used without cell seeding or with autologous mesenchymal stem cell seeding. However
the regenerated intestine lacked a smooth muscle layer. To accomplish regeneration of a smooth
muscle layer, this present study used collagen scaffolds seeded with the smisoth muscle cells (SMC)
in a canine model. Autologous SMC were isolated from stomach wall and cultured. Two types of
scaffolds were fabricated: in SMC (+), cultured SMCs were mixed with collagen solution and poured
into a collagen sponge; and in SMC (—), SMCs were omitted. Both scaffolds were impianted intfo
defects of isolated 1leum as a patch graft. Animals were euthanized at 4, 8, and 12 weeks; for the
last time point, the ileal loop had been reanastomosed at 8 weeks. At 12 weeks, the SMC (—) group
showed a luminal surface covered by a regenerated epithelial cell layer with very short villi; how-
ever only a thin smooth muscle layer was observed, representing the muscularis mucesae. In the
SMC (+) group, the luminal surface was covered completely by a relatively well-developed epithe-
lial layer with numerous villi. Implanted SMCs were seen in the lamina propria and formed a smooth
muscle layer. Thus, we concluded that collagen sponge scaffolds seeded with autologous SMCs have
a potential for small intestine regeneration.

INTRODUCTION alimentation is slow and depends on the area of bowel sur-

face available.! The promising treatment for insufficient

SHORT—BOWEL sYNDROME (SBS) is a clinical complica- absorptive surface would be intestinal transplantation;

tion of massive small bowel resection characterized by  however this therapy requires a donor of appropriate tis-
malabsorption and malnutrition. To varying degrees, pa-  sue type as well as long-term immunosuppression.?

tients require total parental nutrition; weaning from such Recent technological progress in the field of tissue en-
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gineering allows many tissues and organs to be regener-
ated,® and some such advances have been reported for
the small intestine. Vacanti’s group, using polyglycolic
acid (PGA) scaffolds, successfully obtained formation of
cystic structures seeded with intestinal organoids har-
vested from neonatal rats.*® They reported that tissue-
engineered small intestine improved recovery after mas-
sive small bowel resection in a rat model.? Other research
groups have used small intestinal submucosa (SIS) as a
scaffold for small intestine regeneration in rat, 1031 pah
bit,'2 and canine models.! Chen and Badylak found that
use of SIS patches produced three regenerated lay-
ers-mucosa, smooth muscle, and a serosal covering~in a
canine model.'? Hori er al. aimed to regenerate small in-
testine with material of autologous origin and using col-
lagen sponge as a scaffold,'* but the regenerated intes-
tine lacked.a smooth muscle layer, which is-essential for
functional peristalsis and maintenance caliber of lumen. !5
In an attempt to regenerate a smooth muscle layer of the
intestine, collagen sponge seeded with autologous mes-
enchymal stem cells was used, but any smooth muscle
layer still did not regenerate. 6

Unlike mature skeletal and cardiac myocytes, mature
smooth muscle cells (SMC) retain the developmental po-
tential to dedifferentiate, both in vivo and in vitro.!7 Tis-
sue engineering of urinary bladder or blood vessels us-
ing scaffolds seeded with SMCs from bladder or artery
were reported to develop an orderly smooth muscle
layer.'®-22 SMCs from a given organ show behavior dis-
tinct from that of most other organs, particularly in terms
of functional responses to various stinuli.2® It is likely
that SMCs from the gastrointestinal tract would perform
better for regeneration of intestine. In the present study,
we isolated SMCs from the stomach wall, which contains
abundant SMCs, to investigate the effect of autologous
SMC seeded onto collagen scaffolds for regeneration of
small intestine compared to collagen scaffolds without
cell seeding in a canine model,

MATERIALS AND METHODS

Animals and anesthesia

Female beagle dogs (under 2 years and weighing 9 ~
11 kg) were premedicated by intramuscular administra-
tion of atropine sulfate at 0.05 mg/kg. Dogs were then
anesthetized with 15 mg/kg ketamine hydrochloride and
3 mg/kg xylazine hydrochloride and incubated endotra-
cheally. Halothane and nitrous oxide gas were used for
the maintenance of anesthesia during the procedure, un-
der mechanical ventilation. Animal care, housing, and
surgery followed the Rules and Regulations of the Com-
mittee for Animal Research of the Kyoto Prefectural Uni-
versity of Medicine in Japan.

NAKASE ET AL.

Isolation and culture of SMCs

Gastric SMCs were harvested from anesthetized dogs
by laparotomy. A portion of smooth muscle layer was re-
sected from the anterior wall of the stomach {1 X 1cm),
using 4-0 silk sutures to close the defect of this smooth
muscle layer. Postoperatively, animals were maintained
on a liquid diet and water for 24 h, followed by resump-
tion of a full diet of dog chow.

Two techniques have already been reported for SMC
isolation—explant techniques and enzymatic dispersion.
In this study, SMCs were obtained by enzymatic disper-
sion, because the explant techniques yield a mixture of
SMC and myofibroblasts.?0 Enzymatically dissociated
stomach wall and SMCs were cultured according to the
modified method of Kiwameoto et al?* In brief, the re-
sected smooth muscle layer was incubated with 0.25%
trypsin for 30 min at 37°C and then minced with scis-
sors, followed by incubation with 0.1% collagenase I for
2 h at 37°C and passed through a nylon cell strainer (200
pm). Then, the cell suspension was centrifuged at 1000
tpm for 10 min. The pellets were resuspended in Dul-
becco’s modified Eagle’s medium (DMEM), containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
0.1 mg/mL streptomycin (all from Invitrogen, Carlsbad,
CA). The suspension was placed in 100 mm dishes coated
with collagen type I (Asahi Techno Glass, Chiba, Japan).
Cells were grown at 37°C in an incubator with a humid-
ified atmosphere of 5% CO,. Culture media were
changed every 2-3 days. When cultures reached about
80% confluence, cells were resuspended by dissociating
them with 0.25% trypsin and 0.2% EDTA (Invitrogen).
They were maintained and grown in the same culture
mediumi,

Collagen sponge scaffolds

In this study, we used the collagen sponge Pelnac
(Gunze, Kyoto, Japan), which has been used clinically as
artificial skin with excellent results in regeneration of the
dermis.?>2 We therefore considered this collagen sponge
well suited for promoting regeneration of the smooth
muscle layer. Pelnac is composed of a silicone sheet and
a sheet of collagen sponge. We used only the collagen
sponge sheet, which is 3 mm thick, with pore size of
70-110 pm and pore volume fraction of 80-95%. Ten-
sile strength of this collagen sponge is 14 #* 0.23
(mean = SD X 10* N/m?).

Labeling of cells and seeding on scaffolds

SMCs were labeled with chloromethy ibenzamido
(Cell Tracker CM-Dil, Invitrogen) at a concentration of
1 pog CM-Dil per 1 mL of Hank’s balanced salt solution
(Invitrogen). Dil-labeled SMCs were detected using a flu-
orescence microscope (IX70, Olympus, Tokyo, Japan).
SMCs were cultured in the collagen sponge as follows.
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Seven volumes of acid-soluble type I collagen solution
mixed with 2 volumes of a 5-fold concentration of
DMEM and 1 volume of reconstruction buffer (all from
Nitta Gelatin, Osaka, Japan). This mixture was kept on
ice, mixed with cultured cells at a density of 5 X 10°
cell/em?, and poured into the collagen sponge. The mix-
ture was incubated at 37°C for 1 h to allow trapping of
cells in the collagen sponge. There were collagen sponges
with collagen solution containing SMCs (+) or not con-
taining SMCs (—). The collagen scaffolds were cultured
for 12 h using DMEM containing 10% FBS before im-
plantation, as described below.

Implantation procedure

After laparotomy, two ileal loops were isolated, to-
gether with several feeding and draining vessels, while
the interrupted bowel was reanastomosed using a two-
layer technique with 4-0 Vicryl (Ethicon, Mountain
View, CA) and 4-0 silk to maintain a normally func-
tioning alimentary canal. We created defects (1 X 1 cm)
in the small intestine at the middle of the isolated ileal
loops and patched these with silicone sheets using 6-0
Vieryl sutures. The silicone sheets were necessary to pro-
tect the seaffolds from infection and digestion. SMC (+)
and (—) scaffolds were placed below the silicone sheet.
They were fixed in place with 6-0 Vicryl sutures (Fig.
1A) and covered on the serosal aspect with omentum.
The ileal loops were used to construct a double ileostomy
on both sides of the abdominal incision (Fig. 1B). The
abdominal incision was closed in-two layers with 1-0silk.

Two animals were euthanized at 4 weeks after im-
plantation, and another two at 8 weeks. The last four an-
imals were divided into two subgroups of two dogs each.
At 8 weeks, one subgroup underwent reanastomosis of
the SMC (+) ileal loop, and the other subgroup under-
went reanastomosis of the SMC (—) ileal loop, with the
aim of preventing disuse atrophy (Fig. 1C}. Dogs in both
subgroups were killed at 12 weeks after implantation.
Specimens were examined histologically. Postopera-
tively, animals were maintained on a liquid diet and wa-
ter for 48 h and then returned to a full diet of dog chow.
An antibiotic {cefazolin sodium, 50 mg/kg/day, i.m.) was
given for 5 days.

Histologic, immunohistochemical, and
immunofluorescence analyses

Samples of the isolated cells were fixed for 10 min in
acetone; Collagen sponge scaffolds before implantation,
and also scaffolds harvested later with tissues, were fixed
with 10% buffered formalin, processed for embedding in
paraffin, and sectioned at a thickness of 4 pwm. These
scaffolds and tissues were stained with hematoxylin and
eosin. Tissues and cells were stained immunohistochem-
ically with an Envision-+/HRP detection system (Dako,
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Kyoto, Japan). In brief, endogenous peroxidase activity
was blocked with peroxidase blocking reagent (Dako) for
5 min. Then sections or fixed cells were incubated with
mouse monoclonal antibodies: against a-smooth muscle
actin (a-SMA),. basic calpoenin, vimentin, desmin, von
Willebrand factor (vWF), or cytokeratin MNF116 (all
from Dako) for 1 h at room temperature. Then the sec-
tions or cells were incubated for 30 min at room tem-
perature with peroxidase-labeled polymer conjugated to
goat anti-rabbit or goat anti-mouse immunoglobulin.
They were incubated with diaminobenzidine (DAB)
chromogen. for 5 min, counterstained with H&E, and
mounted with a cover slip. Between the steps; sections
were rinsed gently with Tris-buffered saline, Control sec-
tions were incubated in the absence of primary antibody.

In the immunofluorescence study, in order to examine
the location of Dil-labeled SMCs, paraffin-embedded tis-

FIG. 1.

Surgical technique and collagen scaffolds for SMC
(+).and SMC (—) groups. (A) SMC (+) or SMC (—) scaffolds
were implanted as patch grafts into defects credted in two iso-
lated ileal loops. (B) The patch graft was covered with omen-
tum, and the two ileal loops were used to construct a double
ileostomy on the anterior abdominal wall bilaterally. (C) At 8
weeks after implantation, the ileal loops were reanastomosed to
avoid disuse atrophy. (D and E) Hematoxylin and eosin stain-
ing of SMC (—) (D) and SMC (+) scaffolds (E). SMC were
seeded in the lattice spaces of the collagen sponge in the SMC
() scaffolds (arrows). (F) Most cells of the SMC (+) scaf-
folds are labeled with Dil (arrows). (D-F) Original magnifica-
tion X 100,
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FIG. 2. Isolated and cultured SMCs. (A) Immediately after
enzymatic. isolation, SMC were characterized by a slender
shape. (B) At day 3 in culture, SMCs show a broad, spreading
shape with several mitotic figures. (C) At day 7, the cultured
SMCs: appear subconfluent and have a fusiform shape with
groups of cells aligned closely, in paralle! orientation. (D) At
day 12, the cultured SMCs show a hill-and-valley pattern with
mumerous areas of cellular retraction. The SMC express -
smooth muscle actin (E) and basic calponin (F). Original mag-
nification X 40 (A-D); X 100 (E and F).

sue samples were cleared by washing with xylene, fol-
lowed by air drying at room temperature for 5 min. The
secondary antibody was fluorescein isothiocyanate (FITC)
conjugated to goat anti-rabbit or goat anti-mouse im-
munoglobulin (Dako); after its application, slides were
washed and specimens were mounted with cover slips us-
ing Vectashield mounting medium containing 4’,6-di-
amidino-2-phenylidole (DAPI, Dako). Specimens were ex-
amined using a fluorescence microscope (IX70, Olympus).

Electron microscopy

Smooth muscle cells that were only seeded in the col-
lagen sponge and implanted at SMC 12 weeks were ex-
amined by transmission electron microscopy (TEM).
Specimens were cut into 1-mm cubes and fixed in 2%
glutaraldehyde in cacodylate buffer for 12 b at room tem-
perature. The specimens were further fixed in osmium
teiroxide, dehydrated in graded alcohol, and embedded
in epoxy resin. Ultrathin sections were stained with lead
acetate and lead citrate. The specimens were observed
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using a transmission electron microscope (JEM-2000EX,
JEOL, Tokyo, Japan).

RESULTS

Smooth muscle cells from stomach wall

Smooth muscle cells obtained from the stomach wall
by enzymatic dispersion initially were characterized by
a slender shape (Fig. 2A). After culture for 3 days, SMCs
began to redifferentiate, and numerous cells undergoing
mitosis were observed (Fig. 2B). At 7 days, SMCs ap-
peared subconfluent, with individual regions of cells
aligned in close, parallel orientation (Fig. 2D). At 12
days, SMCs showed morphologic characteristics typical
of smooth muscle cells, as indicated by a hills-and-val-
leys appearance described by Chamley-Campbell et al.2”
(Fig. 2D). SMC identity was confirmed by immunoreac-
tivity for @-SMA and for basic calponin (Fig. 2E and F).
Cultured SMCs did not stain for an epithelial marker (cy-
tokeratin) or an endothelial marker (VWF). In addition,
all cells were stained for vimentin while very few cells
were stained for desmin (data not shown).

FIG. 3. Macroscopic: findings on the luminal side of the graft
area. The SMC (—) group (A) and SMC (+) group (B) at4 weeks
after imiplantation, and the SMC (~) group (C) and SMC (+)
group (D) at 12 weeks after implantation. (A and B) In both
groups, the luminal surface of the graft area was not covered with
mucosa at 4 weeks, but had an ulcerative appearance. (C) At 12
weeks, the graft surfaces in the SMC () group were covered
by regenerated mucosa that was depressed relative to the adja-
centmucosa: {D)-At 12 weeks in the SMC (+) group, it-was dif-
ficult to macroscopically distinguish the appeararice and contour
of the regenerated mucosa from that of the normal mucosa.
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FIG. 4. Histologic and immunohistochemical features of the
graft area at 4 weeks after implantation. H&E staining is shown
for the SMC (—) group (A) and SMC (+) group (B). (C-F) High-
power views of boxed regions in A and B: H&E staining (C and
D) and immunostaining for von Willebrand factor (E and F). A
considerably greater number of blood vessels are observed in the
graft area in the SMC (+) group than in the SMC (—) group.
Original magnification X 2 (A and B); X 100 (C-F).

Collagen sponge scaffolds seeded with smooth
muscle cells

The scaffolds had shrunk about 10% from their origi-
nal size at 12 h after seeding. SMCs were seeded on lat-
tice spaces of collagen sponge scaffolds; almost all cells
showed Dil labeling (Fig. 1E and F). When we seeded
the cells without collagen solution, far fewer cells re-
mained in the sponge scaffolds because they passed
through the pores of the sponge. In addition, the seeded
cells were distributed unevenly in the collagen sponge
when collagen solution was not used for seeding (data
not shown).

Macroscopic examination

All animals survived until the scheduled time for eu-
thanasia. During the experiment, change in body weight
did not exceed 1 kg, and no anastomotic problems, such
as dehiscence, occurred. The serosal aspect of both scaf-
folds remained firmly covered with omentum after 4, 8,
and 12 weeks. At 4 weeks after implantation, Vicryl su-
tures had nearly disintegrated, and silicone sheets had al-
most come off the luminal surface of the graft site. With
both groups, the luminal surface of the graft area was not
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covered with mucosa at 4 weeks but rather had an ulcer-
like appearance (Fig. 3A and B). At 8 weeks, graft sur-
faces were covered with regenerated mucosa that was de-
pressed relative to adjacent mucosa. At 12 weeks, the
SMC (—) group showed the same depressed contour (Fig.
3C). At 12 weeks in the SMC (+) group, however, the
appearance and contour of regenerated mucosa were dif-
ficult to distinguish macroscopically from normal mu-
cosa (Fig. 3D).

Microscopic examination

Postoperative interval of 4 weeks

SMC (—). The graft site was infiltrated with cells, cap-
illaries, and connective tissue. Immunohistochemical
staining for vWF indicated the location of blood vessels,

FIG. 5. Histologic and immunohistochemical features of the
graft area at 4 weeks after implantation. (A, C, and E) High-
power views of boxed regions in Fig. 4 A. (B, D, and F) High-
power views of boxed regions in Fig. 4 B. (A and B) Hema-
toxylin and eosin staining; (C and D) Immunostaining for
a-SMA; (E and F) immunostaining for basic calponin. To the
left of the dashed line is original smooth muscle layer (SML);
to the right is the graft site (GS) in A, C, and E. To the right
of the dashed line is SML; on the left is GS in B, D, and F. In
the SMC (—) group, most cells at the graft site were myofi-
broblasts because they were stained immunohistochemically for
a-SMA but not for basic calponin (C and E). In the SMC (+)
group, both SMC and myofibroblasts were stained immuno-
histochemically with anti-a-SMA (D). SMC were identified by
their immunoreactivity with anti-basic calponin. SMC were
sparsely dispersed among the more numerous myofibroblasts
(F). Original magnification X 2 (A and B); X 40 (C-H).
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some of which were in the graft area (Fig. 4C and E).
Most cells at the graft site were myofibroblasts, as they
stained immunohistochemically for -SMA but not ba-
sic calponin® (Fig. 5A, C, and E). As noted macroscop-
ically, the luminal surface was not yet covered with ep-
ithelial cells.

SMC (+). The graft site was infiltrated by cells, cap-
illaries, and connective tissue. Immunohistochemical
staining for vVWF showed that the SMC (+) group had a
considerably higher number of blood vessels in the graft
site than in the SMC (—) group (Fig. 4C and F). Both
SMCs and myofibroblasts were stained immunohisto-
chemically with anti-a-SMA. SMCs were identified by
their immunoreactivity with anti-basic calponin. SMCs
were sparsely dispersed among the more numerous my-
ofibroblasts. These cells showed Dil labeling by fluores-
cence microscopy, confirming that their ori gin was of im-
planted cells (Fig. 5B, D, and F). A transitional mucosal
epithelial layer began to line the luminal surface of the
graft site at the end of the anastomosis.

Postoperative interval of 8 weeks

SMC (—). The luminal surface of the graft site was
covered with a monolayer of mucosal columnar epithe-
lial cells. Collagen sponge scaffolds were absorbed, and
myofibroblasts had disappeared. A thin smooth muscle
layer, the muscularis mucosae, was stained immunohis-
tochemically with anti-a-SMA and anti-basic calponin
(Fig. 6 A, C, and E).

SMC (+). The luminal surface of the graft site was
covered with a regenerated epithelial cell layer that in-
cluded goblet cells and had a villus-like configuration,
although these villi were shorter than those in adjacent
normal mucosa. Immunohistochemical staining with anti-
@-SMA and basic calponin and detection of the labeled
cells using a fluorescence microscope showed the pres-
ence of implanted SMCs in the lamina propria and formed
a deeper smooth muscle layer (Fig. 6B, D, and F). The
collagen sponge scaffolds were absorbed, and myofi-
broblasts had disappeared. Implanted SMCs were multi-
layered, and the surface area of the graft site shrank.

Postoperative interval of 12 weeks
(reanastomosed at 8 weeks)

SMC (—). The luminal surface of the graft site was
covered with a regenerated epithelial cell layer showing
very short villi. No significant change in thickness of the
muscularis mucosae was noted between 8 and 12 weeks.

SMC (+). The luminal surface of the graft site was
covered completely by a relatively well-developed ep-
ithelial layer with numerous villi and also an orderly
smooth muscle layer (Fig. 7A-C). At this time point,
these villi were more developed and the implanted SMCs
had more polarity than they had at 8 weeks. To examine
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the dual location of Dil-labeled SMCs and basic calponin
expression at the graft site, samples were stained for im-
munofluorescence and analysis using a fluorescence mi-
croscope. Implanted SMC were noticed to organize into
a circumferential smooth muscle layer and were present
in part of lamina propria (Fig. 7D-I).

Phenotypic change of SMC

SMC underwent a spontaneous change in pheno-
type—from the contractile state to the synthetic state—dur-
ing the culture.’® SMCs seeded only in the collagen
sponge contained large nuclei, large amounts of rough
endoplasmic reticulum and mitochondria, and very few
myofilament bundles with dense bodies (Fig. 8A). These
findings show that these SMCs are in the synthetic state.30
SMCs implanted at 12 weeks contained many bundles of
thick and thin myofilaments with associated dense bod-
ies and organelles, such as mitochondria, a Golgi appa-

o, M)

FIG. 6. Histologic and immunohistochemical features of the
graft area at 8 weeks after implantation. Hematoxylin and eosin
staining is shown for the SMC (—) group (A) and SMC (+)
group (B). (C-F) High-power views of A and B: H&E stain-
ing (C and D); immunostaining for basic calponin (E and F).
The luminal surface of the graft site was covered with a mono-
layer of mucosal columnar epithelial cells (C). A thin smooth
muscle layer, the muscularis mucosae, was stained immuno-
histochemically with anti-basic calponin (E). The luminal sur-
face of the graft site was covered with a regenerated epithelial
cell layer that included goblet cells and had a villus-like con-
figuration; however, these villi were shorter than those in ad-
Jjacent normal mucosa (D). Implanted SMCs formed a thicker
smooth muscle layer (F). Original magnification X 2 (A and
B); X 100 (C-F).
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FIG. 7. Histologic, immunohistochemical, and immunofluorescence features of the graft area at 12 weeks after SMC (+) scaf-
fold implantation. (A) Hematoxylin and eosin staining. (B and C) High-power views of A: H&E staining (B); immunohisto-
chemical staining for basic calponin (C). The graft site is shown by the bar. (D-I) High-power views of B: a portion of the lam-
ina propria of the graft site(D-F); a portion of the smooth muscle layer of the graft site(G-I). (D and G) H&E staining; (E and
H) immunofluorescence staining for basic calponin. (F and I) The location of SMC labeled by Dil. The luminal surface of the
graft site was completely covered by a relatively well-developed epithelial layer with numerous villi and an orderly smooth mus-
cle layer. It was observed that implanted SMCs were organized into a circumferential smooth muscle layer and were present in
a part of the lamina propria (arrows, E and F). Original magnification X 2 (A); X 40 (B and C); X 400 (D-I).

ratus, and ribosomes that are localized in the perinuclear
region. These findings indicate that these SMCs are in
the contractile state (Fig. 8B).3°

DISCUSSION

We pursued organ tissue engineering with autologous
cells in order to avoid transplantation problems such as
rejection, long-term immunosuppression, donor scarcity,
ethical issues, and infection. This study focused on re-
generation of the smooth muscle layer of the intestine,
using collagen scaffolds seeded with autologous SMCs
suspended in collagen solution. Although tissue engi-
neering of bladder and vessels using SMC-seeded scaf-
folds had been reported previously,'®-2! this study may
be the first demonstration of tissue engineering of intes-
tine using SMC-seeded scaffolds.

We obtained SMCs from the smooth muscle layer of
the stomach wall, which has an abundance of smooth
muscle. We were able to resect a portion of the smooth
muscle layer of stomach wall via an incision of <3 cm
in length, with an operative time of <15 min and with-

out any complications. Therefore, this procedure seems
to be safe and minimally invasive. Thus, we considered
the stomach wall to be an appropriate source of SMCs.
Our simple method of enzymatic dispersion made it pos-
sible to obtain differentiated SMCs of high purity. Iso-
lated SMCs entered mitosis and proliferated in vitro in
10% blood serum. Our results were similar to those of
previous reports: 132123 when we seeded SMCs on the
collagen sponges without collagen solution, many cell-
free spaces were seen on the collagen sponge, as was re-
ported in a study with poly (lactic-co-glycolic acid)
(PLGA) mesh-collagen hybrid scaffolds.?? Transmission
electron microscopic analyses revealed that SMCs that
were only seeded in the collagen sponge were in a syn-
thetic state. On the other hand, implanted SMCs changed
their phenotype from the synthetic to the contractile state
in vivo.

At an early time point in our study (4 weeks after im-
plantation), the graft site was infiltrated by numerous my-
ofibroblasts in both groups. In the SMC (+) group, the
implanted SMC were sparsely distributed among many
myofibroblasts in the graft site. The myofibroblasts ex-
isting during wound healing were reported to disappear



FIG. 8. Trensmission electron microscopic appearance of
SMCs. SMC just seeded into the collagen sponge shows large
nuclei and a large amount of rough endoplasmic reticulum and
mitochondria and very few myofilament bundles with dense
body (arrows). This cell is in the synthetic state (A). SMC im-
planted at 12 weeks contains several bundles of thick and thin
myofilaments with assoeiated dense bodies (arrows) and or-
ganelles, such as mitochondria, a Golgi apparatus, and ribo-
somes that are localized in the perinuclear region. This cell is
in the contractile state (B). Original magnification X 3000
(A); X 12,000 (B).

gradually later.? At 8 weeks in the SMC (—) group, no
myofibroblasts remained and only a thin smooth muscle
layer (muscularis mucosae) was seen. In the SMC (+)
group at this time point, myofibroblasts had disappeared
and implanted SMCs were forming a smooth muscle Iayer,
although their arrangement within the layer was random.
At 12 weeks after implantation in the SMC (+) group, im-
planted SMCs demonstrated polarity of arrangement, ap-
pearing as the circular muscle layer without any evidence
of longitudinal muscle layer formation. Tn the future we
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plan fo investigate the character and function of this re-
generated smooth muscle layer.

Angiogenesis in the submucosa supports the heal-
ing of the overlying epithelium. Immunohistochemical
staining for vWF indicated the location of blood ves-
sels. We included the picture of immunohistochemical
staining for vWF in the SMC (+) and SMC (—) groups
at 4 weeks after implantation. A considerably greater
number of blood vessels was observed in the graft area
in the SMC (+) group than in the SMC (—) group.
These findings suggest that implanted SMC may re-
lease some angiogenic growth factors, such as vascu-
lar endothelial growth factor and basic fibroblast
growth factor. As a result, implanted SMCs may ac-
celerate mucosal healing. The lamina propria, which
forms the cores of villi, consists of connective tissue
fiber, fibroblasts, mature fibrocytes, and smooth mus-
cle cells.? Our implanted SMCs were also seen in the
lamina propria. In this study, SMC (+) group showed
a relatively well-developed epithelial layer with nu-
merous villi, while the SMC (—) group had a regen-
erated epithelial cell layer with very short villi. Recent
studies have demonstrated that intestinal fibroblasts
promote proliferation of intestinal epithelial cells in
vitro.333% These results suggest that the lamina pro-
pria has an important role in growth of mucosa and
formation of villi. We believe that growth of the lam-
ina propria was promoted by SMC implantation, re-
sulting in a more normal appearance of the regener-
ated mucosa.

Graft sifes shrank to a smaller area than the original
size of scaffolds. For regeneration of small intestine in a
tubular configuration, it is necessary to prevent the
shrinkage of the graft area. Shrinkage may occur due to
the following reasons. First, the mechanical strength of
this collagen sponge may not have been very low and
degradation time of this collagen sponge may have been
very short. To regenerate the small intestine tissue, the
scaffold may need more long time to keep the structure.
Second, the number of seeded SMCs may have been too
small. Because implanted SMCs are constituents of both
smooth muscle layer and lamina propria, application of
large numbers of SMCs to the scaffolds may be needed.
Future investigations in vivo will determine the optimal
number of SMC to be seeded. Third, growth of blood
vessels into the scaffolds may have been insufficient,
even though neovascularization could be seen in the graft
site at 4 weeks. Recent reports have demonstrated the an-
giogenic effect of vascular endothelial growth factor or
hepatocyte growth factor in tissue engineering.3>36 In the
future we will investigate the effect of such tropic fac-
tors in our scaffold model.

In this study, regenerative epithelial cells immedi-
ately covered the scaffold. However, a much longer
time will be required to regenerate mucosa ‘when this
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is attempted over a wide area. Culture of intestinal ep-
ithelial cells in vitro is difficult. Epithelial units con-
taining intestinal stem cells disaggregate soon after
plating, and the isolated cells die within a few days.?”
However, a recent study reported success in culturing
of intestinal epithelial cells on amniotic membranes or
on fibroblasts embedded in collagen gel.3>7 We plan
to investigate the culture of autologous intestinal ep-
ithelial cells on a collagen scaffold seeded with SMCs.
If this approach succeeds, far more extensive regener-
ation of intestine over a reasonably short time will be
expected.

In conclusion, implanted SMCs formed a smooth mus-
cle layer and possibly accelerated epithelization of the Iu-
minal surface. Collagen sponge scaffolds seeded with au-
tologous smooth muscle cells show a potential for
regeneration of small intestine.
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