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Abstract

Purpose—~Fecal incontinence is a common disorder that can have devastating social and
psychologic consequences. However, there are no long-term ideal solutions for such patients.
Although loss of continence is multifactorial, the integrity of the internal anal sphincter (IAS) has
particular significance. We previously described the development of 3-dimensional bioengineered
constructs using isolated smooth muscle tissue from donor C57BL/6 IAS. We hypothesized that
the bioengineered ring constructs would retain cellular viability and promote neovascularization
upon implantation into a recipient mouse.

Methods—Internal anal sphincter ring constructs were surgically implanted into the
subcutaneous tissue of syngeneic C57BL/6 mice and treated with either fibroblastic growth factor
2 (0.26 g daily) or saline controls using a microosmotic pump. Internal anal sphincter constructs
were harvested after 25 days (range, 23-26 days) and assessed morphologically and for tissue
viability.

Result—Gross morphology showed that there was no rejection. Rings showed muscle attachment
to the back of the mouse with no sign of inflammation. Fibroblastic growth factor 2 infusion
resulted in a significantly improved histologic score and muscle viability compared with the
control group.

Conclusions—Three-dimensional bioengineered IAS rings can be successfully implanted into
the subcutaneous tissue of recipient mice. The addition of fibroblastic growth factor 2 led to
improved muscle viability, vascularity, and survival. This approach may become a feasible option
for patients with fecal incontinence.
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Fecal incontinence is the involuntary loss of solid or liquid stool or flatus. Epidemiologic
studies have shown that fecal incontinence affects 2% to 15% of the population including
people of all ages from childhood to the elderly, thus making it a common disorder, which
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can lead to a dramatically negative impact on their quality of life [1,2]. Although the control
of continence is multifactorial, the integrity of the internal anal sphincter (1AS) has
particular significance to continence. The neuromuscular mechanisms that control the 1AS
are poorly understood; however, the IAS is characterized by the ability to maintain basal
tone, as well as to relax, allowing for the passage of feces [3,4]. The loss of IAS function
because of congenital anomalies, or trauma, or aging is a critical factor contributing to fecal
incontinence. Unfortunately, there are no long-term successful solutions for such patients,
either surgically or medically [5,6].

Advances in bioengineering technology have led to the development of a number of organs
and tissues. It is now clear that when a 3-dimensional (3-D) structure is kept intact, the
physiologic functions of tissues are retained, and the tissue can survive for extended periods
of time [7-9]. Challenges, however, remain in gaining adequate long-term viability after
implantation into a host. We have previously developed a 3-D bioengineered IAS in which
harvested IAS from a donor self-organize inside a loose fibrin gel. The resulting tissues are
stable for more than 6 weeks in culture without deterioration of function. We have
successfully bioengineered 3-D physiologic models of IAS in vitro using isolated sphincter
smooth muscle cells (SMCs) from rabbit, mice, and human IAS. These bioengineered IAS
rings exhibited physiologic behavior that is functionally similar to smooth muscle in vivo
[10-12]. The long-term goal of tissue engineering is to maintain long-term viability of
engineered tissue and to eventually implant the IAS into a recipient. However, a major
limitation is the lack of a vasculature within the tissue construct. This lack of a vasculature
limits oxygen diffusion to the cells resulting in the loss of viability. It therefore becomes
essential to promote neovascularization within the bioengineered tissue [13]. There have
been several studies where tissue constructs have been engineered in vitro and then
implanted into recipient animals. However, the degree of success varies according to the
ability of the construct to promote the generation of new blood vessels [14-17]. Many recent
approaches have suggested improved neovascularization with the use of recombinant
angiogenic growth factors including vascular endothelial growth factor or basic fibroblast
growth factor (FGF) [18-23]. In this study, we describe the subcutaneous implantation
model of bioengineered IAS constructs along with the constant infusion of FGF-2. We
further hypothesized that these constructs would retain cellular viability and promote
neovascularization upon surgical implantation into syngeneic mice, and that this would be
enhanced with the use of FGF-2.

1. Materials and methods

1.1. Bioengineered IAS constructs

The development of 3-D bioengineered IAS constructs has been previously described.
Briefly, isolated SMCs are grown in a fibrin gel casting in an in vitro setting [14-16]. In the
present study, we developed 3-D bioengineered IAS from isolated mouse IAS SMCs.
Briefly, the 1AS, consisting of the distal most 3 mm of the circular muscle layer, ending at
the junction of skin and mucosa, and the distal colon were removed by sharp
microdissection. The tissues were rapidly cleaned and stripped of a connective tissue in ice-
cold carbonated Krebs solution containing 2% penicillin-streptomycin. Using sterile
technique, isolated mouse IAS cells were seeded onto a fibrin mold (Slygard, Dow Corning,
Midland, MI; polydimethylsiloxane), which allows cells to self-align and form a ring within
a 5- to 10-day period of time.

1.2. IAS implantation and harvesting

1.2.1. Animals—C57BL/6J female, specific pathogen-free mice (8 week old; Jackson
Laboratory, Bar Harbor, ME) were maintained under temperature-, humidity-, and light-
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controlled conditions. The studies conform to the Guidelines for the Care and Use of
Laboratory Animals established by the University Committee on Use and Care of Animals
at the University of Michigan, and protocols approved by that committee (No. 09714).

1.2.2. Surgical procedure—Sterile pumps containing recombinant FGF-2 (see below)
dissolved in sterile phosphate-buffered saline (PBS) were prepared. Anesthetized mice had
the surgical area in the back of the mice shaved and prepared with surgical scrub and
alcohol. A 2-cm skin incision was made in the upper part of the back of the mice
(midscapular incision). Care was taken to cut only the skin and not the underlying tissues. A
subcutaneous pocket was created, which was large enough to fit the microosmotic pump.
The pump (Alzet microosmotic pump, model 1004; Durect Corporation, Cupertino, CA) and
the attached sterile polyethylene catheter (ID 0.76 mm) were kept in sterile 0.9% saline at
37°C for at least 48 hours before implantation to ensure for equilibrium and precise delivery
of growth factor at a delivery rate of 0.11 pL/h, and total volume was 100 pL (Fig. 1).
Recombinant FGF-2 (ProSpec-Tany TechnoGene Ltd, Israel) was prepared by dissolving 10
pg of FGF-2 in 100 pL of PBS, allowing for the delivery of 0.26 pg/day/mouse. In controls
only PBS was given.

After the pump and the attached catheter were inserted into the subcutaneous pocket, the
IAS ring was inserted into the same pocket approximately 0.5 cm away. One small
nonabsorbable suture (6-0 polypropylene) was placed loosely around the implanted
construct to mark its position. After the implanted ring was secured in place, we directed the
tip of the polyethylene catheter toward the implanted construct and fixed it to the underlying
muscle to prevent excess movement and to direct the delivered substance toward the
implanted IAS. The skin incision was then closed with 4-0 polyglycolic acid sutures. The
animals were returned to cages for recovery in standard fashion for approximately 25 days.
A total of 10 ring constructs were implanted in this manner (5 mice received FGF-2, and 5
control mice).

1.2.3. Construct harvest—Mice were sacrificed between 23 and 26 days
postimplantation (mean, 25 days) using carbon dioxide asphyxiation. The previous incision
was reentered and the construct removed from the surrounding tissue after localization of the
polypropylene suture site. The implanted IAS construct was then harvested for morphologic
assessment.

1.3. Gross and histologic morphology

The gross appearance of the implanted ring construct was evaluated by visual and tactile
examination upon harvest. Parameters assessed included color, size, and texture. The 1AS
constructs were immediately divided into 2 halves, and sections were immediately fixed in
10% buffered formalin. Formaldehyde fixed tissues were dehydrated, embedded in paraffin,
and sectioned transversely (5-um thickness) and were stained with H&E for morphologic
analysis.

1.3.1. Histologic scoring system—Examination was performed using standard setting
of a Nikon TS 100 microscope (Nikon Corp., Tokyo, Japan). Histologic assessment of tissue
viability was made according to a viability scoring system, as previously described, and
modified slightly by our laboratory [24,25]. The histologic assessment score (Table 1)
ranged from O to 5 and was based on 3 criteria: morphology of the muscle, presence or
absence of degeneration of the muscle fibers, and amount of blood vessel in-growth.
Additional analysis was performed to better quantify the mean number of blood vessels seen
in 5 distinct high-powered fields (HPFs), with the maximal number of nonoverlapping
vessels being scored. Furthermore, the number of muscle fibers was counted and represents
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the number of muscle fibers in one HPF. Finally, the mean muscle fiber size was also
recorded for each 1AS. For each examined IAS ring, the value measured was based on the
mean score in a minimum of 5 fields at 200x total magnification, and the final score was
computed by adding the score for each half, the result represented an n = 1 result.

1.4. Statistical analysis

2. Results

Data are reported as mean + SD. Results were analyzed using t tests for comparison of 2
means using Prism software (GraphPad Software, Inc, San Diego, CA). A value of P < .05
was considered to be statistically significant.

2.1. Gross macroscopic morphology

Mice showed no gross abnormalities upon the harvest of the construct (Fig. 1). All mice
maintained normal weight gain and activity postimplantation and showed no evidence of
wound infection; survival was 100%. The overall gross appearance of the implanted IAS is
summarized in Table 2. All rings showed muscle attachment to the back of the mouse, with
no discoloration or signs of inflammation. Interestingly, superficial capillaries were visible
in multiple sites on the FGF-2—treated rings during harvesting, indicating a gross suggestion
of healthy vascularization. Upon harvest, I1AS rings showed good bleeding in 4 of the
FGF-2—treated mice, whereas 1 graft was darker with a reduced amount of bleeding
compared with the others. There was no significant difference in the ring size before and
after implantation in 4 of the 5 FGF-2 mice. Size variability, however, was much greater
among the mice in the control group (Table 2). Texture of the harvested ring was soft in 4 of
the FGF-2 mice, whereas the rings in 2 of the control group had a firm texture.

2.2. Histologic scoring

The overall histologic results are summarized in Table 3 and Fig. 2. There was a highly
significant difference (P <.001; Table 3) between the control group (3.4 £+ 1.8; range, 3-7)
and the FGF-2 group (8.0 £ 1.6; range, 6—10) for the total histologic score, strongly
supporting a greater degree of viability of the postimplanted IAS construct treated with
FGF-2. Several differences were seen with regard to individual components of the grading
system. There was a significant difference between the 2 groups regarding the morphologic
score (FGF-2 group 3.0 + .7 versus control group 1.2 + 0.8; P <.05). Degree of vascularity
showed multiple large-sized vessels in 4 of the 5 FGF-2 treated rings (1.6 + 0.54), whereas
only 2 1AS rings in the control group had blood vessels that could be clearly identified (0.2
+ 0.4). Although qualitatively there was no statistically significant difference in the blood
vessel score, the mean number of blood vessels was seen to be significantly increased (P <.
01) in the FGF-2—treated group (Table 3). There was no significant difference between study
groups regarding the degree of muscle degeneration (P > .05). However, there was a
significant increase in the overall number of muscle fibers and size of the muscle fibers in
the FGF-2—treated group (Table 3; P <.05).

3. Discussion

Despite the high incidence of the fecal incontinence, there are no long-term successful
solutions for such patients. Although the integrity of the IAS plays a critical role in
maintaining anal continence, little is known about the mechanisms underlying the IAS
function and physiology. We have successfully developed 3-D bioengineered IAS rings
from 1AS SMCs of donor mice. To our knowledge, this is the first published report that
confirmed that an 1AS construct can be successfully implanted subcutaneously into a mouse
and remain viable for 3 weeks. Clearly, one of the greatest challenge is keeping the construct
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viable during implantation, with generation of new blood vessels that would promote the
long-term survival of the 1AS construct [13,26]. There have been several research studies
describing the methods of surgical implantation of a bioengineered construct into the
recipient mice. Although the target site of implantation has varied considerably between
studies, the most common sites were subcutaneously [14,19,27], Intraperitoneally around the
omentum or in the orthotopic location of the original tissue (ie, the myocardium for cardiac
tissue implant) [28-30]. In all sites, the successful implantation depended on
neovascularization. In our study, we described subcutaneous implantation in the upper part
in the back of the mice. We preferred this area for implantation because this area was felt to
be safe and far from being injured by the mouse. In addition, this location has been found to
have sufficient space for placement of the pump and IAS.

One of the most important limitations of successful surgical implantation of a tissue
construct is the poor in-growth of new blood vessels, which results in cell loss owing to
hypoxic cell death during the early postimplantation stage [31]. Many attempts have been
made to overcome this problem and stimulate vasularization by using recombinant
angiogenic growth factors including vascular endothelial growth factor or basic FGF. The
use of constant infusion of FGF-2 over 14 days with a microosmotic pump increased tumour
vascularity, blood flow, and even the chemotherapy uptake [20]. Also, FGF-2 increased
vascularization and improves the process of wound healing in ischemic tissue [21].
Recently, Marra et al proved that delivery of FGF-2 for 14-days in vivo resulted in cell
survival and enhanced vascularization of adipose tissue, which decreased the time required
for successful vascularization and accelerated the treatment process [32].

In our study, we described sustained local infusion of recombinant human FGF-2 using a
microosmotic pump. The use of such pumps provided constant infusion over the
postimplantation period without observed evidence of systemic effects and allowed
increased efficiency of the drug owing to its proximity [33]. Dosing of FGF-2 varies among
researches between a dose of 0.1 to 0.5 pg/d [34]. Dosing depends on the duration of
delivery and the optimal goal. In our study, we delivered an average dose approximately
0.26 pg/d with a maximum dose of 7 g over the entire time of implantation. This dose was
found to be quite suitable for graft viability and for the promotion of vascularization.

Many authors have described implantation of tissue constructs in vivo, but the results of
implantation have been variable [35,36]. In our study, no signs of rejection were found in
the implanted rings because of the use of syngeneic tissue. All rings showed good muscle
attachment to the recipient mouse, without signs of inflammation. Interestingly, blood
vessels were visible on many of the FGF-2—treated rings, indicative of healthy
vascularization. Our histologic results showed that there was a highly significant difference
between the control and FGF-2 group, which also demonstrated the high viability of the
postimplanted IAS construct treated with growth factor. Although there are few previous
comparative studies regarding histologic scores of implanted constructs, our result matched
previous investigators who showed the importance of FGF-2 in maintaining viability and
neovascularization of implanted tissue [32].

Our laboratories have recently reported the successful development of human IAS, which
also opens up the possibility of translating this application to clinical usage [37].

We conclude that 3-D bioengineered rings can be successfully implanted in subcutaneous
tissue. The addition of FGF-2 may well lead to improved tissue viability, cellular integrity,
and improved vascularization. This approach may become a viable future option for patients
with fecal incontinence.
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Fig. 1.

Operative photographs. A, The arrow shows the implanted IAS ring with nonabsorbable
suture around it. Dimensions of graft are marked: 12 and 5 mm. B, Implanted 1AS ring
(small arrow) and tip of microosmotic pump catheter near the 1AS graft (large arrow). C,
One arrow shows the implanted IAS ring at time of harvest with the other 2 arrows (pointing
to the left) show the pump with the attached catheter. D, Implanted IAS ring at time of
harvest with arrows showing multiple visible blood vessels adjacent to the graft.
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Fig. 2.

Histomicrographic appearance of IAS implants. Bar represents 200 um. A and B, Implanted
IAS ring from FGF-2 group. A, Note the tightly distributed muscle fiber bundles. Note the
well-formed peripheral nuclei in each cell and central blood vessels between muscle bundles
(arrows). B, Cross section of IAS. Note the well-formed muscle fibers with peripheral nuclei
and numerous blood vessels (arrows) in between bundles. C and D, Implanted IAS ring from
control group. C, Note the distortion of the muscle fibers with few vessels and numerous
nuclei consistent with loss of muscle cell size. D, Cross section of IAS. Note the loss of
muscle fibers and increased fat cells in between cells. Note also a reduction in the number of
blood vessels (arrows).
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Histologic scoring devised to assess the viability of the implanted 1AS construct
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Criteria Score
1. Morphology of the muscle
- Packed polygonal muscle fiber profiles with normal shape 2
- Mild separation of muscle fiber with preserve of shape 1
- Marked separation of the muscle fiber with distortion of the shape 0
2. Degeneration of fiber
- No degeneration
Little variation in muscle fiber size or shape. 2
Cytoplasm is uniform, and small, peripherally located nuclei are abundant.
- Mild degeneration
Numerous nuclei with round contours are present, muscle fibers are replaced by fibro-fatty tissue, and abnormal variation in fiber 1
size is due to atrophy of some and the hypertrophy of others.
- Marked degeneration
Muscle fibers become necrotic and destruction of muscle fibers with the replacement of the muscle by fibrous tissue. 0
3. Blood vessels
- Present and easily seen 1
- Absent or difficult to see 0
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Table 2

Gross appearance of 1AS postharvesting

Criteria FGF-2 (n=5) Control (n=5)
Color:
Red 4 2
Darker or whitish 1 2
Black 0 1
Size:
Same or near 4 2
Increase 1 1
Decrease 0 2
Texture:
Soft 4 2
Firm 1 3
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