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Abstract
Purpose—Our laboratory has developed and implanted a novel bioengineered internal anal
sphincter (IAS) to treat anal incontinence. Fibroblast growth factor-2 (FGF-2) has been used in
mice; however, the optimal growth factor for successful IAS implantation is unclear. This study
compares several growth factors in order to optimize IAS viability and functionality.

Methods—Bioengineered IAS rings were implanted subcutaneously into the dorsum of wildtype
C57Bl/6 mice, with an osmotic pump dispensing FGF-2, vascular endothelial growth factor
(VEGF), or platelet-derived growth factor (PDGF) (n = 4 per group). Control mice received IAS
implants but no growth factor. The IAS was harvested approximately 25 days post-implantation.
Tissue was subjected to physiologic testing, then histologically analyzed. Muscle phenotype was
confirmed by immunofluorescence.

Results—All implants supplemented with growth factors maintained smooth muscle phenotype.
Histological scores, blood vessel density and muscle fiber thickness were all markedly better with
growth factors. Neovascularization was comparable between the three growth factors. Basal tonic
force of the constructs was highest with VEGF or PDGF.

Conclusion—All growth factors demonstrated excellent performance. As our ultimate goal is
clinical implantation, our strong results with PDGF, a drug approved for use in the United States
and the European Union, pave the way for translating bioengineered IAS implantation to the
clinical realm.
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Introduction
Fecal incontinence (FI) is a condition that affects a myriad of patients ranging from children
with anorectal malformations to the elderly with idiopathic weakening of the anal sphincter
complex [1,2]. While there are a large variety of causes of FI, the internal anal sphincter
(IAS) plays a major role in the maintenance of continence in many disease processes [3].
The IAS accounts for approximately 70% of the resting anal canal pressure. Any disruption
in the IAS mechanism leads to significant loss of anal canal pressure, resulting in FI. While
the mainstay of FI treatment is non-surgical, including modalities such as dietary
modification, these do not address the root cause of lost IAS functionality [3]. Surgical
therapies such as autologous tissue grafts, implantation of prosthetic sphincters and
injectable silicone have had limited success in restoring quality of life [4,5].

Our laboratories have previously described the development and implantation of
bioengineered mouse and human IAS constructs in a mouse model [6,7]. This bioengineered
IAS construct offers a novel, and potentially superior approach for the treatment of FI by
offering autologous constructs; thereby eliminating the risk of rejection, prosthetic implant
extrusion or the need for immunosuppression.

A major challenge facing the implantation of any bioengineered tissue is the vascularization
of the construct upon implantation [8]. One commonly used method to improve
vascularization is the usage of angiogenic growth factors such as fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF) and platelet-derived growth factor
(PDGF) [8-13]. However, there appears to be no consensus as to which type of growth
factor affords the best growth, function and vascularization of a tissue-engineered construct.
When IAS rings were implanted in our mouse model, we found that the histological
appearance and vascularization of the implanted construct vastly improved when it was
supplemented with FGF-2 compared to no growth factor supplementation [6]. The use of
FGF and VEGF has been described in the dental [10] and orthopedic [11] literature, with
VEGF affording slightly increased capillary density, but no overall differences in engrafted
tissue integrity.

PDGF is a particularly interesting growth factor to study, as it is one of the few angiogenic
factors that has approval for human use by both the United States Food and Drug
Administration (FDA) and the European Medicines Agency's Committee for Medicinal
Products for Human Use (CHMP). In some settings its angiogenic effect is weaker than
those of VEGF and FGF [14]. However, it has been shown to drive proliferation in cells of
mesenchymal origin such as periodontal fibroblasts [12] and colonic smooth muscle cells
[15] which makes it an attractive choice as a supplement for our smooth muscle construct in
vivo. As our IAS construct is a novel one, the optimal growth factor to use for implantation
has not yet been studied.

The objective of this current study is to compare the histologic and basic physiologic
outcomes of our implanted IAS construct in a mouse model to determine the most effective
growth factor for successful implantation.

Materials and methods
Eight to twelve-week-old male C57Bl/6 mice were obtained from Jackson Laboratories (Bar
Harbor, ME), and kept in temperature-, humidity-, and light-controlled conditions. The
study conformed to the guidelines for the care and use of laboratory animals established by
the university committee on the use and care of animals at the University of Michigan. The
study protocol was approved by this University Committee (no. 09714).
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Bioengineering of the IAS construct has been described in detail in Raghavan et al. [16].
Three types of growth factor solutions were prepared: 0.1 μg/lL human recombinant FGF-2
(CYT-218, Prospec Bio, Rehovot, Israel), 0.02 μg/μL human recombinant VEGF (CYT-241,
Prospec Bio) and 0.02 μg/μL human recombinant platelet-derived growth factor-BB (PDGF-
BB, CYT-501, Prospec Bio). One hundred microliters of each growth factor solution (a total
of 10 μg of FGF-2, 2 μg of VEGF or 2 μg of PDGF) was inserted into an Alzet model 1004
microosmotic pump (Durect Corp, Cupertino, CA), then the pump was primed as per the
manufacturer's instructions, such that the total amount of growth factor was delivered over a
28-day period. A sterile silicone catheter (0.025 in. inner diameter, Dow-Corning, Midland,
MI), approximately 5 cm long, was attached to the microosmotic pump.

The mice (n = 4 for each growth factor, and 4 more for IAS implantations without growth
factors) were anesthetized using an isoflurane vaporizer, and given a weight-appropriate
dose of buprenorphine subcutaneously. Hair on the upper back was clipped, and the skin
was prepped with 4% chlorhexidine gluconate solution. The surgical technique is similar to
that used by Hashish et al. [6].

A 2 cm transverse skin incision was made in the upper back of the mouse (mid-scapular). If
growth factor was being given, a subcutaneous pocket was created caudally, which was
made large enough to comfortably fit the pump. The bioengineered IAS ring was placed
subcutaneously 0.5 cm away from the skin incision. The silicone catheter was cut so that the
tip was pointing directly at the implanted IAS construct. The IAS was then secured and its
location was marked using a 5-0 Prolene. The skin incision was closed using a 4-0 Vicryl
suture. Animals were returned to an approved facility for recovery in standard fashion.

After an average of 25 days (range 23–28), mice were killed by CO2 asphyxiation. The
implanted rings were harvested by re-entering the upper back near the initial skin incision.
The harvested construct was placed in phosphate buffered saline, and then assessed
immediately for physiologic functionality.

Protocols for measurement of force generation were adapted from previous work on
bioengineered IAS [16]. The force transducer set up consisted of a static warmed tissue bath,
with provisions for hooking to a harvested tissue. Mean measurement noise was determined
and subtracted from total tension recordings with the tissue. Passive tension was calculated
by hooking on the tissue with no stretch in zero calcium + 50 mM ethylene glycol tetraacetic
acid. The bioengineered IAS post-implantation was hooked on to the force transducer set up
with no additional stretch and soaked in basal warmed Dulbecco's modified Eagle's medium.
Establishment of spontaneous basal tone was studied by recording the incremental force
over a period of time. Passive tension and measurement noise were subtracted from total
tension recordings with the tissue to obtain active tension. Values of force reported are only
active tension values.

Following measurement of physiologic functionality, the ring was placed in zinc–formalin
for fixation. Slides were then prepared and sectioned by the Tissue Core at the University of
Michigan Comprehensive Cancer Center. Hematoxylin and eosin (H&E) staining was used
for morphological assessment using the scoring scale described by Hashish et al. [6]. The
scoring system is shown in Table 1. Blood vessel density and muscle fiber diameter were
also assessed on the H&E slides. Statistical comparison between groups was done using
one-way ANOVA with Tukey's post-test or the Kruskal–Wallis test with Dunn's post-test
depending on the variables being compared.

Immunofluorescence staining for alpha smooth muscle actin (F3777, Sigma, St. Louis, MO),
smooth muscle-specific heavy caldesmon (c-4562, Sigma), and prolyl-4 hydroxylase
(MAB2701, Millipore, Billerica, MA) were used to assess tissue phenotype using previously
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described techniques [16]. Images were viewed using standard settings of a Nikon TS 100
microscope (Nikon Corp., Tokyo, Japan).

Results
There were no premature mouse deaths prior to scheduled killing. All incisions healed well,
and there were no external signs of infection (Fig. 1). Upon gross inspection of the tissue,
there was no gross evidence of abscess formation, tissue necrosis or rejection.

Representative H&E images of implanted IAS with and without growth factors are shown in
Fig. 2. The histologic scores of the constructs using the scale developed by Hashish et al. are
shown in Table 2. The overall histological scores were markedly higher (better) in the
growth factor-treated IAS groups compared to the no growth factor group. The VEGF group
attained a significantly higher score, mainly owing to its strong morphology scores.

To examine the degree of neovascularization of the construct, the number of blood vessels
per high-powered field (HPF) was counted. The results are summarized in Table 2. The
blood vessel count was significantly higher in the constructs with growth factor compared to
those without growth factor. However, there was no statistically significant difference in
blood vessel numbers between the three types of growth factors examined.

Muscle fiber thickness, an indicator of tissue robustness, was also measured as a surrogate
for tissue viability. Muscle fiber thickness was markedly larger for tissues receiving growth
factor, with the PDGF group achieving significantly better scores compared to other groups
(Table 2).

For all implants with growth factor, the IAS phenotype was preserved. Specifically, all
implanted constructs stained positive for alpha smooth muscle actin and smooth muscle-
specific heavy caldesmon (Figs. 3, 4). None of the constructs stained positive for prolyl-4
hydroxylase (Fig. 5), indicating that the cells within the construct did not de-differentiate
into synthetic, myofibroblastic phenotypes.

A key feature of IAS physiology is that it has a tonic contractile force at its baseline. Tonic
forces for IAS constructs without growth factor supplementation were not measured because
of the poor explanted tissue quality (e.g., too friable and weak to be mounted). Basal tonic
forces exhibited by IAS constructs implanted with growth factor are summarized in Fig. 6.
The VEGF (625 ± 123 lN) and PDGF (641 ± 198 μN) groups had significantly higher basal
tonic force than the FGF-2 group (114 ± 29 μN) [16].

Discussion
The impetus for studying the effects of different growth factors was twofold. First was to
determine if one growth factor led to superior histologic and/or physiologic status of the
implanted construct. The second was to specifically examine PDGF, as PDGF-BB
(becaplermin) has FDA- and CHMP-approved indications for the treatment of diabetic foot
ulcers [17], thus allowing far greater ease to moving our research to the clinical setting If
PDGF has similar efficacy to other growth factors, it would allow for an offuse application
when translating bioengineered IAS implantation to a human setting.

Our results confirm our previous findings that the use of growth factors is necessary to
maintain the integrity of the construct during the implantation period [6,16]. More
importantly, the histologic and physiologic outcomes of implanting our bioengineered IAS
with PDGF were at least as good, if not better, than both FGF and VEGF use. These results
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suggest the use of PDGF as the preferred growth factor, as its use in humans is already
approved.

All three growth factors resulted in histologically confirmed neovascularization. This
indicates that these growth factors play a role in the angiogenesis of capillaries within the
construct, which leads to in vivo maintenance of the IAS. Despite the different types of
growth factor used, there were no significant differences between the degrees of
neovascularization as measured by blood vessels per HPF. This is somewhat different from
previously reported results where VEGF use led to the higher capillary density over FGF
[10,11]. The effect of these growth factors on IAS cells may be different from that on bone,
dental pulp or other mesenchyme-derived tissues. Another explanation is that at an earlier
time point (such as 14 days as described by Mullane et al. [10]), there were some differences
in microvascular density but these were lost over time.

It was surprising to find that the basal tone of the PDGF and VEGF-treated constructs was
significantly higher than the ones treated with FGF-2. One possibility is that the stronger
angiogenic potential of VEGF manifested itself led to more robustly surviving muscle tissue,
and contributed to a better physiologic response. PDGF is known to be a major mitogen for
smooth muscle cells [14,15]. This property of PDGF may have led to the greater basal tonic
force generated by the constructs given this growth factor. The literature is conflicting about
the effect of FGF-2 on smooth muscle. In vitro studies have shown that PDGF-BB acts
through basic FGF when inducing smooth muscle cell proliferation [18]. However, when
FGF was added directly to colonic smooth muscle cell cultures, it did not induce any
additional proliferation [15]. Additional work on the in vivo effect of FGF on smooth
muscle cells is needed to examine this further.

While this study establishes the need for growth factors for these IAS constructs, there are
several important questions that still remain. How much can we lower the dosage of growth
factor before we start to affect the integrity of the implanted construct? Perhaps a shorter
duration of growth factor administration would be sufficient to establish a vascular bed that
allows long-term survival of the construct. In some of our earlier experiments where a more
rigid polyethylene deliver catheter was used to deliver FGF, we saw a few cases of the
catheter eroding out of the mouse's skin between 1 and 2 weeks post-implantation. One of
these constructs was left in for the full 25 days, and despite the early cessation of direct
growth factor delivery, the histologic appearance of the tissue was as robust as those
constructs that received the full 25–28 days of growth factor (data not shown). Long-term
survival of implanted grafts will also need to be addressed in future studies.

Tumorigenic consequences of growth factor usage are still a concern, as even the FDA-
approved PDGF has a black box warning for increased risk of malignancy with use of more
than three tubes of becaplermin gel. However, the osmotic pumps we used completed
delivery of the growth factors by 28 days, which would clearly limit the duration of
exposure to the growth factor, lessening the risk of malignancy.

In conclusion, the use of growth factors is essential to promote neovascularization, function
and survival of implanted IAS constructs. The type of growth factor does not significantly
impact the morphologic outcomes of the implantation; however, VEGF and PDGF use
resulted in superior basal muscle tone exhibited by the implanted construct. The strong
histological scores and physiologic function of the PDGF-supplemented implants after in
vivo implantation paves the way for a more streamlined translation of this concept to the
clinical realm.
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Fig. 1.
a Representative photographs of the mouse 25 days after IAS construct implantation. The
white dotted line represents the area of the original incision, which is now healed with hair
fully grown over. b The IAS construct (held in forceps) being harvested. The growth factor
delivery catheter tip is shown by the black arrow. The tissue in the implantation bed appears
healthy without evidence of infection or rejection
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Fig. 2.
Representative H&E sections of constructs implanted without growth factor, with FGF-2,
with VEGF and with PDGF. The VEGF construct has the highest muscle fiber density,
leading to the highest histologic scores (see Table 2)
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Fig. 3.
Representative immunofluorescent images staining for α-smooth muscle actin of constructs
implanted without growth factor, with FGF, with VEGF and with PDGF. All constructs
stained positive for α-smooth muscle actin

Miyasaka et al. Page 9

Pediatr Surg Int. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Representative immunofluorescent images staining for smooth muscle-specific heavy
caldesmon of constructs implanted without growth factor, with FGF, with VEGF and with
PDGF. All constructs stained positive for smooth muscle specific heavy caldesmon
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Fig. 5.
Representative immunofluorescent images staining for prolyl-4 hydroxylase of constructs
implanted without growth factor, with FGF, with VEGF and with PDGF. None of the
construct stained with prolyl-4-hydroxylase, demonstrating a non-fibroblastic phenotype
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Fig. 6.
Bar graph of basal tonic force (in micro Newtons, μN) of the post-implant constructs with
growth factor. *p < 0.05 by one-way ANOVA and Tukey's post-test compared to FGF-2
group
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Table 1

Histological scoring scale devised to assess the viability of the implanted internal anal sphincter (IAS)
construct (adapted from Hashish et al. [6])

Criteria Score

1. Morphology of the muscle

 Packed polygonal muscle fiber profiles with normal shape 2

 Mild separation of muscle fibers with preservation of shape 1

 Marked separation of the muscle fibers with distortion of shape 0

2. Degeneration of muscle fibers

 No degeneration (Little variation in muscle fiber size or shape. Cytoplasm is uniform. Small peripherally located nuclei are
abundant)

2

 Mild degeneration (Numerous nuclei with round contours are present 1

Muscle fibers are replaced by fibro-fatty tissue, and abnormal variation in fiber size is due to atrophy of some fibers and the
hypertrophy of others)

 Marked degeneration (Necrotic muscle fibers seen. Destruction of muscle fibers with the replacement of muscle by fibrous tissue) 0

3. Blood vessels

 Present and easily seen 1

 Absent or difficult to see 0

Two separate slide sections were scored, giving a total score between 0 and 10 for each IAS construct

Pediatr Surg Int. Author manuscript; available in PMC 2011 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Miyasaka et al. Page 14

Ta
bl

e 
2

H
is

to
lo

gi
ca

l s
co

re
s o

f i
m

pl
an

te
d 

in
te

rn
al

 a
na

l s
ph

in
ct

er
 c

on
st

ru
ct

s

M
or

ph
ol

og
y

sc
or

e 
(0

–4
)

D
eg

en
er

at
io

n
sc

or
e 

(0
–4

)
B

lo
od

 v
es

se
l

sc
or

e 
(0

–2
)

T
ot

al
 h

is
to

lo
gi

ca
l

sc
or

e 
(0

–1
0)

B
lo

od
 v

es
se

ls
pe

r 
H

PF
M

us
cl

e 
fib

er
di

am
et

er
 (μ

m
)

N
o 

gr
ow

th
 fa

ct
or

1.
2 

± 
0.

8
2.

0 
± 

0.
7

0.
2 

± 
0.

4
3.

4 
± 

1.
8

1.
2 

± 
0.

4
20

 ±
 5

.0

FG
F

3.
0 

± 
0.

7
3.

4 
± 

0.
6

1.
6 

± 
0.

5
8.

0 
± 

1.
6

5.
6 

± 
2.

0*
32

.0
 ±

 5
.7

V
EG

F
3.

5 
± 

0.
6^

3.
3 

± 
0.

5
2.

0 
± 

0.
0^

8.
8 

± 
0.

5^
4.

6 
± 

1.
0*

31
.4

 ±
 1

.0

PD
G

F
2.

5 
± 

1.
0

3.
3 

± 
1.

0
1.

8 
± 

0.
5

7.
3 

± 
1.

7
4.

7 
± 

1.
3*

33
.8

 ±
 6

.3
*

R
es

ul
ts

 e
xp

re
ss

ed
 a

s m
ea

n 
± 

st
an

da
rd

 d
ev

ia
tio

n.

* p 
< 

0.
05

 b
y 

on
e-

w
ay

 A
N

O
V

A
 a

nd
 T

uk
ey

's 
po

st
-te

st
 c

om
pa

re
d 

to
 n

o 
gr

ow
th

 fa
ct

or
.

^ p 
< 

0.
05

 b
y 

K
ru

sk
al

-W
al

lis
 te

st
 a

nd
 D

un
n'

s p
os

t-t
es

t c
om

pa
re

d 
to

 n
o 

gr
ow

th
 fa

ct
or

H
PF

 h
ig

h-
po

w
er

ed
 fi

el
d

Pediatr Surg Int. Author manuscript; available in PMC 2011 February 1.


