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Abstract

Naturally occurring porcine derived extracellular matrix (ECM) has successfully been used as a
biologic scaffold material for site-specific reconstruction of a wide variety of tissues. The site-
specific remodeling process includes rapid degradation of the scaffold with concomitant
recruitment of mononuclear cells, endothelial cells, and bone marrow derived cells, and can lead
to formation of functional skeletal and smooth muscle tissue. However, the temporal and spatial
patterns of innervation of the remodeling scaffold material in muscular tissues are not well
understood. A retrospective study was conducted to investigate the presence of nervous tissue in a
rat model of abdominal wall reconstruction and a canine model of esophageal reconstruction in
which ECM scaffolds were used as inductive scaffolds. Evidence of mature nerve, immature
nerve, and Schwann cells was found within the remodeled ECM at 28 days in the rat body wall
model, and at 91 days post surgery in a canine model of esophageal repair. Additionally, a
microscopic and morphologic study that investigated the response of primary cultured neurons
seeded upon an ECM scaffold showed that neuronal survival and outgrowth was supported by the
ECM substrate. Finally, matricryptic peptides resulting from rapid degradation of the ECM
scaffold induced migration of terminal Schwann cells in a concentration dependent fashion in
vitro. The findings of this study suggest that the reconstruction of tissues in which innervation is
an important functional component is possible with use of biologic scaffolds composed of
extracellular matrix.

Introduction

Innervation is implicit to the success of tissue engineering and regenerative medicine
strategies with an end goal of functional tissue restoration. Numerous studies have
investigated in vitro the ability of naturally derived (Hadlock et al., 2001; Smith et al., 2004;
Phillips et al., 2005; Donzelli et al., 2006; Su et al., 2007; Chunzheng et al., 2008) and
artificially synthesized (Johansson et al., 2006; Recknor et al., 2006; Gomez et al., 2007;
Schnell et al., 2007; Sorensen et al., 2007) biomaterials to support neuronal outgrowth and
differentiation. However, relatively few studies have investigated the process of innervation
following in vivo placement of such biomaterials or tissue engineered constructs (Pope et
al., 1997; Patrick et al., 2001; Caione et al., 2006; Caissie et al., 2006; Lopes et al., 2006;
Ueno et al., 2007).
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Biologic scaffold materials composed of extracellular matrix (ECM) have been used in
preclinical animal studies and human clinical applications to facilitate constructive
remodeling of a variety of muscular tissues including esophagus (Badylak et al., 2000;
Badylak et al., 2005; Lopes et al., 2006), myocardium (Kochupura et al., 2005; Robinson et
al., 2005; Badylak et al., 2006; Ota et al., 2007), blood vessels (Badylak et al., 1989; Lantz
et al., 1990; Lantz et al., 1992), urinary bladder (Kropp et al., 1995; Kropp et al., 1996; Pope
et al., 1997; Record et al., 2001), and skeletal muscle (Prevel et al., 1995; Clarke et al.,
1996; Badylak et al., 2001; Badylak et al., 2002). Following implantation of the ECM
scaffold, these studies have shown that the host response is characterized by rapid
degradation of the scaffold with concomitant replacement by organized, site-appropriate,
functional host tissue (Allman et al., 2001; Record et al., 2001; Allman et al., 2002; Gilbert
et al., 2007).

The mechanisms responsible for the remodeling response following placement of an ECM
scaffold are not fully understood, but are thought to include bioactive matricryptic peptides
generated following rapid scaffold degradation (Record et al., 2001; Li et al., 2004; Brennan
et al., 2006; Gilbert et al., 2007; Gilbert et al., 2007), recruitment of both differentiated and
multi-potential cells to the site of remodeling (Badylak et al., 2002; Valentin et al., 2006;
Zantop et al., 2006), angiogenesis (Badylak et al., 2000; Li et al., 2004), and deposition of
site-appropriate tissue in response to appropriate mechanical cues (Gilbert et al., 2006;
Gilbert et al., 2007). However, the contribution of nervous tissue to the remodeling process
has not been investigated.

Recent studies compared the in vivo remodeling of commercially available ECM scaffold
devices in a rat model of abdominal wall repair (Valentin et al., 2006; Brown et al., In
press). Islands of morphologically normal skeletal muscle replaced portions of acellular,
ECM scaffolds that have not been chemically cross-linked within the first 28 days of the
remodeling process. However, it was not reported whether these islands of muscle were
innervated and functional. An earlier study of ECM-mediated esophageal reconstruction
showed peristalsis in positive contrast esophagrams and spontaneous contraction
immediately after euthanasia (Badylak et al., 2005). ECM scaffold remodeling in the urinary
bladder (Pope et al., 1997; Caione et al., 2006) and stomach (Ueno et al., 2007) has shown
innervation of new muscle tissue. It is logical that morphologically normal appearing
skeletal or smooth muscle formed during remodeling of an ECM scaffold would be
accompanied by a motor nerve supply.

The objective of the present study was to determine the temporal and spatial patterns of
innervation during the process of ECM scaffold remodeling through a retrospective analysis
of animal models of esophageal and body wall reconstruction (Badylak et al., 2005; Brown
et al., In press). Additionally, in vitro studies were performed to determine the ability of an
ECM scaffold to support attachment and survival of a neuronal cell population, and the
ability of ECM matricryptic peptides to recruit cells known to support neuronal
regeneration.

A retrospective analysis was conducted to determine the temporal appearance and spatial
distribution of innervation at the site of ECM remodeling in two separate studies of rat
abdominal wall reconstruction (Brown et al., In press) and canine esophageal repair
(Badylak et al., 2005) (Table 1). The biologic scaffold material used in both studies
consisted of ECM derived from the porcine urinary bladder (UBM). Immunohistochemical
methods were used to identify the presence of mature nerve (neurofilament), growing nerves
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(GAP-43) (Goslin et al., 1990), and the presence of Schwann cells (GFAP — glial fibrillary
acidic protein) (Triolo et al., 2006) in the tissues of interest. GFAP was chosen as the marker
for Schwann cells because previous studies have demonstrated that Schwann cells retain
expression of GFAP following dedifferentiation while losing the expression of other mature
markers such as S-100 (Jessen and Mirsky, 1991; Garavito et al., 2000; Triolo et al., 2006).
In a separate prospective study, primary spinal cord neurons were isolated from embryonic
rat spinal cords and cultured upon UBM, and examined for the expression of neuron and
glial specific markers (B-tubulin-111 and GFAP) by immunofluorescent labeling techniques.
Finally, the migration of Schwann cells in response to matricryptic peptides from UBM was
investigated in a Boyden chamber assay.

All methods were approved by the Institutional Animal Care and Use Committee at the
University of Pittsburgh and performed in compliance with NIH Guidelines for the Care and
Use of Laboratory Animals.

Preparation of Urinary Bladder Matrix

The urinary bladder matrix was prepared using previously described methods (Freytes et al.,
2004; Robinson et al., 2005). Briefly, porcine urinary bladders were harvested from market
weight pigs (approximately 110-130 kg) immediately after sacrifice. Residual external
connective tissues, including adipose tissue, were trimmed and all residual urine was
removed by repeated washes with tap water. The urothelial layer was removed by soaking of
the material in 1 N saline. The tunica serosa, tunica muscularis externa, tunica submucosa,
and most of the muscularis mucosa were mechanically delaminated from the bladder tissue.
The remaining basement membrane of the tunica epithelialis mucosa and the subjacent
tunica propria were collectively termed UBM. The UBM was decellularized and disinfected
by immersion in 0.1% (v/v) peracetic acid (PAA) (o), 4% (v/v) ethanol, and 96% (v/v)
deionized water for 2 h. The material was then washed twice for 15 min with phosphate
buffered saline (PBS) (pH = 7.4) and twice for 15 min with deionized water.

Rat Abdominal Wall Model

Preparation of 4-layer body wall ECM device—Multilaminate (4-layer) sheets were
constructed as previously described (Freytes et al., 2004). In brief, four hydrated sheets of
UBM were stacked on top of one another, each at a 90° orientation to the adjacent layers.
The constructs were then placed into plastic pouches and attached to a vacuum pump
(Leybold, Export, PA, Model D4B) with a condensate trap inline. The constructs were
subjected to a vacuum of 710 to 740 mm Hg for 10 to 12 h to remove the water and form a
tightly coupled multilaminate construct. The devices were terminally sterilized with ethylene
oxide.

Surgical Procedure—The surgical procedure of the partial thickness rat abdominal wall
reconstruction has been previous described (Badylak et al., 2002; Brown et al., In press). A
ventral midline incision was made and the adjacent subcutis dissected to expose the ventral
lateral abdominal wall. A 1 cm x 1 cm partial thickness defect was then created in the
exposed musculature, leaving the underlying peritoneum, transversalis fascia, transversus
abdominis and the overlying skin intact. The muscular defects were reconstructed with a
UBM test article. The test article was sutured to the adjacent abdominal wall with 4-0
Prolene non-absorbable suture at each corner to secure test article and to allow for
identification of the device boundaries at the time of euthanasia and explantation. The skin
was closed using absorbable 4-0 Vicryl suture. The animals were recovered from anesthesia
on a heating pad and allowed normal activity and diet for the remainder of the study period.
Animals were euthanized at time points of 3, 7, 14, and 28 days and the defect site was
excised with a small portion of the surrounding native tissue.
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Canine Esophageal Resection Study

Device preparation—Multilayer tubes were created by wrapping hydrated sheets of
UBM around a 30 mm perforated tube/mandrel that was covered with umbilical tape for a
total of four complete revolutions (i.e., a four layer tube)(Kochupura et al., 2005). The
constructs were then placed into plastic pouches and attached to a vacuum pump (Leybold,
Export, PA, Model D4B) with a condensate trap inline. The constructs were subjected to a
vacuum of 710 to 740 mm Hg for 10 to 12 h to remove the water and form a tightly coupled
multilaminate construct. After removal of each device from the mandrel, they were
terminally sterilized with ethylene oxide.

Surgical Procedure—Surgical procedures were completed as reported (Badylak et al.,
2005). Briefly, adult female mongrel dogs weighing between 17 and 24 kg were divided into
four groups and subjected to surgical resection of 5 cm of the full circumference of the
esophageal endomucosa (epithelium, basement membrane, lamina propria, muscularis
mucosa, and tunica submucosa) with removal of varying amounts of the muscularis externa.
Four surgical groups were investigated in the canine study, as listed in Table 1. In group 1,
the full thickness of the 5 cm esophageal segment was removed and the defect was repaired
with a tubular UBM scaffold. In group 2, all layers of the esophagus except for the
muscularis externa were removed, and the defect was untreated to serve as a control. In
group 3, 70% of the circumference of the 5 cm segment of esophagus was subjected to full
thickness resection and the defects were repaired with a tubular UBM scaffold. Finally,
group 4 was the same as group 2, with the exception that the resected endomucosal tissue
was replaced with a tubular UBM scaffold. In groups 3 and 4, the UBM was sutured to the
native endomucosa using 5-0 prolene sutures and the muscle and subcutaneous tissues were
closed with 4-0 Vicryl sutures. Following surgery the animals were recovered from
anesthesia and allowed normal ambulation. The animals were given soft food from a raised
bowl for two weeks or until they could tolerate normal diet. At the time of sacrifice, the
defect site was excised with a small portion of the adjacent native tissue. For the present
study, sections the remodeled scaffold from 3 animals from group 3 that had been sacrificed
at 91, 101, and 104 days after surgery were examined for markers of nervous tissue.
Sections from the animal in group 2 that showed a scar tissue response with stricture served
as a negative control. Sections from an animal in group 4 that had normal intact muscle
served as a positive control for immunohistochemical studies.

Immunohistochemistry of Animal Sections

Paraffin embedded specimens from both studies were cut into 6 um thick sections and
mounted on to glass slides. The specimens were deparaffinized by treatment with xylene and
exposure to a graded series of ethanol (100-70%). Following deparaffinization, the slides
were placed in citrate antigen retrieval buffer (10mM citric acid monohydrate, pH 6.0,
C1285, Spectrum, New Brunswick, NJ) at 95-100°C for 20 minutes. The buffer was
allowed to cool to room temperature on ice and the slides were washed twice in Tris
buffered saline/Tween 20 (Trizma Base, T6066, Sigma; Tween 20, P7949, Sigma, St. Louis,
MO) solution (pH 7.4) and twice in PBS. The sections were then incubated in 2% normal
horse serum (S-2000, Vector, Burlingham, CA) for 1 hour at room temperature in a
humidified chamber to inhibit non-specific binding of the primary antibody. Following
incubation in blocking serum, the sections were incubated in primary antibody in a
humidified chamber at 4°C overnight. Each tissue specimen was exposed to antibodies to
the light chain of neurofilament (Anti-neurofilament, M0762, DakoUSA, Carpinteria, CA),
to a marker that localizes to the growth cones of regenerating neurons (Anti-GAP43,
NB600, Novus Biologicals, Littleton, CO), or to a marker that is known to localize to
Schwann cells in the peripheral nervous system following injury (Anti-GFAP, M0761,
DakoUSA). Following overnight incubation, the slides were washed three times in PBS.
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Sections were then incubated in a solution of 3% H,0O, in methanol for 30 minutes at room
temperature to quench any endogenous peroxidase activity. Following H,O, treatment, the
slides were washed three times in PBS and incubated in secondary antibody for 30 min in a
humidified chamber at room temperature prior to three more washes in PBS. The sections
were then incubated in Vectastain ABC (Elite ABC kit, PK6200, Vector Labs, Burlingame,
CA) reagent for 30 min in a humidified 37°C chamber, rinsed 3 times in PBS, and incubated
in 4% diaminobenzadine substrate solution (SK4100, Vector Labs) at room temperature
until the slides showed the desired staining affinity. Finally, the slides were rinsed in water
to stop the development of the diaminobenzadine substrate and counterstained using Harris’
hematoxylin stain (Thermo Electron Corp.-Shandon, Pittsburgh, PA). The slides were then
dehydrated using the reverse of the deparaffinization treatment described above and then
coverslipped. Each PBS rinse in the protocol was for 3 minutes at room temperature, with
occasional agitation.

Anti-neurofilament antibody was used at a concentration of 1:100. Anti-GAP43 was used at
a concentration of 1:250. Anti-GFAP antibody was used at a concentration of 1:500.
Corresponding secondary antibodies were used at a concentration of 1:100 for biotinylated
anti-mouse 1gG (Vector Labs, BA-2000) and 1:200 for biotinylated anti-rabbit 1gG
(PK-4001, Vector Labs). All antibodies were diluted in filtered PBS (pH 7.4). Native canine
esophagus and rat abdominal wall were used as positive control tissue samples for staining.

Culture of Neurons on UBM

Isolation of Embryonic Spinal Cord Neurons—Spinal cord neurons were isolated
from embryonic day 14 Sprague Dawley rat pups. Spinal cords were collected in cold
Hank’s buffered salt solution without Ca2* and Mg2* (14170-112, Gibco, Carlshad, CA),
minced into pieces approximately 0.5mm? in size, and enzymatically dissociated in 2 ml of
0.25% trypsin solution containing 0.05% collagenase L1 (MP Biomedicals, Solon, OH) at
37 °C for 20 min. Cell digestion was inhibited by adding 2ml SBTI-DNAse solution
(0.52mg/ml soybean trypsin inhibitor, T-9003; 3.0 mg/ml BSA, A-2153; 0.04mg/ml bovine
pancreas DNAse, D-4263; Sigma). The cell suspension was gently triturated with a Pasteur
pipette, and centrifuged at 800g for 5 min. The resulting pellet was then resuspended in
plating medium and gently triturated. Plating medium consisted of 20% horse serum
(16050-130, Gibco), 2 mM L-glutamine (25030-081, Gibco), 5 ml HBSS without Ca2* and
Mg?* (14170-112, Gibco), and 9.8 ml Dulbecco’s Modified Eagles Medium (DMEM)
(D5648, Sigma). All non-dispersed tissue was allowed to settle before being discarded.

Cell Seeding—Single sheets of UBM were cut with a 1.5 cm diameter circular punch to
create discs for use in cell culture experiments. Using sterile stainless steel rings to anchor
the UBM discs, spinal cord neurons were seeded on the abluminal surface of the discs in
plating medium at a plating density of 3x10° cells/cm? and allowed to adhere for 4 hours in
culture conditions of 5% CO, and 37 °C in humidified environment. After four hours,
medium was exchanged with 1 ml of serum-free culture medium containing Neurobasal-A
(NBA, 10888-022, Gibco), 1x B27 supplement and 1mM glutamax (35050-061, Gibco).
Cells were maintained in a humidified 5% CO, atmosphere at 37°C, with 50% of the culture
medium changed every 4 days. Cells were seeded at the same concentration on poly-L-
lysine coated cover slips (12.5ug/ml in H,O, P1274, Sigma, St. Louis, MO) as a control.

Immunofluorescent Labeling—Cells seeded on control cover slips were maintained in
culture for 5 days. They were then washed 3 times with PBS warmed to 37 °C, fixed with
4% formaldehyde at 37 °C for 15 min, and incubated in permeablization buffer (0.5% Triton
X) for 15 min at room temperature. All antibodies were diluted to working concentration in
a modified PBS solution (0.3 M NaCl PBS, 0.3% Triton X). All primary antibodies were
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diluted to a working dilution of 1:100 and incubated overnight at 4 °C. All secondary
antibodies, also at a working dilution of 1:100, were incubated for 1 hour at 37 °C. After
each stage of antibody incubation, samples were gently washed 3 times for 5 min in PBS.
Samples were examined using antibodies against -tubulin 111 (Sigma) and GFAP
(DakoUSA) and secondary antibodies, FITC conjugated goat anti-mouse 19G,, and TRITC
conjugated goat anti-rabbit (Cambridge Biosciences, Cambridge, UK), respectively. All
samples were mounted in Vectashield mounting medium containing DAPI (Vector
Laboratories Burlingame, CA, USA).

The UBM cell-seeded discs were harvested after 5 days and fixed with 10% neutral buffered
formalin for 24 hours. Sections of the discs were trimmed, embedded in paraffin and then
cut, in cross sections, into 5um thick sections. All sections were first deparaffinized before
being immersed in permeablization buffer (0.5% Triton X) for 15 min at room temperature.
Sections were triple-stained as described above with and without the primary antibodies.

Preparation of Samples for SEM Analysis—All samples examined by SEM were
fixed for 2 hours with 2.5% gluteraldehyde. After three 15 min washes in PBS, samples
were dehydrated through a graded series of ethanol washes, followed by chemical drying
with 100% hexamethyldisilazane (HMDS) overnight. Samples were sputter coated with a 4
nm thick layer of gold palladium (Cressington 108 sputter coater, Cressington, UK) and then
examined using a JEM 6335F field emission gun SEM (JEOL, Peabody, MA) with an
excitation voltage of 4kV.

Migration and Survival of Schwann cells in Response to ECM degradation

Formation of Peptide Fragments of UBM—The preparation of UBM matricryptic
peptides has previously been described (Reing et al., 2008). UBM was digested with pepsin
by mixing 1 g of lyophilized, powdered UBM with 100 mg pepsin (Sigma-Aldrich, St.
Louis, MO) in 100 ml of 0.01M HCI. The pepsin was allowed to digest the UBM for 48
hours under constant stir at 4 °C. The pepsin was inactivated by bringing the mixture to a pH
of 7.4 using PBS, and the resulting peptide fragments were used in migration and survival
assays at concentrations of 50 pg/ml, 100 pg/ml, and 200 pg/ml of dry weight protein.

Cell Migration Assay—Schwann cells (RT4-D6P2T cell line) were obtained from the
ATCC and cultured in medium containing DMEM, 10% FBS, 100 U/ml penicillin, and 100
ug/ml streptomycin. Passages 2—4 were utilized for the present study. Cells at 70-80%
confluence were starved in serum-free DMEM for 16 hours. After starvation, cells were
trypsinized with 0.25% trypsin and 0.53 mM EDTA for 2 minutes, and resuspended in
culture medium. Cells were centrifuged at 1200 rpm (Sorvall Legend RT, Heraeus 6445
rotor) for 5 min, and the pellet was re-suspended in serum-free DMEM and incubated in a
humidified environment at 37 °C in 5% CO-, for 1 hour. Polycarbonate PFB filters (Neuro
Probe, Gaithersburg, MD) with pore size 8 um were coated on both sides with 0.05 mg/ml
Collagen Type | (BD Biosciences, San Jose, CA). Peptide fragments of UBM were placed in
the bottom chamber of Neuro Probe 48-well migration chambers (Neuro Probe,
Gaithersburg, MD), and the filter was then placed over the bottom chamber. The upper
chamber was then assembled onto the lower chamber and sealed. Approximately 30,000
cells were placed in to each well of the top chamber, and the entire system was placed in a
humidified environment at 37 °C in 5% CO», for 3 hours. After three hours, cells facing the
upper chamber on the filter were scraped off, and cells facing the bottom filter were fixed in
methanol and stained with DiffQuick (Dade AG Liederbach, Germany). Each concentration
of peptide fragments was run in quadruplicate, and the results of each condition were
compared to the results of a buffer control that contained all components at the same
concentration except for the peptide fragments. The total number of migrated cells in each
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well was then counted, and a mean number of migrated cells were calculated from the
quadruplicates sample. The experiment was repeated three times, and the values for the
chemotactic activity obtained for the peptide fragments and control were compared via
Student’s T-test (2-tailed, unequal variance).

Survival Assay—Schwann cells at 70-80% confluence were starved in serum-free
DMEM for 16 hours. After starvation, cells were trypsinized with 0.25% trypsin and 0.53
mM EDTA for 2 minutes, and resuspended in culture medium. Cells were centrifuged at
1200 rpm for 5 min, re-suspended in serum-free DMEM, and incubated in a humidified
environment at 37 °C in 5% CO», for 1 hour. In each well of a 96 well plate, 8,000 cells were
plated in serum-free DMEM. Varying concentrations of peptide fragments or corresponding
buffer controls were added to wells. Culture medium was used in positive control wells.
After 48 hours, supernatant was removed and samples were extensively washed in PBS,
lysed, and cell number was assayed using the Cambrex ViaLight™ Plus Cell Proliferation
Kit (Cambrex Corp.) and M2 SpectraMax plate reader. Each condition was tested in
triplicate, and the assay was repeated three times. Differences were assessed via Student’s T-
test (2-tailed, unequal variance).

Rat Abdominal Wall Model

Following abdominal wall repair in the rodent model, the UBM scaffold showed progressive
remodeling with time. Histologic examination showed a mixture of skeletal muscle cells and
organized collagenous connective tissue at the site of UBM placement at day 28. No positive
staining for neurons or Schwann cells was present at days 3, 7, and 14. At day 28, positive
staining for neurons was observed in the remodeled UBM-ECM scaffold adjacent to the
leading edge of growth of the adjacent native external oblique muscle. Nerves were
localized to regions of neo-muscular growth. Positive staining for GAP-43 confirmed that
these nerves were actively growing (Skene and Willard, 1981; Hoffman, 1989; Goslin et al.,
1990). Positive stain for Schwann cells colocalized with positive stain for nerves within the
pockets of neo-muscular growth (Figure 2). The specificity of neurofilament, GFAP, and
GAP-43 stains was confirmed via staining of nerve in native rat abdominal wall muscle.

Canine Esophageal Model

Histologic examination showed the presence of a well defined muscularis externa, tunica
submucosa, tunica mucosa with complete endothelium. The remodeled tissue differed from
normal esophagus in that the remodeled esophagus lacked rugal folds, mature rete pegs in
the epithelium, and glandular structures in the submucosa (Badylak et al., 2005). Muscular
tissue subjacent to the submucosa was examined for the presence of neural tissue. Schwann
cells and regenerating neurons were observed adjacent to mature skeletal muscle cells in all
three specimens at 91, 101, and 104 days post-surgery (Figure 3). In a region of neo-
muscular growth, positive staining for Schwann cells and GAP-43 was present in the
absence of positive staining for neurofilament (Figure 4). Positive staining was confirmed in
the myenteric plexus of samples from Group 4 where the muscularis externa was left intact
(Figure 5). In samples from Group 2 (scar tissue with stricture), there was a lack of
organized muscularis mucosa and externa and incomplete epithelialization. No evidence of
nerve was present in these samples.

Neuronal Survival and Axonal Outgrowth on UBM

Approximately 90% of cells isolated from the spinal cord tissue of embryonic Sprague Daly
rat pups and grown on control cover slips were positively labeled for the neuron specific
cytoskeletal marker B-tubulin-111 and were therefore classified as neurons (Figure 6a). To
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confirm that the cells and corresponding cell processes attached to the abluminal scaffold
surface were neurons, sections were labeled for B-tubulin-111 and glial marker GFAP. Cells
seeded on the scaffold surface stained positive for both cytoskeletal markers (B-tubulin-111
and GFAP) (Figures 6b, 6¢). SEM analysis showed that seeded cells displayed long cellular
processes that spanned the inter-fibril spaces of the abluminal surface structure (Figures 7a,
7b). At high magnification, it was evident that cellular processes were interacting with the
surface structure (Figure 7c).

Peptide Fragments following Degradation of UBM scaffold Recruit Schwann cells

A concentration dependent increase in migration of Schwann cells towards UBM peptide
fragments was noted, and migration at all concentrations was increased compared to buffer
controls at each concentration and positive control fibronectin (Figure 8a). The only
concentration for which an increase in cell survival compared to the negative control was
noted was at a concentration of 50 pg/ml (Figure 8b).

Discussion

This retrospective study showed the presence of nerve tissue within sites of ECM scaffold
remodeling, first observed at 28 days in the rat model and at 91 days in the canine model.
While sites of positive staining did not morphologically match the appearance of normal
nerve fibers in muscle, these results are in accordance with the findings that ECM
reconstructed esophagus showed positive contrast esophagrams and spontaneous contraction
during dissection at necropsy (Badylak et al., 2000). Because modeling as a result of
implantation of a biologic scaffold did not result in complete reformation of structures
normally found in histologic sections of the esophagus and abdominal wall, it is possible
that nerve fibers also repopulated the site of remodeling and did not resemble what is seen in
normal sections. The initial appearance of neuronal axons in both models was spatially and
temporally associated with the presence of new muscle tissue. In addition, the present study
demonstrated that the surface topology of the ECM scaffold itself supports in vitro neuronal
outgrowth and survival. Finally, the present study shows that degradation of the ECM
scaffold can produce peptide fragments that recruit Schwann cells. Overall, the findings of
the present study support the hypothesis that functional remodeling of ECM scaffolds is
associated with the presence of mature and regenerating nerve.

The present findings are consistent with previous studies that have shown innervation of the
urinary bladder and esophagus after repair with an ECM scaffold composed of porcine small
intestinal submucosa (SIS-ECM) (Pope et al., 1997; Caione et al., 2006; Lopes et al., 2006).
Although it is not known whether ECM scaffolds derived from other tissue and organs (i.e.,
liver, skin, and pericardium) can also support innervation during the process of in vivo
remodeling, it is likely that innervation is a requisite component of any functional tissue
remodeling that occurs, regardless of the tissue source of the ECM scaffold used. ECM
scaffolds may have an advantage over synthetic scaffolds in this regard since they are
secreted by the resident cells of each tissue, and the matrix is likely optimized to support the
maintenance of cell phenotypes native to that tissue (Sellaro et al., 2007).

A number of studies have shown that soluble factors released from ECM and the
degradation products themselves are capable of recruiting both differentiated cells and
progenitor cells to the site of remodeling (Li et al., 2004; Reing et al., 2008). The present
study demonstrated that peptides resulting from rapid degradation of ECM scaffolds are
chemoattractant for Schwann. Following injury and denervation, the terminal Schwanns cell
covering the neuromuscular junction are induced to proliferate and guide the neuronal axon
back to the muscle (Sanes, 1983; Sanes, 1989; Grinnell, 1995; La Fleur et al., 1996; Son et
al., 1996; Auld and Robitaille, 2003; Reddy et al., 2003). Thus, the directed migration of the
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RT4-D6P2T cell line, a model for terminal Schwann cells (Bansal and Pfeiffer, 1987;
Ponomareva et al., 2006), suggests that terminal Schwann cells may be at least partially
responsible for the ECM mediated neurite outgrowth in to the site of remodeling.

The temporal and spatial association between nerve and muscle in the current and previous
studies (Pope et al., 1997) suggests that either these cell types or their precursors all respond
to the same stimulus, or more likely, participate in paracrine interaction or direct cell-to-cell
communication that supports their simultaneous growth and development. Previous
developmental studies show that nerves can create a myotrophic environment to promote the
recruitment of muscle (Brockes, 1984; Dietz, 1989; Ashby et al., 1993; Suzuki et al., 2005).
The reciprocal neurotrophic effect of muscle formation is well known in both developmental
and regenerative models (McCaig, 1986; Grinnell, 1995; Carlson, 2005; Kingham and
Terenghi, 2006). The dual neurotrophic and angiogenic effects of blood vessels and nerves,
respectively, have also been extensively studied (Carmeliet, 2003), and nerve may in fact
guide the growth of blood vessels in normal development in vivo (Mukouyama et al., 2002).

The interactions between these cells types are not well understood in the context of biologic
scaffolds and regenerative medicine. The ability of ECM scaffolds to recruit and support
endothelial cells (Stupack and Cheresh, 2002; Li et al., 2004; Sellaro et al., 2007) and
muscle cells (Prevel et al., 1995; Clarke et al., 1996; Kropp et al., 1996; Pope et al., 1997,
Badylak et al., 2000; Badylak et al., 2002; Badylak et al., 2005; Caione et al., 2006; Ueno et
al., 2007) is well known. It is not clear whether neuronal axons first promote the recruitment
of endothelial cells and muscle cells, or whether endothelial cells and muscle cells promote
the directed outgrowth of neurons at the site of injury.

While the present study has demonstrated that nerve fibers and associated Schwann cells
repopulate the remodeled tissue as a result of implantation of a biologic scaffold composed
of ECM, it is not clear whether the nervous tissue is functional. Although the present study
did not assess functionality, it is plausible that a number of the nerve fibers observed in the
present study could eventually reform functional connections. Because tissue remodeling
was likely still active within the tissues investigated (Gilbert et al., 2007), the process of
functional innervation may not have reached equilibrium at the time of sacrifice. Thus, it
would be expected that any functional innervation of muscle was not complete at the time.

Additionally, the present study cannot distinguish between various subsets of neurons such
as motor, general sensory, and nociceptive sensory neurons in the site of remodeling.
However, retrospective immunhistochemical analysis to distinguish between various subsets
of neurons is not reliable in a regenerative setting because expression of subset-specific
markers and genes is altered following injury to peripheral nerves (Navarro et al., 2007).
Future studies that prospectively assess functionality and phenotype of nerves in vivo and ex
vivo will be required to adequately understand the nature of the regenerated neuronal axons.

In summary, the collective findings of this retrospective study and previous studies (Pope et
al., 1997; Caione et al., 2006; Lopes et al., 2006; Ueno et al., 2007) shows that mature and
regenerating nerve tissue is present in the site of remodeling following placement of an
ECM scaffold. Further investigation of the mechanisms underlying the process of
innervation during in vivo ECM scaffold remodeling is needed. By understanding the
mechanisms that promote innervation, it may be possible to control the spatio-temporal
patterns of innervation and ultimately promote faster remodeling of functional, site-
appropriate tissue.
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Conclusions

The findings of this study demonstrate the temporal and spatial association of innervation
during the in vivo remodeling of the ECM scaffold used for reconstruction of two muscular
tissues: the esophagus and muscular body wall. Further investigation in well designed
prospective studies is warranted and needed.
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Figure 1.

Timeline for evaluation of innervation in the rat abdominal wall model and the canine

esophageal model.
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Figure 2.

Histologic images of remodeled UBM 28 days after repair of a 1 cm x 1 cm defect in the rat
abdominal wall with specific staining for (A) neurofilament, (B) GAP43, and (C) GFAP.
Specificity of staining was confirmed by primary delete negative controls for (D)
neurofilament, (E) GAP43, and (F) GFAP. Positive control staining was confirmed in native
rat abdominal wall muscle for (G) neurofilament, (H) GAP43, and (1) GFAP. All scale bars
are 75 um.
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Figure 3.

Histologic images of remodeled UBM 91 days after repair of a 5 cm long canine esophageal
endomucosal resection of with removal of 70% of the muscularis externa. Specific staining
is shown for (A) neurofilament, (B) GAP43, and (C) GFAP. Specificity of staining was
confirmed by primary delete negative controls for (D) neurofilament, (E) GAP43, and (F)
GFAP. All scale bars are 75 pum.
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Figure 4.

Histologic images of remodeled UBM 104 days after repair of a 5 cm long canine
esophageal endomucosal resection of with removal of 70% of the muscularis externa.
Specific staining is shown for (A) neurofilament, (B) GAP43, and (C) GFAP. Specificity of
staining was confirmed by primary delete negative controls for (D) neurofilament, (E)
GAP43, and (F) GFAP.
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Figure 5.
Histologic images of native esophagus displaying the intramuscular plexus of nerves, with
specific staining for (A) neurofilament, (B) GAP43, and (C) GFAP.
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Figure 6.

B-tubulin 111 (green), glial fibrillary acidic protein (GFAP) (red) and DAPI (blue). (A)
Immunofluorescent staining of cells seeded on poly-L-lysine control cover slips after 5 days
in culture. (B) Immunofluorescent images of cells seeded on the abluminal surface of the
UBM-ECM scaffolds. (C) Immunofluorescent images of seeded sections stained with
secondary antibodies only. All scale bars are 50 um.
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Figure 7.
Scanning electron micrographs of primary spinal cord neurons seeded on the abluminal
surface of the UBM scaffold (A-C).
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Figure 8.

(A) Migration of Schwann cells towards matricryptic peptides resulting from rapid
degradation of UBM or corresponding control. (B) Survival of Schwann cells in the
presence of matricryptic peptides resulting from rapid degradation of UBM or corresponding
control. (* p < 0.05 compared to control, *** p < 0.005 compared to control).
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Table 1

Surgical groups for canine esophagus and rat abdominal wall studies (Badylak et al., 2005; Brown et al., In

press).

Group Number

Surgical Procedure

1
2

Segmental resection of full thickness canine esophagus, replacement with ECM
Segmental removal of full circumference canine endomucosa, muscularis externa left intact, no ECM scaffold

Segmental removal of full circumference canine endomucosa plus 70% of muscularis externa. ECM scaffold used to replace
endomucosa.

Segmental removal of full circumference canine endomucosa. ECM scaffold used to replace endomucosa.

Partial thickness resection of rat abdominal wall, ECM scaffold used to replace external and internal oblique muscle.
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