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Abstract
The chemotactic properties of a biologic scaffold composed of extracellular matrix (ECM) and
subjected to in vivo degradation and remodeling were evaluated in a mouse model of Achilles tendon
reconstruction. Following a segmental resection of the Achilles tendon in both C57BL/6 and MRL/
MpJ mice, the defect was repaired with either an ECM scaffold composed of urinary bladder matrix
(UBM) or resected autologous tendon. The surgically repaired and the contralateral tendons were
harvested at 3, 7, and 14 days following surgery from each animal. Chemotaxis of multipotential
progenitor cells toward the harvested tissue was quantified using a fluorescent-based cell migration
assay. Results showed greater migration of progenitor cells toward tendons repaired with UBM–
ECM scaffold compared to both the tendons repaired with autologous tissue and the normal
contralateral tendon in both the MRL/MpJ and C57BL/6 mice. The magnitude and temporal pattern
of the chemotactic response differed between the two mouse strains.

Introduction
The extracellular matrix (ECM) of mammalian tissues is a complex three-dimensional network
of molecules that provides both structural support and biologic signals for cell adhesion,
migration, and proliferation. The degradation of ECM molecules and the subsequent release
of cryptic matrikines are important events in the matrix remodeling process, and these bioactive
molecules play an important role in both physiological and pathological events. Many studies
have shown that ECM molecules such as collagen, when subjected to proteolytic degradation,
release matrikines (cryptic segments of larger proteins) that possess bioactivity, which is
distinct from that of the parent molecule, including bacteriostasis, chemotaxis, and mitogenesis.
1,2 Peptides released from laminin, collagen, elastin, and fibronectin are known to participate
in the modulation of cellular activities, mellaprotease matrix metalloprotease (MMP)
expression, and growth factor signaling.3 Cleavage of the ECM molecule laminin has been
attributed to the progression of malignant tumors by stimulating the migration of tumorigenic
cells5 and metastasis associated with proteolytically modified ECM.6,7 ECM degradation
products also participate in tumor vascularization,8 and matrikines produced by matrix MMP
digestion are known to release molecules that stimulate angiogenesis during wound healing
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and embryogenesis by promoting migration of endothelial cells.9 Therefore, the phenomenon
of bioactive degradation products is not novel.

Biologic scaffolds composed of naturally occurring ECM derived from tissues such as the
urinary bladder (UBM) and small intestine have been successfully used as scaffolds for the
reconstruction of several tissue types in both preclinical studies10-13 and clinical applications.
14-18 ECM scaffolds contain the same structural and functional proteins, glycoproteins, and
proteoglycans that are present in native ECM and are therefore responsive to the same ECM
proteases. It has been shown that ECM scaffolds that are not chemically crosslinked are
degraded completely with 60–90 days and rapidly infiltrated by host cells.19-21 The host tissue
that forms concomitant with or following degradation consists of site-specific tissue as opposed
to scar tissue.22 The mechanisms behind this altered host response to injury are not fully
understood, but are thought to be related to the release of matricryptic peptides during
degradation of the scaffold.

ECM scaffolds that are degraded in vitro by non-physiologic methods (heat and acid) release
products that have been shown to possess bacteriostatic and chemotactic properties.23-26 It is
important to note that scaffold degradation is essential to realize the bacteriostatic properties
since the intact scaffold materials can support bacterial growth in vitro.27 The link between the
in vitro and in vivo antimicrobial properties has been well established. ECM scaffolds have
been shown to resist infection following deliberate bacterial contamination in preclinical
studies28,29 and spontaneous contamination in the clinical environment.13,16,30 Conversely,
chemically crosslinked ECM scaffolds that show inhibited degradation are contraindicated for
infected sites in clinical use because they cannot resist chronic infection.

The link between the in vitro and in vivo chemotactic activity has yet to be established. Although
several in vivo studies have shown that ECM scaffolds attract circulating bone marrow–derived
cells that remain at the site of the remodeled host tissue,31,32 this directed migration and
accumulation of cells has not been directly linked to the presence of ECM degradation products.

The objective of the present study was to determine if the process of ECM scaffold degradation
and remodeling that occurs in vivo is associated chemotaxis for a population of progenitor cells
in a well-characterized in vitro assay.

Overview of Experimental Design
Two strains of mice were used in this study: C57BL/6 mice and MRL/MpJ mice (Jackson
Laboratories, Bar Harbor, ME). The MRL/MpJ strain was used for two reasons: (1) the cells
used in the chemotactic assay were derived from this strain, and (2) the MRL mouse strain has
been reported to be a regenerative mouse model, and cells that participate in the regenerative
process have been characterized.26 The C57BL/6 strain was used because it is representative
of normal mammalian wound healing. Thirty-six mice of each strain were randomly divided
into three equal groups of 12. A 2 mm segmental defect of Achilles tendon was created in the
right hind leg of all animals in each group. The defect was repaired with an interpositional graft
consisting of an ECM biologic scaffold (UBM–ECM) in half of the animals of each group
(ECM-T), and autologous excised tendon tissue was used to repair the defect in the remaining
animals (AUTO-T). Twelve mice of each strain were sacrificed at the following time points:
3, 7, or 14 days. The repaired tendon and contralateral normal tendon were excised from each
animal at the time of sacrifice and identified as repaired and normal tendon from the mouse
that received UBM repair (ECM-T and ECM-C, respectively), and repaired and normal tendon
from the mouse that received the autologous tissue repair (AUTO-T and AUTO-C,
respectively) (Table 1). The excised tissues were evaluated in an in vitro assay that quantified
chemotactic activity for a population of multipotential progenitor cells.
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Materials and Methods
UBM–ECM scaffold preparation

Biologic scaffolds composed of ECM derived from porcine urinary bladder (UBM–ECM) were
prepared as described previously using techniques that simulate commercial processes.11,33,
34 Briefly, the basement membrane of the tunica epithelialis mucosa and subjacent tunica
propria of the porcine urinary bladder, collectively termed urinary bladder matrix (UBM), were
mechanically and chemically isolated from adjacent tissue layers, decellularized, and then
disinfected by immersion in 0.1% (v/v) peracetic acid, 4% (v/v) ethanol, and 96% (v/v)
deionized water for 2 h. The UBM–ECM material was washed twice for 15 min with PBS (pH
7.4) and then twice for 15 min with deionized water.

Three hydrated sheets of UBM–ECM were stacked in such a manner that the basement
membrane was the outermost surface on both sides of the multilaminate sheet. This orientation
of ECM layers assured that the relatively nonadherent basement membrane surface would
always interface with the adjacent tissue and minimize adhesion formation.35,36 The entire
assembly was laminated by placing the three scaffold sheets between two perforated stainless
steel plates, which were then sealed in vacuum bagging and subjected to a vacuum of 710–730
mmHg for approximately 8 h. The multilaminate device was cut into a 3×2 mm (length×width)
section and terminally sterilized by exposure to ethylene oxide.

Surgical procedure and tissue harvest
Mice were anesthetized with inhalant Isoflurane using a nose cone. The right hind limb of each
animal was shaved and prepared for surgery using sterile techniques as previously described.
31 Under magnification, the right Achilles tendon was exposed through a posterolateral skin
incision and the surrounding paratenon incised. Two 7–0 Vicryl sutures (Ethicon, Somerville,
NJ) were placed proximal and distal in the Achilles tendon. The spacing of the two sutures was
3 mm. In the AUTO-T group (n=18) the proximal and distal sutures were placed through the
intervening native tendon tissue creating two loops of suture. The tendon was then transected
within each loop, creating the autologous tendon graft (Fig. 1). The two suture loops were
pulled tight and knotted to secure the graft in the defect area. In the ECM-T group (n=18), a 2
mm segment of the tendon was resected and a 3×2 mm (length×width) triple layer laminated
sheet of UBM–ECM was attached to the free ends of the tendon via the two placed sutures
(Fig. 1). Prior to closing the skin, the graft was rehydrated with sterile saline and then
tubularized around the free ends of the tendon. In both groups the wound was closed in layers
using 7–0 Vicryl sutures. At the predetermined time of sacrifice for each animal, the surgically
repaired tendon and the contralateral control tendon were harvested. The harvested tendons
were immediately frozen on dry ice and stored at −80°C. All procedures were approved by the
Institutional Animal Care and Use Committee at the University Pittsburgh and complied with
the NIH Guidelines for the Care and Use of Laboratory Animals.

Cell culture
The cells used in the chemotactic assay were harvested from MRL/MpJ mice. These cells were
characterized as progenitor cells by their expression of Tenascin-C, Thy-1, Dlk/Pref-1, Msx1,
Thrombospondin, and Tbx5 (Fig. 2). These cells were harvested from the blastema structure
that forms following hole punch in the ear of MRL/MpJ mice (Jackson Laboratories).26 Briefly,
a 2 mm hole was punched through the ear of MRL/MpJ mice.37,38 Eleven days after creation
of the ear hole, cells were isolated from the healing edge of the hole. After initial expansion,
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Cat. No. D6429;
Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal calf serum (FCS), 2 mM L-
glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin in 95% air/5% CO2. All cells
used for these experiments were expanded in culture and used at passage 14.
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RNA isolation and analysis
Mouse MRL blastemal cells (MRL-B) were grown to at least 50% confluence in 75 cm2 flasks,
collected, and lysed. Total RNA was extracted using the Qiagen RNeasy Kit (Qiagen, Valencia,
CA) per manufacturer’s instructions with the recommended DNase treatment for removal of
genomic DNA. RNA concentrations were determined by measuring absorbance at 260 nm on
a BioMate3 spectrophotometer (Thermo Spectronic, Rochester, NY). Control RNA samples
from human and mouse tissues were prepared by homogenization in TriReagent and
chloroform extraction; RNA was extracted from aqueous phase using Qiagen RNeasy Kit as
detailed above. First-strand cDNA was synthesized from 1 μg of RNA using the Superscript
First-Strand Synthesis System according to the manufacturer’s instructions (Invitrogen–Life
Technologies, Carlsbad, CA). PCR was performed with primers specific for Tbx-5, Msx-1,
Pref-1 (Dlk), Thy-1, Tenascin C (TnC), Thrombospondin (THBS), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (Table 2). cDNAs were amplified in EasyStart Micro100
tubes (Molecular BioProducts, San Diego, CA) with 100 nM of primer in a Mastercycler
(Eppendorf, Westbury, NY). All PCR reactions were performed in 35 cycles. PCR products
were separated on 2% agarose gels, stained with ethidium bromide, and visualized on Kodak
Image Station 2000R (Kodak, Rochester, NY).

Cell migration assay
Cell migration was measured using the CytoSelect™ cell migration assay (Cell Biolabs, San
Diego, CA). Following a 20 h starvation period in 0.5% heat-inactivated serum in DMEM,
cells were resuspended at 4×105 cells/mL in migration media (basal DMEM) and preincubated
for 1 h in a 5% CO2/95% air 37°C incubator. Each harvested tendon segment was dissected
into three pieces of approximately equal size using a dissecting microscope. The weight of
each tendon was determined and recorded prior to dissection. Each tendon piece was then
placed in a separate well of a 96-well feeder tray containing 150 μL of migration media. One
hundred and fifty microliters of assay controls, DMEM supplemented with 10% FCS (positive
control) and basal DMEM (negative control), was also tested in triplicate. The migration tray,
consisting of a 96-well membrane chamber with pores 8 μm in size, was placed into the feeder
tray, and 100 μL of cell suspension (approximately 40,000 cells) was added to the top half of
each well above the membrane. The tray was covered and incubated for 4 h at 37°C in 5%
CO2/95% air. Following the 4 h incubation, the migration tray was separated from the feeder
tray, and cells that had failed to migrate were removed from the upper membrane chamber by
aspiration. The migration tray, with migrated cells attached to the underside of the membrane,
was placed into a harvesting tray containing 150 μL of prewarmed cell detachment solution
and incubated in a cell culture incubator for 1 h. The migration chamber was removed from
the harvesting tray, and 50 μL of cell lysis/dye solution, prepared by diluting CyQuant® GR
dye in lysis buffer (1:75), was added to each well of the harvesting tray and then incubated at
room temperature for 20 min. About 150 μL of the mixture from each well was transferred to
a 96-well plate suitable for fluorescence measurement (Nunc™, Roskilde, Denmark). The
fluorescence tag, bound to DNA fragments of migrated cells, was measured in a SpectraMax
M2 Plate Reader (Molecular Devices, Sunnyvale, CA) at 480 nm/520 nm.

Statistics
A four-factor repeated measures analysis of variance was performed (SAS Statistical Software
v9.1.3; SAS Institute, Cary, NC) to determine effects of ECM treatment, repair, strain, and
time. Results were considered significant at p-values less than 0.05.
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Results
C57BL/6 mice

The mean weight of the tendon segments dissected from all C57BL/6 mice was 19.98 ± 8.51
mg (n=72). Tendons repaired with the UBM–ECM scaffold (ECM-T) excised from C57BL/6
mice showed chemotactic activity that was greater than either ECM-C or AUTO-T group at
day 7, but not at days 3 or 14 (Fig. 3). At the day 7 time point the number of cells migrating
toward ECM-T tendons was 49% greater than autologous repaired tendons (AUTO-T) and
54% greater than the contralateral normal tendons from the UBM receiving mouse (ECM-C).

MRL/MpJ mice
The mean weight of the tendon segments dissected from all MRL/MpJ mice was 19.31 ± 9.26
mg (n=72). In the MRL mouse model the tendon that received the UBM–ECM scaffold (ECM-
T) showed increased chemotactic activity for MRL-B cells at days 3 and 7 compared to ECM-
C and AUTO-T groups (p<0.05), but not at day 14 (Fig. 3). No differences were detected
between the AUTO-T and AUTO-C groups. The recruitment of cells for the ECM-T group
increased relative to the AUTO-T (108% at day 3 and 36% at day 7) and ECM-C groups (90%
at day 3 and 61% at day 7). There was a significant change in chemotactic activity with time
for the ECM-T group, with the greatest activity at day 3, and decreasing activity with time at
7 and 14 days (p<0.05). There was a significant increase in cell recruitment to ECM-T from
the MRL/MpJ strain as compared to the C57BL/6 strain (p<0.05).

Discussion
The results of the present study show that there is positive chemotactic activity for a progenitor
cell population, specifically MRL blastema cells, within the remodeling ECM scaffold material
excised from Achilles tendons during the early stages of in vivo degradation and remodeling.
The data showed that the degree and temporal pattern of the chemotactic activity is different
in MRL/MpJ versus C57BL/6 mice.

The increased migration of progenitor cells toward the remodeling UBM–ECM scaffold in
both mouse strains is likely the result of the release of soluble growth factors and matricryptic
peptides that form during degradation. ECM scaffolds are known to contain various growth
factors that retain their activity even after prolonged shelf life, including TGF-β, b-FGF, and
VEGF.39-42 The degradation of ECM scaffolds in vivo begins immediately after
implantation43,44 and is likely associated with the release of both intact proteins and cryptic
fragments of parent molecules. It cannot be determined with certainty the extent to which the
recruitment of progenitor cells shown in the present was due to soluble growth factors or
matricryptic peptides. Recent studies have shown that in vitro degradation products of UBM–
ECM scaffolds are chemotactic for human multi-lineage progenitor cells and MRL-blastema
cells, the cells used in the present study.26 It is unknown whether degradation products formed
following the in vivo degradation process in the ECM-T remodeling tendons are of the same
biochemical composition as those formed in vitro by Li et al.23 and Reing et al.26

There is a difference in the chemotactic activity that was measured from the acellular ECM of
the scaffold material compared to that measured for the autologous tendon tissue or the normal
tendon. One possible explanation for this difference is that the decellularized UBM–ECM
scaffold (by definition) lacks any intact cellular component at the time of implantation. In
contrast, it is likely that cells in the autologous tendon graft are driven toward apoptosis or
necrosis as a result of surgical devascularization and release of proinflammatory mediators.
Recent studies that compared the host response to an ECM scaffold and an autologous muscle
tissue graft for abdominal wall repair in a rat model showed that the remodeled autologous
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tissue prompted a proinflammatory macrophage phenotype by 2 weeks after implantation, and
the long-term outcome was scar tissue formation.20,45,46 In contrast, the remodeled acellular
ECM promoted an anti-inflammatory macrophage phenotype, which resulted in site-specific
regeneration of muscle tissue.

A second possible explanation for differences in chemotactic activity between the UBM–ECM
and autologous tendon involves the inherent differences between the ECM of tendons and the
ECM of urinary bladder. The tendon is a metabolically stable tissue with limited collagen
turnover, which allows it to maintain its mechanical strength. Due to the necessity for rapid
healing, the ECM of the urinary bladder may have an evolutionary advantage over organs that
remodel or heal more slowly. Furthermore, there may be fewer and different growth factors
present within tendon ECM. Although several studies have isolated ECM from tendons,47-50

there are no reports of in vivo remodeling of the harvested tendon ECM.

It is noteworthy that the ECM-T tendons explanted from the MRL mice showed greater
chemotactic activity than ECM-T tendons explanted from the C57BL/6 mice at day 3. MRL
mice have been described as having rapid healing and enhanced regenerative capability not
found in most mammalian species.37,51,52 The regenerative capacity of the MRL mouse was
first realized when it was discovered that they spontaneously healed critical-sized ear punches
without scar tissue formation,38 although this finding appears to depend on the location and
severity of the injury.51,53 When regeneration occurs, the formation of multiple tissue types is
associated with a blastema-like structure. The blastema-like structure is the source of the MRL-
B cells that were used in the in vitro assay in the current study originate. Other tissues in the
MRL mouse that may have regenerative capability include the heart, brain, and spinal cord.
52 The MRL mouse has also been reported to present an abnormal immune system. The
relationship of the healing properties and differences in the immune system differences to the
finding of our study are unknown and beyond the scope of the manuscript.

It has been shown that MRL mice have increased expression and activity of MMP-2 and
MMP-9 in the early stages of healing of an ear punch as compared to C57BL/6 mice.54 MRL
mice have also been shown to more aggressively degrade basement membrane forms of ECM,
54 which is known to be a component of UBM–ECM.36 It is possible that increased expression
and activity of MMPs in the MRL/MpJ strain may lead to more rapid degradation than occurs
in the C57BL/6 mouse, and thus an earlier release of chemotactic degradation products.
Therefore, if indeed the release of matricryptic peptides were the main factor responsible for
the recruitment of progenitor cells, it would be expected that the C57BL/6 would display a
delayed response. The degradation of the ECM scaffolds was not quantitatively measured in
the current study, so additional work will be required to determine whether the degradation
profiles of the ECM scaffolds differ for the two strains.

The ECM did not appear to provide positive recruitment of progenitor cells at 14 days after
implantation, regardless of the strain. Certainly, large portions of the scaffold are still present
beyond 7 days, and this scaffold material continues to remodel. However, there is also an active
host cellular response that is characterized by a phenotypically different population of cells,
which may in turn affect the recruitment of progenitor cells. Therefore, the tissue tested from
the 14-day explants represented a mixture of xenogeneic scaffold, newly deposited host tissue,
and an abundance of host cells. Day 14 is the point at which the level of cellularity typically
peaks during the remodeling of an ECM scaffold, after which point the degree of cellularity
gradually decreases. The same mechanisms that explain this decrease in cellularity may also
be responsible for the decreased recruitment of progenitor cells.

There are several limitations of the current study. First, the source of progenitor cells (MRL-
blastema) chosen for the current study is native to one of the strains used for the in vivo
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implantation, specifically the MRL/MpJ.37,38,55 However, the remodeled UBM–ECM
harvested from the surgical site in both mouse strains showed more chemotactic potential than
the remodeled autologous tendon. Bone marrow–derived mononuclear cells would have been
an interesting population to examine since it is known that bone marrow–derived cells are
recruited to the site of ECM remodeling and become part of the tissue, but the specific
population of marrow-derived cells to evaluate would have been an arbitrary choice. The
specific populations of cells recruited to the site of ECM remodeling are an area of current
interest. Finally, this study does not specifically identify the cell-specific enzymes that
contribute to scaffold degradation in the Achilles tendon model.

Conclusion
The in vivo process of UBM–ECM degradation and remodeling leads to the recruitment of
progenitor cells to the site of remodeling. This recruitment is associated with the production
and release of chemotactic molecules that may represent intact growth factors, matricryptic
peptides, or both. The importance of these bioactive molecules in facilitating a constructive
remodeling process is unknown, but this study establishes a link between the reports of
chemotactic properties that result from in vitro methods of ECM scaffold degradation and the
in vivo process of scaffold remodeling and recruitment of selected cell populations.
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FIG. 1.
Schematic diagram illustrating the surgical technique used to transect the Achilles tendon in
the autologous repair (AUTO-T) group. (A) Sutures placed prior to segmental excision. (B)
Transection between loops of suture creating the autologous tendon repair. (C) Excision of
tendon segment with placement of UBM–ECM material.
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FIG. 2.
Images showing gene expression in MRL-B cells at passage 14 and tissue controls. RNA was
extracted and transcribed, and the subsequent cDNA screened via PCR for Tbx5, MSX-1,
DLK, tenascin C, Thy-1, and thrombospondin. All samples tested positive for housekeeping
gene GAPDH (data not shown).

Beattie et al. Page 12

Tissue Eng Part A. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 3.
Graphs showing progenitor cell migration, represented as absorbance, toward tendons excised
from C57BL/6 mice (left) and MRL mice (right) 3, 7, and 14 days following surgery for each
experimental condition: UBM repair (ECM-T), normal tendon from mouse receiving UBM
scaffold (ECM-C), autologous repair (AUTO-T), and normal tendon from the mouse that
received the autologous repair (AUTO-C). The results are the mean value (n=6) ±the standard
deviation with asterisk (*) representing p<0.05.
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Table 1

Experimental and Control Conditions for the Present Study

Test article Acronym

Tendon repaired with UBM–ECM scaffold ECM-T
Normal tendon from mouse with UBM repair ECM-C
Tendon repaired with autologous scaffold AUTO-T
Normal tendon from mouse with autologous scaffold repair AUTO-C
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Table 2

Sequences of Murine-Specific Primer Sets Used in Polymerase Chain Reaction

Gene Sequence (5′–3′) Band size (bp) + Control − Control

Tbx-5 F: ATATTGTTCCCGCAGACGACCACA
R: TAATGTGTCCAAACGGGTCCAGGT

200 Heart Brain

Dlk F: ACAATGTCTGCAGGTGCCATGTTG
R: AGGAGCATTCGTACTGGCCTTTCT

224 NIH-3T3 Heart

Msx-1 F: CTCTCGGCCATTTCTCAGTC
R: TACTGCTTCTGGCGGAACTT

246 Brain NIH-3T3

THBS F: ATCGCGAAGCTGCTATCCAGTTCT
R: TCTTCATCTGCCTCAAGGAAGCCA

457 NIH-3T3 Heart

TnC F: CGGATCCGTTTGGAGACCGCAGAGAAGAA
R: CGCAAGCTTTGTCCCCATATCTGCCCATCA

365 NIH-3T3 Spleen

Thy-1 F: CAAGGTCCTTACCCTAGCCAA
R: CCAGCTTGTCTCTATACACACTG

125 NIH-3T3 Lung

GAPDH F: CGCAACGACCCCTTCATTGACC
R: CGATGAGCCCTTCCACAATGCC

432
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