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Abstract
Ischemic heart disease is a leading cause of death, with few options to retain ventricular function
following myocardial infarction. Hematopoietic-derived progenitor cells contribute to
angiogenesis and tissue repair following ischemia reperfusion injury. Motivated by the role of
bone marrow extracellular matrix (BM-ECM) in supporting the proliferation and regulation of
these cell populations, we investigated BM-ECM injection in myocardial repair. In BM-ECM
isolated from porcine sternum, we identified several factors important for myocardial healing,
including vascular endothelial growth factor, basic fibroblast growth factor-2, and platelet-derived
growth factor-BB. We further determined that BM-ECM serves as an adhesive substrate for
endothelial cell proliferation. Bone marrow ECM was injected in a rat model of myocardial
infarction, with and without a methylcellulose carrier gel. After one day, reduced infarct area was
noted in rats receiving BM-ECM injection. After seven days we observed improved fractional
shortening, decreased apoptosis, and significantly lower macrophage counts in the infarct border.
Improvements in fractional shortening, sustained through 21 days, as well as decreased fibrotic
area, enhanced angiogenesis, and greater c-kit-positive cell presence were associated with BM-
ECM injection. Notably, the concentrations of BM-ECM growth factors were 103–108 fold lower
than typically required to achieve a beneficial effect, as reported in pre-clinical studies that have
administered single growth factors alone.

Keywords
Bone marrow; Growth factors; ECM (extracellular matrix); Heart; Thermally responsive material;
Porcine tissue

1. Introduction
The development of an effective therapy to improve cardiac function following acute
myocardial infarction (MI) has been elusive, even as ischemic heart disease is projected to
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remain the leading global cause of death for decades to come [1]. The inability of
myocardial tissue to regenerate results in negative left ventricular remodeling and dilation
after a myocardial infarction, ultimately leading to heart failure. Cellular transplantation and
regenerative medicine could enable minimally invasive alternatives to heart transplantation
and left ventricular assist devices for treatment of heart failure. Injections of cells suspended
in saline or in situ-gelling biomaterial carriers, as well as acellular biomaterial injections all
represent feasible solutions with innate advantages and limitations.

Injectable materials recapitulating the appropriate mechanical cues in load-bearing tissues,
and also releasing healing chemical or biologic factors, are of significant interest in
regenerative medicine and cardiac tissue engineering. Beyond cell therapy, an expanding
spectrum of synthetic polymer or biopolymer candidate injectables, sometimes augmented
with growth factors, drugs, or cellular suspensions, have been reported for myocardial
injection with the objective of curbing negative remodeling and loss of ventricular function
[2]. Other general therapeutic goals in this field include diminished inflammation or
scarring, improved angiogenesis and perfusion of the infarct area, stem cell recruitment, and
myocardial tissue regeneration.

The extracellular matrix is a meshwork of fibrous proteins surrounded by
glycosaminoglycans, growth factors, and sequestered cytokines. Extracellular matrices
provide structural and signaling cues that organize and regulate cellular activity, leading to
tissue repair and homeostasis, and thus can be utilized as natural biomaterials for
regenerative medicine. For example, decellularized small intestinal submucosa (SIS) has
been used extensively for wound healing and tissue regeneration [3]. Gels derived from
decellularized SIS [4], myocardium [5], or pericardium [6] all demonstrate potential for
tissue regeneration and functional improvement upon myocardial injection.

In this study, we examined bone marrow extracellular matrix (BM-ECM) for cardiac repair
due to its unique role in supporting and regulating various stem cell populations in tissue
maintenance and repair. The complex array of environmental cues associated with BM-
ECM include fibronectin, collagen Types I, III, and IV, laminin, thrombospondin,
hemonectin, and heparan sulfate proteoglycans and there is extensive evidence that different
hematopoietic cell populations interact with distinct BM-ECM components [7]. Immature
myeloid and erythroid cells have been shown to bind both to fibronectin [8] and collagen
Type I [9], while CD34 progenitors bind to fibronectin in an activation-dependent manner
[10]. Moreover, considerable evidence supports the notion that a unique ECM composition
is critical in the development, regulation, and differentiation of cells derived from diverse
hematopoietic lineages [11]. For example, Long et al. [7] have demonstrated that
thrombospondin and c-kit ligand function as a co-immobilized signaling complex regulating
hematopoietic stem cell development and Bruno et al. [12] have shown that the binding of
hematopoietic progenitor cells to GM-CSF and IL-3 is dependant upon their association
with heparan sulfate proteoglycans.

In addition to ECM proteins, others mediators of homing found within the bone marrow
include SDF-1, sphingosine-1-phosphate, VEGF, complement, and wingless-related (WNT)
proteins. Indeed, many of these same compounds appear to recruit progenitor cells to acutely
ischemic tissue, the severely injured vessel wall, and tumor neovasculature when released
locally at these sites. While many of the factors appear to be responsible for promoting
neovascularization, as well as the repair of intimal defects through direct recruitment of
endothelial progenitor cells (EPCs), recent investigations have demonstrated that newly
arrived EPCs also release proangiogenic factors in a paracrine manner that enhances the
efficiency of these processes.
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This work was based upon the postulate that BM-ECM contains both matrix and non-matrix
factors that drive homing and survival of hematopoietic-derived endothelial progenitor cells
as well as endothelial cell migration and proliferation. The synergistic effects of
cardiomyocyte pro-survival signals, anti-inflammatory cues, recruitment and homing cues
for stem cell infiltration, and angiogenic mediators within the bone marrow ECM, when
delivered in a localized manner over a sustained period of time, may serve as an effective
therapy for myocardial infarction.

2. Materials and methods
2.1. Isolation and purification of porcine bone marrow-derived extracellular matrix

Bone marrow was acquired from porcine sternums harvested from young adult swine that
were 6–7 months of age and in ranging in weight between 240 and 290 lbs. The marrow was
cut into small segments in order to be ground in a bone mill. The samples were stored at –80
°C prior to processing. The milled material was purified by adding DNase working solution
with 5X antibiotic-antimycotic to approximately 5 g of marrow and incubating at 35 rpm for
1 h at 37 °C. The DNase solution was decanted and PBS containing 1X protease arrest, 5 mM

EDTA, and 1X antibiotic-antimycotic was added to the remaining material. The
extracellular matrix was then sheared off the bone marrow using a mini-vortexer, and the
ECM-containing supernatant was transferred to a fresh tube. To recover any additional
ECM, the PBS solution was once again added to the marrow for a secondary vortex cycle.
Bone fragments were allowed to settle for 5 min before transferring the ECM-containing
supernatant to a new tube. To isolate the ECM, the material was centrifuged at 10,000 rcf for
10 min at 4 °C. After decanting the liquid from the tube, the ECM pellet was resuspended in
DNase working solution with 1X antibiotic for a secondary DNase digestion, with an
incubation time of 2 h performed at 50 rpm and 37 °C, followed by another spin cycle. The
supernatant was carefully discarded and the pellet was resuspended in PBS.

The ECM slurry was further purified from bone fragments using a sucrose gradient.
Solutions of 50% sucrose were dispensed into labeled spin tubes followed by pipetting ECM
over the sucrose layer so as to not disrupt the interface between the two solutions.
Centrifugation was performed at 200 rcf for 10 min at 4 °C. The brown-white ECM band
was then collected and placed in a sterile tube. Distilled water containing antibiotic was
mixed with the slurry and contaminants were removed by centrifugation at 4200 rcf for 20
min followed by discarding the supernatant. This spin cycle was repeated until a clear pellet
was observed. A final PBS wash was performed on the ECM pellet prior to centrifugation.
The material was diluted in PBS containing 100 mg/L calcium chloride and magnesium
chloride using the weight of the pellet for volume in preparation for further studies.

2.2. Characterization of bone-marrow ECM (BM-ECM)
BM-ECM was analyzed by SDS-PAGE by running 3 μg of ECM on a 3–8% Tris-acetate gel
(Biorad Laboratories) in XT Tricine running buffer along with a molecular weight marker
(Himark unstained protein standard, Invitrogen) followed by silver staining. Growth factor
content was quantified using Quantikine Fibroblast Growth Factor (FGF-basic) and Human
Platelet-derived Growth Factor-BB (PDGF-BB) immunoassays (R&D Systems). sGAG
content was determined using the Blyscan sulfated glycosaminoglycan assay (Biocolor, Ltd)
and DNA content defined using the Picogreen dsDNA assay (Invitrogen).

2.3. Preparation of methylcellulose and BM-ECM for local delivery
Methylcellulose (MC) solutions (8 wt%) were formed by a dispersion technique. Briefly,
half of the required volume of PBS containing magnesium and calcium was heated above 60
°C. Methylcellulose powder was added to the heated solvent and vortexed for 1 min until all
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polymer particles were thoroughly wetted. The remaining PBS volume, chilled on ice, was
then added to the methylcellulose paste. After vortexing for another minute, the mixture was
placed on ice for 1 h, after which the polymer solution became clear and increased in
viscosity. The sample was then lightly agitated for another 2 h at 4 °C. The uniform solution
was sterile-filtered through a 0.22 μm syringe filter (Millipore). For formulations containing
bone marrow-ECM (ECM-MC), varying ECM concentrations were added to filtered
methylcellulose solutions. The entire mixture was allowed to equilibrate by stirring gently
overnight at 4 °C. ECM-only formulations were diluted in 1X PBS.

2.4. Rheological analysis
Rheological analysis of 8wt% MC and 8wt% MC containing 300 μg/mL ECM was
performed to determine gelation temperatures and viscoelastic behavior. Data was acquired
on an Advanced Rheological Expansion System III rheometer (ARES III, TA Instrument,
NJ) in parallel plate geometry with a plate diameter of 25 mm. Sample solutions were
prepared as detailed above. The gap between the parallel plates was adjusted between 0.2
and 0.35 mm and dynamic mechanical experiments were performed in shear deformation
mode. Samples were heated from 4 °C to 40 °C at a rate of 1 °C per minute, frequency of 1
Hz, and fixed strain amplitude of 2%.

2.5. In vitro cell studies
ECM slurry at varying concentrations was allowed to passively adsorb overnight at 4 °C
onto non-tissue culture-treated polystyrene 48-well plates followed by rinsing the wells with
PBS. Fibronectin (50 μg/mL) was adsorbed onto well surfaces in a similar manner. Blocking
non-specific interactions was achieved by treating wells with 1% heat inactivated bovine
serum albumin (BSA) for a 1 h period followed by PBS rinsing. Wells treated with BSA
only were used as non-cell adhesive reference substrates. MC and ECM-MC gels were
produced by casting 200 μL of each solution into the wells of a 48-well non-tissue culture-
treated polystyrene plate, which were then incubated at 37 °C for 4 h prior to cell seeding.

Human umbilical vein endothelial cells (HUVECs) were purchased from Clonetics and
maintained in endothelial growth medium-2 (EGM-2, 2% serum, Clonetics) in a humidified,
5% CO2 environment at 37 °C. HUVECs were used between passages 3 and 10 for all
experiments. Cells were harvested with Cell Dissociation Solution (EDTA, glycerol, sodium
citrate, PBS, Sigma) in order to maintain integrin functionality on the cell surface. After
centrifugation at 220 g for 5 min, suspensions were prepared at a density of 500,000 cells/
mL in basal medium containing no serum. A total of 100 μL of cell suspension was plated
into each well and after a 2 h incubation period, wells were washed in PBS to remove non-
adherent cells. Cell attachment was evaluated using the CyQuant Cell Proliferation Assay
Kit (Molecular Probes) and normalized to levels on fibronectin-coated polystyrene surfaces.

HUVEC proliferation was followed over a 96-h period. Cells were seeded in non-serum
containing medium onto various substrates at a density of 2000 cells per well for 6 h to
ensure adhesion. Unbound cells were removed with media washes and substrate-bound cells
were maintained in culture for another 4 d in serum-containing media. Fresh media was
replaced in each well every 48 h. The CyQuant Cell Proliferation Assay Kit was utilized to
assess cell number at 6, 48, and 96 h.

Haptotactic migration was evaluated using a Boyden chamber assay (Transwell filters, 80
μm pore size). HUVECs were initially serum starved for 16 h. Serum-free media with
varying concentrations of bone marrow ECM was placed in the lower well, while the upper
chamber of each well insert was seeded with 80,000 cells. The use of serum-free media
containing 10% FBS served as a positive control. Cells were allowed to migrate across
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inserts for 6 h at 37 °C. Cells were fixed in 10% formal-dehyde and stained in hematoxylin,
after which the upper membrane surface was swabbed with a wet cotton swab and rinsed in
distilled, deionized water. The average number of migrated cells in six randomly chosen 40×
magnification fields of view per insert was taken to quantify the extent of migration. In
addition, the experiment was run in triplicate.

2.6. Rat coronary artery ischemia reperfusion model
Adult male Sprague–Dawley rats weighing 250 g were purchased from Charles River
Laboratories. Briefly, animals were anesthetized (1–3% isoflurane) and, following tracheal
intubation, hearts were exposed by separation of the ribs. Myocardial infarction was induced
by transient ligation of the left descending coronary artery for 30 min followed by
reperfusion. Immediately after exposure of the heart (sham studies) or ischemia reperfusion,
one of three formulations was injected into the infarct zone consisting of the free wall of the
left ventricle through a 30-gauge needle while the heart was beating. A total of 50 μL of 8wt
% MC, 8wt% MC containing 300 μg/mL ECM, or a solution of 300 μg/mL of ECM alone
were injected. Chests were then closed and animals allowed to recover on a heating pad. All
studies were conducted using a randomized and blinded protocol with rats enrolled in sham
surgery or undergoing ischemia reperfusion without treatment, serving as negative and
positive control groups, respectively.

Cardiac function was assessed using echocardiography 7 and 21 d after infarction.
Specifically, fractional shortening was derived from the end-diastolic dimension and end-
systolic dimension. Myocardial infarct size was evaluated using 2,3,5-triphenyltetrazolium
chloride (TTC) staining and Evans Blue dye in which the percent area of infarctionwas
calculated as the infarcted area (TTC stained) divided by the ischemic area at risk (Evans
Blue stained). For immunohistological evaluation, hearts were harvested and fixed in 4%
paraformaldehyde prior to being embedded in paraffin and sectioned into 5 μm thick
samples. Collagen deposition was determined by Picrosirius Red (Sigma) staining.
Macrophage infiltration was identified using CD68 monoclonal antibody (Abcam).
Apoptosis was detected with the CardioTACS in situ apoptosis detection kit (Trevigen).
Digital images and area measurements were obtained in a blinded manner. Angiogenesis
was detected by Von Willebrand Factor antibody staining (Abcam, ab6994). C-kit-positive
cells were identified with H-300 ckit antibody (Santa Cruz Biotechnology).

2.7. Statistics
Comparison between groups was analyzed via ANOVA and a paired, two-tailed student's t-
test, with p < 0.05 considered to be significant. Results are presented as mean standard
deviation. For in vitro studies, data represent characteristic results from a particular
experimental run, with each group run at least in quadruplicate and a minimum of three
independent runs conducted. For in vivo studies, four rats were enrolled in each treatment
group.

3. Results
3.1. In vitro characterization of bone marrow-derived extracellular matrix

Gel electrophoresis revealed the presence of a range of proteins and ECM fragments, and
further analysis was performed on selected components of interest (Fig. 1A, B).
Extracellular matrix-bound growth factors work in concert to regulate cell migration,
proliferation, and differentiation through the repair process. Therefore, to identify those
growth factors that could be responsible for BM-ECM induced tissue regeneration, porcine
ELISAs were performed for FGF-2, PDGF-BB, and TGF-β1, as listed in Fig. 1B.
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Furthermore, using a Blyscan assay, the glycosaminoglycan content of the matrix was
determined. The dsDNA content in the BM-ECM was 198 ± 110 μg per mg of ECM.

3.2. Rheological analysis of methylcellulose formulations
We investigated intramyocardial injections of both methylcellulose (MC) and ECM-
methylcellulose (ECM-MC) compositions, which undergo a sol–gel transition upon heating.
Storage modulus, loss modulus, dynamic viscosity, and tan δ were obtained from
rheological measurements and were plotted as a function of temperature (Fig. 2A, B). At the
gelation temperature, the loss and storage modulus increase sharply, while tan δ decreases,
consistent with the formation of a viscoelastic gel. Gelation temperatures derived from the
point of maximum slope of the dynamic viscosity curve for MC and ECM-MC were 30.9 ±
1.4 °C and 26.5 ± 0.9 °C, respectively (p < 0.05), which ensured in situ gelation of these
solutions upon microinjection at 37 °C.

3.3. Cell adhesion and proliferation in vitro
Human endothelial cell adhesion was initially characterized in a standard 2 h adhesion assay
on non-tissue culture-treated wells pretreated by overnight incubation at 4 °C to ECM (30–
3000 μg/mL) or fibronectin (50 μg/mL). Surfaces incubated with ECM concentrations equal
to or greater than 30 μg/mL were able to support robust cell attachment (Fig. 3A). Likewise,
a 9-fold increase in cell number was observed over a 96-h period when cells were incubated
in wells pretreated with ECM concentrations equal to or exceeding 300 μg/mL (Fig. 3B).
Consistent with these results, a significant haptotactic response was observed on surfaces
exposed to similar ECM concentrations (Fig. 3E).

Cell adhesion and proliferation was subsequently assessed on substrates coated with MC
with or without incorporated ECM. MC formulations (8wt%) that contained 30 μg/mL of
ECM were insufficient to support a significant adhesive response (Fig. 3C). However, when
ECM concentrations were 300 μg/mL or higher, gels displayed adhesive responses were
statistically equivalent to those observed on fibronectin-coated surfaces. Similar
formulations supported an 11-fold increase in cell number over a 96-h incubation period.

3.4. Post-MI injection of ECM-MC
The extent of the myocardial infarction was evaluated at 24 h after injury using TTC
staining and Evans Blue dye (Fig. 4B). A 53% reduction in the ischemic area was noted
among rats treated with the ECM-MC formulation as compared to other treatment groups. A
reduction in infarct area was not observed when treated with ECM alone. Cardiac function
was assessed using echocardiography at 7 and 21 d after induction of myocardial infarction
(Fig. 4A). At 7 d, both ECM and ECM-MC treated rats showed improvement in fractional
shortening when compared to those rats subjected to ischemia reperfusion in the absence of
treatment. However, at 21 d, only those treated with an ECM-MC formulation demonstrated
significant improvement in fractional shortening. Macrophage infiltration in the border zone
and apoptosis at 7 d were significantly reduced only in the ECM-MC treatment group (Fig.
5).

Late functional improvement at 21 d may be related to reduced fibrosis or enhanced
myocardial repair consistent with the recruitment of cardiac progenitor cells or an
angiogenic response. Fibrosis, defined histologically by Picrosirius Red staining for collagen
deposition, was significantly reduced in those groups treated with ECM or ECM-MC (Fig.
6). The density of c-kit-positive cells and blood vessels in the border zone of the infarct area
were both substantially greater among those animals treated with ECM-MC. The MC
vehicle and ECM alone were unable to promote an angiogenic response (Fig. 7).
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4. Discussion
Emphasis on the development of injectable gels for myocardial repair has increased
following observations that fibrin glue injections decreased infarct scar size and prevented
declines in fractional shortening [13,14]. Although cardiomyocyte or progenitor cell
transplant would seem the most direct path to restored function, low levels of cellular
engraftment currently detract from this strategy. A wide range of biomaterial gels designed
for intramyocardial injection have been reported and reviewed [2,15]. These materials may
act as mechanical bulking agents, decreasing the average stress on the ventricular wall by
increasing wall thickness. Alternatively, various biopolymers may induce cellular ingrowth
and angiogenesis through innate bioactive sites, or may be engineered to release growth
factors or drugs. Compared to cell therapy, this class of injectables could prove a more
translatable and scalable solution for the large patient population suffering from negative LV
remodeling [16].

Reports suggest that acellular, ECM-derived implants have the capacity to guide
macrophage immunomodulatory responses [17], recruit progenitor cells [18], and remodel
into organized, functional tissues [19–21]. These observations are attributed to bioactive
molecules or peptide fragments released upon scaffold degradation, which promote
migration, proliferation, and differentiation of progenitor cells from the circulation or
adjacent tissues. Our understanding of this process remains incomplete, and only a few
studies have examined the case of ECM-derived injectables for myocardial repair.
Suspensions of acellular small intestinal submucosa (SIS) have been shown to improve
function, increase levels of stem cell factor, VEGF, c-kit-positive cells, myofibroblasts, and
macrophages [22]. When other SIS gels were injected in ischemic mouse myocardium, a
variant with greater FGF-2 content was correlated to an enhanced biologic and therapeutic
effect [4]. Matrices from myocardium and pericardium have also been reported to promote
EC and SMC infiltration, and neovascularization, following injection into non-infarcted rat
hearts [5,6]. These matrices contained a range of anticipated ECM components, including
several collagen types, sGAG, and elastin.

In BM-ECM, we have identified detectable levels of a collection of growth factors
prominent in myocardial repair. Several have demonstrated efficacy in myocardial injection
studies. Vascular endothelial growth factor has been investigated extensively in myocardial
repair, although side effects underscore the significance of controlled and localized delivery
[23]. Fibroblast growth factor-2 is associated with cell proliferation, angiogenesis,
cardiomyocyte differentiation, and scar contraction following MI [24,25]. Studies
combining FGF-2 with gelatin [26], chitosan [27,28], or a copolymer hydrogel [29] report
reduced infarct size, increased angiogenesis, and functional gains. Various isoforms of
PDGF are associated with angiogenesis as well as cardiomyocyte survival and
differentiation [30–33]. Sustained release of insulin-like growth factor (IGF-2), when
combined with cardiomyocyte injection, increased myocyte size and improved systolic
function [34]. Any of these factors, their combination, or the presence of other non-defined
constituents may be responsible for the effect of BM-ECM. Notably, the concentration of
BM-ECM growth factors were 103–108 fold lower than typically required to achieve a
beneficial effect, as reported in pre-clinical studies that have administered single growth
factors alone. For example, FGF has been administered in rat MI models at doses of 2–100
μg [26,27,29,35], but the dose in the present study was 1.1 pg. Similarly, PDGF has been
administered in amounts ranging from 4 ng to 3 μg [30–33], compared 1.2 pg in this study.
In swine [36] and rat [33] models, VEGF was effective in doses of 20 μg and 3 μg,
respectively, levels considerably greater than the estimated level of 0.01 pg in BM-ECM.
Therefore, the efficacy of BM-ECM may not be exclusive to any one of these factors, but to
their combined effect, with additional contributions from unidentified components. Indeed,
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all of the growth factors that were quantified in the BM-ECM are known to interact
synergistically with other factors. For example, VEGF and FGF-2 have a combined
angiogenic effect greater than the sum of their individual contributions [37]. TGF-β1
upregulates transcription of FGF-2 and VEGF by smooth muscle cells, but also accentuates
the effect of these factors in vitro in the absence of smooth muscle cells [38–40]. In addition,
combinations of PDGF-BB and IGF-1 have a coordinated effect, increasing collagen fiber
deposition and alignment in wound healing [41,42]. In principle, the low growth factor
concentrations observed in BM-ECM may limit undesirable effects associated with growth
factor administration.

In this study, the mechanical or bulking effect and the bioactivity are attributed to separate
components, providing insight into the relative significance of these two phenomena. We
employed MC as a versatile biopolymer that undergoes in situ gelation due to hydrophobic
interactions attributed to the methoxy substitution that drive a sol–gel phase transition that is
tunable through adjustment of MC and salt concentrations [43]. Prior in vivo studies have
reported the application of MC as a biodegradable carrier agent for sustained growth factor
delivery without significant inflammatory response in central or peripheral nervous system
sites [43,44].

Following myocardial infarction, ventricular wall thinning is associated with increased wall
stress and negative left ventricular remodeling. Computational modeling has suggested that
gels injected as bulking agents can alter the stress distribution in the ventricular wall and
alleviate negative remodeling [45]. Although many injectables have shown benefit, in
almost all cases these interventions have a biological effect, which cannot be clearly
decoupled from mechanical bulking [2,46]. Indeed, injection of an inert polyethylene glycol
gel showed no prolonged benefit [47]. We also observed no benefit from MC alone, either
because the effect of mechanical bulking was small, ordue to degradation of the MC.
Notably, this study did not establish a time course for degradation of the MC. Although such
studies will be required in the future, quantification of MC degradation in vivo is
challenging due to temperature driven reversal of gelation when tissue samples are harvested
and processed [43].

Macrophage infiltration immediately following myocardial injury results in cell debris
clearance and secretion of VEGF and TGF-β, followed by improved neovascularization,
collagen deposition, and wound healing [48,49]. However, extended macrophage persistence
is a hallmark of chronic inflammation, and likely to be detrimental to later stages of
ventricular remodeling [49]. Indeed, pharmacologic reduction of macrophage infiltration has
been correlated to reduced fibrosis and improved fractional shortening [50]. Here, we
observed lower macrophage levels after 7 d following EMC-MC injection. Because this
treatment also led to improved functional outcomes, greater angiogenesis, and reduced
apoptosis, we speculate that the lower macrophage level indicates a diminished pro-
inflammatory macrophage population [51].

Our observation that c-kit-positive cell accumulation is correlated with more extensive
angiogenesis is consistent with the reported role of these cells in myocardial repair. Bone
marrow cells expressing c-kit, including hematopoietic stem cells and endothelial progenitor
cells, have been associated with initiation of angio-genesis and tissue repair [52]. Injected c-
kit-positive bone marrow cells have also been shown to transdifferentiate into
cardiomyocytes, contributing mechanically and electrically to heart function [53]. Although
c-kit is also expressed on resident cardiac progenitor cells, in the context of MI repair the
majority of c-kit-positive cells are reported to be bone marrow-derived [52], underscoring
the significance of a potential supportive role for BM-ECM in intramyocardial injection.
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5. Conclusion
Our salient findings were that ECM-MC therapy improved cardiac function and reduced
infarct and fibrotic areas. We also noted the presence of several bioactive molecules in BM-
ECM, although concentrations were 103–108 fold lower than typically required to achieve a
beneficial effect. Compared to BM-ECM alone, combining the matrix with a
methylcellulose carrier gel resulted in smaller infarct areas and prolonged improvements in
fractional shortening. The composite injection also increased angiogenesis and c-kit-positive
cell accumulation, and reduced apoptosis and macrophage levels in the infarct border zone.
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Fig. 1.
Composition of BM-ECM and MC gel. (A) SDS-PAGE of BM-ECM after purification.
Silver staining was utilized to visualize the protein bands. Molecular weight standard
markers indicate size. A total of 3 μg ECM was separated on a 3–8% Tris-acetate gel
(Biorad Laboratories) in XT Tricine running buffer, and stained with silver stain. (B)
Composition of BM-ECM, as determined by porcine ELISA and Blyscan kits.
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Fig. 2.
Rheological behavior of MC and ECM-MC. (A) 8wt% MC and (B) 8wt% MC containing
300 μg/mL BM-ECM. Storage modulus, loss modulus, and dynamic viscosity are plotted as
a function of temperature (γ 2%, ω 1Hz). tan δ values are plotted on the right-hand side of
the graphs.

Ravi et al. Page 14

Biomaterials. Author manuscript; available in PMC 2013 December 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Cell adhesion and proliferation on BM-ECM. (A) 2-h HUVEC adhesion onto BM-ECM
dilutions that were adsorbed overnight at 4 °C. Cells were seeded at a density of 50,000 cells
per well in media containing no serum. Fibronectin adsorbed onto the non-tissue culture-
treated 48-well plates served as the positive control. All data was normalized to the
fibronectin (FN) control. (B) HUVEC proliferation over a 4-day period was followed. Cells
were seeded at a density of 2000 cells per well for 6 h. Unbound cells were removed with
media washes and substrate-bound cells were maintained in culture for 48 h and 96 h in
serum-containing media. (C) 2-h HUVEC adhesion on 8wt% MC gels containing increasing
ECM concentrations. (D) HUVEC proliferation on 8 wt% MC-ECM gels. (E) Haptotactic
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migration assay, with 10% FBS serving as the positive control. The average number of
migrated cells in six randomly chosen fields of view (40× magnification) per insert was
quantified (*p < 0.05, **p < 0.01).
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Fig. 4.
ECM-MC therapy results in improved cardiac function and reduced infarct area. Injected
material consisted of 4 mg of MC and/or 15 μg of BM-ECM. (A) Cardiac function was
assessed using echocardiography 7 and 21 d postinfarction, and dimensions of the heart
were measured. Specifically, fractional shortening was derived from the end-diastolic
dimension and end-systolic dimension (*p < 0.05, **p < 0.01, †p = 0.05). (B) Myocardial
infarct area was assessed 24 h post-IR, and was defined as infarcted area divided by the
ischemic area at risk. Representative images for (C) ischemic reperfusion only, (D) MC
only, (E) BM-ECM only, and (F) ECM-MC delivery (*p < 0.05). For all studies, 4 rats were
enrolled per treatment group.
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Fig. 5.
ECM-MC reduces the number of apoptotic cells (A) and decreases macrophage infiltration
into the border zone (B). The left-ventricular free wall was analyzed 7 days after ischemic
injury for apoptotic cells (C–F) and macrophages (G–J) at the border zone. Representative
images of IR alone (C, G), IR + MC treatment (D, H), IR + BM-ECM treatment (E, I), and
IR + ECM-MC treatment (F, J) were analyzed at the border zone in a blind manner (*p <
0.05 compared to IR control). Four rats were enrolled per treatment group and three sections
selected for each tissue sample. Apoptotic cells were CardioTACS in situ apoptosis
detection kit (Trevigen) and macrophages with CD68 monoclonal antibody (Abcam). Four
different fields (40×) in each section were recorded. Red bars signify 50 μm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6.
(A) ECM-MC therapy results in reduced fibrotic area. Injected material consisted of 4 mg of
MC and/or 15 μg of BM-ECM. The left-ventricular free wall was analyzed 21 days after
ischemic injury for fibrosis using collagen-specific Picrosirius Red stain. Representative
images of IR alone (B), IR + MC treatment (C), IR + ECM treatment (D), and IR + ECM-
MC treatment (E) were analyzed in a blind manner (*p < 0.05 and **p < 0.01 compared to
IR control). Four rats were enrolled in each treatment group and three sections selected for
each tissue sample. Red bars signify 1 mm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7.
ECM-MC therapy promotes stem cell mobilization (A) and angiogenesis (B). Injected
material consisted of 4 mg of MC and/or 15 μg of ECM. The left-ventricular free wall was
analyzed 21 days after ischemic injury for c-kit-positive cells, identified with H-300 c-kit
antibody (C–F), or for Von Willebrand Factor-stained cells (Abcam, ab6994) (G–J).
Representative images of IR alone (C, G), IR + MC treatment (D, H), IR + BM-ECM
treatment (E, I), and IR + ECM-MC treatment (F, J) were analyzed for cell counts or blood
vessel density in a blind manner (*p < 0.05 compared to IR control). Four rats were enrolled
per treatment group and three sections selected for each tissue sample. Four different fields
(40×) in each section were assessed. Red bars signify 50 μm. Black arrows point to c-kit
staining. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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