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Abstract
Adult bone marrow stromal cells (BMSCs) are capable of differentiating into cardiomyocyte-like
cells in vitro and contribute to myocardial regeneration in vivo. Consequently, BMSCs may
potentially play a vital role in cardiac repair and regeneration. However, this concept has been limited
by inadequate and inconsistent differentiation of BMSCs into cardiomyocytes along with poor
survival and integration of neo-cardiomyocytes after implantation into ischemic myocardium. In
order to overcome these barriers and to explore adult stem cell based myocardial regeneration, we
have developed an in vitro model of three-dimensional (3-D) cardiac muscle using rat ventricular
embryonic cardiomyocytes (ECMs) and BMSCs. When ECMs and BMSCs were seeded sequentially
onto a 3-D tubular scaffold engineered from topographically aligned type I collagen fibers and
cultured in basal medium for 7, 14, 21, or 28 days, the maturation and co-differentiation into a
cardiomyocyte lineage was observed. Phenotypic induction was characterized at morphological,
immunological, biochemical and molecular levels. The observed expression of transcripts coding for
cardiomyocyte phenotypic markers and the immunolocalization of cardiomyogenic lineage-
associated proteins revealed typical expression patterns of neo-cardiomyogenesis. At the biochemical
level differentiating cells exhibited appropriate metabolic activity and at the ultrastructural level
myofibrillar and sarcomeric organization were indicative of an immature phenotype. Our 3-D co-
culture system sustains the ECMs in vitro continuum of differentiation process and simultaneously
induces the maturation and differentiation of BMSCs into cardiomyocyte-like cells. Thus, this novel
3-D co-culture system provides a useful in vitro model to investigate the functional role and interplay
of developing ECMs and BMSCs during cardiomyogenic differentiation.
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Introduction
It is well established that postnatal bone marrow harbors a heterogeneous population of adult
stem cells and precursor cells that includes hematopoietic stem cells (HSCs), bone marrow
stromal cells or mesenchymal stem cells (BMSCs/MSCs), multipotent adult progenitor cells
(MAPCs) and endothelial precursor cells (EPCs) [1]. These cells have a unique combination
of surface antigenic markers and have the potential to generate different sets of differentiated
progeny [2]. Adult stems cells, including BMSCs, exhibit a certain degree of developmental
plasticity that enables them to differentiate across boundaries of lineage, tissue and germ layers
[1]. This differentiation potential of BMSCs has prompted us to explore the ability of these
cells to differentiate into myocardium.

Previous reports indicate that BMSCs can be directed to differentiate into multiple
mesenchymal and non-mesenchymal cells in vitro including myocyte-like and cardiomyocyte-
like cells, which may contract in vitro [3-7]. Preclinical and clinical studies have suggested
that whole marrow isolates and/or cultured marrow stem cells may also contribute to cardiac
repair in vivo and alleviate cardiac symptoms, although the mechanism for this remains obscure
[8-11]. These cells have also been grafted onto ischemic heart tissue, but their extent of
functional integration remains unresolved [12-13]. In addition, these cells may contribute to
revascularization after myocardial injury [14]. Taken together these data suggest that BMSCs
could play a vital role in cardiac regeneration, but this concept requires further validation.

Cumulative evidence demonstrates that exogenous stem cells when systemically infused,
transplanted or directly infiltrated into cardiac lesions generate relatively few neo-
cardiomyocytes, but some types of cells such as BMSCs and side population of HSCs
contribute directly to the endothelial cell populations, especially near the infarcted zones
[14-15]. A major issue that remains to be addressed is the extent to which introduced stem cells
contribute directly to the formation of neo-cardiomyocytes versus their contribution to and/or
stimulation of an enhanced local vascular response, which in turn may act as a supportive
microenvironment for regeneration [16-17].

Unlike BMSCs, embryonic stem cells (ESCs) can be readily directed to differentiate into
cardiomyocyte-like cells in vitro [18]. The ESC-derived three-dimensional (3-D) embryoid
bodies (EBs) contained clusters of spontaneously beating cardiomyocytes. Subsequent reports
have revealed that these ESC-derived cardiomyocytes undergo an orderly array of
developmental gene expression that closely mimic that which occurs during in vivo cardiac
embryogenesis [19]. Besides, these cells acquire the physiopharmacological characteristics of
terminally differentiated cardiac myocytes [18-19]. The utility of ESCs in facilitating cardiac
muscle regeneration is still in its incipient stages. A number of issues, including a propensity
for some implanted ESCs to form benign or malignant teratomas in the heart, remain to be
addressed.

Use of adult stem cells in the stimulation of mammalian cardiac muscle regeneration is in its
infancy, and to date, it has been difficult to determine the efficacy of the procedures that have
been employed. The outstanding question remains whether stem cells derived from the bone
marrow or some other location within or outside of the heart can populate a region of
myocardial damage and transform into tissue-specific cells and also exhibit functional
synchronization [Carlson, 2007]. As a result, this necessitates the development of an
appropriate in vitro 3-D model of cardiomyogenesis and prompts the development of a 3-D
cardiac muscle construct for tissue engineering purposes, especially using the adult stem cell,
BMSCs.

In this study, we investigated the cardiomyogenic differentiation potential of BMSCs in the
milieu of embryonic cardiac myocytes (ECMs) when co-seeded onto a three-dimensional (3-
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D) tubular scaffold engineered from aligned type I collagen strands and cultured in basal
medium. In this culture condition, cells underwent maturation and differentiation characteristic
of myogenic lineage and acquired the cardiac phenotype.

Materials and Methods
Fabrication of tubular scaffold

The 3-D collagen type I tube served as a scaffold on which both rat BMSCs and ECMs co-
differentiation cultures were carried out. The details of the production and properties of the
collagen tubes have previously been described [20]. Briefly, a 25 mg/ml solution of bovine
collagen type I was extruded with a device that contained two counter-rotating cones. The
liquid collagen was fed between the two cones and forced through a circular annulus in the
presence of an NH3-air (50-50 vol/vol) chamber. This process results in a hollow cylindrical
tube of aligned collagen fibrils with an inner central lumen. The dimensions of tubes produced
for this set of experiments had a length of 20 mm with a luminal diameter of 4 mm and an
external diameter of 5 mm, leaving a wall thickness of 1 mm. The collagen tubes had a defined
fiber angle of 18° relative to the central axis of the tube and had pores ranging from 1 to 10
μm. The tubes were sterilized using gamma radiation 1200 Gy followed by Stratalinker UV
crosslinker 1800 (Stratagene) and were then placed in Mosconas's solution (in mM: 136.8
NaCl, 28.6 KCl, 11.9 NaHCO3, 9.4 glucose, 0.08 NaH2PO4, pH 7.4) (Sigma-Aldrich)
containing 1 μl/ml gentamicin (Sigma-Aldrich) and incubated in 5% CO2 at 37°C until cellular
seeding.

BMSCs isolation, expansion and maintenance
Procedures were performed in accordance with the guidelines for animal experimentation by
the Institutional Animal Care and Use Committee (IACUC), School of Medicine, University
of South Carolina. Rat BMSCs were isolated from the bone marrow of adult 300g Sprague
Dawley®™ SD®™ rats (Harlan Sprague Dawley, Inc.) as described previously [21]. Briefly,
after deep anesthesia, the femoral and tibial bones were removed aseptically and cleaned
extensively to remove associated soft connective tissues. The marrow cavities of these bones
were flushed with Dulbecco's Modified Eagle Medium (DMEM; Invitrogen) and combined.
The obtained marrow plugs were triturated, and passed through needles of decreasing gauge
(from 18 gauge to 22 gauge) to break up clumps and cellular aggregates. The resulting single-
cell suspensions were centrifuged at 200g for 5 minutes. Nucleated cells were counted using
a Neubauer chamber.

Cells were plated at a density of 5 × 106 − 2 × 107 cells per T75 cm2 flasks in basal media
composed of DMEM supplemented with 10% fetal bovine serum (FBS, lot-selected; Hyclone),
gentamicin (50 μg/ml) and amphotericin B (250 ng/ml) and incubated in a humidified
atmosphere of 5% CO2 at 37°C for 7 days. The medium was replaced, and ch anged three times
per week until the cultures became ∼70% confluent (between 12 and 14 days). Cells were
trypsinized using 0.05% trypsin-0.1% EDTA and re-plated at a density of 1 × 106 cells per T75
cm2 flasks. After three passages, attached marrow stromal cells were devoid of any non-
adhering population of cells.

Phenotypic characterization of BMSCs by flow cytometry and confocal microscopy
Qualitative evaluation for various cell surface markers was performed on cells grown in the
Lab-tek™ chamber slide system™ (Nunc) using a Zeiss LSM 510 Meta confocal scanning
laser microscope (Carl Zeiss, Inc.) and quantitative analysis of the same set of markers was
performed by single-color flow cytometry using a Coulter® EPICS® XL™ Flow Cytometer
(Beckman Coulter, Inc.) as described previously [Valarmathi et al., 2009]. Briefly, the passage
3 maintained BMSCs were trypsinized, pelleted at 200g for 5 minutes and washed twice with
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Mosconas's solution, pH 7.4. Cells were re-suspended in staining buffer (1.5% bovine serum
albumin in PBS, pH 7.4) (BSA, Sigma-Aldrich) and incubated for 30 minutes at 4°C with
appropriate dilutions of FITC-conjugated mouse anti-rat CD11b, CD31, CD44, CD45, CD90
and OX43 monoclonal antibodies for direct immunostaining (Table 1). Similarly, the cells
were incubated with FITC-unconjugated mouse anti-rat CD34, CD73 and CD106 monoclonal
antibodies followed by incubation with appropriate dilutions of FITC-conjugated anti-mouse
secondary antibodies for indirect immunostaining (Table 1). FITC labeled mouse anti-rat-IgGs
antibodies served as the isotype controls. The stained cells were washed twice with Moscona's
solution and the data acquired immediately or alternately the cells were fixed in ice-cold 0.5%
paraformaldehyde (Sigma-Aldrich) and stored in the dark at 4°C until acquired in flow
cytometry. The obtained data were analyzed using Expo32 ADC software (Beckman Coulter,
Inc.).

Purification and enrichment of BMSCs by magnetic cell sorting
The adherent populations of BMSCs were further purified by indirect magnetic cell labeling
method using an autoMACS™ Pro Separator (Miltenyi Biotech). The cells were subjected to
CD90 positive selection by incubating the cells with FITC-labeled anti-CD90 antibodies (BD
Pharmingen), followed by incubation with anti-FITC magnetic microbeads (Miltenyi Biotech),
and passed through the magnetic columns as per the manufacturer's instructions. The resultant
enriched CD90+/CD34-/CD45- fractions were expanded by subcultivation and subjected to
flow cytometric analysis.

Labeling of BMSCs with green fluorescent protein (GFP) for lineage tracing
Lentiviral vectors and lentivirus production—Lentiviral construct generation and
lentivirus preparation were performed as described previously [22]. In brief, lentiviral
expression plasmid pWPI-GFP, along with packaging plasmid pCMVΔR8.91 and envelope
plasmid pMD.D(VSV-G) were co-transferred with a mass ratio of 3:2:1 into a 30-40%
confluent 293T cells in serum-free medium using ProFection® Mammalian transfection
system (Promega) following the manufacture's instructions, and incubated in a humidified
atmosphere of 5% CO2 at 37°C for 16 hours. After 16 hours the serum-free medium was
replaced with fresh DMEM medium supplemented with 10% FBS to collect viral particles for
the next 24 hours. The collected viral supernatants were filtered through 0.22 μm, pooled and
subjected to ultracentrifugation at 26,000 rpm using a SW28 rotor for 2 hours. The supernatant
was removed and the deposited viral particles were resuspended in 100 μl of PBS, pH 7.4 and
stored at -70°C until further use. The viral titre was determined by standard HeLa titre
procedure using GFP as a marker.

Lentiviral transduction—For lentiviral transduction, BMSCs (0.2 × 106 cells/well) and the
desired number of viral particles (MOI = 5) were resuspended in 1 ml of serum-free medium
(serum-free DMEM) and were seeded onto six-well culture plates precoated with retronectin
(20 μg/ml/well) and incubated overnight in a humidified atmosphere of 5% CO2 at 37°C. After
overnight transduction, the serum-free medium was replaced with complete medium (DMEM
with 10% FBS) and cells were further incubated for 48 to 72 hours before the transduced GFP
gene expression was analyzed. The GFP marked BMSCs were expanded further by
subculturing. GFP expression was observed using confocal microscopy and the transduction
efficiency was estimated.

Embryonic ventricular cardiac myocytes (ECMs) isolation
Isolation of embryonic ventricular primary cells was performed as described in detail
previously [23-24]. Briefly, under deep euthanasia, E15 timed pregnant Sprague Dawley®™
SD®™ rats (Harlan Sprague Dawley, Inc.) were subjected to cervical dislocation and the
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embryos were removed from the adherent placental membranes. The hearts were dissected out
from these E15 embryos and pooled in ice-cold Moscona's solution. Atria were removed from
the ventricles under a dissecting microscope (Olympus SZ60) and discarded. Isolated ventricles
were rinsed with ice-cold Krebs-Ringer bicarbonate-I (KRB-I) with 1 mg/ml BSA fractionV,
2 mg/ml glucose, 100 U/ml penicillin, and 75 U/ml streptomycin, pH 7.4. The ventricles were
minced thoroughly and incubated with a KRB-II-collagenase type II (Worthington) solution
(120 U/ml) in a 37°C shaking water bath. Tissues were dissociated by repeated (at 8 minute
intervals) triturations. The process was repeated until all tissues were completely dissociated.
Then, the cells were pelleted at 800g for 8 minutes, the supernatant was discarded, and the
obtained pellet was resuspended in 5 ml of KRB-II solution (20 mg/ml BSA fractionV, 2 mg/
ml glucose, 100 U/ml penicillin, and 75 U/ml streptomycin, pH 7.4) and passed through a 20
μm nylon mesh. The cells were once again pelleted and resuspended in complete medium
composed of DMEM (Invitrogen) supplemented with 10% FBS (Atlas Biologicals),
gentamicin (50 μg/ml) and amphotericin B (250 ng/ml).

Creation of ECMs tubular myotubes
Isolated ventricular primary cells were quantified using a hemocytometer and plated at a
density of 1 × 106 cells/20 mm of collagen-gel tubular scaffold. Cells were seeded into the
lumen and on the surface, incubated in a humidified atmosphere of 5% CO2 at 37°C for 7 days,
and observed for spontaneous rhythmic beating and/or contractility. These ECM-myotubes
(ECMs only) were cultured in basal medium (DMEM with 10% FBS) for further 7, 14, 21 or
28 days.

BMSCs and ECMs myotube co-culture
The expanded and purified population of CD90+ BMSCs (GFP unlabeled or GFP labeled) were
seeded into the lumen and on the surface of the generated tubular ECM-myotubes at a density
of 0.2 × 106 cells/20 mm tube and cultured in basal medium consisting of DMEM supplemented
with 10% FBS and gentamicin (50 μg/ml) for 7, 14, 21 or 28 days. The cultures (ECMs/BMSCs-
GFP unlabeled or ECMs/BMSCs-GFP labeled or ECMs only) were terminated at these regular
intervals and the collected samples were subjected to RT-qPCR, immunofluorescence,
morphometric, ultrastructural, and biochemical analyses.

Real-time polymerase chain reaction
Total cellular RNA extraction from three independent collagen tube cultures (ECMs/BMSCs-
GFP unlabeled or ECMs only) maintained in basal medium were performed using TRIzol®
Plus RNA purification kit (Invitrogen) according to manufacturer's instructions. The quality
and quantity of the obtained RNA was analyzed on the Agilent 2100 Bioanalyzer using the
Agilent RNA 6000 nano kit (Agilent Technologies, Inc.) according to manufacturer's
instructions. The reverse transcriptase (RT) reaction was performed using 500 ng of total RNA
in a final reaction volume of 20 μl using an iScript™ cDNA synthesis kit (Bio-rad Laboratories)
according to manufacturer's recommendations. Gene-specific primers for cardiac myosin
heavy chain alpha (myosin, heavy chain6, cardiac muscle, alpha - Myh6/α-MHC), cardiac
myosin heavy chain beta (myosin, heavy chain 7, cardiac muscle, beta - Myh7/β-MHC), cardiac
α-actin (actin, alpha, cardiac muscle 1 - Actc1), cardiac troponin I (troponin I type 3, cardiac
- Tnni3, cTnI), GATA binding protein 4 (Gata4), atrial natriuretic peptide (natriuretic peptide
precursor A – Nppa/ANP), brain natriuretic peptide (natriuretic peptide precursor B – Nppb/
BNP) and connexin 43 (gap junction protein, alpha 1 – Gja1/Cx43) and; the endogenous
normalizer reference gene, acidic ribosomal phosphoprotein P0 (Arbp) were designed using
web based software Primer3 [25], synthesized commercially (Integrated DNA Technologies,
Inc.), and evaluated for an annealing temperature of 58°C as shown in Table 2.
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Real-time PCR conditions were optimized as described previously [26]. All RT-qPCRs were
performed with SYBR Green I chemistry in a MyiQ™ single-color real-time PCR detection
system (Bio-rad Laboratories). For qPCRs, iQ5 SYBR Green I supermix, 3 pmol/μl of each
forward and reverse primers, and 5 μl cDNA template were used in a final reaction volume of
50 μl. PCR cycling parameters included an initial denaturation of 8 minutes and 45 seconds at
95°C followed by 45 cycles of 30 seconds at 95°C, 30 seconds at 58°C, and 30 seconds at 72°
C. Data collection was enabled at 72°C in each cycle. CT (threshold cycle) values were
calculated using the MyiQ optical system software, version 2.0. The calibrator control included
BMSCs day 0 sample and the target gene expression was normalized by a non-regulated
reference gene expression, Arpb. The mathematical model previously described in detail
[27], was used to determine the expression ratio of genes.

Immunofluorescence staining and confocal microscopy
Collagen tube cultures (ECMs/BMSCs-GFP unlabeled or ECMs/BMSCs-GFP labeled or
ECMs only) were collected at day 7, 14, 21 or 28 and processed according to previously
described protocols [21]. After incubation, the tubes were rinsed twice in Mosconos's solution,
pH 7.4 and fixed in 2% paraformaldehyde at 4°C for 12-16 hours. Each of the samples was
then permeabilized in PBS, pH 7.4 containing 0.1% Triton X-100 and 100 mM glycine for 30
to 40 minutes at room temperature and blocked in 1.5% BSA, 100 mM glycine in PBS for 1
hour at room temperature. The primary antibodies used are shown in Table 1. Primary
antibodies were used at 1:100 dilutions in blocking buffer for 12-16 hours at 4°C. Secondary
antibodies (Alexa fluor® 488, 546, 633 obtained from Molecular Probes, Invitrogen) were
used at 1:200 dilutions in blocking buffer for 2 hours at room temperature in the dark. Alexa
fluor® 488 phalloidin (1:100 in PBS) was used to stain filamentous actin. Nuclei were stained
with DAPI (4, 6-diamidino-2-phenylindole, 100 ng/ml; Sigma-Aldrich). Images of the stained
cells in the collagen tubular constructs were visualized using a confocal microscope (Zeiss
LSM 510 Meta CSLM). Negative controls for staining included only secondary antibodies.

Nuclear morphometric analysis
For nuclear morphometric analysis, the captured images of the immunostained collagen-gel
tube cultures (BMSCs only or ECMs only or ECMs/BMSCs) were separated into their red,
green and blue channels respectively to isolate the DAPI (blue) stained nuclei. These images
of the blue stained nuclei were converted into 16-bit monochrome images. Changes in the
nuclear morphology of the BMSCs alone, ECMs alone and the ECMs/BMSCs co-cultured
cells were analyzed by using the integrated morphometry subroutine of MetaMorph 6.1. Each
complete DAPI stained nucleus in the 16-bit monochrome image field was isolated as a region
of interest (ROI) and descriptors of nuclear morphology measured.

Descriptors of nuclear morphology (A, P, EFF and EOV)—The descriptors of area
(A), perimeter (P), the elliptical form factor (EFF) and the equivalent oblate volume (EOV)
were measured by the imaging software for each thresholded nucleus in the image. The
perimeter of the nucleus was measured from the mid-point of each pixel comprising the
thresholded border or margin. The EFF was defined as the ratio of the breadth (caliper width
of the nucleus perpendicular to the longest chord, B) to the length (longest chord through the
major axis of the nucleus, L), thus, EFF = L/B. The EOV of the nucleus was an estimate of the
volume of an oblate spheroid with its minor axis matching the minor axis of the nucleus.

Values of A, P, EFF and EOV were calculated directly from the integrated morphometry
subroutine of Meta-Morph image analysis software. Using the software's optical calipers, the
measurements were refined by setting specific boundary conditions for A, P, EFF and EOV
for acceptance of the fluorescent signal from the labeled DAPI labeled nuclei and to minimize
or eliminate the contributions of any non-specific and background auto-fluorescence.
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Background fluorescence was minimal or non-detectable in these sample images. Incomplete
nuclei on the edges of the image field were excluded from analysis.

Atrial and brain natriuretic peptide (Nppa/Nppb) quantification assays
Production of both Nppa (ANP)/Nppb (BNP) hormonal peptides released into the cell culture
medium was measured by enzyme linked immunosorbent assay (ELISA) using a plate reader
(Bio-rad, Bench Mark Plus, Microplate Spectrophotometer). The cell culture supernatants of
tube cultures (ECMs/BMSCs or ECMs only) that were maintained at various time points (7 or
14 days) as replicates were collected and stored immediately at -70°C. Upon thawing, to
measure the levels of both ANP and BNP, the cell culture media was centrifuged at 2,000g for
10 minutes to remove any debris. Aliquots of 50 μl supernatant (1:4 dilution) were analyzed
for ANP using AssayMax Rat ANP ELISA Kit (ERA 7010-1, Assaypro), and for BNP using
AssayMax Rat BNP-45 (rBNP-45) ELISA Kit (ERB 1202-1, Assaypro) according to
manufacturer's instructions, respectively. The absorbance was read at 450 nm immediately
after the addition of reagents. The concentration of rat ANP and BNP was determined using
the standard solutions prepared in parallel, and expressed in (ng/mL).

Transmission electron microscopic (TEM) analysis of tubular constructs
To visualize the ultrastructural characteristics of the co-differentiating cells in the tubular
construct, day 21 samples were processed for transmission electron microscopy (TEM). In
brief, the tubular scaffolds that were seeded with cells (BMSCs only or ECMs only or BMSCs/
ECMs) and maintained in basal culture conditions were dissected longitudinally and rinsed
twice in PBS, pH 7.4. The tubes were fixed in 2.5% glutaraldehyde (Sigma-Aldrich) in PBS
overnight at 4°C, rinsed in PBS, and treated with 1% tannic acid and 2% glutaraldehyde in
PBS for one hour. The samples were then post fixed in 1% OsO4 and 1.5% potassium
ferricyanide in PBS for 1 hour at room temperature, rinsed in water, and dehydrated through
a graded ethanol series up to 100%. Then, the samples were impregnated with increasing
concentrations of PolyBed 812 up to pure resin, using acetonitrile as an intermediate solvent,
embedded and cured at 60°C for two days. The embedded samples were cut on an
ultramicrotome (Leica Ultracut R) and 100 nm sections were collected on Cu grids. The
sections were then stained with 2% uranyl acetate for 40 minutes at 37°C, and Hanaichi lead
stain for 6 minutes at room temperature and examined using a JEOL200CX TEM (Tokyo,
Japan) operated at 120 kV. Images were captured using Axiovision, Software Engine Version
5.42.479 by AMT (Advanced Microscopy Techniques, Danvers, MA).

Statistical analysis
Data were represented as mean ± standard error of the mean (mean ± SEM). The results of
biochemical assays were grouped by day for the various culture conditions whereas the nuclear
morphometric analyses data were categorized according to various culture conditions and
experimental data were analyzed by ANOVA using SigmaStat 3.5 software. For RT-qPCR
data, the differences in expression (cardiomyogenic markers) between control (day 0) and
treated samples (day 7, 14, 21 or 28) were assessed in-group means for statistical significance
by applying ‘Pair Wise Fixed Reallocation Randomization Test’ using Relative Expression
Software Tool (REST©) [28]. In all cases, values of p < 0.05 were considered statistically
significant.

Results
Phenotypic characterization of input BMSCs

Analysis of cell surface markers by flow cytometry of BMSCs revealed that the fluorescent
intensity and distribution of the cells stained for CD11b, CD31, CD34, CD44, CD45 and
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CD106 were not significantly different from the intensity and distribution of cells stained with
isotype controls (Figure 1 A-E, H). In addition, these cells were negative for the rat endothelial
cell surface marker OX43 (Figure 1, I), an antigen expressed on all vascular endothelial cells
of rat, indicating that these cultures were devoid of any hematopoietic stem and/or progenitor
cells as well as differentiated bone-marrow-derived endothelial cells. In contrast, BMSCs
exhibited a high expression of CD73 and CD90 surface antigens (Figure 1, F-G), which are
consistent characteristics of undifferentiated BMSCs. Phenotypic characterization using the
same set of markers on BMSCs by confocal microscopy also revealed that the cells were
negative for CD11b, CD31, CD34, CD44, CD45, CD106, OX43 and, strongly positive for
CD73 and CD90 (data not shown). The expression profiles of these surface molecules were
consistent with previous reports [7, 21, 29].

mRNA analysis of cardiomyogenic markers
To determine the differential gene expression profiles between BMSCs/ECMs co-culture and
ECMs only culture, real-time quantitative RT-PCR (RT-qPCR) analyses of cardiogenic
differentiation markers were carried out at the defined time points (7, 14, 21 and 28 days) on
BMCSs/ECMs co-cultured in tubular scaffolds in basal medium. Additionally, RT-qPCR on
ECMs cultured in the tubular scaffolds in the same medium condition was performed at the
same time points.

ECMs cultured in tubular scaffold in basal medium constitutively expressed transcripts coding
for key cardiogenic lineage specific markers (Figure 2A-B). α-MHC remained upregulated up
to 28 days with a marked expression seen at day 14, whereas β-MHC showed a sustained
upregulation up to 28 days. α-Actc1 showed consistent upregulation up to day 28 days with a
alternating peak expressions noticeable around day 14 and day 28. cTnI showed a sustained
upregulation up to day 28, with a marked expression around day 14 (Figure 2A). In addition,
in ECMs tube cultures, the transcript levels of Gata4 showed a sustained upregulation up to 28
days with a marked expression seen at day 21. The natriuretic peptide ANP showed
upregulation at day 7 and thereafter demonstrated a remarkable consistent upregulation over
21 days. BNP showed consistent upregulation over 28 days. Cx43 showed consistent
downregulation over 21 days (Figure 2B).

In contrast, in BMSC/ECM tube co-cultures the expression pattern of key cardiogenic marker
transcripts showed moderate differences in their expression pattern, especially the structural
and contractile filamental genes. α-MHC showed consistent sustained levels of upregulation
throughout 28 days, whereas the β-MHC showed similar sustained high levels of expression
until day 21 and subsequently returned to basal level. α-Actc1 showed an initial dowregulation
at day 7 followed by sharp upregulation at day 14 and thereafter immediately returned to basal
level. Similarly, the cTnI showed progressive upregulation till day 14 and thereafter showed
gradual downregulation over the remaining observed period of time (Figure 2C). Besides, in
BMSCs/ECMs tube co-cultures, the transcript levels of Gata4 showed a sustained upregulation
up to 28 days with a marked expression seen at day 21. ANP showed a marked upregulation
at day 7 followed by a variable level of upregulation up to day 28. BNP showed consistent
upregulation up to day 21 and thereafter returned to basal level. Cx43 revealed consistent
downregulation beyond day 7 (Figure 2D).

Expression of cardiomyogenic markers in tubular scaffold
To validate the findings of mRNA expression patterns of ECMs and BMSCs/ECMs for
important cardiac myocyte phenotypic markers in these collagen-gel tube cultures and to
determine whether these messages were translated into proteins, immunocytochemical staining
of cardiac specific markers was undertaken. This was accomplished by staining collagen-gel
tube cultures using antibodies directed against cardiac specific transcription factors, structural
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and contractile filaments, hormones and junctional complex proteins. Immunostaining and
confocal laser scanning microscopic analysis established that these myotubes were composed
of cells that were positive for a variety of cardiomyocyte specific markers, cardiac α/β-myosin
heavy chain (α/β-MHC), sarcomeric myosin heavy chain (sMHC), cardiac troponin I (cTnI),
cardiac α actinin, desmin, N-cadherin, connexin 43 (Cx43), GATA-binding protein 4 (Gata4),
atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP). Representative staining
patterns obtained for these cardiac-related proteins for ECMs only tube cultures are shown in
Figure 3 (A-L) and in Figure 4(A-L); similarly, for BMSCs/ECMs tube co-cultures are shown
in Figure 5(A-L) and in Figure 6(A-L), respectively.

Examination of day 21 ECMs tube cultures revealed the presence of myocytes mainly on the
luminal and outer surfaces of the tubular construct. On the external surface, ECMs were aligned
and overlapping in an orderly manner whereas the cells on the luminal surface exhibited cord-
like or trabecular type of cellular arrangement that resemble those of in vivo embryonic
trabecular myocytes. The aligned myocytes showed the presence of developing sarcomeric
units, which were positive for actin, myosin and desmin (Figure 3A-C; Figure 4 G-I), and
indicative of progressive maturation and differentiation towards in vivo neonatal-like
ventricular myocytes. On the contrary, in BMSCs/ECMs tube co-cultures, the differentiating
cells appeared to be elongated and organized into interlacing bundles depicting varying degrees
of alignments throughout the construct. These multilayers of cells were composed of
differentiating and maturing cardiac myocytes with evidence of evolving Z-disks and the
cardiac specific sarcomeric organization which were positive for N-cadherin and desmin
(Figure 5J-L, Figure 6G-I) and the cardiac related biosynthetic activities, ANP (Figure 6D-F).
In the BMSCs/ECMs tube co-culture, the myofibers or trabeculae were mainly parallel but
displayed the characteristic branching and cross bridges to give a pseudosyncytial arrangement.
Nuclei of the cells were large, oval and were centrally placed (Figure 6G-I). Intercalated disks
were identified in the trabeculae as prominently stained lines crossing fibers either transversely
or in a staggered, zigzag manner (Figure 5J-L). They were sites of specialized cell junctions
(Figure 6G-L).

Characterization of GFP-labeled BMSCs in myotubes
In order to localize and characterize the phenotypic nature of differentiating BMSCs amidst
the developing ECMs in the milieu of collagen-gel tubes, BMSCs were transfected with GFP-
expressing lentivirus. Day 21 co-culture myotube constructs harboring these GFP-BMSCs/
ECMs were subjected to immunostaining and confocal microscopic analysis using the same
battery of cardiomyogenic phenotypic markers as aforementioned. Similar to what was
observed within unlabelled-BMSCs/ECMs co-culture myotubes, the GFP-marked BMSCs
were positive for a variety of markers that are associated with differentiating cardiac myocytes
such as cardiac α/β-MHC, sarcomeric MHC, cardiac cTnI, desmin, N-cadherin, Cx43 (Figure
7A-I). In the co-culture tubes the resident ECMs and untransformed GFP-BMSCs were
distinguished from the transdifferentiated GFP-BMSCs by their lack of detectable co-
localization signals. Representative staining pattern and typical co-localization obtained for
these cardiac-related proteins within GFP-BMSCs/ECMs myotube co-cultures are shown in
Figure 7(A-I).

Quantitation of atrial and brain natriuretic peptides (Nppa/Nppb)
To further confirm the functional competence of the co-differentiating BMSCs/ECMs cells at
the biochemical level, we analyzed the level of Nppa (ANP) and Nppb (BNP) hormones
secreted into the culture media by these cells. Analysis of ECM tube culture supernatants
showed a significant decrease in the level of Nppa and Nppb proteins from day 7 to day 14
(Figure 8A-B), whereas the BMSCs/ECMs co-culture supernatants showed a significant
increase in the level of Nppa protein and showed a slight reduction in the level of Nppb protein
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from day 7 to day 14 (Figure 8A-B). Thus, indicating that the co-differentiating cells were
metabolically active.

Nuclear morphometric analysis
Morphometric analysis of the nuclei of stem cells (BMSCs) alone, cardiac myocytes (ECMs)
alone, and the stem cell-cardiac myocyte (BMSCs/ECMs) co-cultures at day 21 of culture
revealed significant differences in nuclear A, P, and EOV. The value of A, P, and EOV for the
nuclei of the BMSCs alone were greater than the ECMs alone or the hybrid cells in the BMSCs/
ECMs co-cultures (Figure 9A-C). However, the nuclear EFF of the BMSCs was significantly
smaller than either the ECMs or the hybrid cells in the BMSCs/ECMs co-cultures (Figure 9D).
These observations indicate that the morphology of the nuclei of the stem cells were
characterized by being significantly larger and more rounded, in comparison to the smaller,
more elongated and fusiform nuclei characteristic of the cardiac myocytes. The nuclei in the
hybrid cells in the BMSCs/ECMs co-cultures expressed an elongated, fusiform morphology
in which the parameters of A, P, EFF and EOV were not significantly different in from the
values characteristic of the ECMs, but were significantly different from the values of the
parameters describing the nuclei of the stem cells, BMSCs (Figure 9A-D).

TEM analysis of myotube construct
TEM analysis of the day 21 BMSCs only tube constructs showed the ultrastructural
characteristics of immature cells. The predominant population of cells showed nuclei with
opened out chromatin, ribosomes and polyribosomes as well as pinocytotic vesicles indicative
of active, undifferentiated cells. In addition, it revealed the presence of junctional complexes
in the form of gap junctions and fasciae adherens (Figure 10A). On the contrary, the TEM
analysis of the day 21 ECMs only myotube constructs demonstrated the ultrastructural
characteristics of typical developing embryonic cardiac myocytes (Figure 10B). The majority
of cells revealed immature nuclei with euchromatin and nucleolus. The cytoplasm of these
cells showed the presence of random distribution of myofilaments as well as organized early
sarcomeric units containing the Z-bodies and Z-disks (Figure 10B). Most of these developing
sarcomeric units were located around the periphery of the nucleus. These cells also possessed
numerous cytoplasmic mitochondria and fasciae adherens (Figure 10B).

Similar to what was observed in day 21 ECMs tube cultures, the TEM analysis of the day 21
BMSCs/ECMs co-culture myotube constructs revealed the typical appearance of
differentiating cells acquiring the ultrastructural characteristics of developing cardiac
myocytes. These cells were elongated, multilayered and exhibited orderly registry. These
aligned cells revealed areas of myofilaments that were randomly dispersed throughout the
cytoplasm, indicative of early myofibrillogenesis (Figure 10C). At some areas these myofibrils
were arranged in parallel bundles and oriented towards the long axis of the cells (Figure 10D).
The presence of rudimentary Z-bodies that develops into a Z-disk (Z) was seen amidst the
myofibrils indicative of developing sarcomeric units. In addition, the cells showed numerous
cytoplasmic mitochondria and pinocytotic vesicles characteristics of active cardiac myocytes
(Figure 10C-D).

Discussion
The 3-D tubular scaffold engineered from micro-topographically aligned collagen type I
strands has been utilized previously as a model of maturation of ventricular myocytes and other
cardiovascular structures [Evans et al., 2003; Yost et al., 2004; Valarmathi et al., 2009]. Here,
we report a novel co-culture of two different types of cells, BMSCs (postnatal) and ECMs
(embryonic) on a 3-D tubular construct in basal medium that recapitulates many aspects of
their synergistic and synchronized maturation and co-differentiation, a phenomenon that seems
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to be a pivotal event found during the early phase and subsequent cascade of in vivo myocardial
regeneration.

Previous studies demonstrated that populations of characterized or uncharacterized BMSCs
are capable of differentiating into cardiac myocytes when cultured on two-dimensional (2-D)
planar surfaces, especially under the influence of either the chemical factors and/or cellular
interactions; however, these reports are not without controversy due to the lack of quantitative
data [5-6,31]. All these studies excluded the influence of physical factors that are crucial to the
maturation and differentiation of functioning cardiac myocytes [32-33]. One of the other
confounding factors introduced in most of these in vitro and ex vivo studies was that unpurified
heterogeneous populations of BMSCs were utilized [5-6,30-33,35]. Here we show that under
appropriate in vitro combination of physical, chemical and cellular environmental cues (local
environmental cues) BMSCs can be induced to undergo a cardiomyogenic differentiation
pathway. To accomplish this, we developed a 3-D co-culture system in which a pure population
of CD90+ rat BMSCs were co-seeded with rat ECMs and cultured on a highly aligned porous
and biocompatible collagen-fiber tubular scaffold for differentiation and regeneration
purposes.

Here, we examined two different types of cultures, the ECMs only culture and the BMSCs/
ECMs co-culture and their maturation and differentiation in basal medium alone (without any
cardiogenic supplements). We also compared and specifically assessed the consequence of
BMSCs presence on the expression of cardiogenic markers in ECMs and vice versa. Both these
two types of cultures supported the ECMs in vitro continuum of cardiomyogenic differentiation
and, simultaneously promoted the maturation and differentiation of BMSCs into cells
characteristic of embryonic cardiac myocytes. To determine the in vitro differentiation of rat
ECMs and rat BMSC-derived cardiac myocyte-like cells a plethora of cardiomyogenic markers
associated with murine cardiomyogenesis in vivo were used. The cells within the tube
constructs were shown to express cardiac specific genes, proteins, ion channels, receptors, and
signal transduction machinery in a pattern that closely recapitulates the developmental pattern
of in vivo murine neo-cardiomyogenesis. In addition, spontaneous contraction of the
differentiated cultures was evident in these myotube constructs.

To characterize the expression pattern of key cardiogenic gene transcripts in the 3-D tube
constructs, we examined the expression of various cardiac associated markers: α/βMHC,
sMHC, cTnI, α actinin, desmin, N-cadherin, Cx43, Gata4, ANP and BNP. Constitutive
expression of these markers was detected at low to very low levels in undifferentiated input
BMSCs. RT-qPCR results showed that cardiomyogenic differentiation cultures of ECMs and
BMSCs/ECMs in basal culture conditions for 28 days resulted in increased expression of
transcripts coding for various filament proteins associated with cardiac structural maturation
and cytoskeletal development, and contraction such as α-MHC, β-MHC, α-actinin and troponin
I. The peak expression of all these contractile related proteins appeared around day 14 in both
ECMs only and BMSCs/ECMs co-cultures indicating that the differentiating cells began to
acquire a distinctive cardiac type phenotype characteristic of differentiating and maturing
cardiomyocytes. The temporal down regulation of all these four structural/contractile elemental
proteins in BMSCs/ECMs tube co-cultures when compared with ECMs only tube cultures
during this observed period may represent continual development and remodeling of the
developing ECMs in correspondence with BMSCs. This highlights the fact that quantitation
of cadiomyogenic differential gene expression pattern is mandatory to understand the
synergistic interaction of embryonic or neonatal cardiomyocytes with BMSCs in co-
differentiation condition as well as directed differentiation of BMSCs towards a
cardiomyogenic lineage.
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As demonstrated by immunostaining for various cardiogenic markers, day 21 tube cultures in
basal medium showed that ECMs as well as BMSCs were able to adhere and undergo
maturation and differentiation into cardiac myocytes. The ECMs and ECMs/BMSCs co-
cultured cells expressed cardiac α/β-MHC, cardiac cTnI, cardiac α-actinin and desmin. In
addition, immunostaining using the putative MF20 antibody revealed that these cells were
positive for sMHC, another contractile protein typically expressed by cardiac myocytes. These
cells also expressed the junctional complex proteins; N-cadherin, a adherent junction protein
and, Cx43, a gap-junction protein, suggesting the presence of eletromechanical coupling
among ECMs as well as between ECMs and BMSCs in co-culture. This is consistent with the
observation that the cells in the beating tubes contract synchronously. In addition to the
structural and contractile proteins, BMSC-derived cardiomyocytes specifically expressed the
cardiac transcription factor, Gata4. Immunostaining localized the expression of Gata4 in the
nuclei of sMHC (MF20) positive cells. Thus, we were able to corroborate the mRNA
expression profile with protein expression pattern.

Apart from the known advantages of our tubular scaffold, that is, the orientation of the aligned
collage-fibers can be varied and the dimensions are scalable, these collagen-gel tubes are
optically transparent. This allowed direct observation of the fate of BMSCs amidst the
developing ECMs. These myotubes were seeded with GFP-labeled BMSCs, which enhanced
their visualization and real-time observation of their locations and morphological
transformations in correspondence to ECMs. Immunostaining revealed that the predominant
population of GFP-marked BMSCs expressed various key cardiogenic markers that are
associated with cardiac specific genes, proteins, ion channels, receptors, and signal
transduction machinery (α/β-MHC, sMHC, N-Cadherin, Desmin, Cx43, Gata4) in a pattern
that closely resembles that observed for ECMs. The expression of these cardiac specific genes
by majority of BMSCs suggest that these cells have the ability to transform into cardiac
phenotype under appropriate inductive cues provided by the ECMs. The detection of certain
untransformed GFP-marked BMSCs in these constructs may be suggestive of their inherent
differential cardiomyogenic potential.

Having established the cytodifferentiation of GFP-BMSCs towards cardiac phenotype, the
nuclear transformation of these cells was validated. In order to assess and delineate the nuclear
morphological changes of transdifferentiating BMSCs in the milieu of ECMs cells and oriented
collagen-gel fibers, morphometric analysis was carried out on day 21 tube cultures. The
obtained results suggest that the nuclei of the stem cells in contact with cardiac myocytes
undergo a transformation assuming the physical morphology characteristic of the cardiac
myocytes. There were no very large or giant nuclei present in the hybrid cells in the stem cell-
cardiac myocyte co-culture (BMSCs/ECMs), suggesting that there was no obvious fusion of
stem cell and cardiac myocyte nuclei to produce large, tetraploid or polyploid nuclei.

The peptide hormone ANP is expressed in developing atrial and ventricular cardiac myocytes,
but down regulated in adult ventricular myocytes, was detected in these differentiating cells at
mRNA and protein levels by immunohistochemistry, RT-qPCR and ELISA. Similarly, these
differentiating cardiac myocytes expressed yet another peptide hormone, BNP. The expression
of these proteins by ECMs and/or BMSC-derived cardiomyocytes indicates that they exhibit
appropriate metabolic activity. Although these cells in these tubular construct expressed
appropriate structural and contractile proteins at mRNA and protein levels, ultrastructural
analysis of myofibrillar and sarcomeric organization indicate an immature phenotype. Further
work is ongoing to investigate the physiopharmacological characteristics such as
electromechanical coupling of these cells (BMSCs/ECMs) and, whether mechanotransduction
in the form of applied mechanical forces such as circumferential strain and fluid shear stress
can render these nascent cardiac myocytes seen in our cardiac muscle construct to undergo
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remodeling and acquire more mature cardiac phenotype, as our 3-D tubular myotubes construct
is more amenable to these types of experiments.

Finally, our morphological, morphometric, molecular, immunological and biochemical data
reveal the intrinsic cardiomyogenic differentiation potential of BMSCs under appropriate 3-D
microenvironmental conditions. The favorable physicochemical microenvironment provides
by the aligned collagen-gel fibers and the growth factors routinely present in the basal medium
renders these co-cultured cells, BMSCs and ECMs to reprogramme in synchrony towards
cardiomyogenic lineage and commitment. Thus, creating the notion that in the presence of
BMSCs, ECMs are capable of undergoing partial dedifferentiation, a step necessary for the
further successive but progressive synchronized redifferentiation of both BMSCs and ECMs
towards cardiac myocytes. Therefore, we propose that the phenomenon of partial
dedifferentiation followed by redifferentiation of in vitro cardiomyocytes in the vicinity of
adult marrow-derived stem cells may be a primary event that occurs during the adult marrow
stem cell based myocardial regeneration in vivo.

Conclusions
Our data indicate that the scaffold provides a highly conducive microenvironment that allows
BMSCs and ECMs to co-differentiate into cardiomyocytes in basal medium. Moreover, this
clearly demonstrates that adult BMSCs under appropriate in vitro combination of physical,
chemical and cellular environmental cues could be induced to undergo cardiomyogenic
differentiation pathway and recapitulates many aspects of in vivo neo-myogenesis in a three-
dimensional context. Thus, this co-culture system provides an in vitro model and a prospect
to elucidate various molecular mechanisms underpinning the integration and orderly
maturation and differentiation of BMSCs into neo-cardiomyocytes during cardiac
regeneration.
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Figure 1.
Immunophenotyping of undifferentiated rat BMSCs by flow cytometry. Single parameter
histograms showing the relative fluorescence intensity of staining (abscissa) and the number
of cells analyzed, events (ordinate). Isotype controls were included in each experiment to
identify the level of background fluorescence. The intensity and distribution of cells stained
for hematopoietic and endothelial markers; CD11b, CD31, CD34, CD44, CD45, CD106 and
OX43 (black, shaded peaks) were not significantly different from those of isotype control (grey,
shaded peaks) (Panels A-E, H-I), indicating that these cultures were devoid of any potential
hematopoietic and/or endothelial cells of bone marrow origin. The fluorescent intensity was
greater (shifted to right) when BMSCs were stained with CD73 and CD90 (black) compared
to isotype control (grey) (Panels F, G). The predominant population of BMSCs consistently
expressed CD90 surface molecule, a property of rat bone marrow-derived mesenchymal/
stromal stem cells.
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Figure 2.
Real-time reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis of
various key cardiogenic markers, α-MHC (myosin, heavy chain6, cardiac muscle, alpha -
Myh6), β-MHC (myosin, heavy chain 7, cardiac muscle, beta - Myh7), α-actin cardiac (actin,
alpha, cardiac muscle 1 -Actc1), cTnI (troponin I type 3, cardiac - Tnni3), Gata4 (GATA
binding protein 4 - Gata4), ANP (natriuretic peptide precursor A – Nppa), BNP (natriuretic
peptide precursor B – Nppb) and Cx43 (gap junction protein, alpha 1 – Gja1) as a function of
time (abscissa). ECMs cultured in collagen-gel tubular scaffolds (3-D culture) in basal medium
(A, B). ECMs and BMSCs co-cultured in collagen-gel tubular scaffolds (3-D culture) in basal
medium (C, D). The calibrator control included BMSCs day 0 sample and; the target gene
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expression was normalized by a non-regulated reference gene expression, Arbp. The
expression ratio (ordinate) was calculated using the REST-XL version 2 software. The values
are means ± standard errors for three independent cultures (n=3), *p < 0.05; **p < 0.001.
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Figure 3.
Expression pattern of various cardiomyogenic markers in ECMs containing myotube
constructs by confocal microscopy. Localization of key cardiac myocyte phenotypic markers
of day 21 embryonic cardiac myocyte (ECM) tube cultures in basal medium demonstrated the
expression of structural and contractile proteins, sMHC (A, C), cTnI (D, F), α-actinin (G, I),
microfilament, actin (B-C, E-F, H-I, K-L) and the adherent junction protein, N cadherin (J, L).
Dual immunostaining of ECMs tube cultures in basal medium revealed areas of elongated and/
or round to polyhedral type of cells arranged in multilayers and organized into cord-like or
trabecular type of cellular arrangement (A-L). Nuclei of these cells were large and either oval
or elongated and fusiform in appearance and were centrally positioned. Cells were also stained
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for nuclei (blue, DAPI) and fibrillar actin (green, Alexa 488 phalloidin). Merged images (A-
L). (A-C, scale bar 100 μm; D-L, scale bar 50 μm).
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Figure 4.
Expression pattern of various cardiogenic markers in ECMs containing myotube constructs by
confocal microscopy. Localization of key cardiac myocyte phenotypic markers of day 21
embryonic cardiac myocyte (ECM) tube cultures in basal medium demonstrated the expression
of transcription factor, Gata4 (A, C), peptide hormone, ANP (D, F), structural intermediate
filament, desmin (G, I), gap junction protein, Cx43 (J, L) and the microfilament, actin (B-C,
E-F, H-I, K-L). Dual immunostainings of ECMs in the tubular construct showed areas of cells
on the exterior surface that were aligned and overlapping in an orderly manner (A-C, G-I),
whereas the cells on the luminal surface were elongated and/or round to polygonal in nature
and were arranged in multilayers (D-F). Nuclei of these cells were large and either oval or
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elongated and fusiform in appearance and were centrally positioned. Cells were also stained
for nuclei (blue, DAPI) and fibrillar actin (green, Alexa 488 phalloidin). Merged images (A-
L). (A-C, G-L scale bar 50 μm; D-F scale bar 100 μm).
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Figure 5.
Expression pattern of various cardiogenic markers in BMSCs/ECMs containing myotube
constructs by confocal microscopy. Localization of key cardiac myocyte phenotypic markers
of day 21 embryonic cardiac myocytes (ECMs) and bone marrow stromal cells (BMSCs) tube
co-cultures in basal medium demonstrated the expression of structural and contractile proteins,
sMHC (A, C), cTnI (D, F), α-actinin (G, I), microfilament, actin (B-C, E-F, H-I, K-L) and the
adherent junction protein, N cadherin (J, L). The myofibers or trabeculae of cells were arranged
in a pseudosyncytial pattern (A-C, E-F, J-L). Specialized cell junctions such as intercalated
disk were noticed along with characteristic branching and cross bridging of these trabeulated
cells (white arrows, J-L). Nuclei of these cells were large and either oval or elongated and
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fusiform in appearance and were centrally located. Cells were also stained for nuclei (blue,
DAPI) and fibrillar actin (green, Alexa 488 phalloidin). Images (A-C) show a projection
representing 9 sections collected at 2 μm intervals (16 μm). Merged images (A-L). (A-L scale
bar 50 μm).
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Figure 6.
Expression pattern of various cardiogenic markers in BMSCs/ECMs containing myotube
constructs by confocal microscopy. Localization of key cardiac myocyte phenotypic markers
of day 21 embryonic cardiac myocytes (ECMs) and bone marrow stromal cells (BMSCs) tube
co-cultures in basal medium demonstrated the expression of transcription factor, Gata4 (A, C),
peptide hormone, ANP (D, F), structural intermediate filament, desmin (G, I), gap junction
protein, Cx43 (J, L) and the microfilament, actin (B-C, E-F, H-I, K-L). The co-differentiating
cells appeared as parallely arranged trabeculae and displayed the characteristic branching and
cross bridges to give a pseudosyncytial arrangement (G-L). These trabeculae displayed
specialized cell junctions, the intercalated disks (white arrows, G-I). Nuclei of these cells were
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large and either oval or elongated and fusiform in appearance and were centrally located. Cells
were also stained for nuclei (blue, DAPI) and fibrillar actin (green, Alexa 488 phalloidin).
Images (J-L) show a projection representing 9 sections collected at 3 μm intervals (24 μm).
Merged images (A-L). (A-C, G-L scale bar 50 μm; D-F scale bar 100 μm).
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Figure 7.
Expression pattern of various cardiogenic markers in GFP-BMSCs/ECMs containing myotube
constructs by confocal microscopy. Immunostaining of key cardiac myocyte phenotypic
markers of day 21 embryonic cardiac myocytes (ECMs) and green fluorescent protein labeled
bone marrow stromal cells (GFP-BMSCs) tube co-cultures in basal medium demonstrated the
expression of contractile proteins, α/β-MHC (A-C), cTnI (G-I), the adherent junction protein,
N cadherin (D-F) and GFP (A, C, D, F, G, I). The transdifferentiated GFP-BMSCs were
delineated by their co-localization signals (yellow). Nuclei of these cells were large and either
oval or elongated and fusiform in appearance and were centrally placed. Cells were also stained
for nuclei (blue, DAPI) and GFP-BMSCs (green, GFP). Images (G-I) show a projection
representing 16 sections collected at 10 μm intervals (150 μm). Merged images (A-I). (A-I
scale bar 50 μm).
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Figure 8.
Biochemical analysis of cardiomyogenic differentiation of BMSCs/ECMs co-culture in 3-D
collagen-gel tubular scaffold. Quantitative analysis of ANP and BNP hormones in myotube
culture supernatants over a period of 14 days measured by enzyme linked immunosorbent
assay, ELISA. (A) Quantification of ANP (Nppa protein) levels was compared between ECMs
only cultures and BMSCs/ECMs co-cultures. *p < 0.05. The data represent the mean ± SEM
of triplicate cultures (n = 3). (B) Quantification of BNP (Nppb protein) levels was compared
between ECMs only cultures and BMSCs/ECMs co-cultures. *p < 0.05. The data represent the
mean ± SEM of triplicate cultures (n = 3).
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Figure 9.
Nuclear morphometric analysis of BMSCs, ECMs and ECMs/BMSCs cultured in the tubular
scaffold under basal conditions. The descriptors of nuclear morphology, viz., area - A (A),
perimeter - P (B), the equivalent oblate volume – EOV (C) and the elliptical form factor – EFF
(D) were measured by the imaging software for each thresholded and image isolated nucleus.
Values of A, P, EFF and EOV were calculated directly from the integrated morphometry
subroutine of Meta-Morph image analysis software. The nuclear parameters (A, P, EOV and
EFF) of BMSCs nuclei were significantly greater than the nuclear parameters of ECMs and
ECMs/BMSCs nuclei (p < 0.001). There were no differences between the nuclear parameters
(P, EOV and EFF) for the ECMs and ECMs/BMSCs nuclei (p = 0.101, p = 0.426, p = 0.657),
except the nuclear area (ECMs > ECMs/BMSCs, p = 0.008). The data represent the means ±
SEM. *p < 0.05; **p < 0.001.
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Figure 10.
Transmission electron microscopic (TEM) analysis of day 21 tubular constructs. (A) BMSCs
cultured in tubular constructs in basal medium revealed euchromatic nuclei (N), cytoplasmic
pinocytotic vesicles (p) and junctional complexes (gj, fa), the ultrastructural characteristics of
active, immature cells. (B) ECMs under the same culture conditions showed active euchromatic
nuclei (N) with nucleolus (n). The cytoplasm revealed myofibrils (mf) myofilaments (f), early
sarcomeric units, Z-bodies (Zb) and Z-disks (Z) and numerous mitochondria (mi). (C-D)
BMSCs/ECMs co-culture under similar culture conditions demonstrated cytoplasmic
myofilaments (f), Z-bodies (Zb), pinocytotic vesicles (p), mitochondria (mi) and numerous
dense bodies (Db).
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Table 1
Primary antibodies used in this study

Primary Antibodies Dilutions Source Cell Target

BMSCs characterization markers

CD11b 1:50 BD Pharmingen Leukocytes

CD31 1:10 Abcam Endothelial

CD34 1:50 Santa Cruz Biotechnology Endothelial

CD44 1:10 Gene Tex, Inc Leukocytes

CD45 1:50 BD Pharmingen Hematopoietic

CD73 1:50 BD Pharmingen BMSCs

CD90 1:50 BD Pharmingen BMSCs

CD106 1:50 BD Pharmingen Endothelial

OX43 1:10 Gene Tex, Inc Endothelial

Cardiac myocyte differentiation markers

Sarcomere myosin (MF20) 1:100 DSHB Cardiomyocyte

Cardiac myosin heavy chain (α/β MHC) 1:100 Abcam Cardiomyocyte

Cardiac troponin I (cTnI) 1:100 Santa Cruz Biotechnology Cardiomyocyte

Cardiac α-actinin 1:100 Santa Cruz Biotechnology Cardiomyocyte

Connexin 43 (Cx43) 1:100 Santa Cruz Biotechnology Cardiomyocyte

N Cadherin 1:100 Santa Cruz Biotechnology Cardiomyocyte

Desmin 1:100 Abcam Cardiomyocyte

GATA4 1:100 Santa Cruz Biotechnology Cardiomyocyte

ANP 1:100 Santa Cruz Biotechnology Cardiomyocyte

BNP 1:100 Santa Cruz Biotechnology Cardiomyocyte
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