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Abstract

Postnatal cardiomyocytes undergo terminal differentiation and a restricted number of human
cardiomyocytes retain the ability to divide and regenerate in response to ischemic injury.
However, whether these neo-cardiomyocytes are derived from endogenous population of resident
cardiac stem cells or from the exogenous double assurance population of resident bone marrow-
derived stem cells that populate the damaged myocardium is unresolved and under intense
investigation. The vital challenge is to ameliorate and/or regenerate the damaged myocardium.
This can be achieved by stimulating proliferation of native quiescent cardiomyocytes and/or
cardiac stem cell, or by recruiting exogenous autologous or allogeneic cells such as fetal or
embryonic cardiomyocyte progenitors or bone marrow-derived stromal stem cells. The
prerequisites are that these neo-cardiomyocytes must have the ability to integrate well within the
native myocardium and must exhibit functional synchronization. Adult bone marrow stromal cells
(BMSCs) have been shown to differentiate into cardiomyocyte-like cells both in vitro and in vivo.
As a result, BMSCs may potentially play an essential role in cardiac repair and regeneration, but
this concept requires further validation. In this report, we have provided compelling evidence that
functioning cardiac tissue can be generated by the interaction of multipotent BMSCs with
embryonic cardiac myocytes (ECMs) in two-dimensional (2-D) co-cultures. The differentiating
BMSCs were induced to undergo cardiomyogenic differentiation pathway and were able to
express unequivocal electromechanical coupling and functional synchronization with ECMs. Our
2-D co-culture system provides a useful in vitro model to elucidate various molecular mechanisms
underpinning the integration and orderly maturation and differentiation of BMSCs into neo-
cardiomyocytes during myocardial repair and regeneration.
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1. Introduction

Mammalian heart has been considered as a post-mitotic organ composed of highly
specialized and terminally differentiated cardiac myocytes. These mammalian cardiac
myocytes have traditionally been considered as post-mitotic cells with an extremely low or
practically no capacity to divide and regenerate [1]. However, lower vertebrates such as fish
and amphibians retain a substantial capacity for myocardial regeneration. In both adult frogs
and newts the differentiated cardiac myocytes have the ability to undergo mitotic division
after damage to the heart [2—4]. This regeneratory process involves a partial cellular
dedifferentiation (i.e. the loss of most contractile filaments) of the myocytes before the
initiation of mitotic cycle [5]. Recently, it has been shown that mammalian cardiac muscle
has limited proliferative potential and restricted regeneration within the damaged
myocardium [6,7]. Hence, it may be beneficial to explore the limited natural capacity of
mammalian cardiac muscle regeneration in light of the spontaneous cardiac muscle
regeneration observed in these lower vertebrate animals [8].

The difficulty in regenerating damaged myocardial tissue has led researchers to explore the
application of embryonic- and/or adult derived stem cells as possible sources for
regenerating myocardium [9-12]. Using stem cells, it has been possible to stimulate
mammalian cardiac muscle regeneration and researchers have investigated the potential of
adult bone marrow stromal cells (BMSCs) for cardiac tissue repair and/or regeneration [13—
15]. BMSCs are multipotent, capable of differentiating into the main cardiac cell lineages
such as myocytes, endothelial and vascular smooth muscle cells in vitro and contribute to
myocardial regeneration in vivo when transplanted to the failing heart following myocardial
infarction or non-infarction in mouse, rat, pig or sheep models [16-19]. Additionally, the
ability of BMSCs to restore functionality may be enhanced by the simultaneous
transplantation of other stem and progenitor cells [20]. Finally, the significant advantage of
using these BMSCs is their low immunogenicity. And BMSCs have been reported to be
immunomodulatory and immunotolerogenic both in vitro as well as in vivo [21]. Taken
together, these facts suggest that BMSCs may represent the cell of greatest potential for
adult autologous and/or allogeneic stem cell based cardiac regeneration.

Restoring damaged heart muscle tissue, through repair or regeneration, therefore represents
a fundamental mechanistic strategy to treat congestive heart failure. However, current
emerging clinical studies using stem cells, including BMSCs to repair damaged cardiac
tissue have produced varying results [22,23]. On the one hand, irrespective of the modes of
administration, the marrow stem cells contributed to cardiac repair in vivo and prevented
ventricular remodeling and alleviated cardiac symptoms; on the contrary, there occurred
reduction in cardiac blood flow (myocardial ischemia) or pronounced congestive heart
failure [13,24]. These reports clearly indicate that there exist gaps in the knowledge base
pertaining to adult stem cell based cardiac regeneration, and much remains to be resolved for
the successful translation of stem cell based cellular cardiomyoplasty from bench to bedside.
Thus, elucidation of various molecular mechanisms underpinning the integration and orderly
maturation and differentiation of BMSCs into neo-cardiomyocytes during myocardial repair
and regeneration necessitates the development of appropriate in vitro two-dimensional (2-D)
and three-dimensional (3-D) models of cardiomyogenesis [15].
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In this study, we tested the hypothesis that whether functioning cardiac tissue can be
generated by the interaction of putative multipotent BMSCs and embryonic cardiac
myocytes (ECMs) in a 2- D co-culture condition. In this co-culture condition, BMSCs
underwent maturation and differentiation characteristic of myogenic lineage, which was
evidenced by the expression of the cardiac phenotype and by electromechanical coupling
with the developing ECMs.

2. Materials and methods

2.1. 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 300 g Sprague
Dawley®™ SD®™ rats (Harlan Sprague Dawley, Inc.) as described previously [25]. 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 200 g for 5 min. Nucleated cells were counted
using a Neubauer chamber. Cells were plated at a density of 5 x 106—2 x 107 cells per T75
cm? flasks in basal media composed of DMEM supplemented with 10% fetal bovine serum
(FBS, lot-selected; Atlanta Biologicals, Inc.), gentamicin (50 pg/ml) and amphotericin B
(250 ng/ml) and incubated in a humidified atmosphere of 5% CO, at 37 °C for 7 days. The
medium was replaced, and changed 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 x 108 cells per T75 cm? flasks. After three passages,
attached marrow stromal cells were devoid of any non-adhering population of cells.

2.2. Immunophenotyping 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 surface
markers was performed by single-color flow cytometry using a Coulter® EPICS® XL ™
Flow Cytometer (Beckman Coulter, Inc.) as described previously [26]. Briefly, the passage
3 maintained BMSCs were trypsinized, pelleted at 200 g for 5 min and washed twice with
Mosconas’s solution, pH 7.4. Cells were resuspended in staining buffer (1.5% bovine serum
albumin in PBS, pH 7.4) (BSA, Sigma—-Aldrich) and incubated for 30 min 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 antimouse secondary antibodies for indirect immunostaining (Table 1). FITC-
labeled mouse anti-rat-1gGs antibodies served as the isotype controls. The stained cells were
washed twice with Moscona’s solution and the data acquired immediately or alternately the
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cells were fixed in ice-cold 0.5% paraformaldehyde (Sigma—Aldrich) and stored in the dark
at 4 °C until acquired in flow cytometry. Finally, the obtained data were analyzed using
Expo32 ADC software (Beckman Coulter, Inc.).

2.3. Purification and enrichment of CD90* BMSCs by magnetic-activated cell sorting

(MACS)

The adherent populations of BMSCs were further purified by indirect magnetic cell labeling
method using an autoMACS™ Pro Separator (Miltenyi Biotech) as described previously
[26]. 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.

2.4. Labeling of BMSCs with green or red fluorescent protein (GFP or RFP) for lineage

tracing

2.4.1. Lentiviral vectors and lentivirus production—Lentiviral construct generation
and lentivirus preparation were performed as described previously [15]. In brief, lentiviral
expression plasmid pWPI-GFP or pWPI-RFP, along with packaging plasmid pPCMVARS8.91
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 manufacturer’s instructions. The transfected
cells were incubated in a humidified atmosphere of 5% CO, at 37 °C for 16 h. After 16 h,
the serum-free medium was replaced with fresh DMEM medium supplemented with 10%
FBS to collect viral particles for the next 24 h. The collected viral supernatants were filtered
through 0.22 um, pooled and subjected to ultracentrifugation at 26,000 rpm using an SW28
rotor for 2 h. The supernatant was removed and the deposited viral particles were
resuspended in 100 pl of PBS, pH 7.4 and stored at =70 °C until further use. The viral titer
was determined by standard HeL a titre procedure using GFP or RFP as a marker.

2.4.2. Lentiviral transduction—For lentiviral transduction, BMSCs (0.2 x 106 cells/
well) and the desired number of viral particles (MOI = 5) were resuspended in 1 ml of
serum-free medium (serumfree DMEM) and were seeded onto six-well culture plates
precoated with retronectin (20 pg/ml/well) and incubated overnight in a humidified
atmosphere of 5% CO, 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—72 h before the transduced GFP or RFP gene expression was analyzed. The GFP or
RFP marked BMSCs were expanded further by subculturing. GFP or RFP expression was
observed using confocal microscopy and the transduction efficiency was estimated by flow
cytometry (>95%).

2.5. Embryonic cardiac myocytes (ECMs) isolation

Isolation of embryonic ventricular primary cells was performed as described in detail
previously [15,27] with modifications. Briefly, under deep euthanasia, E15 timed pregnant
Sprague Dawley®™ SD®™ rats (Harlan Sprague Dawley, Inc.) were subjected to cervical
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dislocation and the 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-1 (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 Il (Worthington) solution (120 U/ml) in a 37 °C shaking
water bath. Tissues were dissociated by repeated triturations (at 8 min intervals). The
process was repeated until all tissues were completely dissociated. Then, the cells were
pelleted at 800 g for 8 min, 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 um nylon mesh.
The cells were once again pelleted and resuspended in complete myocyte medium composed
of DMEM (4.5 g/L glucose, L-glutamine and sodium pyruvate; Cellgro by Mediatech, Inc.)
supplemented with 8% horse serum (HS, lot-selected, Gibco®), 5% newborn calf serum
(NCS, Atlanta Biologicals, Inc.), penicillin (100 U/ml), streptomycin (100 pg/ml) and
amphotericin B (1 pg/ml). Further, to remove the co-existing cardiac fibroblasts the above
cell suspensions were plated in 100mmecell culture dishes and incubated in a humidified
atmosphere of 5% CO, at 37 °C for 30 min. Following incubation, the non-adherent
myocytes were slightly tapped and aspirated off immediately from the panning dishes and,
the procedure was repeated two more times. After panning, the cells were once again
pelleted and resuspended in myocyte medium.

2.6. ECMs only culture

Isolated ventricular primary cells were quantified using a hemocytometer and plated at a
density of 2 x 10° cells/35 mm glass bottom culture dishes precoated with monolayer of
collagen (MatTek Corporation). Cells were seeded into the wells of glass bottom culture
dishes, incubated in a humidified atmosphere of 5% CO, at 37 °C for 48 h, and observed
under microscope for spontaneous beating and rhythmicity. These ECMs (ECMs only) were
cultured in complete myocyte medium (DMEM with 8% HS and 5% NCS) for further 6, 12,
or 18 days.

2.7. BMSCs and ECMs co-culture

The expanded and purified population of CD90* BMSCs (GFP unlabeled or GFP labeled)
were seeded onto the surface of the previously generated ECM culture wells (after 48 h) at a
density of 0.4 x 10° cells/35 mm glass bottom culture dishes and cultured in complete
myocyte medium for 6, 12, or 18 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-gPCR, immunofluorescent staining, calcium
transit imaging, contractility, morphometric and ultrastructural analyses.

2.8. Contractility assay and calcium flux assay

2.8.1. Calcium imaging using fluorescent probes by confocal microscopy—
Preparation of Fluo-4 calcium indicator: The Fluo-4 calcium indicator (50 ug, Molecular
Probes, Invitrogen) was reconstituted initially with 15 pl of anhydrous dimethylsulfoxide
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(DMSO, Sigma-Aldrich), followed by the addition of 3 pl of Pluronic F-127 (Molecular
Probes, Invitrogen) in 20% DMSQO. This constituted 18 pl of concentrated (~2.5 mM) stock
solution of Fluo-4. Once prepared, this solution should preferably be used within 48 h. The
working solution of Fluo-4 was prepared by diluting the stock solution 1:2000 in Moscona’s
buffer.

2.8.2. Loading of cells with Fluo-4 or Calcium Orange Calcium indicators—
Single-cell Ca2* imaging technique was employed for the recording of changes in the
intracellular Ca?* flux of differentiating cells. The cultures (ECMs only or BMSCs-RFP
only or ECMs/BMSCs-RFP labeled) maintained on 35 mm glass bottom culture dishes
(MatTek Corporation) were terminated at regular intervals (day 6 or day 12) and the cells
were washed twice with Moscona’s solution, pH 7.4 (to remove the serum and phenol red,
the pH indicator from the tissue culture medium as it will interfere with the calcium
indicator, Fluo-4). The cells were incubated with 2000 pl of Fluo-4 working solution and
incubated at 37 °C for 30 min. Following incubation, the Fluo-4 solution was gently
removed and the samples were washed twice with Mosconas’s buffer. Then, the cells were
replenished with 2 ml of myocyte medium (phenol red free) and incubated for further 30
min. In particular, the calcium indicator Calcium Orange was used in lieu of Fluo-4, when
GFP labeled BMSCs were employed for co-culture experiments. The reagent preparation
and the labeling method was essentially the same as that employed for Fluo-4.

2.8.3. Live cell imaging using confocal laser scanning microscope—The
calcium indicator (Fluo-4 or Calcium Orange) loaded cell culture dishes were maintained in
an environmental chamber (humidified atmosphere of 5% CO, and 37 °C) mounted on the
stage of a Zeiss inverted fluorescence microscope (Axiovert 200M) equipped with a CARV
spinning disk confocal attachment. All types of cells were imaged with a Zeiss 20x, NA =
0.75 FLUAR objective, and images were captured by a CCD camera (Hamamatsu ORCA.-
ER) controlled by Kinetic Imaging Image Acquisition Software (AQM Advance-6)
software. All images were recorded at constant exposures using the following filter sets:
FITC (490/515) for Fluo-4 calcium expression and TRITC (555/570) for RFP expression;
or, FITC (490/515) for GFP expression and TRITC (555/570) for Calcium Orange
expression. Images were captured at 500 ms intervals of 2 to 5 min duration. Minimal photo
bleaching was encountered while capturing the images. Background fluorescence was
minimal or non-detectable in these sample images. Changes in intracellular calcium flux
were determined by measuring the changes in mean intensity of the Fluo-4 or Calcium
Orange fluorescence within a selected region of interest (ROI) within the cell cytoplasm by
using the AQM Advance-6 software.

2.8.4. Morphometric analysis of cell shape changes and morphological
transformation—Changes in cell shape and morphology of both BMSCs and ECMs over
time were analyzed by using the integrated morphometry subroutine of MetaMorph 6.1.
(Universal Imaging Corp, Downingtown, PA). Briefly, the 24 bit color images were color
separated into red (BMSC-RFP) and green (Fluo-4 calcium in BMSCs and ECMs) channels
and these individual images were converted into 8 bit monochrome images. Complete
BMSCs or ECMs in the 8 bit monochrome image field were isolated and thresholded as
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regions of interest (ROI). In each frame, alterations in cell shape were determined by
measurement of the changes of the elliptical form factor (EFF). The EFF was defined as the
ratio of the breadth (caliper width of the cell perpendicular to the longest chord, B) to the
length (longest chord through the major axis of the cell, L), thus, EFF = L/B. Changes in
intracellular calcium were determined by measuring the changes in the intensity of the
Fluo-4 or Calcium Orange fluorescence and, changes in cellular movement was determined
by measuring the displacement of the margin of the cell or selected particle within the cell
passed a fixed point or defined region using the AQM Advance-6 software.

2.9. Real-time polymerase chain reaction (MRNA quantification by RT-qPCR)

Total cellular RNA extraction from three independent cultures (ECMs/BMSCs- GFP
unlabeled or ECMs only) maintained inmyocyte 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 250 ng of total
RNA in a final reaction volume of 20 pl 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/a.-
MHC), cardiac myosin heavy chain beta (myosin, heavy chain 7, cardiac muscle, beta -
Myh7/g-MHC), cardiac a-actin (actin, alpha, cardiac muscle 1 — Actcl), cardiac troponin |
(troponin | type 3, cardiac - Tnni3, cTnl), 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 — Gjal/Cx
43) and; the endogenous normalizer reference gene, acidic ribosomal phosphoprotein PO
(Arbp) were designed using web based software Primer3 [28], synthesized commercially
(Integrated DNA Technologies, Inc.), and evaluated for an annealing temperature of 58 °C
as shown in Table 2.

Real-time PCR conditions were optimized as described previously [25]. All RTgPCRs were
performed with SYBR Green | chemistry in a MyiQ™ single-color realtime PCR detection
system (Bio-rad Laboratories). For gPCRs, iQ5 SYBR Green | supermix, 3 pmol/ul of each
forward and reverse primers, and 5 pul cDNA template were used in a final reaction volume
of 50 pl. PCR cycling parameters included an initial denaturation of 8 min and 45 s at 95 °C
followed by 45 cycles of 30 s at 95 °C, 30 s at 58 °C, and 30 s at 72 °C. Data collection was
enabled at 72 °C in each cycle. C (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 [29], was used to
determine the expression ratio of genes.

2.10. Immunofluorescence staining and confocal microscopy

Cultures (ECMs/BMSCs-GFP labeled or ECMs only) samples were collected at day 6, 12,
or 18 and processed according to previously described protocols [30]. After incubation, the
cultured cells were rinsed twice in Mosconos’s solution, pH 7.4 and fixed in 2%
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paraformaldehyde at 4 °C for 12-16 h. Each of the samples was then permeabilized in PBS,
pH 7.4 containing 0.1% Triton X-100 and 100 mM glycine for 30-40 min at room
temperature and blocked in 1.5% BSA, 100 mM glycine in PBS for 1 h at room temperature.
The primary antibodies used are shown in Table 1. Primary antibodies were used at 1:200
dilutions in blocking buffer for 12—16 h at 4 °C. Secondary antibodies (Alexa fluor® 488
and 546 obtained from Molecular Probes, Invitrogen) were used at 1:200 dilutions in
blocking buffer for 2 h at room temperature in the dark. Nuclei were stained with DAPI (4,
6-diamidino-2-phenylindole, 100 ng/ml; Sigma—-Aldrich). Images of the stained cells were
visualized using a confocal microscope (Zeiss LSM 510 Meta CSLM). Negative controls for
staining included only secondary antibodies.

2.11. Transmission electron microscopic (TEM) analysis

To visualize the ultrastructural characteristics of the co-differentiating cells, day 18 samples
were processed for transmission electron microscopy (TEM) as described previously with
modifications [15]. In brief, the wells of Permanox Lab-tek™ chamber slide system™
(Nunc) that were seeded with cells (BMSCs only or ECMs only or BMSCs/ECMs) and
cultured inmyocyte medium were rinsed twice in PBS, pH 7.4. The cells were fixed in 2.5%
glutaraldehyde (Sigma—Aldrich) in PBS overnight at 4 °C, and rinsed in PBS. The samples
were then post fixed in 1% OsO,4 and 1.5% potassium ferricyanide in PBS for 1 h 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 min at 37 °C, and Hanaichi lead stain for 6 min 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).

2.12. Statistical analysis

3. Results

Morphometric data were represented as mean * standard deviation of the mean (mean +
SD). The RT-qPCR data were represented as mean + standard error of the mean (mean +
SEM) and, the differences in expression (cardiomyogenic markers) between control (day 0)
and treated samples (day 6, 12, or 18) were assessed ingroup means for statistical
significance by applying ‘Pair Wise Fixed Reallocation Randomization Test’ using Relative
Expression Software Tool (REST®) [29]. In all cases, values of p < 0.05 were considered
statistically significant.

3.1. Phenotypic characterization of undifferentiated BMSCs

Immunophenotyping of undifferentiated BMSCs for various cell surface markers by flow
cytometry revealed that the fluorescent intensity and distribution of the cells stained for
CD11b, CD31, CD44 and CD45 were not significantly different from the intensity and
distribution of cells stained with isotype controls (Fig. 1A-C,E,F). In addition, these cells
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were negative for the rat endothelial cell surface marker OX43 (Fig. 1J), 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 (93.77%)
and CD90 (99.85%) surface antigens (Fig. 1G—H), 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 and the minimal criteria for defining multipotent mesenchymal stromal
cells, set forth by the international society for cellular therapy (ISCT) position statement
[26,31,32].

3.2. Cellular morphology, morphometry and contractility

The cell cultures that contained exclusively BMSCs and were grown in myocyte medium
assumed a general morphological phenotype of an oblate spheroid with an EFF of 2.409 +
0.248. Whereas, BMSCs that were co-cultured with ECMs expressed phenotypic changes in
morphology. Within 24 h of seeding, BMSCs were able to tether to the juxtaposed ECMs
and were able to demonstrate synchronous cellular movement at the same frequency as the
spontaneously and rhythmically beating ECMs. Following seven days of co-culture revealed
that BMSCs have become mechanically attached to the ECMs and deformed by cyclic
stretching at the same frequency essentially dictated and exerted by the contractions of
adjacent ECMs (Fig. 2A-F). Morphological changes in BMSCs included cyclic changes in
length (Fig. 3A) and changes in breadth (Fig. 3B). The change in breadth appeared to be
variable and only partially associated with the cyclic changes in length. BMSCs, which were
mechanically attached to the spontaneously and rhythmically contracting ECMs also became
elongated assuming the morphology of prolate spheroid with an EFF of 3.552 + 0.167,
which was significantly greater (p < 0.001) than the EFF of 2.409 + 0.248 characteristic of
BMSCs (quiescent) that were either in non co-culture condition or not in physical contact
with ECMs in co-culture condition. The EFF of BMSC that was mechanically associated
with ECMs was not invariant but undergone cyclic changes dictated by the contraction
frequency of the adjacent ECMs (Fig. 3C). The EFF of BMSC that was in non co-culture
conditions and/or not associated with ECMs in co-culture conditions exhibited non-cyclic
changes associated with normal cellular movements and migration (Fig. 3D).

3.3. Cellular calcium flux

BMSCs co-cultured in the presence of spontaneously beating and rhythmically contracting
ECMs and that were mechanically coupled to ECMs revealed intracellular calcium fluxes
characterized by cyclic oscillations (Fig. 4A,B,E,F). The calcium flux seen in the case of
BMSC, which was mechanically connected to a contracting ECM, when imaged over a time
intervals of 5 min or greater exhibited calcium peaks at frequency similar or equal to that of
the ECM (Fig. 4C,D,E,F). The amplitude of the intracellular calcium oscillations seen in
BMSC that was actively and mechanically associated with an ECM (ACa?* = 13.88 + 7.57)
was significantly greater (p < 0.001) than that seen in a BMSC, which was quiescent and not
attached to an ECM (ACa2* = 3.84 + 2.32), but is significantly less (p < 0.001) than the
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calcium flux associated with myofibrillar contractions seen in the case of spontaneously and
synchronously beating ECM (ACa2* = 127.52 + 40.55).

Examination of the intracellular calcium fluxes induced in BMSCs by mechanical
interaction with a single ECM over shorter time intervals (2-3 s) provided additional more
detailed resolution of this response (Fig. 5A-F). The non co-cultured BMSCs also
demonstrated non-rhythmic contractions with minimal flux of intracellular calcium as seen
in normal cellular migrations and movement (negative control, Fig. 5A). Calcium induced
Fluo-4 fluorescence was essentially random with an average mean intensity (ACa?*) of 3.84
+ 0.06 (Fig. 5A) and significantly different from the calcium flux associated with
myofibrillar contractions in ECM (Fig. 5B). An individual BMSC that was mechanically
coupled with a single ECM exhibited intracellular calcium flux with frequency (Fig. 5C),
which was almost identical to the frequency of calcium flux recorded in the ECM (Fig. 5D).
When two individual BMSCs were in mechanical coupling with the same individual ECM
but not in direct contact with each other, the frequency and amplitude of their intracellular
calcium flux was almost identical (Fig. 5E). The pattern and frequency of the intracellular
calcium flux in these two separate BMSCs was same as that seen in the case of ECM (Fig.
5F).

3.4. 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-gPCR) analyses of cardiogenic
differentiation markers were carried out at the defined time points (6, 12, and 18 days) on
BMCSs/ECMs co-cultured in myocyte medium. Additionally, RT-gPCR on ECMs cultured
in the same medium condition was performed at the same time points.

ECMs cultured in myocyte medium constitutively expressed transcripts coding for key
cardiogenic lineage specific markers (Fig. 6A,C). The structural and contractile filamental
associated genes, a-MHC, B-MHC, B-Actcl and cTnl showed remarkable upregulation up
to 18 days with concurrent progressive gradual downregulation of these transcripts over the
observed time period (Fig. 6A). In addition, in ECMs cultures, the transcript levels of Gata4,
Nppa and Nppb demonstrated a sustained upregulation up to 18 days with a noticeable
kinetics of gradual downregulation of these transcripts over the successive experiential time
points (Fig. 6C). In contrast, in BMSC/ECM co-cultures the expression pattern of key
cardiogenic marker transcripts showed moderate differences in their expression profile,
especially the structural and contractile filamental genes.

ECMs/BMSCs co-cultured in myocyte medium expressed the cardiogenic differentiation
related marker transcripts consistently. The structural and contractile filamental associated
genes, a-MHC, B-MHC, a-Actcl and cTnl showed sustained high levels of expression until
day 18 with simultaneous gradual downregulation of these marker transcripts during each
successive time points (Fig. 6B). Besides, in BMSCs/ECMs co-cultures, the transcript levels
of Gata4, Nppa and Nppb showed notable upregulation over 12 days and there exist a
continual gradual downregulation of these transcripts over the observed consecutive time
points (Fig. 6D). On the contrary, the connexon gene, Gjal transcripts showed gradual
upregulation up to 18 days.
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3.5. Expression of cardiomyogenic markers in ECMs and GFPBMSCs/ECMs cultures

To validate the findings of mMRNA expression and to determine whether these upregulated
cardiac specific messages were in fact getting translated into proteins, immunofluorescent
staining of various key cardiomyogenic phenotypic markers was explored on these ECMs
and GFP-BMSCs/ECMs cultures.

3.5.1. Characterization of ECMs in ECMs only culture—Immunostaining of these
differentiating cells using antibodies directed against cardiac specific transcription factors,
structural and contractile filaments, hormones and junctional complex proteins were carried
out. Immunostaining and confocal laser scanning microscopic analysis established that these
ECMs only culture were composed of cells that were positive for a variety of cardiomyocyte
specific markers, cardiac a/p-myosin heavy chain (a/p-MHC), sarcomeric myosin heavy
chain (SMHC), cardiac troponin I (cTnl), desmin, connexin 45 (Cx45), connexin 43 (Cx43),
GATA-binding protein 4 (Gata4) and brain natriuretic peptide (BNP). Representative
staining patterns obtained for these cardiac-related proteins for ECMs only cultures are
shown in Fig. 7(A-H). Examination of day 18 ECMs cultures revealed that the cells were
aligned and overlapping in an orderly manner and exhibited cord-like or trabecular type of
cellular arrangement that resembled those of in vivo embryonic trabecular myocytes. The
aligned myocytes showed the presence of developing sarcomeric units, which were positive
for myosin and desmin (insets, Fig. 7A,B) and the transition of connexon proteins, Cx45 to
Cx43 (Fig. 7G,H), indicative of progressive maturation and differentiation towards in vivo
neonatal-like ventricular myocytes.

3.5.2. Characterization of GFP-labeled BMSCs in GFP-BMSCs/ECMs co-
culture—In order to localize and characterize the phenotypic nature of differentiating
BMSCs amidst and in the milieu of the developing ECMs, BMSCs were transfected with
GFP-expressing lentivirus. Day 18 co-cultures harboring these GFP-BMSCs/ECMs were
subjected to immunostaining and confocal microscopic analysis using the same battery of
cardiomyogenic phenotypic markers as mentioned above. Similar to what was observed
within ECMs only cultures, the GFP-marked BMSCs were positive for a variety of markers
that are associated with differentiating cardiac myocytes such as cardiac a/pB-MHC,
sarcomeric MHC, cardiac cTnl, desmin, Cx45, Cx43 (Fig. 8A-L; Fig. 9A-L).
Representative staining pattern and typical co-localization obtained for these cardiacrelated
proteins within GFP-BMSCs/ECMs co-cultures are shown in Fig. 8A-L and Fig. 9(A-L).

In GFP-BMSCs/ECM s co-cultures the resident ECMs and untransformed GFP-BMSCs were
distinguished from the transdifferentiated GFP-BMSCs by their lack of typical detectable
colocalization signals. In this co-culture condition, the differentiating BMSCs appeared to be
elongated and organized into interlacing bundles depicting varying degrees of cohesions and
alignments (Fig. 8A-L). These multilayers of cells were composed of differentiating and
maturing cardiac myocytes with evidence of nascent Z-dense bodies and the evolving
cardiac specific structural organization that were positive for cardiac MHC and desmin (Fig.
8A-F) and the cardiac-related biosynthetic activities, BNP (Fig. 9A-C). In addition, these
elongated GFP-BMSCs were in juxtaposition with ECMs and were mainly in parallel
bundles but displayed the characteristic cross bridges to give a pseudosyncytial arrangement.
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Nuclei of the cells were large, oval and/or round and centrally positioned (Fig. 8A-L; Fig.
9A-L). There were sites of specialized cell junctions in the form of connexon 45 and 43 gap
junctions (Fig. 9G-L).

3.6. Ultrastructural morphology

The TEM analysis of ECMs showed typical ultrastructural morphological characteristics of
developing embryonic cardiac myocytes for 15 days of development. Most of the cells
revealed elongated centrally positioned nucleus and perinuclear cytoplasm consisting of
numerous well-developed myofibrils with prominent sarcomeric units containing the Z-
disks. A few of those myofibrils extended up to the marginal cytoplasm and formed the
intercalated disk junctions with adjacent myocytes. In addition, these cells also contained
numerous cytoplasmic mitochondria abutting the myofibrils (Fig. 10A). On the contrary,
TEM analysis of quiescent BMSCs revealed ultrastructural morphology that appeared to be
typical of a cell of mesenchymal origin. The predominantly population of cells exhibited
centrally placed nuclei with highly dispersed out chromatin and nucleolus, indicative of an
active cell. In addition, there were thin bundles of actin fibers (stress fibers) localized to the
marginal cytoplasm. The central cytoplasm was characterized by numerous mitochondria
and an extensive endoplasmic reticulum. The mitochondria appeared to be randomly
dispersed with any discernable pattern of organization (Fig. 10B).

The differentiating cells in the ECMs/BMSCs co-culture expressed a unique cytoskeletal
morphology, which was different from that seen in the negative control, BMSCs (BMSCs
only culture) and the positive control, ECMs (ECMs only culture). These co-cultured cells
expressed extensive bundles of thin fibers (actin fibers) being localized in both the marginal
and central cytoplasm. These larger bundles of actin fibers now contained thick filaments
and have numerous dense bodies (Fig. 10C,D), which were not seen in the BMSCs alone
culture (Fig. 10B). However, thick filaments and dense bodies were seen in the ECMs’
associated sarcomeres and myofibrils. These phenotypically altered cells also displayed
many larger focal adhesions alone in the cell margins and more extensive junctional
complexes resembling the structure of evolving rudimentary intercalated disk (Fig. 10C). In
majority of cells, there were accumulations of dense bodies within the extensive bundles of
thin and thick filaments. These dense bodies expressed a periodic spacing resembling the
frequency of the spacing of Z lines (~2 um) seen in the positive control ECM, indicative of
nascent Z disks and sarcomeric formations (Fig. 10D). These dense bodies were prominently
positive for desmin, the intermediate filament protein expressed by myogenic cells as shown
by immunostaining and confocal microscopy, a corroborative finding (Fig. 8B,C). In
addition, these complex bundles of filaments and associated dense bodies (Z-bodies) were
also abutted by an extensive array of paralleloriented mitochondria similar to that seen
abutting the myofibrils as in the case of positive control, ECMs.

4. Discussion

Here we report a reproducible in vitro 2-D model of mosaic cardiac tissue composed of two
developmentally deferred distinct population of cells, ECMs (embryonic origin) and BMSCs
(postnatal or adult origin) for exploring adult stem cell based myocardial regeneration that
can be monitored for all aspects of cardiac regeneration, viz., electromechanical coupling
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and neo-cardiomyocyte maturation, differentiation and integration. This mosaic of cardiac
tissue generated in this co-culture conditions recapitulates many aspects of cell—cell (cardiac
myocyte-stem cell) interactions that would be present in the heart during physiological
and/or in pathological regenerations and address the controversial effects of adult BMSCs
on myocardial regeneration during cellular cardiomyoplasty.

Previous reports provided substantial evidence that the adult BMSCs are capable of
differentiating into both striated and nonstriated type of myocytes, including cardiac
myocytes that may or may not have the intrinsic ability to undergo spontaneous beating
and/or rhythmic contractions [15,26,33-36]. The in vitro directed differentiation of BMSCs
towards cardiac myocyte lineage has been achieved under the influence of either the
chemical and/or cellular cues [35-37]. In addition, it has been shown that BMSCs could
differentiate into functioning cardiomyocyte-like cells when co-cultured in the milieu of
various stages of developing cardiac myocytes, such as embryonic and neonatal cardiac
myocytes, indicating that physical cell-cell interactions with cardiac myocytes is an
essential component for the successful induction of BMSCs towards cardiomyogenic lineage
[38-42]. However, these reports are not without controversy [43]. Recently, this notion is
challenged by the fact that BMSCs have limited or no cardiomyogenic plasticity [44].
Collectively, these studies highlight the fact that BMSCs could be still the stem cell of
choice for cellular cardiomyoplasty and, it warrants that a systematic approach
encompassing many aspects of tissue regeneration and their mechanisms need to be
addressed fundamentally. Hence, here we demonstrate that under appropriate in vitro
combination of inductive cues (soluble and insoluble cellular interactions) BMSCs can be
directed to differentiate into functioning cardiomyocyte-like cells. To achieve this aim, we
developed a 2-D co-culture system in which a pure population of CD90* rat BMSCs was co-
cultured with rat ECMs in myocyte medium on collagen-coated Petri dishes for
differentiation and regeneration purposes. The putative CD90* BMSCs are multipotential
and are capable of differentiating into cardiomyocyte-like, endothelial and smooth muscle
cell lineages both in vitro as well as in vivo [15,26].

In general, successful in vitro differentiation depends on cell-cell as well as cell-matrix
interactions [8,45]. Therefore, we examined the interaction of BMSCs with ECMs and their
maturation and differentiation in myocyte medium alone (without any cardiogenic
supplements) and, specifically investigated the nature and consequence of BMSCs physical
contact with ECMs. And whether BMSCs were capable of exerting mechanical integration
with EMCs and undergo spontaneous/or induced functional synchronization with ECMs and
vice versa. As a control ECMs only cultures were assessed simultaneously. The ECMs only
culture sustained the ECMSs’ in vitro continuum of differentiation and the cells progressively
matured into neonatal type of myocytes, whereas, BMSCs/ECMs co-culture revealed that
the cells have undergone synergistic and synchronized maturation and differentiation
indicating that ECMs promoted the maturation and differentiation of BMSCs into cells
characteristic of nascent cardiac myocytes.

One of the possible factors of contradictions in earlier studies of in vitro myogenic
differentiation might be the result of the assumption that the contractile proteins are specific
markers of overt myogenesis. Now, it is well established that a large variety of cells express
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what was assumed typical muscle proteins, such as myosin or actin, and it appears that all
contractile and regulatory proteins exist in isoprotein forms [46]. BMSCs itself
constitutively express most of the myocyte related structural, contractile and junctional
proteins at low to moderate levels [15]. Therefore to characterize the in vitro differentiation
of rat ECMs and rat BMSC-derived neo-cardiomyocyte-like cells a battery of murine
cardiomyogenic specific markers was employed in our study, and is mandatory when stem
cells are employed and assessed for tissue-specific differentiation. The BMSCs/ECMs co-
cultured cells were shown to express cardiac specific genes, proteins, ion channels and
signal transduction machinery in a pattern that was comparable to the expression pattern of
cultured ECMs cells and closely recapitulated the developmental pattern of in vivo neo-
cardiomyogenesis. In addition, spontaneous and rhythmic contraction of these differentiating
cells was evident in both BMSCs/ECMs co-culture and in ECMs only cultures over 14 days.

In any type of in vitro cellular differentiation, the cytodifferentiated cells need to be
critically evaluated for their maturation and differentiation at transcriptional, translational
and functional levels. Therefore, we examined the time-dependent expression pattern of
various cardiac specific markers viz, Gata4, desmin, a-actinin, a/B-MHC, SMHC, cTnl,
Cx45, Cx43, BNP of these cytodifferentiated cells. Since constitutive expression of these
markers was detected at low to moderate levels in undifferentiated input BMSCs, it was
used as calibrator control to quantitate the expression levels of cytodifferentiated cells. RT-
gPCR results demonstrated that in vitro cardiomyogenic differentiation cultures of ECMs
and BMSCs/ECMs for 18 days resulted in an augmented expression of mMRNA transcripts
coding for various cytoskeletal filament proteins that are associated with cardiac structural
and contractile development such as a.-actinin, a-MHC. B-MHC and troponin I. The
maximal expression of all these contractile-associated MRNA appeared around day 6
followed by gradual downregulation and reached an apparent basal level around day 18 in
both BMSCs/ECMs co-cultures as well as in control ECMs only cultures. The time-
dependent downregulation of all these four structural/contractile filamental proteins in
BMSCs/ECMs cocultures when compared with ECMs only cultures during this observed
time period may be indicative of continual active cellular interaction, remodeling and
development of the ECMs in correspondence with differentiating BMSCs. This emphasizes
the fact that BMSCs were able to integrate mechanically with ECMs, which presumably the
leading cause of cytoskeletal reorganization and transformation.

We further examined whether these augmented expression of mMRNA transcripts coding for
various cytoarchitectural proteins are in fact getting translated into structural and contractile
proteins. As demonstrated by immunostaining for various cardiac specific markers, day 18
cultures revealed that ECMs as well as the cytodifferentiated BMSCs were able to undergo
maturation and differentiation characteristics of a developing cardiac myocytes. In order to
determine the exact fate of BMSCs amidst the developing ECMs, the BMSCs were labeled
with either green or red fluorescent proteins and co-cultured for real-time observations of
morphological transformation in correspondence with ECMs and for their subsequent
analysis. Both ECMs and BMSCs/ECMs co-differentiating cells expressed cardiac a/f-
MHC, cardiac cTnl, cardiac a-actinin and desmin. The cardiac specific transcription factor
Gata4 was expressed by GFP-BMSCs and confirms the fact that around day 6 the BMSCs/
ECMs co-cultured cells showed enhanced expression of Gata4 when compared with ECMs
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only culture. In addition, these cells also expressed the junctional complex proteins,
especially the gap junction proteins, Cx45 and Cx43 suggesting the existence of not only
mechanical coupling but also electrical coupling among ECMs as well as between ECMs
and BMSCs in co-culture condition. This is consistent with the observation that the
differentiating BMSCs in the co-culture were able to beat and contract in synchrony with
ECMs. The enhanced expression of these cardiac specific phenotypic proteins by majority of
BMSCs, which were mechanically tethered to the ECMs suggest that BMSCs have the
intrinsic myogenic potential to develop cardiac phenotype under appropriate inductive cues
provided by the ECMs, and vice versa. All those isolated BMSCs that were probably not
mechanically tethered to the existing ECMs expressed very low levels of cardiac specific
proteins, and in fact demonstrated lack of rhythmic cellular contractions. Taken together,
these observations suggest that physical cell-to-cell interactions in the form of intercellular
communication are necessary to induce BMSCs towards cardiac phenotype.

Since terminally differentiated cardiac myocytes are highly specialized both structurally and
functionally, we performed the contractility and calcium flux assays on these cultures by
live cell confocal microscopy and imaging. Our results indicate that BMSCs were
mechanically coupled with ECMs, and can undergo cyclic contractions essentially at the
same frequency as those expressed by the ECMs. In addition, BMSCs’ expressed a
particular pattern and frequency of intracellular calcium oscillations, which was similar to
the pattern and frequency of intracellular calcium oscillations observed in the case of
ECMs’, and is further suggestive of electrical coupling. These results indicate that the
differentiating BMSCs are capable of developing the cellular machinery that is essential for
their structural as well as contractile function. Moreover, this is the first ever documentation
of calcium transients in the case of co-differentiating adult stem cell, BMSCs, mechanically
coupled to ECMs.

Having established the cytodifferentiation of RFP-/GFP-BMSCs towards cardiac phenotype
followed by the unambiguous demonstration of mechanical coupling, the pattern of
contraction was validated further by morphometric analysis. In order to assess and delineate
the cellular morphological changes of differentiating BMSCs, morphometric analysis was
carried out on day 7 co-cultured cells. The obtained results indicate that BMSCs, which
were mechanically associated with ECMs demonstrated nonrandom cyclic changes
significantly dictated by the contraction frequency of the juxtaposed ECMs. On the contrary,
all those isolated BMSCs that were probably not mechanically associated with the
preexisting ECMs exhibited random non-cyclic changes naturally associated with routine
cellular movements and migration. Hence, homotypic cellular adhesions and connexons may
seem to be a prerequisite for cardiomyogenic induction and differentiation of these adult
stem cells, BMSCs.

Finally, since cardiac myocytes have developmentally sophisticated cytoarchitectural
elements, it is critically important to characterize the ultrastructural morphology of any stem
cells that are directed to differentiate into cardiacmyocyte lineage. TEM analysis of the day
14 BMSCs/ECMs co-differentiating cells exhibited the typical appearance of differentiating
cells developing the ultrastructural characteristics of early-state cardiac myocytes. These
cells showed the earliest signs of overt myogenesis, the presumptive differentiating cells
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became elongated, multilayered and displayed uniform registry. These aligned cells revealed
bundles ofmyofibrils arranged in parallel orientation towards the long axis of the cells.
There were numerous tightly packed strands of mitochondria running between the parallel
bundles of myofibrils and some of it was located as subsarcolemmal clusters. In addition,
the presence of rudimentary Z-dense bodies was seen amid the myofibrils indicative of
nascent sarcomeric units of developing early-stage myocytes. The ultrastructural
characteristics of these co-differentiating cells seem to give a momentary glimpse that
ECMs are capable of undergoing partial dedifferentiation i.e. loss of contractile filaments as
seen in the lower vertebrates such as fish and amphibians during regeneratory process [5].
The remodeling and reorganization of cytoarchitectural features of both BMSCs and ECMs
in this co-culture condition suggest that both BMSCs and ECMs have the plasticity to
reprogram in synchrony towards cardiomyogenic lineage and commitment and, essentially
validates our previous findings observed in our 3-D co-culture system [15]. This
phenomenon of partial dedifferentiation followed by redifferentiation of in vitro cardiac
myocytes in the vicinity of adult bone marrow-derived stem cells may probably explain
most of the discrepancies seen in the case of in vivo preclinical and clinical trials.

Further work is ongoing to investigate the influence of various chronotropic and ionotropic
pharmacological agents on the contractile and electrophysiological response of this
functioning mosaic of cardiac tissue. And examination of the global gene expression pattern
of BMSCs and ECMs interaction to elucidate the subtle molecular mechanisms that are
responsible for this unique type of cellular regeneration process seen in this co-culture
condition.

5. Conclusions

Here we report a reproducible 2-D co-culture system that recapitulates many aspects of adult
stem cell based myocardial regeneration. This 2-D model can be utilized to dissect various
molecular mechanisms that are underpinning the adult BMSC based cellular
cardiomyoplasty, especially, for the maintenance and repair of various cardiac lesions, such
as ischemic heart disease (IHD), extrinsic/intrinsic cardiomyopathies, and cardiac atrophies.
Moreover, this functioning mosaic of cardiac tissue can be of immense use for drug
discovery and toxicity testing.
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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 (Panel A). The intensity and distribution of

cells stained for hematopoietic and endothelial markers; CD11b, CD31, CD34, CD44,

CD45, CD106 and OX43 (purple, shaded peaks) were not significantly different from those
of isotype control (pink, shaded peaks) (Panels B-F, 1,J), 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 (purple) compared to isotype control (pink) (Panels G, H). The predominant
population of BMSCs consistently expressed CD73 and CD90 surface molecules, a property
of rat bone marrow-derived mesenchymal/stromal stem cells.
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Fig. 2.
Contractility assay of ECMs/GFP-BMSCs co-cultured in myocyte medium. GFP-BMSCs

were tethered to ECMs and were mechanically coupled at the same frequency of ECMs
contractions. The frequency of cellular movement of BMSC was technically determined by
ECM contractile frequency. (A) Representative fluorescence image of green fluorescent
protein labeled BMSCs (GFP-BMSCs) attached to ECMs. BMSCs were elongated and
assumed prolate spheroid morphology. (B) The pattern and frequency of BMSC cellular
movement and contraction. (C) Representative phase contrast image of GFP-BMSCs
tethered to ECMs. (D) The pattern and frequency of ECM rhythmic contraction. (E) Overlay
of fluorescent and phase contract images depicting relative positions of GFP-BMSCs and
ECMs in this co-culture. (F) Comparison of the pattern of GFP-BMSC cellular movement
with the pattern of ECM contractility revealed that the frequency of movement of BMSC
was essentially the same and determined by the frequency of ECM contractions.

Biomaterials. Author manuscript; available in PMC 2014 April 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Valarmathi et al.

Page 22

A 8
_ 180 T 12
£ 2
3
= &
£ 170 §
o
S 160 &
: & 11
& 150 ]
o b
2 140 =
- o
130 10
0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec)
C D
—_ Stem Cell (BMSC-GFP) & M te (ECM) Co-Cults
= [ stem cell @MSC-GFP) LengthvBreadth Ratio £ —— Stom Call ((amsccw)) On|:t::c|¥ltir(e (Ne)ga;veuc:r:frol)l
T . 39 T
o2 oL
o& 38 [
e £ uw
% g 3.7 2 g
3L 36 3
== == 4
k3 35 ol
w g w g
o= 34 o 2
[} wi
Q= Q= 2
SO ° 3.3 oo
2° 32 2°
3 “o 2 4 6 8 10 o 0 2 4 6 8 10
Time (sec) Time (sec)

Fig. 3.
Morphometric analysis of ECMs/GFP-BMSCs cultured in myocyte medium. The

descriptors of changes in cell shape and morphological transformation viz., cellular
morphological parameters: length - L {L}, breadth - B {B}, and the elliptical form factor —
EFF {L/B} were measured by the imaging software for each thresholded and image isolated
cell. Values of L, B, and EFF were calculated directly from the integrated morphometry
subroutine of MetaMorph 6.1 image analysis software. Representative example of the
changes in morphological parameters viz., L, B, and EFF of a GFP-BMSC that was
mechanically attached to a spontaneously contracting ECM. (A) Change in {L} of a GFP-
BMSC that was attached to a ECM. (B) Change in {B} of the same GFP-BMSC in panel A.
Changes in {B} were variable and was not appear to be directly associated with changes in
{L}. (C) The EFF {ratio of L/B} was periodic with variable amplitude and indicated that the
GFP-BMSC was under physical deformation of elongation and relaxation. (D) Comparison
of EFF of a GFPBMSC that was in co-culture and mechanically attached to a spontaneously
contracting ECM (green line) with a quiescent GFP-BMSC alone that was not in physical
contact with a spontaneously contracting ECM (pink line). The quiescent GFP-BMSC
exhibited only modest non-periodic changes in EFF that were associated with natural cell
migration and movement. The GFP-BMSC that was in physical contact with an ECM
exhibited a greater EFF indicative of a change in morphology, which undergoes cyclic
changes of contraction and relaxation.
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Fig. 4.
Calcium flux assay of ECMs/GFP-BMSCs co-cultured in myocyte medium. GFP-BMSCs

were mechanically coupled with spontaneously contracting ECMs revealed intracellular
calcium flux with similar frequency but smaller amplitude. (A) Green fluorescent protein
tagged BMSCs (GFP-BMSCs) were labeled with the calcium indicator, Calcium Orange and
imaged in the green channel. (B) The pattern of GFP-BMSC intracellular calcium
oscillations measured in the red channel for Calcium Orange. (C) ECMs and GFP-BMSCs
were labeled with Calcium Orange and imaged in the red channel. (D) The pattern of
contracting ECM intracellular calcium oscillations measured in the red channel for Calcium
Orange. (E) Overlay of green channel image of GFP-BMSCs labeled with the calcium
indicator, Calcium Orange and red channel image of ECMs and GFP-BMSCs labeled with
Calcium Orange in this co-culture. (F) Comparison of the pattern of GFP-BMSC calcium
flux with the pattern of contractile ECM displayed that the intracellular oscillation of
calcium of BMSC was essentially the same as that of ECM but with relatively smaller
spikes.
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Fig. 5.
Calcium flux assay of ECMs/RFP-BMSCs co-cultured in myocyte medium. Comparison of

calcium flux in quiescent RFP-BMSC not physically in contact with an ECM (negative
control), in spontaneously contracting ECMs (positive control), and multiple RFP-BMSCs
mechanically connected to a single ECM. Red fluorescent protein tagged BMSCs
(RFPBMSCs) and ECMs were labeled with the calcium indicator, Fluo-4 and imaged in the
green channel. (A) The pattern of intracellular calcium oscillations of quiescent RFP-BMSC
that was not mechanically associated with ECM revealed a non-periodic frequency with
very small amplitude peaks. (B) The typical pattern of intracellular calcium oscillations of a
spontaneously contracting ECM. (C) The pattern of intracellular calcium oscillations of
RFP-BMSC that was mechanically coupled with an ECM became periodic with a significant
increase in amplitude. (D) Comparison of the pattern of calcium flux of an RFP-BMSC that
was mechanically associated with a spontaneously contracting ECM. The frequency of
RFPBMSC intracellular calcium oscillations was essentially the same as that of the ECM,
but relatively at a lower amplitude. (E) Comparison of the patterns of calcium flux of two
individual RFP-BMSCs that were mechanically associated with the same ECM but not in
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contact with each other. The frequency of intracellular calcium oscillations in these two
RFP-BMSCs exhibited essentially the same periodicity with minor variations, and
amplitudes of the same order of magnitude. (F) The two RFP-BMSCs that were in contact
with the same ECM demonstrated the same periodic frequency of intracellular calcium flux
as seen associated with the myofibrillar contractions in the ECM. This suggests that ECM
and its two interacting RFP-BMSCs were electromechanically coupled to each other.
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Fig. 6.

Real-time reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) analysis
of various key cardiogenic markers, a-MHC (myosin, heavy chain6, cardiac muscle, alpha -
Myh6), B-MHC (myosin, heavy chain 7, cardiac muscle, beta - Myh7), a-actin cardiac
(actin, alpha, cardiac muscle 1 - Actcl), cTnl (troponin I type 3, cardiac - Tnni3), Gata4
(GATA binding protein 4 - Gata4), Nppa (natriuretic peptide precursor A — ANP), Nppb
(natriuretic peptide precursor B — BNP) and Gjal (gap junction protein, alpha 1 — Cx43) as a
function of time (abscissa). ECMs cultured in collagen-coated culture dishes (2-D culture) in
myocyte medium (A, C). ECMs and BMSCs co-cultured in collagen-coated culture dishes
(2-D culture) in myocyte medium (B, D). The calibrator control included BMSCs day 0
sample and; the target gene 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 mean + standard error of the mean for three independent
cultures (n = 3), *p < 0.05; **p < 0.001.
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Fig. 7.
Expression pattern of various cardiomyogenic markers in ECMs containing cultures by

confocal microscopy. Localization of key cardiac myocyte phenotypic markers of day 18
embryonic cardiac myocyte (ECM) cultures in myocyte medium demonstrated the
expression of cardiac specific structural and contractile proteins, desmin (A), a/p-MHC (B),
SMHC (C), cTnl (D), peptide hormone, BNP (E), transcription factor, Gata4 (F), and the gap
junction proteins, Cx45 and Cx43 (G, H). Immunostaining of ECMs cultures in myocyte
medium showed foci of elongated and/or round to polyhedral type of cells arranged in
multilayered clusters and organized into cord-like or trabecular type of cellular arrangement
(A-H). Majority of these ECMs were aligned and overlapping in an orderly manner (B—H).
Inset in panel A, exhibits that desmin is predominantly localized in the Z lines of the
myocyte, revealing a marked striped appearance. Inset in panel B, reveals early-forming
myofibrillar sarcomeric units and the characteristic cross-striations. Nuclei of these cells
were large and either oval or round in appearance and were centrally positioned. Cells were
also stained for nuclei (blue, DAPI). Image (G) shows a projection representing 10 sections
collected at 1 pm intervals (9 pm). Merged images (A-H). (A-H, scale bar 50 pm).
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Fig. 8.
Expression pattern of various cardiogenic markers in GFP-BMSCs/ECMs containing

cultures by confocal microscopy. Localization of key cardiac myocyte phenotypic markers
of day 18 embryonic cardiac myocytes (ECMs) and green fluorescent protein labeled bone
marrow stromal cells (GFP-BMSCs) co-cultures in myocyte medium demonstrated the
expression of structural and contractile proteins, desmin (B, C), a/p-MHC (E, F), SMHC (H,
1), and cTnl (K, L). The transdifferentiated GFP-BMSCs were delineated by their
colocalization signals (orange to yellow). The trabeculae of cells were arranged in a
pseudosyncytial pattern (A—L). Nuclei of these cells were large and either oval or round in
appearance and were centrally located. Cells were also stained for nuclei (blue, DAPI) and
GFP-BMSCs (green, GFP). Merged images (A-L). (A-L scale bar 50 um).
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Fig. 9.
Expression pattern of various cardiogenic markers in GFP-BMSCs/ECMs containing

cultures by confocal microscopy. Localization of key cardiacmyocyte phenotypic markers of
day18 embryonic cardiacmyocytes (ECMs) and green fluorescent protein labeled bone
marrow stromal cells (GFP-BMSCs) co-cultures in myocyte medium demonstrated the
expression of peptide hormone, BNP (B,C), transcription factor, Gata4 (E,F), and the gap
junction proteins, Cx45 (H,l) and Cx43 (K,L). The transdifferentiated GFP-BMSCs were
delineated by their colocalization signals (orange to yellow). Most of these co-differentiating
cells appeared as foci of single and/or multilayered cell clusters and displayed the
characteristic pseudosyncytial arrangement (A—C). These co-differentiating cells displayed
specialized cell junctions (H-1, K-L). Nuclei of these cells were large and either oval or
round in appearance and were centrally located. Cells were also stained for nuclei (blue,
DAPI) and GFP-BMSCs (green, GFP). Merged images (A-L). (A-L scale bar 50 pm).
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Fig. 10.
Transmission electron microscopic (TEM) analysis of day 14 BMSCs, ECMs, and ECMs/

BMSCs cultures. (A) ECM cultured in myocyte medium showed elongated nucleus (N). The
cytoplasm revealed myofilaments and myofibrils (mf), perinuclear early sarcomeric units, Z-
disks (Z) and numerous mitochondria (mi). (B) BMSC cultured under the same culture
conditions revealed large nucleus (N) with nucleolus (n) and the central cytoplasm was
characterized by numerous mitochondria and extensive endoplasmic reticulum, the
ultrastructural characteristics of active, immature cells. In addition, the BMSC cytoskeleton
was characterized by bundles of actin stress fibers (sf) predominantly localized towards the
peripheral cytoplasm. These bundles of actin fibers appeared to be very uniform and devoid
of any detectable dense bodies. Numerous focal adhesions were localized along the margins
of adjacent BMSCs. (C) BMSCs/ECMs co-cultured under similar culture conditions
demonstrated a unique cytoskeletal morphology that was obviously different from that
observed in the controls viz., BMSCs (Panel B) and ECMs (Panel A). There were bundles of
actin stress fibers localized in both the peripheral and central cytoplasm. These extensive
bundles of actin fibers now contained thick filaments and humerous dense bodies (Db, arrow
heads). The thick and think filaments showed association with these dense bodies or
plaques. In addition these cells had many larger focal adhesions (arrows) and more
extensively developed junctional complexes resembling the structure of rudimentary
intercalated disk. (D) In addition, majority of cells in BMSCs/ECMs co-culture conditions
developed larger and extensive fiber bundles. Within these extensive bundles of fibers
displayed accumulation of dense bodies which expressed a periodic spacing resemble the
frequency of the spacing of Z lines (~2 um) as seen in the positive control, ECM (Panel A).
These complex bundles of filaments were abutted by extensive parallel-oriented
mitochondria similar to that seen bordering the myofibrils of the positive control, ECM
(Panel A).
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Primary antibodies used in this study.

Table 1

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
0X43 1:10 Gene Tex, Inc Endothelial
Cardiac myocyte differentiation markers

Sarcomere myosin (MF20) 1:200 DSHB Cardiomyocyte
Cardiac myosin heavy chain (a’/b-MHC)  1:200 Abcam Cardiomyocyte

Cardiac troponin I (cTnl)
Connexin 45 (Cx45)
Connexin 43 (Cx43)
Desmin

GATA4

BNP

1:200
1:200
1:200
1:200
1:200
1:200

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology

Santa Cruz Biotechnology

Cardiomyocyte
Cardiomyocyte
Cardiomyocyte
Cardiomyocyte
Cardiomyocyte

Cardiomyocyte
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