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Abstract
A major limitation to cardiac tissue engineering and regenerative medicine strategies is the lack of
proliferation of postnatal cardiomyocytes. The extracellular matrix (ECM) is altered during heart
development and studies suggest it plays an important role in regulating myocyte proliferation.
Here, we studied the effects of fetal, neonatal, and adult cardiac ECM on the expansion of
neonatal rat ventricular cells in vitro. At 24 hr, overall cell attachment was lowest on fetal ECM;
however ～80% of the cells were cardiomyocytes while many non-myocytes attached to older
ECM and poly-L-lysine controls. After 5 days, the cardiomyocyte population remained highest on
fetal ECM, with a 4-fold increase in number. Significantly more cardiomyocytes stained positively
for the mitotic marker phospho-histone H3 on fetal ECM compared to other substrates at 5 days,
suggesting that proliferation may be a major mechanism of cardiomyocyte expansion on young
ECM. Further study of the beneficial properties of early developmental aged cardiac ECM could
advance the design of novel biomaterials aimed at promoting cardiac regeneration.
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1. Introduction
Congenital heart defects (CHDs) are the leading cause of mortality in live-born infants and
young children [1]. Current surgical procedures to treat severe CHDs, such as hypoplastic
left heart syndrome, are palliative and do not replicate native heart anatomy and function
[2], and these patients often suffer from secondary complications throughout life [2, 3]. The
ability to develop engineered cardiac tissue in vitro or stimulate cardiac regeneration in vivo
has the potential to greatly improve treatments and outcomes in pediatric patients suffering
from CHD. Although recent results with engineered vascular grafts in children are
promising [4, 5], no engineered heart tissues have yet been used in the clinic [6]. A major
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challenge to moving cardiac tissue engineering towards clinical relevance is the limited
proliferative capacity of postnatal cardiomyocytes [7].

While the timing of the process is species-dependent [8-10], mammalian cardiomyocytes
undergo a switch from hyperplastic to hypertrophic growth after birth [8]. In contrast to their
postnatal counterparts, embryonic and fetal cardiomyocytes are highly proliferative and have
been shown to restore function to damaged or diseased hearts in animal models [11-16].
Although a number of factors can regulate myocyte proliferation in the developing heart
such as cell-cell interactions [17, 18], growth factor signaling [18], and mechanical forces
[19, 20], it is likely that the extracellular matrix (ECM) also plays an important role.
Collagen synthesis [21] and Fibronectin expression [22] change with development and
integrin isoforms change concurrently with the transition from proliferation to terminal
differentiation [23]. Other studies have demonstrated a significant effect of ECM signaling
on cardiomyocyte function. For example, Fibronectin and Collagen III, up-regulated by
mouse embryonic fibroblasts, enhanced embryonic cardiomyocyte proliferation in response
to growth factors [18, 24]. Periostin, an ECM protein expressed during fetal cardiac
development [25, 26] was found to promote myocyte proliferation in vitro and improved
heart function after myocardial infarction in adult rats [27]. Collagen resulted in better
expansion of cardiac-like cells derived from mesenchymal stem cells compared to Collagen
I [28], which is highly expressed in the adult heart [25]. While these findings point to a
critical role for the developing ECM in promoting or mediating cardiomyocyte proliferation,
none of the aforementioned studies investigated the cardiac ECM as a whole.

Decellularized organs can provide complex, tissue-specific cues and are thus attractive for
tissue engineering and regenerative medicine approaches [29]. Indeed, adult cardiac tissues
have been extensively studied and have shown promise for certain applications [30-35], such
as providing mechanical support [35] or promoting neovascularization [30] in the adult
heart. However, adult ECM may lack the necessary cues for myocyte proliferation, as the
role of most signaling in the adult organ is to maintain homeostasis. The only known study
to date that specifically investigated developmental age of the ECM showed that cells were
better able to repopulate decellularized kidney sections from young rhesus monkey
compared to adult, further supporting this concept [36, 37]. Since cardiomyocyte
proliferation is highest during prenatal development, mimicking fetal ECM may be more
appropriate for promoting cardiac regeneration but has not yet been explored.

The purpose of this study was to determine the effect of fetal cardiac ECM on the expansion
of cardiomyocytes in vitro. Given the clinical need for novel tissue engineering and cell
therapy-based treatments for the myocardium, we studied ventricular cell response to fetal,
neonatal, and adult cardiac ECM. We found that cardiomyocytes had better adhesion and
expansion on fetal ECM compared to older ECM, with myocytes remaining a large
percentage of the cell population and increasing approximately 4-fold over 5 days in culture.
Furthermore, we found that significantly more myocytes were positive for the mitosis
marker phospho-histone H3 on fetal ECM compared to other substrates, suggesting that
myocyte expansion is due to proliferation, at least partially. Our long term goal for this work
is to develop biomaterials that mimic developmental cues to stimulate or maintain
cardiomyocyte proliferation for tissue engineering or regenerative medicine approaches for
treating CHD.

2. Materials and Methods
2.1. Heart harvest from fetal, neonatal, and adult rats

All animal procedures were performed in accordance with the Institutional Animal Care and
Use Committee at Tufts University and the NIH Guide for the Care and Use of Laboratory
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Animals. Pregnant Sprague Dawley rats (～3 months old) were deeply anesthetized with a
mixture of ketamine (100mg/kg) and xylazine (10mg/kg) and then euthanized by harvest of
the heart. Fetal pups (embryonic day 18-19) were isolated from the uterus, euthanized by
decapitation, and then the hearts were isolated. Neonatal pups (postnatal day 2-4) were
euthanized by conscious decapitation prior to heart harvest. Freshly isolated hearts from all
three ages were fixed for assessment of native cardiac cell proliferation, processed for
analysis of ECM composition, or decellularized for cell culture experiments, as described
below.

2.2. Proliferation of cardiac cells in native hearts
To determine proliferation in native fetal, neonatal, and adult hearts, samples were
immediately immersed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) after harvest and fixed at 4°C overnight. The samples were cryoprotected in 30%
sucrose solution and then embedded and frozen in Tissue-Tek OCT compound (VWR). The
hearts were sectioned into 7 μm-thick slices in the circumferential direction on a Cryostat
(Leica CM 1950). The tissue slices were stored at -20°C until immunohistochemical
staining. Samples were equilibrated to room temperature (RT), washed in phosphate
buffered saline (PBS) to remove OCT and then blocked with 5% donkey serum and 0.1%
bovine serum albumin (BSA) (Sigma) in PBS for 1hr at RT. Cells undergoing mitosis were
labeled with phospho-histone H3 (PHH3) antibody (Ser 10-R, Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 hr at RT followed by incubation with Alexa Fluor 488 donkey anti-
rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA) for 1 hr at RT. Cells
of the cardiomyocyte lineage were then labeled with cardiac α-actin antibody (5C5; Santa
Cruz) and Alexa Fluor 555 donkey anti-mouse secondary antibody (Invitrogen). Samples
were mounted with Vectashield medium containing DAPI nuclear stain and imaged on an
Olympus IX8I microscope using Metamorph Basic software (version 7.7.4.0, Molecular
Devices).

2.3. Composition of ECM in fetal, neonatal, and adult hearts
To determine the composition of the ECM, hearts were first decellularized in sodium
dodecyl sulfate (SDS) with concentrations of 0.05%, 0.5%, and 1% (wt/vol) in distilled
water (diH2O) for fetal, neonatal, and adult hearts, respectively. Fetal and neonatal hearts
were immersed in SDS with gentle agitation; adult hearts underwent perfusion
decellularization [33] or were minced and soaked in SDS. Once the tissue turned white,
samples were transferred to a wash in TritonX-100 (Amresco, Solon, OH) at the same
concentration as the respective SDS solution for several hours. Next, the samples were
washed with large volumes of diH2O at least three times to remove residual detergent.
Samples were frozen at -20°C and then lyophilized overnight (Labconco, Kansas City, MO).
Dry weights were determined and the samples were digested at a concentration of 5 mg/ml
in a solution containing 5M urea, 2M thiourea, 50mM DTT, and 0.1% SDS in PBS [38] with
constant stirring at 4°C for ～48 hr. Afterward, samples were sonicated on ice (Branson
Digital Sonifier, 20 sec pulses, 30% amplitude), protein was precipitated with acetone, and
analyzed via liquid chromatography tandem mass spectrometry (LC-MS/MS) at the Beth
Israel Deaconess Medical Center Mass Spectrometry Core Facility. The 15 most abundant
ECM components for each developmental age were identified from spectrum count data (N
= 2 for each developmental age).

2.4. Second harmonic generation microscopy
Images of decellularized heart tissues were acquired on a Leica TCS SP2 confocal
microscope equipped with a Ti:sapphire laser (Spectra Physics, Mountain View, CA). With
the laser tuned to 800 nm, second harmonic generation (SHG) images were collected in the
forward direction using a photomultiplier tube (PMT) with a 400(±10) nm bandpass filter.
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Two-photon excited fluorescence emission was also simultaneously collected between
500-550nm from a non-descanned PMT in the epi-direction. Using a 63× water immersion
objective (1.2 NA), a series of image slices (512 × 512 pixels, 238 × 238 μm2 field of view)
were acquired within the first 180-200 μm from the outer surface of the tissue at 2.5-5μm
increments. Image intensities were normalized for PMT gain and laser power as previously
described [39], and the mean SHG signal was computed from each image volume. Average
intensity projections in the z-direction are displayed in false color with the same normalized
intensity scale.

2.5. Optimization of fetal heart decellularization
The use of 1% SDS for adult hearts is well established [30, 33, 34], but few studies have
reported decellularization of younger organs [36]. Therefore, we explored SDS and
TritonX-100 at various concentrations ranging from 0.1-1% for fetal heart decellularization
to determine the optimal conditions. DNA was measured using a DNA Quantitation Kit
(Sigma) per the manufacturer's instructions to assess cellular content in the fetal hearts after
decellularization. Equal dry weights of native tissue controls and decellularized samples
were tested. In addition, a sub-set of ECM proteins was analyzed using a modified ELISA
[40] to determine ECM preservation after decellularization. Approximately 20 μg of ECM
per well, with each sample run in triplicate, was adsorbed in a 96 well plate. After washing
with PBS, samples were blocked with 5% milk in PBST for 1 hr at RT. Samples were then
incubated with Collagen I (M-19), Collagen (E-8) or Fibronectin (A-11) primary antibodies
(all from Santa Cruz) for 1 hr at RT. After washing with PBS, samples were incubated with
appropriate secondary antibodies conjugated to HRP (Invitrogen) for 45 min. Samples were
then reacted with TMB SureBlue (KPL, Gaithersburg, MD) for 20 min at RT. The reaction
was stopped with the addition of an equal volume of 1M HCl. Immediately afterward, 100
μl of each sample was transferred to a new 96-well plate and read at 450 nm on a plate
reader (SpectraMax M2, Molecular Devices).

2.6. Solubilization of cardiac ECM for cell culture studies
To generate ECM for cell culture studies, hearts were decellularized as described above.
After lyophilization, samples were solubilized with pepsin (Sigma) at 10:1 tissue:pepsin
ratio in 0.1M HCl (Sigma), similar to previously described methods [41]. Samples were
mixed with a magnetic stir bar at ～700 rpm at RT. The tissue was allowed to digest until no
solid tissue pieces were visible and the solution was homogeneous (～1 hr for fetal, ～2-4 hr
for neonatal, and 24-48 hr for adult hearts). Assuming complete solubilization, the final
concentration of the ECM solutions was 5 mg/ml. The solution was then neutralized with
10% (v/v) 1N NaOH, aliquoted, and stored at -20°C (< 24 hr) or used immediately. For the
cell culture studies described in this paper, fetal hearts were E18-E19, neonatal hearts were
P3-P4, and adult hearts were from the pregnant dams. Our preliminary studies indicated no
difference in cell response when cultured on pregnant vs. non-pregnant female cardiac ECM
(data not shown); therefore, we used the pregnant dam hearts for adult cardiac ECM to
minimize the number of animals sacrificed for the experiments.

2.7. Preparation of ECM-coated substrates
Solubilized ECM was adsorbed onto 48-well tissue culture polystyrene (TCPS) dishes at 50
μg/cm2 and allowed to air dry uncovered overnight in a sterile tissue culture cabinet. ECM
was diluted in sterile DMEM such that 37.5 μg ECM/100 μl DMEM per well was used.
Poly-L-lysine (PLL) (0.01% solution, Sigma), which served as a control substrate for cell
adhesion, was coated at 100 μl per well and incubated for 5 min at RT. Excess solution was
then aspirated and the wells were allowed to air dry overnight per the manufacturer's
instructions. Prior to cell seeding, the substrates were washed twice with sterile PBS.
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2.8. Primary cardiac cell isolation and culture
Cardiac cells were isolated from P2-P3 neonatal pups according to previously described
methods [42]. After euthanasia, hearts were harvested and the atria and ventricles were
separated. Ventricular tissue was minced into 3-4 pieces per heart and underwent 7 × 7 min
digestions in Collagenase type 2 (Worthington Biochemical Corp, Lakewood, NJ) in sterile
PBS supplemented with 20mM glucose. Cells were counted with a hemocytometer and
seeded at a density of 100,000 cells/cm2 on the pre-coated 48-well plates in serum free
media containing a 50/50 mixture of DMEM and Ham's F12 Nutrient Mix (Invitrogen),
0.2% BSA (wt/vol) (Sigma), 0.5% Insulin-Transferrin-Selenium-X (Invitrogen), and 1%
penicillin-streptomycin (Invitrogen), with 0.1 mM L-ascorbic acid (Sigma) added fresh at
every feeding [43]. Cells were fed on days 1 and 3 of culture, and fixed in 100% methanol
on days 1 and 5 for the analyses described below. For a positive control of cell proliferation,
a set of cells on PLL were seeded and cultured with DMEM containing 15% FBS. Refer to
Suppl. Fig. 1A for a schematic of the experimental set-up.

2.9. Live/dead assay
A live/dead assay (Invitrogen) was performed after 5 days in culture according to the
manufacturer's instructions. Samples were incubated with 2 μM calcein AM and 4 μM
ethidium homodimer-1 in culture medium for 30 min. Samples were then immediately
imaged and the number of live and dead cells was determined for each condition using a
custom-written pipeline in CellProfiler automated image analysis software (r11710) (The
Broad Institute, Cambridge, MA).

2.10. Cell number and proliferation assays
Immunofluorescent staining methods were similar to those described above for native tissue.
Cardiomyocytes were identified by cardiac α-actin staining for image analysis; in addition,
some samples were stained for sarcomeric α-actinin (clone EA-53, Sigma) to visualize
sarcomeric structure on ECM at 24 hr. Nuclei were identified by staining with Hoechst
33258 (Invitrogen). To assess proliferation, cells were stained for the mitotic marker PHH3.
Image acquisition was automated using Metamorph's multidimensional acquisition settings
and a motorized stage. Ten random fields per sample were imaged, with three samples per
condition. The total number of cell nuclei, cardiac α-actin+ cells, and PHH3+ cells were
determined using customized pipelines in CellProfiler (see Suppl. Fig. 1B for workflow and
example outputs). More than 900 and 3000 cells per sample were analyzed for 24 hr and 5
day time points, respectively.

2.11. Statistical analysis
Statistical analysis was performed using a one-way analysis of variance (ANOVA) and the
Tukey's post-hoc test with SigmaPlot 12.0 software. Differences were considered
statistically significant for p < 0.05.

3. Results
3.1. Cardiac cell proliferation and ECM composition in native rat hearts

As the primary goal of this work was to investigate the effects of cardiac ECM on myocyte/
precursor cell expansion, we were first interested in determining if there was a correlation
between native cardiac cell proliferation and ECM composition in fetal, neonatal, and adult
rat hearts. We studied mitosis of cardiac cells via PHH3 staining in late fetal (E19), early
postnatal (P3) and adult (～3 months) heart tissue sections. About 1% of cells were
undergoing mitosis in fetal and neonatal hearts (0.9 ± 0.1% and 1.2 ± 0.2%, respectively; not
significantly different), but mitosis declined significantly in the adult heart (0.02 ± 0.03%, p
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< 0.001) (Fig. 1A, B). Of the mitotic cells identified, 82 ± 3.6% and 71 ± 3% were cardiac
α- actin+ in fetal and neonatal hearts, respectively; in the adult heart, no mitotic myocytes
were detected (Fig. 1C). These results show a decline in the proliferation of cells of the
cardiomyocyte lineage with age, as others have found [11, 44].

Changes in ECM composition were also determined at the corresponding developmental
ages by LC-MS/MS (Fig. 1D). The most abundant ECM protein in fetal and neonatal hearts
was Fibronectin (26% and 21% of the top 15 ECM components, respectively) while in the
adult heart, Collagen I dominated (38%). Other relatively abundant proteins in the fetal
cardiac ECM included Fibrillin-1 (13%), Perlecan (12%), and Collagen I (11%). Neonatal
hearts were similar but tended to have higher relative abundance of Fibrillin-1 (18%) and
Collagen I (16%). Of note, fetal cardiac ECM was more abundant in Periostin (7%)
compared to neonatal (4%) and adult hearts (～1%). After Collagen I, adult cardiac ECM
was mostly composed of Fibrillin-1 (18%) and Laminin (14%), but had relatively low levels
of Fibronectin (4%). Overall, Fibronectin, Collagen IV, Emilin-1, and Periostin decreased
with age while Collagen I, Collagen III, and Laminin increased with age. Taken together,
these findings show that changes in cardiomyocyte proliferation occur with changes in the
composition of the cardiac ECM and provide rationale for our further studies in vitro.

3.2. Optimization of fetal heart decellularization
Decellularization of adult organs is well described in the literature but ECM from younger
developmental time points has been described by only one other group [36, 37]. Therefore,
prior to cell culture experiments we optimized the processing procedures for fetal hearts.
Decellularization was considered complete when the tissue turned white (Fig. 2A, B). We
then studied the decellularized hearts using SHG microscopy which clearly revealed fibers
in decellularized fetal, neonatal, and adult hearts (Fig. 2C). Two photon excited fluorescence
images acquired simultaneously did not indicate cellular remnants (Suppl. Fig. 2). Fetal
ECM was characterized by small diameter fibers that collectively exhibited a relatively
weak average SHG signal that was 1.81 % of the mean intensity of adult tissue. Neonatal
ECM demonstrated larger diameter fibers than fetal tissue and produced a SHG signal with
39.61% of the mean intensity of adult tissue. Adult tissue demonstrated increased collagen
fiber organization into larger collagen fiber bundles. The increased SHG signal was partially
due to increases in collagen content. However, SHG signal intensity on a per pixel basis was
also increased over time possibly as a result of increased fibril size and organization within
fiber bundles [45].

In our initial experiments we found that 1% SDS, which is standard for adult hearts [30, 33,
34], was too harsh on fetal hearts and nearly fully solubilized the tissue. Given our findings
from SHG microscopy indicating that the ECM fibers were smaller and the collagen matrix
was less dense, this was not surprising. Therefore, we investigated SDS at lower
concentrations, as well as TritonX-100, another common decellularization agent [46], to
determine the method that would result in adequate cell removal while preserving the ECM.
We found that although both detergents at low concentrations preserved gross morphology
of the heart (Fig. 3A), decellularization with SDS was completed in less than 24 hours while
TritonX-100 took up to several days. Furthermore, the hearts did not fully turn white in
TritonX-100, suggesting incomplete removal of cells.

Cellular content was determined using a DNA assay with native tissue serving as a control.
Assuming that native DNA content was 100%, all four methods resulted in a significant
decrease in cellular material, with 0.05% SDS demonstrating the best cell removal (reduced
to 3.1 ± 2.6% of native levels) and 1% TritonX-100 performing the worst (19.6 ± 1.5% of
native levels) (Fig. 3B). Next we examined a sub-set of ECM proteins to determine
preservation of the ECM. Collagens I and were significantly lower in samples treated with
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0.1% SDS compared to other decellularization methods, while Fibronectin was lower with
TritonX-100 (Fig. 3C-E). As 0.05% SDS resulted in greatest cell removal with highest ECM
content compared to the other decellularization methods tested on fetal hearts, it was used
for subsequent experiments involving fetal ECM.

3.3. Ventricular cell populations on cardiac ECM at 24 hr
The mixed ventricular cell population (containing various cell types, predominantly
myocytes and cardiac fibroblasts) [47] was seeded onto PLL and cardiac ECM-coated
surfaces at equal cell densities. PLL was used as a control substrate for non-integrin-
mediated cell adhesion [18], and 15% FBS was used as a positive control for cell
proliferation and survival [48]. After 24 hr, cells were well spread with defined sarcomeres
in the FBS condition; cells tended to be rounder in serum-free conditions on PLL and fetal
ECM but became more spread on older ECM, and sarcomeres were evident even in the
round cells (Fig. 4A). Total cell adhesion was highest on PLL controls (with similar cell
densities for FBS and serum-free conditions: 714 ± 85 cells/mm2 and 743 ± 49 cells/mm2,
respectively) compared to cardiac ECM. Cell density was lowest on fetal ECM (181 ± 26
cells/mm2) (Fig. 4B blue). However, of these cells, 142 ± 18 were cardiac α-actin+ (Fig. 4B
brown), resulting in 79 ± 2% of the total cell population being myocytes (Fig. 4C). Although
significantly more myocytes adhered with FBS compared to serum free conditions in terms
of total cell numbers, they represented only 47 ± 1.7% of the adherent population. The
cardiomyocyte % population was lowest on PLL under serum-free conditions (27 ± 1.6%, p
< 0.001), and there was a trend in decreasing cardiomyocyte percentages for increasing
developmental age (Fig. 4C). Taken together, these data show that fetal cardiac ECM
selectively promoted the cardiomyocyte population over non-myocytes compared to PLL
and older ECM.

3.4. Ventricular cell populations on cardiac ECM at 5 days
After 5 days in culture cells were generally well spread on all substrates, although many
rounded cells (single and clustered) were observed via bright field microscopy (data not
shown). We performed a viability assay and found that the single rounded cells were dead
while spread cells were live; the cell clusters contained a mixture of live and dead cells
(Suppl. Fig. 3A). Based on this finding, we excluded small rounded cells from our image
analysis by setting a threshold for size at 5 days in order to focus on the live population. Cell
viability was significantly higher with FBS treatment; there was no difference among the
serum free groups on PLL and ECM (Suppl. Fig. 3B), indicating that ECM at each
developmental age had a similar ability to support cell survival.

The overall cell density was highest with FBS treatment compared to serum free conditions
on PLL and ECM (1904 ± 341 cells/mm2) (Fig. 5A, B blue). Cell densities were similar on
PLL serum-free and ECM, although there were significantly more cells on neonatal ECM
compared to adult. Cardiomyocyte density was significantly higher on fetal and neonatal
ECM (546 ± 62 and 708 ± 99 cells/mm2, respectively) compared to both PLL with FBS
stimulation and serum free conditions as well as adult ECM (Fig. 5B brown). Similar to the
24 hr time point, the cell population was mostly cardiac α-actin+ on fetal ECM (71 ± 14%)
(Fig. 5C). The cardiomyocyte populations on FBS-treated and serum-free PLL controls
dropped to 20.5 ± 1.7% and 30.7 ± 5.5% of the total cell population, respectively.
Cardiomyocytes remained at 58 ± 12% of the total population on neonatal ECM and
dropped to 35 ±2.7% on adult ECM. In summary, the data show that fetal and neonatal ECM
better promoted cardiomyocyte numbers compared to PLL and adult ECM, with a more pure
myocyte population being maintained on fetal ECM.
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3.5. Proliferation on cardiac ECM
To determine whether cell numbers increased, decreased, or were maintained on cardiac
ECM, we looked at fold-changes in the cell populations from 24 hr to 5 days. Interestingly,
the greatest increases in cell numbers were on fetal ECM (4.4 fold). Cell numbers did not
change significantly on PLL (1.2 fold) and increased roughly 2-3 fold for FBS and older
ECM (Fig. 6A blue). Changes in the cardiomyocyte population tended to follow the overall
cell population, with the greatest increase on fetal ECM (3.8 fold), followed by neonatal
ECM (2.7 fold), and then adult ECM (1.7 fold). Cardiomyocyte numbers did not change
appreciably in the FBS-treated control (1.1 fold) and only 1.4 fold for the serum-free PLL
control. In general, cardiac ECM better promoted increases in the cardiomyocyte population
over time, with younger ECM resulting in the greatest increases in cell numbers.

To determine whether the increase in cardiomyocytes could be due to proliferation, we
investigated mitosis by staining for PHH3. At 24 hr, proliferation was similar on all
substrates, with 5-10% of the cells undergoing mitosis, though very few cardiomyocytes
were PHH3+ (not shown). At 5 days, there was no statistically significant difference in
proliferation of the overall cell population (Fig. 6B blue), although there was a trend in
increased mitosis on young ECM. However, significantly more cardiomyocytes were
PHH3+ on fetal ECM compared to all other conditions (0.7 ± 0.07% of the total cell
population), followed by neonatal ECM (0.35 ± 0.14%, significantly higher compared to
FBS-treated and serum-free PLL controls) (Fig. 6B brown, C). No PHH3+ cells were
observed on PLL under serum-free conditions, and only a small fraction of myocytes
proliferated in response to FBS (0.04 ± 0.4%). Given the increase in cardiomyocyte numbers
and significant labeling of PHH3 on fetal ECM, our data suggest that early developmental
age cardiac ECM may promote cardiomyocyte expansion via proliferation.

3.6. Reproducibility of ECM effects on cardiomyocytes
Particularly when working with primary cells and fresh ECM isolations, it is expected that
there will be batch-to-batch variability. To determine whether we could obtain consistent
results in expanding the cardiomyocyte population on fetal ECM, we ran repeat experiments
with different batches of ECM and different primary cell isolations. Although the initial cell
population varied (not shown) and absolute cell numbers were different (as some batches of
cells were more proliferative than others), we generally found that ECM had relatively
consistent effects on the cardiomyocyte population. An example of the results at 5 days of a
repeat experiment is shown in Figure 7. The cardiomyocyte population both in terms of
absolute cell numbers (Fig. 7A) and the percentage of the population (Fig. 7B) was highest
on fetal ECM, followed by neonatal ECM. The fold change in the cardiomyocyte population
was significantly higher on fetal ECM (2.1 fold) compared to PLL (0.4 fold, indicating loss
of myocytes) and adult ECM (0.8 fold), and not significantly different from FBS (2.4) and
neonatal ECM (1.4 fold). On fetal ECM, myocytes made up a significant percentage of the
proliferating cell population, with 22% of the PHH3+ cells being myocytes. Taken together,
the data shows that although there is some variability among experiments, young cardiac
ECM can have consistent effects on promoting the cardiomyocyte population compared to
PLL and older ECM.

4. Discussion
Pediatric patients with severe CHDs would greatly benefit from novel tissue engineering and
regenerative medicine strategies that aim to recapitulate healthy heart anatomy and function.
However, postnatal cardiomyocytes have limited capacity for significant regeneration [11,
44, 49] and stem cell differentiation toward the cardiomyocyte lineage is still inefficient,
even from cardiac progenitor cells [50]. Given that fetal cardiac cells are highly proliferative
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[15, 16] and the cardiac ECM changes during development [21, 22, 25, 51], fetal ECM
likely plays a major role in mediating cardiomyocyte proliferation and thus may be useful in
approaches to grow engineered cardiac tissue or promote regeneration in vivo. In this study,
we investigated the effects of fetal, neonatal, and adult cardiac ECM on the expansion of
neonatal rat cardiac cells in vitro. We found that fetal cardiac ECM promoted
cardiomyocytes in terms of the percentage of the total cell population and increases in cell
numbers, which was significantly greater than older ECM and PLL controls. Furthermore,
we found that cardiomyocyte mitosis was significantly higher on fetal ECM, suggesting that
proliferation is a mechanism of cardiomyocyte expansion in response to the ECM.

Similar to what others have reported [9, 11, 44], we found a significant decrease in total cell
and cardiomyocyte-specific proliferation in the native adult heart compared to fetal and
neonatal hearts. Concurrent with these decreases in cell proliferation, the composition of the
ECM changed considerably. The most abundant ECM protein in fetal and neonatal hearts,
which contained proliferating myocytes, was Fibronectin. Fetal hearts also had a relatively
high abundance of Periostin, similar to other studies [26, 52]. Adult cardiac ECM was
mostly composed of Collagen I, also in agreement with the literature [53]. In line with these
results, we found that although adult hearts could be decellularized with 1% SDS, fetal
hearts required a less harsh treatment of 0.05% SDS and significantly shorter digestion times
in pepsin-HCl (1 hr vs. up to 48 hr for the adult heart). This was likely due to their overall
composition as determined by LC-MS/MS, as well as smaller fibers and less dense collagen
matrix as shown by SHG microscopy. Furthermore, it is known that collagen cross-linking
increases with developmental age [54], and this may also play a role in the rapid of
solubilization of the fetal ECM, although our characterization methods did not investigate
this directly. Determining the optimal parameters for fetal ECM processing has been critical
to this study, especially since there is little data available in the literature: only one other
group has reported decellularization of fetal animal organs (rhesus monkey kidney) [36, 37].

At 24 hr, cardiac ECM in general promoted adhesion of the cardiomyocyte population
compared to PLL. Cell adhesion to PLL is not mediated through integrins [18], which is the
case for adhesion to ECM [55]. Thus, our findings suggest that integrin-mediated adhesion
is especially critical for cardiomyocytes. Furthermore, although cell adhesion was lowest on
fetal ECM, cardiomyocyte purity was highest compared to other conditions, at ～80% of the
adherent cell population at 24 hr. These cells increased ～4 fold by 5 days in culture on fetal
ECM while maintaining their high purity (～70% of the population). For our studies, the full
cardiac population was seeded without any pre-plating to enrich for myocytes. Studies have
shown that even with pre-plating techniques that initially yield 90% myocyte purity, the
more proliferative fibroblast population tends to overtake the culture within several days
[18]. We also observed increased proliferation of non-myocyte lineage cells and limited
expansion of cardiomyocytes in FBS- stimulated controls. However, the fibroblast
population did not out-compete the myocyte population on cardiac ECM, and was especially
low for the fetal condition. Considering the data all together, it is possible that a sub-set of
cardiomyocytes with proliferative potential had selective adhesion to the fetal ECM.
Characterization of cell phenotype and integrin expression on fetal cardiac ECM will be of
interest in our future work.

Given the increases in the cell numbers, we studied PHH3 staining in the cell population at
our time points of interest. At 24 hr, there was no significant difference in cell proliferation
among the conditions, although it was highly variable, and very few to no myocytes stained
for PHH3. At 5 days, however, significantly more myocytes were PHH3+ on fetal cardiac
ECM compared to other substrates, with ～50% of the PHH3+ cell population comprised of
myocytes. The data suggests that proliferation of the cardiomyocytes is at least one
mechanism of their expansion on fetal cardiac ECM. Another potential mechanism could be
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expansion of myocyte precursors, such as c-kit+ cells which are important in
cardiomyogenesis in the developing heart [56]. Indeed, either or both mechanisms would
greatly benefit cardiac tissue engineering or cell therapy strategies, and there is much hope
for CHD patients as evidence points to greater cardiomyogenic potential in the young [50,
57-59]. Recent work by French et al showed that adult c-kit+ progenitor cells could
proliferate and express early cardiomyocyte markers on adult cardiac ECM [60]; it will be
interesting to explore how older cardiac cell populations and stem cells respond to fetal
cardiac ECM. We further note that the studies presented here used late fetal ECM (E18);
younger cardiac ECM may have an even greater effect on promoting cardiomyocyte
proliferation.

Given the variability of biological systems, and thus expecting that each batch of ECM and/
or cells will have some inherent differences, we presented data from another experiment in
which the cells were less proliferative (2 fold increase on fetal ECM vs 4 fold – see Figure
7). The initial cell population at 24 hr was also different (data not shown), with a less pure
population of myocytes of 40-50% on ECM. However, the general outcome on the
cardiomyocyte population after 5 days showed similar trends, with more myocytes on young
ECM, greater increases in number, and greater proliferation. It is possible that the initial cell
population may have a significant effect on cardiomyocyte response over time. For example,
interactions with other cell types (either via direct contact or paracrine signaling) could alter
myocyte proliferation [17, 18], and fibroblasts could be synthesizing and/or remodeling the
ECM [61]. These potential effects were not studied here but will be of interest in future
studies. In addition, to get a better sense of the direct effects of the ECM on specific cell
types in the cardiac population, it will be necessary to study purified or enriched populations
of myocytes or precursor cells. Development of a synthetic mimic of the fetal ECM should
also lead to improved consistency; this will require identification of the key players in the
fetal ECM that promote cardiomyocyte proliferation.

Our current study focused on ventricular cell response to cardiac ECM. This cell population
is of interest because tissue engineering and cell therapy efforts are directed toward
regenerating the ventricular myocardium. In regards to pediatric patients, potential
applications would include the development of a functional tissue patch for reconstruction of
the right ventricular outflow tract in Tetralogy of Fallot or an injectable material for
promoting regeneration in vivo and improving function in cardiomyopathy or heart failure.
It should be noted that in order to develop cardiac tissue in vitro using human cells, it will be
necessary to use stem cells. The effect of cardiac ECM on human cardiac progenitors has yet
to be determined and is currently under investigation in our lab.

Our studies of the ECM were performed under serum-free conditions to isolate its effects on
cell response and were carried out only to 5 days in culture. Interestingly, fetal ECM had a
greater effect on cardiomyocyte expansion compared to FBS stimulation of cells on PLL,
further implying the critical role of integrin-mediated signaling in cardiomyocyte
proliferation. Indeed, studies have shown that ECM proteins can significantly enhance fetal
cardiomyocyte proliferation in response to growth factors [18]. Further exploration and
optimization of culture conditions on fetal cardiac ECM should enhance its potential use for
tissue engineering and cell therapy strategies in the future.

Imaging techniques have been well-established for the analysis of native cardiac tissues,
particularly for scarce and valuable samples such as those obtained from humans [10, 62].
Our image analysis approach offered some unique advantages that allowed us to assay
various cell populations and features, such as quantifying cell adhesion/cell density and
measuring PHH3+ myocytes. We found these methods useful as our sample sizes were
limited by the yield of fetal cardiac ECM. However, our study also had limitations. Our
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automated image analysis approach provides an estimate of cell numbers, as there will be
some small error due to image artifacts and/or difficulty distinguishing cells that are very
close together. However, all of our cell numbers were determined by nuclear counts and co-
staining (or lack thereof) with cardiac α-actin and/or PHH3; therefore the trends of our data
should be preserved with this approach. Another limitation of our study is that the standard
method for preparing ECM for LC-MS/MS analysis is different from the standard
solubilization techniques used in our cell studies and by many others. Therefore the protein
targets that could be suggested by our proteomics data may not necessarily be those
responsible for the effects on proliferation of cardiomyocytes, and will require further
investigation.

5. Conclusions
In summary, fetal cardiac ECM significantly promoted the adhesion and expansion of
neonatal cardiomyocytes compared to PLL, neonatal ECM, and adult ECM. Cardiomyocytes
were a majority of the cell population on fetal ECM both at 24 hr and 5 days, and increased
4 fold over this time period. Additionally, we observed significantly more PHH3+
cardiomyocytes on fetal ECM compared to PLL and older ECM, suggesting that
proliferation is a mechanism of cardiomyocyte expansion on fetal ECM. Mimicking the
properties of fetal cardiac ECM in future biomaterials design may lead to improved
expansion of immature cardiomyocytes for tissue engineering or cell therapy strategies for
the young.
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Figure 1. Changes in cardiac cell proliferation and ECM composition with developmental age
(A) Example images of fetal, neonatal, and adult heart tissue sections at 20× magnification.
Tissue sections are stained for nuclei with Hoechst (blue), the mitosis marker phospho-
histone H3 (green), and cardiac α-actin (red). (B) Total cell proliferation drops significantly
in the adult heart. (C) Cardiomyocyte-specific proliferation is highest in the fetal heart.
*indicates significant difference for p < 0.05. Scale bars = 100 μm. (D) ECM composition is
represented as the percentage of the 15 most abundant proteins detected by LC-MS/MS at
each developmental age.
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Figure 2. Decellularization of cardiac ECM
(A) Native hearts are shown from fetal pups at E18, neonatal pups at P2, and an adult rat.
Fetal and neonatal hearts are shown with a dime while the adult heart is shown with fetal
hearts for size comparison. (B) Hearts after decellularization with SDS and TritonX-100
wash. Tissue has turned white, indicating removal of cells. (C) Second harmonic generation
image volume projections of decellularized hearts. Fetal ECM has smaller fibers and lower
average signal compared to neonatal and adult hearts. Scale bar = 50 μm.
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Figure 3. Optimization of fetal heart decellularization
(A) Representative images of fetal hearts after decellularization with SDS or TritonX-100 at
different concentrations. (B) DNA assay shows significant decrease in cellular content after
decellularization. ELISA results for (C) Collagen I, (D) Collagen V, and (E) Fibronectin
show differences in ECM preservation with different decellularization methods. *indicates
significant difference for p < 0.05.
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Figure 4. Cell adhesion on cardiac ECM at 24 hr
(A) Representative images of cardiomyocytes stained for sarcomeric α-actinin on PLL and
ECM-coated substrates. (B) Cell density (blue) was highest on PLL substrates and lowest on
fetal ECM. Cardiomyocyte density (brown) was highest for FBS conditions, but the majority
of cells were myocytes on fetal ECM. (C) The cardiomyocyte population as a percentage of
all cells shows that specific adhesion was greatest on fetal ECM and lowest on PLL serum
free. $ = significant difference vs. all ECM. # = significant difference vs. all other
conditions.
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Figure 5. Cell response on cardiac ECM at 5 days
(A) Representative images of ventricular on PLL and ECM-coated substrates. Nuclei stained
with Hoechst (blue) and cells of the myocyte lineage stained with cardiac α-actin (red). (B)
Total cell density (blue) is highest on PLL with FBS stimulation. Cardiomyocyte density
(brown) was significantly higher on fetal and neonatal ECM compared to FBS, PLL, and
adult ECM. (C) The cardiomyocyte population as a percentage of all cells shows that fetal
ECM maintained high purity of myocytes over time in culture. # = significant difference vs.
all other conditions. $ = significant difference vs. fetal and neonatal ECM.
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Figure 6. Proliferation on ECM
(A) Fold change in total cell numbers (blue) and cardiomyocytes (brown) from 24 hr to 5
days. Cardiomyocyte numbers had greatest increase on fetal ECM compared to all other
conditions, followed by neonatal ECM. (B) Staining for PHH3 shows no significant
difference in the overall proliferating cell population (blue); however, significantly more
myocytes (brown) were PHH3+ on fetal ECM compared to other conditions. (C)
Representative images of cells stained for PHH3 (green) and cardiac α-actin (red) on PLL
and ECM (arrows indicate PHH3+ nuclei). # = significant difference vs all other conditions.
$ = significant difference vs FBS stimulated and serum-free PLL controls.
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Figure 7. Consistent effects of ECM on cardiomyocytes
Data from a repeat experiment with different isolations of ECM and cells. (A) At 5 days,
cardiomyocyte density is significantly higher on fetal ECM compared to PLL serum free and
adult ECM. (B) Cardiomyocytes made up a greater percentage of the cell population on fetal
ECM compared to FBS, PLL, and adult ECM. (C) Fold changes in cardiomyocyte number
from 24 hr to 5 days were higher on fetal ECM compared to PLL serum-free and adult
ECM. (D) Cardiomyocytes were a significantly greater portion of the proliferating cell
population on fetal ECM compared to FBS and PLL. $ = significant difference vs FBS,
PLL, and adult ECM.
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