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Abstract

Stimulating or maintaining the proliferative capacity of postnatal mammalian cardiomyocytes is a 

major challenge to cardiac regeneration. Previously, we found that fetal cardiac extracellular 

matrix (ECM) could promote neonatal rat cardiomyocyte proliferation in vitro better than neonatal 

or adult ECM. We hypothesized that partial digestion of adult ECM (PD-ECM), would liberate 

less crosslinked components that promote cardiomyocyte proliferation, similar to fetal ECM. 

Neonatal rat cardiac cells were seeded onto substrates coated with adult rat cardiac ECM that had 

been solubilized in pepsin-HCl for 1, 3, 6, 12, 24, or 48 hr. Cardiomyocyte proliferation and fold-

change in numbers from 1 to 5 days were highest on 1hr and 3hr PD-ECM compared to other 

conditions. Sarcomeres tended to mature on 24hr and 48hr PD-ECM where low proliferation was 

observed. 3hr PD-ECM was primarily composed of Fibrillin-1, Fibrinogen, and Laminins while 

48hr PD-ECM was dominated by Collagen I. Our results suggest that adult ECM retains 

regenerative cues that may be masked by more abundant, mature ECM components. PD-ECM 

provides a simple yet powerful approach to promoting cardiomyocyte proliferation.
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 1. Introduction

Congenital heart defects (CHDs) are a leading cause of mortality in young children and 

cardiovascular disease is the leading cause of death in adults.[1] Although medical and 

surgical interventions have significantly improved survival over the years, many patients 

inevitably develop heart failure.[2] Current therapies to treat heart failure slow down its 

progression but do not restore the contractile function of the myocardium.[3] Thus, the only 

successful long-term option is either heart transplantation or the use of ventricular assist 

devices.[2] The prognosis for pediatric patients with end stage heart failure is particularly 

poor due to limited donor organs and few devices that are designed for children.[4–6] Thus, 
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there is a need to develop new strategies to either maintain or restore the function of the 

failing heart, especially for young patients.

As cardiomyocytes are responsible for the contractile function of the heart, a major goal of 

cardiac regeneration and cell-based therapies is to restore the numbers of functional 

cardiomyocytes that have been lost. Although cardiomyocytes are highly proliferative during 

fetal development,[7] they undergo a switch from hyperplastic to hypertrophic growth after 

birth.[8, 9] The extracellular matrix (ECM) appears to play an important role in regulating 

cardiomyocyte proliferation and maturation. ECM proteins synthesized by embryonic 

cardiac fibroblasts enhance the proliferative response of embryonic cardiomyocytes to 

growth factors.[10] Integrins, which are necessary for cell adhesion and response to the 

ECM, change throughout heart development and maturation,[11–15] particularly during the 

switch from hyperplasia to hypertrophy.[16] Indeed, neonatal and adult cardiomyocytes have 

preferential adhesion for different types of ECM[17] and the ECM can significantly influence 

cardiomyocyte response.[10, 18] An ECM-based approach to stimulating or maintaining the 

proliferative capacity of postnatal mammalian cardiomyocytes could be a powerful tool for 

cardiac regeneration.

Solubilized cardiac ECM shows much promise as an injectable therapeutic biomaterial that 

can promote vascularization and improve cardiac function in animal models of myocardial 

infarction.[2, 19, 20] In our previous work, we found that neonatal rat cardiomyocytes were 

more proliferative when cultured on fetal cardiac ECM compared to neonatal or adult 

ECM.[21] However, the use of fetal ECM as a biomaterial for cardiac regeneration is 

unrealistic due to ethical concerns (in regards to human-derived tissues) and low yields of 

material compared to the adult heart. We noted in our previous study that fetal ECM 

solubilized in pepsin within 1 hr while adult ECM required 24–48 hr to fully solubilize.[21] 

Fetal ECM tends to be provisional and less crosslinked than mature adult ECM,[22] which 

likely allows it to solubilize more rapidly. We hypothesized that shorter digestions of adult 

cardiac ECM, or “partially digested ECM” (PD-ECM), would liberate more soluble or less 

crosslinked components such as those present in the fetal ECM, and thus promote 

cardiomyocyte proliferation. In this work, we studied the effect of adult rat PD-ECM on 

proliferation and sarcomere structure in neonatal rat cardiomyocytes. We also determined 

the complex composition of the PD-ECM and identified candidate peptides that may play a 

role in the proliferative response. We anticipate that the PD-ECM approach will be a 

beneficial therapy in future regenerative medicine strategies.

 2. Results

 2.1. Cardiomyocyte Morphology

Cardiomyocyte morphology was assessed at 1 and 5 days in culture. After 1 day, myocytes 

on PLL cultured with FBS demonstrated good initial adhesion and spreading. Cells on PLL 

with serum-free media were rounded, indicating poor adhesion. At 5 days, FBS controls had 

small clusters of well-spread myocytes while the serum-free PLL controls remained rounded 

(Figure 1A). There were also striking differences among the PD-ECM conditions. 

Cardiomyocytes on “short” PD-ECM (1 hr, 3 hr) were generally small and rounded but with 

observable sarcomeres at 1 day. After 5 days, large clusters or “colonies” of well-spread 
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myocytes were observed (Figure 1B). Cardiomyocytes had the best initial adhesion and 

spreading on “intermediate” PD-ECM (6 hr, 12 hr) and also formed clusters after 5 days, but 

these appeared smaller than on the short PD-ECM (Figure 1C). Myocytes were able to 

spread reasonably well on “long” PD-ECM (24 hr, 48 hr) although after 5 days they tended 

to remain as individual cells or very small clusters (Figure 1D). Measurements of 

cardiomyocyte cluster size showed that the largest clusters formed on 1hr PD-ECM, 

followed by FBS and 3hr PD-ECM (Figure 1E). Given that our conditions were serum free, 

we generally did not observe contraction of the cardiomyocytes on PD-ECM; contraction 

was observed in FBS controls.

 2.2. Cardiac Cell Density and Myocyte Populations

To quantitatively assess initial cell adhesion and changes in cardiac cell populations over 

time, we determined cell density and cardiomyocyte populations at 1 day and 5 days. Total 

cell and cardiomyocyte density were similar among conditions at 1 day, with the exception 

of FBS, where significantly more cells were observed (Figure 2A & B, blue). Total cell 

density increased significantly after 5 days for all conditions except PLL serum-free. Cell 

density was highest for FBS controls and 1hr PD-ECM, and lowest for PLL controls and 

24hr and 48hr PD-ECM (Figure 2A, brown). Cardiomyocyte density increased significantly 

for FBS controls and 1 hr, 3 hr, and 12 hr PD-ECM after 5 days in culture. There were 

significantly more myocytes for FBS, 1 hr and 3 hr PD-ECM vs. all other conditions after 5 

days (Figure 2A & B, brown).

Typically in culture, neonatal rat cardiomyocytes become an increasingly smaller percentage 

of the population of mixed cardiac cells as they are overtaken by the more proliferative 

“fibroblasts” (non-myocytes). At 1 day, the cardiomyocyte population was 40–55% of the 

total cardiac cell population across the various substrates (Figure 2C, blue). After 5 days, the 

myocyte population decreased significantly for all conditions except for PLL, 1hr and 3hr 

PD-ECM compared to their respective 1 day time points. These conditions maintained the 

highest percentage of cardiomyocytes after 5 days (~30–40%) compared to all others (~20–

25%) (Figure 2C, brown).

 2.3. Proliferation on PD-ECM

To determine whether cardiomyocyte proliferation may contribute to increased 

cardiomyocyte density on short PD-ECM, we assessed fold-changes in cell numbers and the 

proliferation marker Ki67 (Figure 3A). Ki67 is present in cell nuclei during all active phases 

of the cell cycle (G1, S, G2, and mitosis), but is not expressed in quiescent cells (G0 

phase).[23] At 5 days, the percentage of proliferating cells that were cardiomyocytes was 

highest for “short” PD-ECM (1hr and 3hr, 38–48% of Ki67+ cells), and lowest for PLL and 

“long” PD-ECM (24hr and 48hr – only 10–16% of Ki67+ cells) (Figure 3B).

Total cell numbers had the greatest increases for FBS and “short” PD-ECM (~3.5–4-fold) 

and were lowest for PLL and “long” PD-ECM (~2-fold) (Figure 3C, blue). Cardiomyocyte 

numbers increased most on “short” PD-ECM (~3-fold), had modest increases for FBS, PLL, 

and “intermediate” PD-ECM (~1.5-fold), and did not increase on “long” PD-ECM (Figure 
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3C, brown). Interestingly, myocyte-specific proliferation roughly followed the trends 

observed in fold-changes in myocyte numbers.

 2.4. Sarcomere Maturation on PD-ECM

To determine cardiomyocyte maturation on PD-ECM, we analyzed sarcomeres. Sarcomeres 

were categorized based on organization and length (Figure 4A). At 1 day, a number of 

cardiomyocytes with no or ill-defined sarcomeric structures were observed. These cells were 

most abundant on PLL and “short” PD-ECM (Figure 4B, black). Developing sarcomeres 

were observed for all conditions except PLL (Figure 4B, gray). Mature sarcomeres were 

mostly observed for FBS and “intermediate” PD-ECM (Figure 4B, white). After 5 days, a 

shift in the sarcomere maturity distribution was observed for all conditions except PLL, on 

which cells failed to develop sarcomeric structures (Figure 4B, dark blue). A shift to a 

greater abundance of mature sarcomeres was observed for FBS and “long” PD-ECM (Figure 

4B, light blue). “Short” and “intermediate” PD-ECM were characterized by developing 

sarcomeres (Figure 4B, blue).

Quantification of sarcomere length mirrors the maturity distribution data. At 1 day, average 

sarcomere size was largest on FBS and 12hr PD-ECM (Figure 4C, blue). After 5 days, the 

largest sarcomeres were observed on FBS and “long” PD-ECM, which crossed the threshold 

for mature sarcomere size (indicated by the dotted line). Sarcomere size increased 

significantly from 1 day to 5 days for these conditions as well, but cardiomyocytes tended to 

maintain smaller, developing sarcomeres on “short” and “intermediate” PD-ECM (Figure 

4C, brown).

As cardiomyocytes undergo a dramatic switch from hyperplastic to hypertrophic growth 

after birth,[8] cardiomyocyte maturation is generally considered to be inversely correlated 

with proliferative capacity. We found that cardiomyocyte-specific proliferation on PD-ECM 

had a strong inverse correlation with sarcomere size at 5 days (R2 = 0.86) (Figure 4D). This 

data suggests that “short” PD-ECM maintains cardiomyocytes in a less mature state that 

may help promote or maintain their ability to proliferate.

 2.5. Cardiac Cell Markers and Integrin Gene Expression

To determine the effects of PD-ECM on gene expression, we analyzed a panel of cardiac 

markers and integrins by quantitative PCR after 5 days in culture (full list of genes in 

Supplemental Table 1). For these studies, we focused on a select set of conditions: 3hr PD-

ECM (high proliferation), 12hr PD-ECM (intermediate proliferation), and 48hr PD-ECM 

(low proliferation). We found that transcription factors and contractile genes were not 

significantly affected by PD-ECM at the time point studied, although there was generally a 

trend in decreased expression on 48hr PD-ECM (Supplemental Figure 1A, B). The 

expression levels of most integrin genes were also unaffected (not shown). The only 

significant differences were found in Kit (stem cell/non-terminally differentiated 

cardiomyocyte marker[24–27]) and Itga6 (integrin subunit α6), which were increased on 3hr 

PD-ECM compared to 12hr and 48hr PD-ECM (Supplemental Figure 1C).
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 2.6. Composition of PD-ECM

The composition of the adult PD-ECM for 3hr, 12hr, and 48hr digestions, as well as 

embryonic day 18 (E18) fetal ECM, was determined from spectrum count data obtained by 

LC-MS/MS. The most abundant protein in fetal ECM was Fibronectin (37%), similar to our 

previous findings,[21] followed by Collagen I (34%), Fibrillin-1 (11%), and Fibrillin-2 (7%) 

(Figure 5A). Of note, Fibronectin was not detected in adult PD-ECM. The most abundant 

protein identified in 3hr PD-ECM (which had the highest cardiomyocyte proliferation), was 

Fibrillin-1 (36%), followed by Collagen I (21%), Fibrinogen (20%), and Laminins (16%) 

(Figure 5B). With longer digestions (12hr and 48hr), Collagen I became more and more 

dominant in the relative composition (41% and 51%) while the percentage of Fibrillin-1 

stayed the same (32–34%). Fibrinogen and Laminins also decreased in relative abundance 

for 12hr and 48hr PD-ECM (Figure 5C, D). This data suggests that either (1) the ECM 

proteins/peptides which promote cardiomyocyte proliferation are not the same in fetal ECM 

and adult “short” PD-ECM or (2) the proliferation-promoting peptides are the same but are 

not the most abundant proteins present.

 2.7. Peptide sequences in PD-ECM

To identify potential candidate sequences in the proliferative response, we further studied the 

peptide results from LC-MS/MS. Of note, a greater variety of unique peptide sequences 

were found in 3hr PD-ECM (44), followed by 12hr (36) and then 48hr PD-ECM (26). There 

were 8 peptide sequences ubiquitous in all PD-ECM, but to varying degrees of relative 

abundance (Figure 6A). Of these, six were derived from Collagen I; one was derived from 

Fibrinogen (YYWGGLYSWDMSK), and one from Fibrillin-1 (SGNCYLDIRPR). 48hr PD-

ECM tended to have higher abundance of ubiquitous peptides, particularly 3 of the Collagen 

I-derived peptides. Fetal ECM also contained the Collagen I-derived peptides. Given that 

both fetal ECM[21] and 3hr PD-ECM promote cardiomyocyte proliferation, we compared 

their compositions to determine if there were any shared peptides (Figure 6B). There were 

few peptides common to both and these were also in low abundance, likely due to the high 

concentration of Fibronectin in fetal ECM that was absent in adult PD-ECM. However, of 

the six common peptides found, four were derived from Fibrillin-1, while the remaining two 

were from Perlecan and Laminin α5. Three of these peptides were also found in 12hr PD-

ECM, and only one in 48hr PD-ECM.

We identified the peptides that were exclusive to or characteristic of each PD-ECM. 3hr PD-

ECM was characterized by a variety of peptides derived from Fibrillin-1, Fibrinogen, and 

Laminin (Figure 7A). Some of these peptides were also found in 12hr PD-ECM in lower 

abundance but were absent in 48hr PD-ECM. Interestingly, 12hr PD-ECM contained no 

unique peptides, but was characterized by two sub-sets of peptide groups that were also 

found in 3hr PD-ECM and 48hr PD-ECM (Figure 7B). 48hr PD-ECM had the fewest 

characteristic peptides, with only one exclusive Collagen V-derived peptide sequence not 

found in 3hr and 12hr PD-ECM. The remaining three characteristic peptides were also found 

to some degree in 12hr PD-ECM but not in 3hr PD-ECM (Figure 7C).
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 3. Discussion

Current cardiac regeneration strategies are limited by the inability of cardiomyocytes to 

proliferate significantly after birth.[28] Although neonates have a greater capacity for 

regeneration compared to adults,[29, 30] this capability is quickly lost. Much effort has 

focused on autologous stem cell-based therapies for cardiac repair, such as mesenchymal 

stem cells or cardiac progenitors.[31–33] However, these cells have poor differentiation 

efficiency toward the cardiomyocyte lineage and most benefits are attributed to paracrine 

signaling.[34–38] Although pluripotent stem cells can generate significant numbers of 

cardiomyocytes, there still exist ethical and safety concerns regarding the use of these cells 

in humans.[39–41] An alternative approach would be to use biomaterials that can promote 

cardiac repair or regeneration. Indeed, adult porcine cardiac ECM shows considerable 

promise as a potential injectable therapeutic for treating myocardial infarction.[2, 19, 42–44] 

However, we have found that fully digested adult cardiac ECM does not promote 

cardiomyocyte proliferation as well as younger ECM, such as that derived from fetal 

animals.[21] Fetal and adult cardiac ECM share many of the same individual ECM protein 

components, but in differing ratios.[21, 45] This raised an interesting question as to whether 

the adult ECM retains “regenerative” cues that are masked by the more abundant “mature” 

cues, and was a major motivator for our current work.

Our rationale for using the partial digestion approach was our observation in previous work 

that fetal cardiac ECM fully digested in about 1 hr while adult ECM required 24–48 hr.[21] 

Thus, we hypothesized that short digestion of adult ECM would release less crosslinked 

components that may be similar to the fetal ECM and that these “short” PD-ECM would 

promote cardiomyocyte proliferation better than “long” PD-ECM that fully solubilized the 

ECM. We found that cardiomyocyte numbers increased most significantly on “short” (1hr 

and 3hr) PD-ECM and myocyte-specific Ki67 staining was higher on 3hr PD-ECM. In 

addition, cardiomyocytes were found in large clusters on “short” PD-ECM while they tended 

to remain as individual cells on “long” PD-ECM. Cardiomyocyte clusters are suggestive of 

colonies undergoing expansion. Taken together, the data indicates that significant expansion 

of the cardiomyocyte population occurs on “short” PD-ECM via cardiomyocyte 

proliferation, similar to what we found previously for fetal cardiac ECM.

Cardiomyocytes undergo a switch from hyperplasia to hypertrophy after birth, in which 

growth ceases to be primarily via proliferation and changes to increases in cell size. In the 

rat, this transition occurs rapidly around postnatal day 3 (P3).[8] It is generally accepted that 

mammalian cell maturity and proliferative capacity are inversely correlated: the more mature 

the cell, the less proliferative it is. In cardiomyocytes, it has been shown that there is a 

correlation between sarcomere structure and proliferation. The immature cardiomyocytes in 

the developing heart are highly proliferative and have small, disorganized sarcomeres.[8] 

When proliferation has been observed in adult cardiomyocytes, it is typically in association 

with “sarcomere disassembly”, in which the large, highly organized sarcomeres become 

smaller and more disorganized, reminiscent of an immature myocyte.[46–48] In line with 

previous literature, we found that sarcomere size and cardiomyocyte-specific proliferation 

on PD-ECM were strongly inversely correlated. Sarcomeres tended to remain small over 

time in culture on “short” PD-ECM where the highest proliferation was observed, while 
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sarcomeres lengthened on “long” PD-ECM in which cardiomyocyte proliferation was low. 

Thus, our data suggest that cardiomyocytes were maintained in a less mature state that may 

have facilitated proliferation on “short” PD-ECM while cells matured on “long” PD-ECM 

and lost their proliferative capacity.

To further investigate the effects of PD-ECM on the cardiac cell population, we studied 

various cell markers and integrins via quantitative PCR for select conditions. The most 

notable was significant up-regulation of the kit gene on 3hr PD-ECM compared to 12hr and 

48hr PD-ECM. C-kit is generally considered a cardiac progenitor cell marker;[26, 49, 50] 

however, it is also transiently expressed in rodent cardiomyocytes soon after birth.[24, 25] 

Loss of c-kit expression in cardiomyocytes coincides with terminal differentiation.[24] Thus, 

the increased expression of kit on 3hr PD-ECM with respect to other conditions suggests 

that cardiomyocyte terminal differentiation may be inhibited, although more rigorous 

follow-up studies that focus exclusively on the cardiomyocyte population will be needed to 

confirm this hypothesis.

Integrins are important for mediating cell adhesion and response to the ECM.[51] We found 

Itga6 (α6 subunit) was 3–4-fold higher on 3hr PD-ECM vs. 12hr and 48hr PD-ECM. 

Integrin α6β1 is expressed in the early developing heart and is also transiently up-regulated 

in the neonatal heart.[16] In the context of our ECM composition data, it is well known that 

α6 integrin binds Laminins,[52, 53] which was a major component of 3hr PD-ECM that 

promoted cardiomyocyte proliferation. The other major component that characterized 3hr 

PD-ECM was Fibrillin-1, which is known to bind integrins αvβ3, αvβ6, and α5β1.[54–56] We 

did not find any differences in these integrin subunits on PD-ECM (data not shown). The 

adhesion of cardiomyocytes to Fibrillin-1 has not been well studied; thus, it may be possible 

that novel Fibrillin-1 peptides which bind other integrins have yet to be discovered. Collagen 

I, a stable, mature protein that is characteristic of the adult heart,[21, 45] became more and 

more dominant with longer digestions, while other components decreased in their relative 

abundance. In our experience, Collagen I does not significantly promote cardiomyocyte 

proliferation (unpublished), and thus its signaling likely masked the “proliferative cues” that 

may have still been present in longer digestions.

The finding that 3hr PD-ECM and fetal ECM had very different compositions, yet both 

promote cardiomyocyte proliferation, was intriguing. The major component of fetal ECM is 

Fibronectin, which is known to mediate embryonic cardiomyocyte proliferation.[10] 

Interestingly, Fibronectin was not detected in adult PD-ECM, even at short digestions. It is 

possible that a protein or peptide in low abundance which is present in both fetal and 3hr 

PD-ECM promotes proliferation. Indeed, we did find peptide sequences that were common 

to both fetal ECM and 3hr PD-ECM; these peptide sequences were mostly derived from 

Fibrillin-1. However, it is also probable that fetal ECM and adult 3hr PD-ECM promote 

cardiomyocyte proliferation through different mechanisms. 3hr PD-ECM contained nine 

“characteristic” sequences that were mostly derived from Fibrillin-1, Laminin, and 

Fibrinogen. These peptides were different than the common peptides that were also 

identified in fetal ECM. 48hr PD-ECM had few unique characteristic peptides and contained 

many ubiquitous Collagen I-derived peptides that were found in 3hr and 12hr PD-ECM as 

well. It was also interesting to note that 3hr PD-ECM contained a greater variety of unique 
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peptides compared to longer digestions. The diversity of the 3hr PD-ECM composition may 

be important in cardiomyocyte proliferation. Further study of the candidate peptides 

identified in this paper, both individually and in combinations, will be crucial in our future 

work and may lead to the design of a synthetic “regenerative” ECM.

Elucidating the regenerative mechanisms of fetal ECM and adult PD-ECM will be critical in 

the context of treating children vs. adults. For example, immature (fetal, early neonatal) 

myocytes adhere well to Fibronectin, while adult myocytes do not; on the other hand, both 

immature and adult cardiomyocytes can adhere to Laminins[10, 17] which are present in the 

developing and mature cardiac ECM. A fetal ECM-based approach may not be appropriate 

for adult cardiac regeneration if adult myocytes cannot respond to its components. Indeed, 

immature myocytes can proliferate in response to Fibronectin[10] which is a major 

component of fetal ECM, while it has been reported that Fibronectin does not stimulate adult 

cardiomyocyte proliferation.[57] PD-ECM could address this challenge by providing adult 

ECM-derived cues. It will be intriguing to determine the proliferative response of 

cardiomyocytes at different developmental ages to PD-ECM. It could be expected that fetal 

ECM would promote a greater response in fetal myocytes compared to neonatal, while the 

response in older myocytes may be blunted. However, if PD-ECM does indeed work via 

different mechanisms, then perhaps older myocytes could be stimulated to proliferate. In 

addition, given that solubilized pig cardiac ECM is making considerable progress towards 

clinical translation to treat myocardial infarction,[2] other immediate goals will include 

evaluating the regenerative potential of PD-ECM in adult animal models of heart disease.

Finally, we note several limitations to our current study. We did not attempt to purify the 

cardiomyocytes via pre-plating or centrifugation techniques. As such, there was a significant 

fibroblast population in our cell cultures. It is possible that cardiomyocytes had an indirect 

response to PD-ECM via the fibroblasts, which are likely releasing paracrine signals and 

depositing new ECM. The presence of fibroblasts also makes gene data difficult to interpret, 

since the cardiomyocyte specific population cannot be analyzed. For example, we cannot 

determine if up-regulation of Itga6 is attributed to the cardiomyocytes or the fibroblasts. 

Working with a purified cardiomyocyte population, particularly one derived from human 

pluripotent stem cells, will yield a greater understanding of the mechanisms and therapeutic 

potential of PD-ECM.

 4. Conclusion

In this work, we have demonstrated that short partial digestion of adult cardiac ECM, or 

“PD-ECM”, can promote neonatal cardiomyocyte proliferation in vitro. Cardiomyocyte 

numbers increased 3-fold from 1 to 5 days in culture on “short” PD-ECM in serum-free 

conditions but only increased ~1.5-fold or less when cultured with FBS or on “intermediate” 

and “long” PD-ECM. Cardiomyocytes on “short” PD-ECM tended to remain immature, as 

determined by sarcomere length, while cardiomyocytes on “long” PD-ECM underwent 

lengthening of sarcomeres over time in culture. 3hr PD-ECM was mostly composed of 

Fibrillin-1, Fibrinogen, Collagen I, and Laminins, while longer digestions led to increasing 

abundance of Collagen I. A unique set of peptides characteristic of 3hr PD-ECM was also 

identified. This work suggests that adult ECM contains regenerative cues that may be 
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masked by more abundant, mature proteins. PD-ECM offers a simple but powerful approach 

to promoting cardiomyocyte proliferation, and the method will likely be adaptable to the 

regeneration of other cells and tissues as well.

 5. Experimental Section

 Partial Digestion of Adult Cardiac ECM

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 

Animals. Hearts were harvested from euthanized adult female Sprague Dawley rats (Charles 

River Laboratories). The ventricular tissue was minced and submerged in 1% (wt/vol) 

sodium dodecyl sulfate (SDS) in deionized water with gentle shaking at room temperature 

(RT) until decellularization was complete (about 48 hr). The ECM was transferred to a 1% 

TritonX-100 (vol/vol) solution for 4 hr to remove SDS and then washed with deionized 

water at least 3 times for 12 hr per wash. The ECM was frozen at −20°C, lyophilized for 24 

hours, and solubilized at a concentration of 10 mg/ml (from initial dry weight, assuming 

fully digested) in 1 mg/ml pepsin dissolved in 0.1 M HCl. To obtain PD-ECM, solubilization 

was carried out for 1 hr, 3 hr, 6 hr, 12 hr, 24 hr, and 48 hr at RT. At the end of the designated 

digestion time, the cardiac ECM solution was neutralized to pH 7 with 1 N NaOH. Any 

remaining intact tissue was discarded and the supernatant was collected. The concentrations 

of the various PD-ECM were determined using a NanoDrop 2000 Spectrophotometer 

(Thermo Scientific).

Culture substrates were prepared the day before cell seeding as described previously.[21] PD-

ECM was coated onto 48-well tissue culture plates or 9 × 9 mm glass cover slips at 50 

μg/cm2 and allowed to air dry overnight in a sterile tissue culture cabinet. Control surfaces 

were coated with poly-L-lysine (PLL) (0.01% solution, Sigma) according to the 

manufacturer’s instructions.

 Cell Isolation and Culture

Cardiac cells were isolated from P2–P3 neonatal rat pups according to previously described 

methods.[58] Pups were euthanized by conscious decapitation and the hearts were collected 

in ice-cold sterile PBS supplemented with 20 mM glucose. Ventricular tissue was gently 

minced and underwent 7 × 7 min digestions in collagenase type 2 (Worthington Biochemical 

Corp, Lakewood, NJ). Cells were counted with a hemocytometer and seeded at a density of 

100,000 cells/cm2 on the PLL- and PD-ECM-coated substrates in serum-free media (50/50 

mixture of DMEM and Ham’s F12 Nutrient Mix (Invitrogen), 0.2% (wt/vol) bovine serum 

albumin (BSA) (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).[21, 59] As a positive control for cell proliferation, a set of cells on PLL were 

cultured with DMEM containing 15% FBS. Fresh media was given on days 1 and 3 of 

culture, and samples were analyzed at days 1 and 5, as described below.
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 Immunocytochemistry and Imaging

Samples were fixed for immunostaining at days 1 and 5 in 4% paraformaldehyde (Alfa 

Aesar) for 10 min at 4°C and then permeabilized with 0.1% (v/v) TritonX-100 in PBS for 10 

min at RT. Non-specific binding was blocked with 1% BSA and 5% donkey serum for 1 hr 

at RT. To label nuclei, proliferating cells, and cardiomyocytes, samples were incubated for 1 

hr with Hoechst 33258 (Invitrogen), rabbit polyclonal Ki67 antibody (1:500 dilution, 

Abcam), and mouse monoclonal sarcomeric α-actinin antibody (1:500 dilution, Sigma), 

respectively. Incubation with secondary antibodies Alexa Fluor 488 donkey anti-rabbit IgG 

and Alexa Fluor 555 donkey anti-mouse IgG (Invitrogen) was carried out for 45 min at RT. 

In between incubations, samples were washed 3 × 5 min with PBST (PBS with 0.1% 

Tween20). Images were acquired on an Olympus IX8I microscope using Metamorph Basic 

software (version 7.7.4.0, Molecular Devices).

 Image Analysis

Ten random fields of each sample were imaged using a 20× or 40× objective lens to study 

cardiomyocyte populations, cell proliferation, and sarcomere maturation. Analysis of cardiac 

cell populations and cardiomyocyte proliferation was similar to previously described 

methods.[21] Briefly, a custom-designed pipeline was used in CellProfiler (release 11710, 

The Broad Institute) to identify total cell nuclei or Ki67+ cell nuclei. The identified nuclei 

were then “masked” with the corresponding image of sarcomeric α-actinin stain to 

determine cardiomyocyte-specific nuclei and proliferation, respectively.

Total cell and cardiomyocyte density was determined using the total imaged area (converted 

to mm2) for each sample. Cardiomyocyte population was determined as the percentage of 

the total number of nuclei that were contained within the sarcomeric α-actinin “mask”. 

Cardiomyocyte-specific proliferation was measured as the percentage of proliferating cells 

(Ki67+ nuclei) that were also positive for sarcomeric α-actinin. As an additional measure of 

proliferation, fold-changes in total cells and cardiomyocytes were determined from changes 

in cell density from 24 hr to 5 days.

Sarcomere length has been used as a measure of cardiomyocyte maturation.[60] To assess 

sarcomeres, images of sarcomeric α-actinin staining at 40× magnification were acquired. 

Analysis was performed using ImageJ software (NIH, version 1.45s). When organized 

sarcomeres were observed, a line was manually drawn across multiple sarcomeres 

perpendicular to alignment. The “Plot Profile” function was used to display the staining 

intensity across the line. The number of sarcomeres in a given length were counted and 

average sarcomere length determined. Sarcomeres were also categorized according to the 

following definitions: “pre-myofibril” (no sarcomeres or highly disorganized sarcomeres 

were observed); “developing” (sarcomeres measuring < 1.8 μm in length); and “mature” 

(sarcomeres measuring > 1.8 μm in length).

 Gene Expression

Gene expression profiles for various cardiac cell markers and integrins were determined at 5 

days using custom-designed PCR array plates from SA Biosciences as well as individual 

primers from Life Technologies. RNA was isolated using the RNeasy Mini Kit (Qiagen) per 
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the manufacturer’s instructions and stored at −80°C. RNA concentration was determined 

using a NanoDrop. Equal amounts of RNA from each sample underwent genomic DNA 

elimination and reverse transcription using the RT2 First Strand Kit (Qiagen). The resulting 

cDNA was stored at −20°C until use. Quantitative PCR was carried out in the custom array 

plates per the manufacturer’s instructions using a Stratagene Mx3000P qPCR System 

(Agilent Technologies). Genes of interest on the custom array plates (Kit, Gata4, Tnnt3, 

integrins) were normalized to Actb and transcription factors Nkx2.5, Mef2c, Tbx5, and Isl1 
were normalized to Gapdh. Cardiac contractile proteins, which should be exclusively 

expressed in cardiomyocytes, were normalized to Calsq, which has been used as a control 

for normalizing gene expression specific to the cardiomyocyte population.[61] (see 

Supplemental Table 1). The comparative CT method (ΔΔCT) was used to determine fold-

changes in gene expression on select PD-ECM (3hr, 12hr, and 48hr) and normalized to 48hr 

PD-ECM. Genes with approximately 2-fold change or greater were identified and statistical 

analysis was performed as described below (N = 3 for each condition).

 Proteomics Analysis of ECM

To determine the composition of select conditions of PD-ECM (3hr, 12hr, and 48hr), 

solubilized 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. Fetal cardiac ECM from E18 pups was included for comparison. 

Spectrum count data was used to determine relative amounts of ECM components within 

each group. Individual ECM components are reported as a percentage of the total ECM 

spectra identified.

Peptide report data was used to identify specific peptides in PD-ECM. The percentage of the 

total spectra for each unique peptide sequence was used to determine relative abundance 

within each sample. Ubiquitous peptides were identified as those found in all PD-ECM 

conditions studied (3hr, 12hr, and 48hr). Exclusive peptides were identified as those found 

only within a certain condition (e.g., only within 3hr PD-ECM). Characteristic peptides were 

those which were found in lower abundance in another condition but typically higher in the 

PD-ECM of interest. Common peptides in fetal ECM and 3hr PD-ECM were also identified. 

Relative abundances of the peptide sequences of interest were plotted.

 Statistical Analysis

Statistical significance was determined using the appropriate dimension of analysis of 

variance and Tukey’s posthoc test in SigmaPlot 12.0 software. The Student’s t-test was used 

for pair-wise comparisons. Differences were considered statistically significant for p < 0.05.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cardiomyocyte morphology on PD-ECM
Representative images of cardiac α-actinin stain showing cardiomyocytes at 1 day (insets) 

and 5 days (full image). (A) FBS-treated controls on PLL (“FBS”) show well spread 

cardiomyocytes even at 1 day, with small clusters observed at 5 days. PLL controls without 

serum (“PLL”) had rounded cardiomyocytes at both time points. (B) “Short” digestions of 

1hr and 3hr PD-ECM had some spreading at 1 day and large clusters of cardiomyocytes at 5 

days. (C) “Intermediate” digestions of 6hr and 12hr PD-ECM had well-spread myocytes at 1 

day and small clusters or individual well-spread cells at 5 days. (D) “Long” digestions of 

24hr and 48hr PD-ECM resulted in some spreading at 1 day and small clusters and many 

individual cardiomyocytes at 5 days. Scale bars for insets = 10 μm; full images = 20 μm. (E) 

Measurements of cardiomyocyte cluster size show significantly larger clusters for FBS and 

1hr PD-ECM compared to all other conditions. $ = significant difference vs. all conditions 

except FBS; # = significant difference vs. PLL, 6hr, 12hr, 24hr, and 48hr PD-ECM. Graph 

shows mean ± S.E.M.
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Figure 2. Cardiac cell adhesion at 1 day and changes in cell populations over time
(A) Cell density measurements at 1 day (blue bars) and 5 days (brown bars). (B) 

Cardiomyocyte density measurements at 1 day and 5 days. Note that cardiomyocyte 

numbers were highest for FBS controls and “short” (1hr and 3hr) PD-ECM. (C) Myocytes as 

a percentage of the total cardiac cell population. Cardiomyocyte populations dropped 

significantly for all conditions except PLL and short PD-ECM. Blue * = significant change 

compared to 1 day time point; $ = significant difference vs. all other conditions at 

corresponding time point; # = significantly greater vs. PLL, 24hr and 48hr PD-ECM at 

corresponding time point; & = significant difference vs. PLL, 6hr, 12hr, 24hr, and 48hr PD-

ECM at corresponding time point. Graphs show mean ± S.D.
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Figure 3. Proliferation of cells on PD-ECM
(A) Example images showing all nuclei stained with Hoechst, Ki67 staining of myocyte 

nuclei (arrowheads) and non-myocyte nuclei (arrows), and cardiac α-actinin staining to label 

myocytes. Overlay shows proliferating cardiomyocytes and non-myocytes. Scale bar = 20 

μm. (B) Cardiomyocyte-specific proliferation (the percentage of Ki67+ cells that are 

myocytes) is highest on 3hr PD-ECM compared to all other conditions except FBS and 1hr 

PD-ECM. (C) Fold-changes in cell populations calculated from 1 day to 5 days show 

greatest increases in cell numbers for FBS and “short” (1hr and 3hr) PD-ECM. 

Cardiomyocyte fold-change was highest on short PD-ECM. $ = significant difference vs. 

PLL, 6hr, 12hr, 24hr, and 48hr PD-ECM at corresponding time point; # = significantly lower 

compared to FBS, 1hr, 3hr, 6hr, and 12hr PD-ECM; & = significant difference vs. FBS, 

PLL, 6hr, 12hr, 24hr, and 48hr PD-ECM. Graphs show mean ± S.D.
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Figure 4. Sarcomere development and correlation with proliferation
(A) Examples of sarcomere categorization by α-actinin staining. Pre-developed sarcomeres 

are non-existent or highly disorganized. Developing sarcomeres are small (< 1.8 μm) and 

disorganized. Mature sarcomeres are large (> 1.8 μm) and organized into fibrils. Scale bars = 

10 μm. (B) Sarcomere maturity distribution changes from 1 day to 5 days. (C) Average 

sarcomere length measurements show that sarcomeres lengthened or matured for FBS and 

long PD-ECM but remained small or immature for short PD-ECM. Dotted line indicates 

threshold for maturation. (D) Myocyte-specific proliferation at 5 days plotted against 

average sarcomere length at 5 days shows inverse correlation with proliferation and 

sarcomere size on PD-ECM. Blue * = significant change compared to 1 day time point; # = 

significantly lower compared to FBS and 48hr PD-ECM at corresponding time point. Graph 

in C shows mean ± S.E.M.
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Figure 5. Composition of PD-ECM
Composition of select PD-ECM and fetal ECM was determined from LC-MS/MS data. (A) 

Fetal ECM was mostly composed of Fibronectin and Collagen I. (B) 3hr PD-ECM was 

mostly composed of Fibrillin-1, Collagen I, Fibrinogen, and Laminins. Collagen I content 

increased with digestion and was the major component of (C) 12hr and (D) 48hr PD-ECM. 

Note that Fibronectin was not detected in adult PD-ECM.
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Figure 6. Common peptides in PD-ECM
(A) Ubiquitous peptides found in all PD-ECM and (B) peptides common to fetal ECM and 

3hr PD-ECM. Note that ubiquitous peptides tend to be more abundant in 48hr PD-ECM. 

Fetal ECM and 3hr PD-ECM share some peptides but these are in relatively low abundance. 

Collagen I derived peptides shown in yellow; Fibrillin-1 in green; Fibrinogen in dark blue; 

Laminin in light blue; Perlecan in purple.
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Figure 7. Exclusive and characteristic peptides in PD-ECM
(A) Peptides found in 3hr PD-ECM were mostly derived from Fibrillin-1, Fibrinogen, and 

Laminin. (B) No exclusive peptides in 12hr PD-ECM were found, but two groups of 

peptides were identified as those characteristic of 12hr PD-ECM but also detected in 3hr or 

48hr PD-ECM. (C) Far fewer exclusive or characteristic peptides were found in 48hr PD-

ECM. Collagen I derived peptides shown in yellow; Fibrillin-1 in green; Fibrinogen in dark 

blue; Laminin in light blue; Perlecan in purple; Collagens V and VI in brown.
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