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Abstract

Cardiomyocytes (CMs) undergo a rapid transition from hyperplastic to hypertrophic growth soon

after birth, which is a major challenge to the development of engineered cardiac tissue for

pediatric patients. Resting membrane potential (Vmem) has been shown to play an important role

in cell differentiation and proliferation during development. We hypothesized that depolarization

of neonatal CMs would stimulate or maintain CM proliferation in vitro. To test our hypothesis, we

isolated postnatal day 3 neonatal rat CMs and subjected them to sustained depolarization via the

addition of potassium gluconate or Ouabain to the culture medium. Cell density and CM

percentage measurements demonstrated an increase in mitotic CMs along with a ~2 fold increase

in CM numbers with depolarization. In addition, depolarization led to an increase in cells in G2

and S phase, indicating increased proliferation, as measured by flow cytometry. Surprisingly

depolarization of Vmem with either treatment led to inhibition of proliferation in cardiac

fibroblasts. This effect is abrogated when the study was carried out on postnatal day 7 neonatal

CMs, which are less proliferative, indicating that the likely mechanism of depolarization is the

maintenance of the proliferating CM population. In summary, our findings suggest that

depolarization maintains postnatal CM proliferation and may be a novel approach to encourage

growth of engineered tissue and cardiac regeneration in pediatric patients.

Keywords

Cell cycle; potassium gluconate; ouabain; Cardiac Fibroblasts; Akt pathway

Address for Correspondence: Lauren Deems Black III Department of Biomedical Engineering Tufts University 4 Colby Street
Medford, MA 02155 Ph: (617) 627-4660 Fx: (617) 627-3231 lauren.black@tufts.edu.

Conflicts of Interest The authors (J.L., C.W., M.L. and L.B.) have no conflicts of interest to report.

Ethical Standards No human studies were carried out by the authors for this article. All procedures involving animals were carried
out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and
Use Committee at Tufts University.

NIH Public Access
Author Manuscript
Cell Mol Bioeng. Author manuscript; available in PMC 2015 September 01.

Published in final edited form as:
Cell Mol Bioeng. 2014 September 1; 7(3): 432–445. doi:10.1007/s12195-014-0346-7.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

Congenital heart defects (CHDs) occur with a prevalence of 8 per 1000 live births [1] and

are the leading cause of mortality in live-born infants and young children. Hypoplastic left

heart syndrome (HLHS) is a CHD that involves the underdevelopment of the left ventricle,

and it is lethal unless there is prompt surgical intervention soon after birth. In the 1980s, the

development of a series of surgeries to create a uni-ventricular heart from the right ventricle

led to significantly improved survival of HLHS patients in the decades since [2]. However,

many of these patients continue to suffer from secondary complications throughout life,

including heart failure at a young age, for which the only long-term option is heart

transplantation. As such, there is a need to develop novel strategies for treating these young

patients in a way that can recapitulate or restore healthy heart anatomy and function. Of

note, recent studies in animal models have pointed to decreased cardiomyocyte (CM)

proliferation in the developing heart as a potential mechanism for HLHS [3]. Thus, targeting

CM proliferation could be a potentially powerful strategy for encouraging growth and

function of the underdeveloped left ventricle in the young HLHS patient.

A major challenge to cardiac regeneration in general is the conception that CMs transition

from hyperplastic to hypertrophic growth soon after birth [4]. Indeed, postnatal mammalian

CMs were previously considered to be terminally differentiated and thus non-proliferative,

with postnatal increases in heart size and function mainly attributed to CM hypertrophy with

increasing age. Recently, scientists have discovered a significant capacity for cardiac

regeneration in other vertebrate species, such as zebrafish [5] and newt [6], and it has also

been demonstrated that the neonatal mouse heart has a transient capability of regeneration,

which diminishes after postnatal day 7 [7]. Even more striking was the finding that

cardiomyocyte proliferation plays an important role in heart growth before age 20 in humans

[8]. Thus, it may be inferred that CMs have intrinsic potential for proliferation, but this

capability is strongly down-regulated as the cells mature.

Although growth factors, cell-cell signaling, mechanical cues, and extracellular matrix [9,

10] have been shown to affect cell proliferation, the role of bioelectrical signaling has in the

past been largely overlooked. More recently, a significant body of literature has

demonstrated that endogenous bioelectric signals play a role in controlling limb and spinal

cord regeneration [11], cell and embryo polarity [12], proliferation [13] and migration

guidance [14] of numerous cell types. Pioneering work by Clarence Cone in the late 60′s and

early 70′s demonstrated the role of resting membrane potential (Vmem) in cellular

proliferation [15]. Of particular significance, he demonstrated that mature neurons from the

central nervous system (typically thought of as terminally differentiated and thus non-

mitotic) could be stimulated to proliferate by sustained depolarization of Vmem via

pharmacological treatments [16]. More recently, it was found that human mesenchymal stem

cells (hMSCs) could be driven to differentiate via hyperpolarization while depolarization

maintained the stem cell phenotype, and that a degree of de-differentiation can be obtained

in differentiated hMSCs by manipulation of their resting potential [17]. It is generally

accepted that stem cells are significantly more proliferative than differentiated cell types [18,

19], and thus these studies suggest an intriguing link between Vmem and a switch from a
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proliferative to mature state. However, no one has investigated the effect of alterations to

Vmem on the proliferative behavior of CMs.

The goals of this study were to assess CM proliferation in response to alterations in Vmem,

and to determine the possible signaling pathways activated by depolarization. Sustained

depolarization of cardiac cells isolated from postnatal day 3 (P3) and postnatal day 7 (P7) rat

hearts was carried out by the addition of potassium gluconate or ouabain to the culture

medium at a range of concentrations. Quantitative analysis of immunohistochemical staining

of cell populations indicated increased CM numbers in response to depolarization.

Interestingly, proliferation of cardiac fibroblasts (CFs) was inhibited with either treatment,

independent of the concentration. Cell cycle analysis using flow cytometry confirmed

alterations in the mitotic population of cells that correlated with cell counts. Growth

signaling pathways were also studied via Western blot and showed increased activation of

the ERK-MAPK pathway in treated cells. Our findings indicate that depolarization of CMs

results in increased CM proliferation and may serve as a potentially powerful tool for

cardiac regeneration and repair in pediatric patients suffering from CHDs

Materials and Methods

Cell isolation and culture

All procedures involving animals were carried out 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. Briefly, Sprague Dawley rat pups at either P3 or P7 were

euthanized by conscious decapitation and the hearts were harvested. After removal of the

atrial tissue, ventricles were minced and subjected to a series of digestions with type II

collagenase (Worthington Biochemical Corp, Lakewood, NJ) as previously described [10].

Cardiac fibroblasts (CFs) were obtained by the pre-plate method [20] and utilized on the

second passage.

Treatments to alter membrane potential

Primary cardiac cells (mixed population of CMs and CFs) from either P3 or P7 rats were

seeded at an initial density of 1.0 × 105/cm2 and cultured for one day in Myo Media (10%

horse serum, 2% fetal bovine serum, and 1% penicillin-streptomycin in Dulbecco’s

Modified Eagle Medium; all from Invitrogen). The wells were then divided into one of three

groups. The control group was given fresh Myo Media without the addition of any

supplements. The other two groups were subjected to sustained depolarization with the

addition of either potassium gluconate or ouabain. To assess dose dependent effects, we

studied a range of concentrations for both potassium gluconate (5 mM, 10 mM, 20 mM, 40

mM, 60 mM, and 80 mM) and ouabain (10 nM, 100 nM, 1 μM, 10 μM, 100 μM, and 150

μM) , reagents known to depolarize Vmem [16, 17, 21-27]. Sustained depolarization was

carried out for 72 hours with no media change. CFs from P3 rats were also subjected to

depolarization to determine the independent effects on mitosis for this specific cell

population. Cells were assessed at day 4 of culture using the methods described below.
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Membrane potential measurements

To verify that both treatments led to alterations in resting cell membrane potential, the

voltage sensitive dye Bis-(1,3-dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3)) was

used [28-30]. Briefly, a stock solution was prepared at a concentration of 2 mM and diluted

1:4000 [28] in the media described above. Fluorescent images were obtained for each of the

groups described above using an Olympus IX81 microscope (Olympus America,

Chelmsford, Massachusetts) equipped with Metamorph Basic software (version 7.7.4.0,

Molecular Devices, Sunnyvale, CA) and subsequently analyzed in ImageJ (v1.45s, NIH,

Bethesda, MD). Fluorescence intensity ratio was measured as the cell membrane

fluorescence intensity divided by the background intensity. A minimum of 149 cells per

condition was measured. The ratio reflects the relative membrane potential with a larger

ratio corresponding to a more depolarized membrane.

Immnunocytochemistry

After 4 days in culture, the cells were washed with PBS and fixed with ice cold 100%

methanol for 10 min (n = 8 wells for each condition). The samples were blocked with 5%

donkey serum and then incubated with a mouse monoclonal cardiac-specific α-actin

antibody (sc-58670, Santa Cruz Biotechnology, Dallas, Texas) and a rabbit polyclonal

phospho-histone H3 (PHH3) antibody (sc-8656-R, Santa Cruz Biotechnology), to identify

CMs and proliferating cells, respectively. A rabbit anti-actinin antibody (ab147436, Abcam,

Cambridge, Massachusetts) was used for sarcomeric length measurement. Cy3 donkey anti-

mouse antibody (Jackson ImmunoResearch, West Grove, Pennsylvania) and Alexa Fluor

488 donkey anti-rabbit antibody (Jackson ImmunoResearch) were used as secondary

antibodies, respectively. Hoechst 33342 (Invitrogen, Carlsbad, California) was used to stain

cell nuclei. The samples were then imaged (n=4 images per well, thus 32 images for each

condition) and analyzed as described below.

Quantification of total cell, CM and CF numbers

The quantification of immunohistochemical images was carried out using ImageJ. The total

number of nuclei per cm2 was determined using images of the Hoechst stain. Assessment of

CM number was carried out by creating a mask of the regions of cardiac α-actin stain,

applying this mask to the images of the Hoechst stain and counting the number of nuclei

contained within the masked regions (see Figure 1 for example images). CF number in

response to treatment was assessed by total nuclear counts on P3 CFs cultured under the

conditions described above.

Cell cycle analysis

To determine whether depolarization resulted in changes to the number of cells entering the

cell cycle, we used flow cytometry to investigate the DNA content of cells in control and

treatment conditions. Briefly, cells were trypsinized, fixed with 70% ethanol, washed with

PBS and resuspended in staining buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM CaCl2,

0.5 mM MgCl2, 0.1% Nonidet P-40) containing Ribonuclease A to prevent RNA staining

(final concentration of 100 μg/mL, cat # 19101, Qiagen, Venlo, Netherlands) and propidium

iodide (final concentration of 2 μg/mL, cat # P3566, Invitrogen, Carlsbad, California) and
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incubated for 15 minutes at room temperature at a cell concentration of 1.0 × 106/mL. Flow

cytometry was carried out with a FACS Calibur system (BD Biosciences, San Jose,

California). 10,000 events per sample were counted with appropriate gates to exclude cell

aggregates and debris according to the FL2-W channel. Cell cycle analysis was carried out

using FlowJo software (TreeStar Inc., Ashland, Oregon). The cell cycle phases were fit to

the Dean-Jett-Fox cell cycle modeling algorithm [31].

Western blot analysis

In order to assess the potential cell signaling pathways involved in any measured effect of

depolarization, we identified pathways previously implicated in proliferation and cell

survival and studied them using Western blot techniques previously described by our lab

[32]. Briefly, after the 4 days in culture cells were lysed and analyzed with a BCA assay

(Pierce, Rockford, Illinois) to determine the protein concentration for each sample. Equal

amounts of protein (25 μg per lane) were loaded into pre-cast 4-15% polyacrylamide gels

(cat # 456-1086, BioRad, Hercules, California) and SDS-PAGE was carried out before the

resulting gel was transferred to a PVDF membrane (Millipore). The blot was blocked with

5% Carnation milk in Tris Buffered Saline containing 0.1% Tween20 and then labeled with

antibodies for proteins of interest. The following primary antibodies were used with 1:1000

dilutions: Akt1 (cat # 2938S), panAkt (cat #4685S ), phosphorylated ERK1/2 (cat # 9101S),

ERK1/2 (cat # 4695S), phosphorylated MEK1/2 (cat # 2338S), and MEK1/2 (cat # 9122S,

all from Cell Signaling Technology, Danvers, Massachusetts), and GAPDH as a loading

control (G-9575 Sigma, St. Louis, Missouri). Species-specific secondary antibodies

conjugated to HRP (cat #s 656120 and 656520, Invitrogen, Carlsbad, California) were used

for enhanced chemiluminescence. The blot was then imaged by a G:Box Chemi XR5

(Syngene, Cambridge, UK). Data presented are normalized to the expression of the control

population to demonstrate fold changes in expression.

Statistical Analysis

All data are presented as mean ± standard deviation (SD). Experimental data was

statistically compared via one way ANOVA (treatment concentration) with a Student’s t-test

method for posthoc testing of treatment group to control group comparisons. Statistical

significance was determined as p<0.05.

Results

Validation of Depolarization

DiBAC staining of mixed P3 cardiac cell populations demonstrated an increase in the

intensity ratio with increasing concentrations of both potassium gluconate and ouabain

(Figure 2 and b, respectively) up to an optimal concentration (40 mM for potassium

gluconate and ~10μM for ouabain). Further increases in the concentration of the

depolarizing agents above these levels led to subsequent decreases in the intensity ratio.

Note that the intensity ratio for the all concentrations of potassium gluconate was

significantly higher than control values. Similarly, the fluorescence intensity ratio at 10 μM

ouabain was significantly greater than control while those concentrations over the 10μM

concentration of ouabain were significantly lower than control values (p<0.05). In addition,
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it is important to note that the depolarization response of cells to potassium gluconate was

much stronger than that in response to ouabain.

Direct Assessment of Proliferation in Cultures

To assess the effects of depolarization on the proliferation of cardiac cells, we labeled cells

subjected to the various treatments with cardiac α-actin, PHH3 and Hoechst stain. Figure 3

shows representative images for the control (top), 40mM potassium gluconate (middle) and

10 μM Ouabain (bottom). Note that there is a qualitative increase in CM number (as denoted

by the increased cardiac alpha-actin staining) with both treatments and PHH3 positive cells

in the ouabain group. To quantify the proliferation within these cultures we used ImageJ to

analyze the number of PHH3 positive cells and the number of PHH3 positive CMs in the P3

mixed culture. Supplemental Figure 1 shows the percentage of PHH3 positive cells for the

total cell population (top row) and the percentage of PHH3 positive CMs (bottom row) for

potassium gluconate (left column) and ouabain (right column). Note that there was an

increase in PHH3 positive cells in both the total and CM specific populations with both

treatments; however, there was no statistically significant difference between any of the

treatment groups and the control condition.

CM and Total Cell Counts with Treatment

To further assess the effects of treatment on cell proliferation we studied total cell and CM

number in both P3 and P7 mixed cardiac populations using the method described in Figure

1. For P3 cells (darker bars, Figure 4), both treatment groups showed a trend of slightly

increasing total cell density at the middle of the range of concentration (40 mM for

potassium gluconate and 10 μM for ouabain) before decreasing at higher concentrations

(Figure 4 a, b). However, the effect of both depolarization agents on total cell number was

not statistically significant. We also determined CM density and found that CMs were

significantly increased compared to control conditions in the 20 mM, 40 mM and 60 mM

potassium gluconate conditions, as well as at the 100 nM and 10 μM ouabain conditions

(Figure 4c, d). CM density was also significantly reduced at the highest concentration of

ouabain (150 μM). The percentage of CMs in culture followed similar trends to the CM

density measures for potassium gluconate, showing a general trend of increasing CMs with

increasing concentration, with the 40 mM, 60 mM and 80 mM concentrations having

significantly higher CM percentage than the control condition (Figure 4e). In the ouabain

treatment group, CM percentage was fairly similar across conditions with only the 10 μM

concentration demonstrating a significant (albeit modest) increase and the 150 μM

concentration demonstrating a rather steep and significant decrease as compared to control

(Figure 4f).

We were next interested in determining if depolarization was maintaining a proliferative

population of myocytes or stimulating proliferation. As the switch from hyperplasia to

hypertrophic growth occurs around P3 in the rat [4], CM proliferation should be

significantly reduced at P7 (lighter bars, Figure 4). Total nuclei numbers were fairly

consistent with both of the depolarizing treatments in the P7 cardiac cells, significantly

decreasing only at the highest doses of the two treatments (60 mM and 80mM of potassium

gluconate and 150 μM ouabain, Figure 4a, b); however, the total CM density still
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demonstrated a significant increase at 40 mM potassium gluconate (18475±3081 CM/ cm2

vs. 13083±1859 CM/cm2 for control condition) (Figure 4c, d). CM percentage increased

with increasing concentration of potassium gluconate, with the 40 mM, 60 mM and 80 mM

concentrations resulting in statistically significant increases (Figure 4e). There was no

significant change in CM percentage at any concentration of ouabain (Figure 4f). In

comparing results from P3 cells to those from P7 cells, it is clear that total cell density and

CM density are significantly reduced at almost every condition, suggesting decreased

proliferation in the P7 population. The exceptions to this are the total cell density at 40 mM

potassium gluconate, which is not significantly different from P3 cells, and the CM density

at 150 mM ouabain, which is significantly lower in the P3 case as compared to the P7 case.

In contrast, CM percentage is the same for both P3 and P7 populations in all cases except for

the control condition and the highest concentrations of each of the treatments (80 mM

potassium gluconate and 150 μM ouabain) where the P7 values were significantly higher

than the P3 values.

The growth curve for the optimal concentrations of both potassium gluconate (40 mM) and

ouabain (10 μM) groups compared to the control group is plotted over the course of four

days. To demonstrate any changes in the cell makeup of the mixed population with culture

time, the percentage of CMs as a function of days in culture is shown in figure 5a. All of the

groups demonstrate a decrease in CM percentage over the culture period. The control group

decreases significantly at days 3 and 4 as compared to day 1. The potassium group has a

slower drop in CM percentage that does not achieve significance until day 4, and remains

significantly higher than the control group at both days 3 and 4. In the ouabain group, CM

percentage significantly declines on day 3, but has a comparable percentage on day 4, and

maintains a significantly higher percentage than the control group at the final time point.

Although total CM count in the control group gradually increases with time, the CM count

of both the potassium group and the ouabain group have a consistently steeper rise (Figure

5b).

Effects of Depolarization on Cardiac Fibroblasts

As depolarization did not significantly affect total cell numbers in the mixed cardiac cell

population but did lead to increased CM numbers, we wondered if CF proliferation may be

inhibited. To assess the effects of the depolarization treatments on the CF fraction of the

mixed population, we subjected CFs isolated from P3 rats to the same treatments and

analyzed total cell number. Representative images of the Hoechst nuclear stain demonstrated

a reduction in cell number with either potassium gluconate or ouabain treatment (Figure 5a).

Quantification of these images demonstrated that the addition of either potassium gluconate

(Figure 5b) or ouabain (Figure 6c) to the culture medium significantly reduced the number

of CFs in the culture (p<0.05). Compared to the day 1 time point, CF densities in all

treatments are slightly increased, but the increase is significantly less than the approximately

three fold increase of the control group. Furthermore, the reduction in CF number was not

concentration dependent for either treatment, with even the lowest concentration of each of

the depolarizing agents resulting in a greater than 50% decrease in cell number in all

treatment groups compared to control.
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Cell Cycle Analysis via FACS

To determine whether depolarization treatments were impacting cell cycle progression, cell

cycle analysis was performed with propidium iodide to quantify the relative amount of DNA

within cells in the mixed P3 cardiac cell populations (Figure 7). This analysis was carried

out for cells in the control conditions as well as those in the optimal concentration of each of

the treatments, defined as the condition with the greatest CM density (40 mM potassium

gluconate and 10 μM ouabain). In the P3 whole population (mixed CMs and CFs), we found

a decrease in the G0/G1 phase and an increase in the non-G0/G1 phase with both of the

optimal treatments. Overall, the cell cycle analysis agreed well with the results of the image

analysis methods.

Potential Pathways Involved in Response

To investigate the potential pathways involved in the response of the P3 cells to the

depolarizing treatments, we used Western blot to study the Akt and MAPK/ERK pathways

(Figure 8). For the potassium gluconate treated group we noted an increase in Akt1 with a

comparable level of panAkt, but this was not significant. Both pERK1/2 and pMEK1/2 were

significantly increased with potassium gluconate treatment while the overall level of

ERK1/2 and MEK1/2 stayed the same. With the ouabain induced depolarization, Akt1

expression increased significantly, and panAkt stayed at the same level as the control group.

Both pERK1/2 and pMEK1/2 demonstrated a strong enhancement in the treatment groups as

compared with control group, while ERK1/2 and MEK1/2 were unchanged from control

conditions.

Discussion

CHDs are the leading cause of mortality in live-born infants [33] and current strategies to

repair them are palliative in nature, leading to a number of secondary complications

throughout life and the eventual need for total heart transplantation in many young patients.

Recent studies have indicated that decreased CM proliferation may be a potential

mechanism for the progression of HLHS, a specific CHD resulting in the underdevelopment

of the left ventricle. As such, strategies which promote the proliferation of CMs could have a

significant impact on the treatment of CHDs such as HLHS. While many studies have

focused on the use of substrate properties or growth factors to promotes CM proliferation [9,

10], the role of bioelectric potential in promoting CM proliferation has been left unexplored,

even though it is known that Vmem is related to cellular differentiation state and that

depolarization of another terminally differentiated cell type, neurons, promoted mitosis in

these cells [34-38]. The goal of this study was to assess the effects of depolarization of

Vmem on CM proliferation and to investigate the potential signaling pathways that may be

involved. Our data demonstrate that treatment with either potassium gluconate or ouabain

induced CM proliferation in P3 cells and inhibited CF mitosis, but that potassium gluconate

produced a more pronounced response. This effect was still present, albeit blunted, at P7.

Surprisingly, depolarization of Vmem with either treatment led to inhibition of proliferation

in CFs. Cell cycle analysis via flow cytometry confirmed alterations in the mitotic

population of the cells in response to treatment. Western blot analysis implicated the Akt
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and MAPK/ERK pathways in the proliferative response of the cells to depolarizing

treatments. The specific findings are discussed in more detail below.

In this study we used potassium gluconate and ouabain to depolarize cells. Potassium

gluconate induces depolarization by altering the concentration difference of potassium

across the cell membrane, while ouabain affects resting membrane potential by blocking the

activity of the Na+-K+-ATPase channel. DIBAC4(3), a slow acting voltage-sensitive dye,

was used to validate the depolarizing effects of each of these treatments at a range of

concentrations. Previous studies have demonstrated the linearity between fluorescence

intensity ratio and Vmem by patch clamping techniques [39], where a higher intensity ratio

indicated increased depolarization of Vmem. Both the potassium gluconate and ouabain

groups showed increased DiBAC(4)3 fluorescence intensity ratio with increasing

concentration until some optimal level before further increases in concentration led to

decreasing ratios (Figure 2). While the overall increases in fluorescence ratio were modest

(particularly in the ouabain group), they were significant and resulted in qualitative and

quantitative differences in CM number and PHH3 positive cells in the treated cultures

(Figure 3, Supplemental Figure 1, Figure 4). Future work would involve further validation

of the depolarization of Vmem via patch clamping. Moreover, this method would allow us to

directly quantify the specific value of r Vmem that promoted the greatest degree of

proliferation and thus give a target to aim for in the development of other methods to

promote CM proliferation through this mechanism.

The crux of this work was centered on the premise that Vmem is linked to cell maturity and

that alterations in Vmem can promote or maintain a proliferative phenotype in naturally

maturing cell populations. Previously, Cone et al found that depolarization of mature

neurons, previously considered a terminally differentiated cell type incapable of

proliferation, led to mitosis [16]. Around the same time, a study measuring Vmem of cells

undergoing mitosis demonstrated elevated membrane potential when entering S phase which

declined again when entering mitosis [40], highlighting a potential link between mitosis and

Vmem. In our study, the mitotic marker PHH3 was used initially to identify CM- specific and

general cell mitosis (Supplemental Figure 1). In terms of the total cell population there was a

trend of increased PHH3 positive cells with increasing dose in both treatment types, but this

trend was not significant. In the control group, few PHH3 positive cells were also cardiac α-

actin positive; however, there were conditions with increased percentage of PHH3 positive

CMs in each of the treatment types. These values were not significantly different from

control. One likely reason for the lack of statistically significant differences and the high

variability in the PHH3 data is the low number of PHH3 positive cells in culture. PHH3 is

only present at a specific point during mitosis and thus may not be capturing the full number

of cells undergoing proliferation. Future work would involve studying other markers of

proliferation such as Ki67 or BrdU.

To address the above issue with PHH3 variability, we quantified total cell and CM densities

in the cultures to assess expansion with treatment (Figure 4). In general, P3 cells responded

to both treatments by increasing the CM density with increasing dose up to an optimal

concentration, before eventually decreasing. This led to significant increases in the

percentage of CMs with increasing potassium, but there was no change to CM percentage
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with ouabain other than a significant decrease at the highest concentration. Compared to P3,

the P7 cell populations had lower total cell and CM densities but had similar percentage of

CMs. Even though the density of more mature CMs was far less than that of younger CMs,

depolarization still promoted proliferation in vitro, particularly at 40 mM potassium

gluconate and 10 μM ouabain. Investigating these concentrations further, we carried out a

growth curve analysis over the course of 4 days (Figure 5) and found that both groups had

significantly higher rate of growth compared to the control group. Interestingly, the cardiac

α-actin positive cells in the 40mM potassium gluconate group were well spread and

polygonal shaped; however the cells in the ouabain group tended to cluster into colonies

(Figure 3) indicating potentially differential effects on cell phenotype with the two

treatments. However, there was no significant difference in sarcomere length, a measure of

cardiomyocyte maturity [41], between any of the three groups (Supplemental Figure 2). It is

important to note that quantifying proliferation via histological staining and cell counting,

particularly in a mixed cell population, can be difficult and result in potential errors.

Specifically, there is the possibility that CFs that are growing on top of CMs may inflate the

CM number as the nucleus may still be counted as a CM nucleus. We have minimized this

effect by only counting nuclei fully contained in the cardiac alpha actin stain mask and

eliminating those where only part of the nucleus is in the mask. Moreover, we do not expect

this type of error to be significant in magnitude given that the cultures are not over-

confluent. Lastly, the error should be present in all conditions to the same degree and thus

relative comparisons between groups will still be valid.

In our experience, CFs can be expanded quickly in culture, are easy to passage, and have

high viability. As they make up a large fraction of the mixed cell population used in this

study, we sought to investigate the effects of depolarization on the proliferation of the

purified CF population. Interestingly, CF proliferation was inhibited with potassium

gluconate or ouabain treatment (Figure 6). In the control group, the CFs grew over-confluent

in 4 days, while both potassium and ouabain groups were at sub-confluent levels. This effect

was relatively concentration independent. A number of studies have shown the effect of

potassium and ouabain on fibroblasts. Nicorandil, an ATP sensitive potassium channel

opener, was shown to inhibit the angiotensin-II induced proliferation of CFs [42]. Ouabain

has demonstrated mixed effects with one study showing that is has a slight proliferative

effect on CFs [43], while another study conducted at a lower range of concentration (similar

to the range in our experiment) showed inhibition of proliferation with ouabain treatment

[44]. The different proliferative responses of cardiomyocytes and fibroblasts to depolarizing

agents may be due to distinct potassium channel profiles [45], but the exact mechanism will

require further study. Taken together, these data demonstrate that even though the specific

mechanism of the different responses of CMs and CFs to depolarization remain unclear,

depolarization induced by either of the treatments had a proliferative effect on CMs, which

was confirmed by flow cytometry-based assessment of cell cycle (Figure 7).

In order to assess the potential mechanism of the observed responses to depolarization, we

used Western blot analysis to investigate the Akt and ERK/ MAPK signaling pathways. It

was previously demonstrated that Akt promoted in vitro survival of CMs mediated by

IGF-1, and enhanced cell cycling and cardiac progenitor cell expansion by nuclear-targeted

Lan et al. Page 10

Cell Mol Bioeng. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Akt transgenics [46]. In addition, Akt knockout led to heart defects and reduced proliferation

[47]. Both potassium and ouabain have been reported to have effects on the Akt pathway. A

previous study demonstrated that high extracellular potassium could promote neuron

survival via the PI3/Akt pathway [48]. The effects of ouabain on hypertrophy in the heart

via activation of the PI3K/ Akt pathway have also been widely studied [49]. In our

experiment, we saw changes in Akt1 expression that mirrored the response of CMs to

treatment in both groups. With regards to ERK, it has been demonstrated to promote CM

survival, and could be activated by the GPCR, Ras/Raf cascade [50]. Indeed, potassium-

induced depolarization activated ERK and proline-rich tyrosine kinase in the central nervous

system [51, 52] and a similar result was also found in CMs treated with potassium channel

blockers [53]. In our study, ERK 1/2 was fairly consistent across both treatment groups;

however activated ERK (pERK1/2) is upregulated in both potassium and ouabain groups.

Moreover, the activation of the upstream kinase, MEK1/2, likely explains the upregulation

of ERK phosphorylation. It is important to note that ATPase could induce signal

transduction via other modes besides the ion channel [54], and thus the signal transduction

of ouabain may be more versatile and could be acting through other agents including growth

factor signaling. Future work would be to further investigate this as a potential mechanism.

Conclusions

In summary, prolonged depolarization led to proliferation and cell cycle progression in

CMs, but suppressed the growth of CFs. P7 cells were less proliferative than P3 but still

demonstrated an increase in CM density in response to the depolarizing treatments. The Akt

and MAPK pathways may be responsible for bridging the changes in bioelectric potential to

cell proliferation. Although the detailed intracellular signaling pathway will require further

studies, the data presented herein demonstrate that the manipulation of biopotential provides

a novel approach to stimulate cell cycle progression and expansion of neonatal CMs, thus

providing a potential therapeutic strategy for promoting cardiac regeneration in young

patients suffering from CHDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Demonstration of the steps of microscopic cytometry. A fluorescent image of one of the

cultures labeled with antibodies against cardiac α-actin (a). This image is then thresholded

to create a binary mask (b), which is overlaid on the Hoechst nuclear stain image of the

same region of the culture (c) and the nuclei within the masked regions are counted to

determine the CM number (d).
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Figure 2.
Fluorescence intensity ratio calculated from DiBAC(4)3 fluorescence staining

demonstrating the depolarizing effect of a) potassium gluconate, and b) ouabain. The inset

shows, a scale-adjusted graph to emphasize the difference between groups. Note that a

higher ratio indicates a more depolarized membrane potential (Mean±SEM. Minimum 149

cells per conditions, p<0.001 among treatment, * p<0.05 compared to control group by one

way ANOVA)
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Figure 3.
Representative images of sarcomeric α-actin (red), PHH3 (Green), Hoechst (Blue) for

control P3 cardiac cell cultures and P3 cultures subjected to 40 mM potassium gluconate or

10 μM ouabain. Merged images for each of the three groups are shown on the right. The

white arrows denoted proliferating cells indicated by the PHH# positive nuclei. Scales bar

equal 100 μm in all images.

Lan et al. Page 18

Cell Mol Bioeng. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Total nuclear density for potassium gluconate and ouabain. CM density as measured by

sarcomeric α-actin positive cells for potassium gluconate (c) and ouabain (d). CM

percentage for potassium gluconate (e) or ouabain (f). Data from P3 cells is shown in the

darker color bars, while data from P7 cells is displayed in the lighter color bars. (*p<0.05

among treatment compare to control, ANOVA; #p<0.05 comparison between P3 and P7

cells at the same treatment).
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Figure 5.
Growth curve for four days culture. CM percentage for optimal conditions in potassium

gluconate and ouabain (a). CM nuclei counts for optimal conditions in potassium gluconate

and ouabain (b). (*p<0.05 among treatment compare to control, ANOVA; #p<0.05

compared to day 1)
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Figure 6.
a) Representative images of Hoechst nuclei stain of P3 CFs in control conditions (top) as

well as after treatment with 40 mM potassium gluconate (middle) and 10 μM ouabain

(bottom). Nuclei count of CF at varying concentrations of b) potassium gluconate and c)

ouabain. (*p<0.05 as compared to control group, ANOVA).
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Figure 7.
Cell cycle analysis in P3 populations carried out by flow cytometry on cells labeled with

propidium iodide. (a) Non-G1/G0 cells percentage in each group. (*p<0.05 compared to

control group, n=4, 10000 counts per sample, ANOVA). FL-2A channel histogram for (b)

control group, (c) 40mM potassium gluconate, (d) 10μM ouabain.
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Figure 8.
a) Representative Western blots of Akt1, pan Akt, pERK1/2, ERK1/2, pMEK, MEK, and

GAPDH of control cultures of P3 cardiac cells as well as those subjected to the two

depolarization treatments at the optimal concentrations. b) Quantification of Western blot

derived expression, normalized to control conditions. * denotes p<0.05 compared to control

condition.
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