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Abstract
In native conditions, cardiac cells must continuously comply with diverse stimuli necessitat-

ing a perpetual adaptation. Polydimethylsiloxane (PDMS) is commonly used in cell culture

to study cellular response to changes in the mechanical environment. The aim of this study

was to evaluate the impact of using PDMS substrates on the properties of spontaneous ac-

tivity of cardiomyocyte monolayer cultures. We compared PDMS to the gold standard nor-

mally used in culture: a glass substrate. Although mean frequency of spontaneous activity

remained unaltered, incidence of reentrant activity was significantly higher in samples cul-

tured on glass compared to PDMS substrates. Higher spatial and temporal instability of the

spontaneous rate activation was found when cardiomyocytes were cultured on PDMS, and

correlated with decreased connexin-43 and increased CaV3.1 and HCN2 mRNA levels.

Compared to cultures on glass, cultures on PDMS were associated with the strongest re-

sponse to isoproterenol and acetylcholine. These results reveal the importance of carefully

selecting the culture substrate for studies involving mechanical stimulation, especially for

tissue engineering or pharmacological high-throughput screening of cardiac tissue analog.

Introduction
Cardiomyocytes are central to the electromechanical properties of the heart. Cardiac tissue can
exhibit sensitivity to arrhythmias, which are complex spatiotemporal electrical activities. Dy-
namic electrical behaviors of cardiac tissue include normal propagation from pacemaker sites
[1, 2], stable rotating spiral waves [3], unstable spiral waves that break up during propagation
[4], and bursts of activity often associated with the initiation and termination of spiral waves
[5]. In situ, cardiomyocytes are electrically excitable; some exhibit spontaneous activity
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associated with low contractility while most working cardiomyocytes show no spontaneous ac-
tivity [6]. An increase in membrane potential (diastolic depolarization) above threshold initi-
ates an action potential through the sequential opening and closing of membrane ionic
channels, generating membrane currents that trigger contraction of the cell [7].

Sympathetic and parasympathetic stimulation are among the main mechanisms through
which the autonomic nervous system controls heart rate; for example, β-adrenergic stimulation
positively shifts voltage dependence of the hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels that results in an increased current density [8] and faster
diastolic depolarization.

Spontaneous activity can be physiologically necessary (sinoatrial node as the primary pace-
maker site, atrioventricular node, and Purkinje fibers) [6] or detrimental (ectopic activity lead-
ing to arrhythmia genesis) [9]. Spontaneous activity, designated the “membrane” or “voltage”
clock, is the result of a delicate balance between inward and outward currents resulting from
the activity of several voltage-dependent ion channels [6]. HCN forming the funny current (If),
L-type Ca2+ channels, T-type Ca2+ channels, and delayed rectifier K+ channels are among the
ion channels expressed at the cardiomyocyte plasma membrane that contribute most to the
membrane clock [10]. If is believed to be a key player in pacemaker driving capabilities [11]. In
the intracellular space, Ca2+ cycling contributes to activation through Ca2+ release and reup-
take from the sarcoplasmic reticulum and membrane flux via the Na+/Ca2+ exchanger, and has
been designated the “calcium” clock [12].

Excitation—contraction coupling links the electrical excitation of cardiomyocytes to cellular
contraction [13]. There is also a feedback mechanism, termed mechano-electrical feedback
(MEF), which connects mechanical constraints to cardiac electrical activity [14]. MEF has been
shown to modulate the rate of spontaneous activity of the sinoatrial node [15] and the conduc-
tion of electrical impulses [16], thus promoting complex spatial activity. In vivo, the microenvi-
ronment surrounding cells is composed of a mixture of heterogeneous physical, chemical, and
mechanical properties. Modification of these parameters impacts cell fate by controlling multi-
ple aspects of their behavior, including growth, proliferation, differentiation, migration, and
gene expression [17–19], as well as regulating functional properties of cardiomyocytes [20–22],
such as contractility. Cardiomyocyte spontaneous activity is dependent on the expression of
ion channels that can be modified under many conditions, such as altering the mechanical
properties of the cell microenvironment [22–24], electrical stimuli [25], and mechanical stimuli
[26]. Integration of these properties in a culture environment may lead to the ability to control
the spontaneous rate of bioengineered cells.

Cell culture of cardiac tissue analog is becoming increasingly interesting for regenerative
medicine (conditioning of pre-injected stem cell—derived cardiomyocytes [20, 27] and tissue
engineering [28–32]) and high throughput for cardiotoxicity evaluation [33, 34]. In vitro,
rhythmic contraction can be sustained for days when cardiomyocytes are grown on hard, li-
gand-coated culture materials (e.g. glass and polystyrene); however, cells ultimately lose their
rhythmic contractions and myofibrils [35]. Cardiomyocytes are known to have stretch and
stress sensors responsive to changes in myocardial mechanical conditions occurring in pathol-
ogy or aging [21]. Currently, most mechanical stimulation experiments use the deformation of
an elastic substrate (e.g. Flexcell) [36–40]. Adequate understanding of the impact of the elastic
substrate on which cells are to be cultured for mechanical stimulation is an important step to-
wards optimizing culture conditions. Many studies have shown an important effect of substrate
stiffness on cell function, notably that a substrate with tissue-like stiffness is most appropriate
to optimize cardiomyocyte contraction force [41]. It has also been proposed that stiffness influ-
ences the rate of spontaneous activity of stem cell—derived cardiomyocytes [42]. Interestingly,
myocardial conduction is significantly optimized when the stiffness of the cell culture
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environment matches that of cardiac cells [43]. Different elastic substrates have been used to
study the effect of mechanical properties (microenvironment or deformation) on cells; these
materials include polydimethylsiloxane (PDMS), polyacrylamide, alginate, chitosan, agarose,
and polyesters [44]. Silicone-based materials offer better tolerance to mechanical deformation
compared to hydrogels like polyacrylamide that are weak and brittle; indeed, polyacrylamide is
not a suitable material for stretch-related studies [45]. PDMS is hydrophobic and does not
allow direct cell attachment and proliferation [46]. This issue can be resolved by coating PDMS
with proteins that attach to hydrophobic surfaces, such as gelatin or fibronectin [46]. In addi-
tion to surface coating, PDMS can be temporarily rendered hydrophilic by exposing the surface
to air plasma [46].

In the present study, we chose to investigate the impact of substrate type (glass vs PDMS)
on the frequency, stability, and organization of spontaneous activity, as well as the impact of
sympathetic and parasympathetic stimulation, on neonatal rat cardiomyocyte monolayers. We
also evaluated the level of different genes implicated in the generation of action potentials and
electrical conduction mechanisms. As such, the expression of HCN2 and CaV3.1 mRNA in-
creased on the softer substrate. When focusing on autonomous activity, we observed an in-
creased number of activation sites (meaning changes in the location of activation) on PDMS
compared to the glass substrate. This was related to an increased instability of spontaneous ac-
tivity and a tendency towards a decreased expression of connexin-43 (Cx43) on the PDMS sub-
strate. Finally, cardiomyocytes cultured on PDMS 1:20 exhibited the greatest increase in the
frequency of contraction after stimulation with ISO and the greatest decrease with ACh com-
pared to cultures on glass. This study highlights the importance of carefully evaluating the
choice of elastic substrate for mechanical stimulation. Silicone-based PDMS can favor unstable
spontaneous rhythms and responses to pharmacological stimuli by altering intercellular con-
nectivity and ion channels influencing the voltage clock of cardiomyocytes.

Materials and Methods
All animal-handling procedures were concordant with the Canadian Council on Animal Care
guidelines and approved by the institutional Animal Research Ethics Committee (Permit Num-
ber: 2011-35-01P). Efforts were made to minimize suffering.

PDMS substrate fabrication
Polydimethylsiloxane (PDMS, SYLGARD 184, Dow Corning) is a binary compound chosen be-
cause of its elasticity and optical transparency. Mass ratio of pre-polymer (base) and cross-
linker (curing agent) can be varied to get a softer to harder material after 48 hours of curing at
room temperature [47–49]. De-foaming is performed to remove air bubbles and spin coating
(2100 rpm) for 10 seconds is applied to get a thin and uniform surface. The calculated thickness
of the PDMS layer is approximately 200 μm. After full curing of the PDMS, but just before
coating and seeding of the cells, the dishes were plasma-cleaned (Harrick Plasma, PDC-32G) to
increase the wettability of the surface [50]. Different substrates were used: glass, PDMS ratio
(curing agent:base) of 1:20, and PDMS ratio of 1:40. These PDMS ratios were chosen because
they are close to the 1:10 ratio suggested by the manufacturer while having Young’s moduli
close to the physiological value.

Cell isolation and culture
Isolation was performed according to the protocol of the neonatal cardiomyocyte isolation kit
(Worthington, Lakewood, NJ, USA). Briefly, rats aged 1‒3 days old (Sprague-Dawley, Charles
River Laboratories, Saint-Constant, QC, Canada) were sacrificed by decapitation. Hearts were
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rapidly excised and immediately placed in cold Ca2+- and Mg2+-free Hank’s Balanced Salt So-
lution. Ventricular muscle was harvested and then minced on ice into 1‒3 mm3 pieces. Purified
enzymatic digestion (50 μg/mL trypsin and 136 μg/mL collagenase) was then used to gently
dissociate cardiomyocytes. Isolated cells (enriched cardiomyocytes) were counted and seeded
at a density of 106 cells/mL in 20-mm diameter glass-bottom culture dishes (D29-20-0-N, In
Vitro Scientific, Sunnyvale, CA, USA) pre-coated (on glass or on PDMS) with a mixture of 0.2%
porcine-derived gelatin (G1890, Sigma-Aldrich, Oakville, Ontario, Canada) and 0.00125% fi-
bronectin solution (F1141, Sigma-Aldrich) [51]. Cells were grown for 24 hours in DMEM (319-
050-CL,Wisent Inc., St-Bruno, Canada) with 5% fetal bovine serum (SH30396.03, Fisher Scien-
tific Co. Ltd, Ottawa, Ontario, Canada) and 1% penicillin/streptomycin (450-201-EL,Wisent
Inc.). Cardiomyocytes were then starved of fetal bovine serum for another 24 hours in DMEM
with 1% penicillin/streptomycin prior to experimentation.

The specific methodology for cell population evaluation based on gene expression can be
found in S1 Appendix.

Spontaneous contraction recordings
Phase contrast images of neonatal cardiomyocytes were acquired 48 hours post seeding in vitro
with a Dalsa HM640 camera (60 frames by second) coupled to an inverted Nikon optical mi-
croscope (10X magnification and a field of view of 0.34 mm × 0.45 mm). Spontaneous activity
measurements were performed with an algorithm developed in Matlab. Video analysis was car-
ried out as follows: a frame of reference corresponding to the pre-contraction state of the cells
(Mrest) is determined and the corresponding 2D image is then subtracted to all acquired frames
(Mdiff(x,y,t) = M(x,y,t)—Mrest). The sum of the absolute difference Mdiff(x,y,t) over all pixels (x,
y) divided by the number of pixels serves as an aggregate temporal signal. A moving window of
5 samples is then applied to smooth the signal followed by baseline drift removal (subtraction
of 40 samples moving window filtered signal). Spontaneous frequency, standard deviation of
period (σnoise), and pauses (corresponding to time interval greater than 3 seconds) were calcu-
lated from the video data. Videomicroscopy (30 seconds recordings) was performed at 37°C
over a 20 minutes period at the following time points: 0 (pre-drug), 1, 5, 10, 15, and 20 minute
(s) for each condition (glass, PDMS 1:20, and PDMS 1:40).

Mapping of calcium dynamics
After 48 hours of culture, the cardiomyocytes were washed once with fresh media and incubat-
ed with 10 μM of fluo-4 AM (F-14201, Life technologies, Burlington, Ontario, Canada) and
0.2% Pluronic acid F-127 (P-3000MP, Life Technologies) for 30 minutes at 37°C. Fluo-4—
loaded cardiomyocytes were then washed 4 times with fresh media, followed by a 15 minutes
resting period to allow de-esterification of the dye before starting calcium transient mapping
experiments performed in DMEM at 37°C. Fluorescence was recorded for 30 seconds at
125 Hz with a CardioCCD camera (RedShirt Imaging, Decatur, GA, USA). The dye was excited
with a quartz tungsten halogen lamp (Oriel Instruments Inc., Stratford, CT). The filters used for
excitation and emission were λexcitation � 480±20 nm (Chroma Technology Corp, Bellows Falls,
VT) and λemission � 535±25 nm (Semrock Inc., Rochester, NY), respectively. The system was set
to image with an acquisition frame rate of 125 Hz for all experiments. Signals were filtered and
analyzed using a program developed in-house using Matlab software (R2008,MathWorks Inc.,
Natick,MA). In brief, raw acquisitions were normalized by the minimum fluorescence for each
pixel and the dF/dt (the first time derivative of fluorescence) was approximated using a finite
difference approach. The resulting signals were then spatially filtered using a Gaussian kernel
(5×5 pixels with σ = 1.5) followed by a temporal moving average with a two-sample window.
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Quantitative Polymerase Chain Reaction (qPCR)
Briefly, cultured neonatal cardiomyocytes were harvested in RA1 lysis buffer from Nucleospin
RNA II kit (Macherey Nagel GmbH & Co. KG,Waltham,MA, USA). mRNA was isolated using
the same kit following the manufacturer’s instructions, including DNAse treatment to prevent
genomic contamination. mRNA was then reverse-transcribed with the High-capacity Reverse
Transcription kit (Applied Biosystems, Burlington, Ontario, Canada). qPCR was performed
with TaqMan probes from Applied Biosystems for housekeeping genes (hypoxanthine guanine
phosphoribosyl transferase (HPRT), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and Beta-2 microglobulin (β2M) and with primers designed for SYBR Green experiments to
assess the expression of Kir2.1, CaV3.1, CaV3.2, HCN2, HCN4, Cx43, Kir3.1, Kir3.4, and
Adrβ1 (S1 Table for sequences). The geometric mean of the expressions of HPRT, β2M and
GAPDH was used for normalization. qPCR reactions were performed with TaqMan Gene Ex-
pression Master Mix and Power SYBR Green kits from Applied Biosystems. Reactions were
run on an Mx3000 qPCR System from Stratagene. Relative gene expression values were calcu-
lated by the 2-ΔCt method.

Sympathetic and parasympathetic stimulation
Acute effects of the sympathetic agonist, isoproterenol (ISO, I6504, Sigma-Aldrich) and the
parasympathetic agonist, acetylcholine (ACh, A2661, Sigma-Aldrich) were studied by videomi-
croscopy and calcium imaging at 48 hours post-culture. Final concentrations of 100 nM ISO
and 1 μMACh were added to the culture media to stimulate sympathetic and parasympathetic
pathways, respectively. Drug effects were evaluated by videomicroscopy. In a second set of ex-
periments, changes in spatiotemporal activity by ISO and ACh were studied using calcium im-
aging with fluo-4.

Cell proliferation assay
Cultured neonatal rat cardiomyocytes were washed with media (DMEM,Wisent) and then
fixed with 2% paraformaldehyde for 15 minutes. Cells were permeabilized in 1% bovine serum
albumin solution (Millipore, Etobicoke, Ontario, Canada) with 1% triton X-100 (TRX506, Bio-
shop, Burlington, Ontario, Canada). Cardiomyocytes were then stained with 4',6-diamidino-
2-phenylindole (DAPI, D1306, Life Technologies) (1:1000) and finally the seeding area was cut
from the membrane and transposed in 20 mm diameter glass-bottom culture dishes (D29-20-
0-N, In Vitro Scientific) with Mowiol mounting medium (Mowiol 4–88, 81381, Sigma-Aldrich).
Imaging was performed with a Zeiss LSM710 inverted confocal microscope.

Statistical analysis
Data were analyzed using Prism 5 by GraphPad. One-way analysis of variance (anova) fol-
lowed by Tukey multiple comparison test was used to compare groups unless otherwise stated.
A p-value below 0.05 was considered statistically significant.

Results

Stiffness of the PDMS substrate
Stiffness measured as a function of the ratio of pre-polymer (base) and cross-linker (curing
agent) is presented in supplementary data (S1 Fig). Stiffness is expressed as the modulus of
elasticity measured by Young’s modulus formula (S2 Appendix). PDMS mixed in ratios of cur-
ing to base agent (curing:base) produced substrates with mean moduli of 974±32 kPa (1:5), 293
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±8 kPa (1:10), 112±6 kPa (1:15), 87±22 kPa (1:20), 42±6 kPa (1:25), 27±4 kPa (1:30) and 16±4
kPa (1:40). In comparison, stiffness of the glass surface has been shown to be ~30 GPa [22].

Spontaneous activity in monolayer cultures
The effect of substrate stiffness on spontaneous activity was first evaluated by videomicroscopy.
Softer substrate tends to diminish the autonomous contraction frequency of cultured cardio-
myocytes as spontaneous frequency was decreased by 24.4% (PDMS 1:20) and 30.8% (PDMS
1:40) compared to glass (S2A Fig). Interestingly, the variability in the frequency within groups
is much greater in the glass group compared to PDMS groups with a subset of
higher frequencies.

A mapping study of calcium activity was performed to determine if spatiotemporal activity
could explain the presence of high-frequency activity. Although most of the activity was ectopic
in nature with spatially restricted origin sites, spontaneous reentry could also be detected in the
glass substrate group as illustrated with a typical example in Fig 1. The time course of normal-
ized calcium transients (Fig 1A) was obtained from the pixel marked by an “x” (in Fig 1B).
Snapshots of the dF/dt are depicted in Fig 1B over 1 rotation of reentry. The period of activity
in this example was highly stable at 255 ms. Propagation along the circular trajectory (which is
not always perpendicular to the activation front) depicted as a white circle (Fig 1B) shows peri-
odic activity (Fig 1C). However, it is clear that the local activation delay δ (δ = slope) is not con-
stant with large regions of rapid velocity along the trajectory from 3π/4 to 3π/2, while the
region close to 2π illustrates a slow conduction area. Local activation delay was not uniform
along the reentrant trajectory and changed from δ1 = 0.15 second/cm to δ2 = 0.4 second/cm, δ3
= 0.18 second/cm, and finally δ4 = 0.66 second/cm. The activation map (Fig 1D) was obtained
for the time interval between 0.1 and 0.35 second of reentrant activity. The maps shows a cen-
tral core of ~0.31 mm2 (indicated by the arrow) and highlights the slow region of the reentrant
pathway (time near 0.1 to 0.15 second).

The high frequency of reentrant activity found in mapping led us to go back to the videomi-
croscopy data. Further analysis of the videomicroscopy mean frequency recorded at different
time points (0, 1, 5, 10, 15, and 20 minutes) for a duration of 30 seconds shows a significantly
higher incidence of high-frequency reentrant activities for cardiomyocyte monolayers cultured
on glass compared to PDMS (5% for glass and 0% for both PDMS 1:20 and 1:40, p<0.05 with
Fisher’s exact test when comparing samples with at least 1 episode of frequency>3 Hz). High-
frequency samples were assumed to be associated with reentrant activity and appeared respon-
sible for the frequency of substrate-dependent activity. Indeed, removal of these reentrant-as-
sociated samples (defined as frequencies>3Hz) resulted in a loss of difference, as the mean
spontaneous activity was reduced by 1.5% and 9.8% for cardiomyocytes cultured on PDMS
(1:20 and 1:40, respectively) compared to glass (S2B Fig). Thus, higher mean frequency of
spontaneous activity of monolayers on glass detected by videomicroscopy could be explained
by a greater probability of spontaneous reentry.

Stability of the spontaneous activity
Temporal variation of the interbeat interval is an important parameter of spontaneous activity,
reflecting the stability of cardiac homeorhesis. A strong oscillator, as desired in tissue engineer-
ing aimed at the development of biopacemakers [52] should show less variability in the inter-
beat interval, while a weak oscillator may be more sensitive to perturbation yielding more
variation in spontaneous activity. Thus, the standard variation in the interbeat interval (σperiod)
from a 30 seconds acquisition was used as a measure of temporal activity. Typical examples of
peak-detection and period signatures are presented in the left column of Fig 2A and the
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Fig 1. Spontaneous frequency on glass vs. PDMS substrates. Example of a spontaneous reentry as observed on glass substrate. A. Normalized calcium
transients over time obtained from the pixel marked by a white × in panel B. B. Snapshots of the dF/dt over 1 rotation of reentry with time stamps indicated at
the top left of each panel. The white circle in the top left snapshot at 200 ms illustrates a trajectory around the reentry core (scale bar is 3 mm) used for the
time/phase plot depicted in panel C. The period of activity in this example was highly stable around 255 ms. C. Propagation along the trajectory depicted as a
white circle in panel B shows periodic activity. However, it is clear that the activation delay δ (δ = slope) is not constant with large regions of rapid velocity
along the trajectory from 3π/4 to 3π/2, while the region close to 2π illustrates a slow conduction area. The local activation delay was not uniform along the
reentrant trajectory and changed from δ1 = 0.15 second/cm to δ2 = 0.4 second/cm, δ3 = 0.18 second/cm, and finally δ4 = 0.66 second/cm. D. Activation map
obtained for the time interval between 0.1 and 0.35 second of reentrant activity. The maps shows a central core of ~0.31 mm2 (indicated by the arrow) and
highlights the slow region of the pathway of reentry (time near 0.1 to 0.15 second on the top right of the map).

doi:10.1371/journal.pone.0127977.g001
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Fig 2. Temporal variation in the period of activity. A. Left panel shows a sample signal of spontaneous activity obtained by videomicroscopy and right
panel shows the calculated interbeat period. The standard deviation of the temporal distribution of activation period (σperiod) was calculated as an estimate of
temporal variability. B. Histogram of σperiod obtained for the glass, PDMS 1:20, and PDMS 1:40 groups. The median of the σperiod calculated for each group is:
0.19 second (glass), 0.29 second (PDMS 1:20), and 0.23 second (PDMS 1:40); n = 44, N = 11.

doi:10.1371/journal.pone.0127977.g002
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correlated interbeat intervals (time difference between peaks highlighted by circles in the col-
umn on the left) are displayed in the columns on the right. The rate of spontaneousactivation
appeared less stable with greater variance of the PDMS groups compared to glass (Fig 2B,
Ansari-Bradley test, p<0.05). PDMS 1:20 had the highest variation (median σperiod = 0.29 sec-
ond), followed by PDMS 1:40 (median σperiod = 0.23 second), and glass (median σperiod = 0.19
second). Evaluation of the number of pauses (absence of spontaneous contraction for longer
than 3 seconds) shows that pauses are significantly more frequent in the PDMS 1:20 group
compared with the PDMS 1:40 group (presented in Fig 2C). The ratio of samples with at least 1
pause were calculated as 0.1, 0.24, and 0.05 for glass, PDMS 1:20, and PDMS 1:40, respectively.
There was a significant difference between the two PDMS groups.

Number of activation sites
Mapping data (30 seconds acquisitions) revealed that the number of activation sites (indicative
of spontaneous activity) of the entire seeding area of the petri dishes (20 mm) was generally
lower for cardiomyocyte monolayers cultured on glass compared to PDMS. As shown in Fig
3A, there is a 115% increase in the number of activation sites on PDMS (2.8±0.4 sites with
PDMS 1:20 and 2.8±0.5 sites with PDMS 1:40) compared to glass (1.3±0.3 sites).

Examples of activity obtained from a cardiomyocyte population cultured on different sub-
strates are presented in Fig 3B–3D. Panel i shows a temporal trace of the activity recorded with
fluo-4, while panel ii illustrates the activation map of the first beat of each different site of acti-
vation found in these examples. Mean interbeat interval of monolayers (Fig 3B) cultured on
glass was 0.64±0.02 second. In the examples shown, only 1 site of activation was found (middle
left side of the monolayer). For PDMS 1:20, the mean interbeat interval for the example pre-
sented in Fig 3C was 3.55±1.44 seconds. Within a 30 s recording period, a total of 3 different
activation sites were found. On PDMS 1:40 (Fig 3D), the mean interbeat interval was 0.70±0.18
second and activation occurred over 3 sites. Heterogeneity in the spontaneous pacemaking ac-
tivity of isolated neonatal rat cardiomyocytes is well established [53]. Intercellular communica-
tion might therefore affect automaticity of a monolayer consisting of beating and non-beating
cells [54, 55]. Intercellular communication was then probed through the expression of Cx43,
the main protein involved in cardiac electrical coupling. Surprisingly, a lower mRNA expres-
sion of Cx43 (p = 0.12) was noted in monolayers cultured on PDMS (1:20 or 1:40) compared
with glass (Fig 4A). Decreased cellular coupling could therefore increase the propensity for the
multifocal activation observed on PDMS.

Effect of voltage clock—associated mRNA expression on spontaneous
activity
The voltage clock, an essential component of cardiomyocyte excitability and spontaneous ac-
tivity might also be altered by the culture substrate. Changes in voltage clock—associated gene
(Kir2.1, CaV3.1, CaV3.2, HCN2, and HCN4) expression were then sought at the mRNA level
by qPCR. Inward-rectifier K+ ion channels (Kir2.1) are key stabilizers of cardiac excitability
and as expected, mRNA levels for Kir2.1 (Fig 4B) appear to be lower on PDMS (PDMS 1:20,
0.28±0.02; PDMS 1:40, 0.30±0.02) than on glass (0.39±0.08). mRNA expression was 28% and
23% lower in PDMS 1:20 and PDMS 1:40, respectively, compared to glass. T-type calcium
channels (CaV3.1 and CaV3.2) are native low voltage—activated calcium channels involved in
cardiac pacemaker activity [56]. CaV3.1 (Fig 4C) is significantly increased by 24% on PDMS
1:40 (2.27±0.08) compared to glass (1.83±0.16), while a non-significant increase of 9% was de-
tected for PDMS 1:20 (1.99±0.11). In contrast, CaV3.2 (S4A Fig) decreased by 10% on PDMS
1:40 (0.21±0.02) and by 25% on PDMS 1:20 (0.17±0.01) compared to glass (0.23±0.02). HCNs
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form the pacemaker current (If), known to promote spontaneous activity through its hyperpo-
larization-dependent activation [8]. HCN2 (Fig 4D) has an increased expression on PDMS
(PDMS 1:40, 0.15±0.01) compared to glass (0.11±0.02; p<0.05), while there was no significant
difference in mRNA expression of HCN4 (S4B Fig) (glass, 0.50±0.08; PDMS 1:20, 0.49±0.09;
and PDMS 1:40, 0.54±0.08).

Parasympathetic and sympathetic modulation of spontaneous activity
Relative spontaneous frequency was obtained by videomicroscopy and calculated by taking
spontaneous frequency of contraction recorded at t = 1, 5, 10, 15, and 20 minute(s), and by di-
viding that value by the spontaneous frequency prior to the addition of the drug (pre-drug at

Fig 3. Increased number of initiation sites on PDMS substrate. A. The mean number of activation sites for cardiomyocyte monolayers cultivated on glass,
PDMS 1:20, and PDMS 1:40 were 1.3±0.3, 2.8±0.4, and 2.8±0.5 sites, respectively. The mean number of activation sites is significantly higher on PDMS
compared to glass (p<0.05). Examples of activation patterns on different substrates. i) A trace of calcium transients of the spontaneous activity is shown with
ii) activation maps of the first beat for each different activation site for glass (B), PDMS 1:20 (C), and PDMS 1:40 substrates (D). Sites are labeled with a
number on top of the calcium transient. The corresponding site number is indicated at the time it starts to drive the monolayer (calcium transients without
corresponding numbers originated from the same initiation site as the previous one). In these examples, 1 initiation site was observed on glass compared to 3
sites for both PDMS substrates.

doi:10.1371/journal.pone.0127977.g003
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Fig 4. Role of the proteins expression on spontaneous activity. A. Cx43 mRNA expression was 6.24±0.89, 4.55±0.27 and 5.70±0.12. According to our
results, Cx43 mRNA expression has a tendency to be lower on PDMS substrates compared to glass, however, significant differences was detected between
PDMS 1:20 and PDMS 1:40. B-D. mRNA expression of targeted proteins playing a role on automaticity through the voltage clock could explain the small
changes observed in rhythm. Kir2.1 (B) mRNA expression tends to be lowered when cardiomyocytes are cultivated on PDMS compared to glass. There is a
tendency towards increased expression of CaV3.1 (C) and HCN2 (D) on PDMS compared to glass (p<0.05, between glass and PDMS 1:40).

doi:10.1371/journal.pone.0127977.g004
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t = 0). Appropriate controls (without drugs) showed lack of time-dependent effects as illustrat-
ed in S4C Fig

Fig 5A shows the time-dependent effect of sympathetic stimulation by exposure to 100 nM
of ISO. The frequency of contractions at t = 1 minute after the addition of ISO increased by
61.9% (glass), 64.2% (PDMS 1:20), and 55.9% (PDMS 1:40). Interestingly, β-adrenergic stimu-
lation appears to be transient in cardiomyocytes cultured on glass as there was a small increase
of 1.3% at t = 20 minutes. However, ISO effects were significantly maintained over the same pe-
riod in monolayers cultured on PDMS (84.0% with PDMS 1:20 and 53.6% with PDMS 1:40 vs.
glass, p<0.05).

Fig 5B shows the effect of parasympathetic stimulation with 1 μM of ACh that resulted in
slower spontaneous activity. Over a 20 minutes period of acquisition after adding ACh, the
greatest observed slowing of spontaneous activity was 49%, 61%, and 57% for glass, PDMS
1:20, and PDMS 1:40, respectively. The rate of contractions at t = 1 minute after the addition of
ACh was decreased by 43.5% (glass), 49.2% (PDMS 1:20), and 37.0% (PDMS 1:40). Conse-
quently, no significant differences were observed at t = 1 minute between the groups (p = 0.7).
The frequency of contractions at t = 20 minutes after the addition of ACh was not different be-
tween the groups (p = 0.33), as it was decreased by 47.6% (glass), 55.3% (PDMS 1:20), and
30.6% (PDMS 1:40).

The number of pauses (duration longer than 3 seconds) for the set of samples was estimated
pre-drug and at t = 1 minute post-drug. The results of this analysis can be found in S7A Fig
(pauses for ISO study) and S7B Fig (pauses for ACh study). For ISO, the most interesting result
is the tendency towards the greatest decrease in the number of pauses in the PDMS 1:20 group
(comparison between pre and post-ISO). This result is in accordance with decreased σperiod
presented in Fig 5C. As for the effects of ACh, all substrates show an increased number of
pauses, although only the PDMS 1:40 group shows a significant augmentation (post-ACh vs.
pre-ACh comparison).

Parasympathetic and sympathetic stimulation: effect on instability of
spontaneous activity
This section focuses on the impact of parasympathetic or sympathetic stimulation on the insta-
bility of spontaneous activity. Mean σperiod values for the control group on glass were 0.19±0.04
second (pre-ISO), 0.15±0.03 second (t = 1 minute), 0.26±0.06 second (t = 5), 0.15±0.03 second
(t = 10), 0.23±0.07 second (t = 15), and 0.21±0.06 second (t = 20). Mean σperiod values for the
control group on PDMS 1:20 were 0.39±0.07 second (pre-ISO), 0.21±0.05 second (t = 1), 0.19
±0.04 second (t = 5), 0.15± 0.03 second (t = 10), 0.11±0.02 second (t = 15), and 0.15±0.03 sec-
ond (t = 20). For cultures on PDMS 1:20, σperiod was decreased significantly up to 20 minutes
after the addition of ISO (p<0.05, Mann-Whitney comparison test). There was a tendency for
mean σperiod values in the PDMS 1:40 control group to decrease; values were 0.25±0.05 second
(pre-ISO), 0.19±0.04 second (t = 1), 0.22±0.05 second (t = 5), 0.19±0.04 second (t = 10), 0.12
±0.03 second (t = 15), and 0.13±0.03 second (t = 20). No significant change in σperiod was
found over time in cardiomyocytes cultured on glass after the addition of ISO over 20 minutes
(Fig 5C).

Statistical differences for σperiod in the presence of ISO were achieved on PDMS 1:20 after 10
minutes of ISO addition, indicating a stronger effect on this substrate that also had the highest
median of σperiod (as shown previously in Fig 2A).

Fig 5D illustrates the increase in σperiod in cardiomyocyte monolayers after the addition of
ACh. Mean σperiod values for the ACh group on glass were 0.15±0.04 second (pre-ACh), 0.93
±0.29 second (t = 1 minute), 1.09±0.50 second (t = 5), 1.11±0.49 second (t = 10), 1.00±0.42
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second (t = 15), and 0.62±0.36 second (t = 20). A significant increase in σperiod between pre-
ACh and post-ACh was observed at t = 1 minute (p<0.05, Mann-Whitney comparison test),
while no significant change was observed for the remaining measures (t = 5, 10, 15, and 20
minutes) on glass cultured monolayers. For the ACh group on PDMS 1:20, mean σperiod values

Fig 5. Effects of parasympathetic and sympathetic stimulation on the rate of spontaneous activity. Relative spontaneous frequency was obtained by
videomicroscopy and calculated by taking spontaneous frequency recorded at t = 1, 5, 10, 15, and 20 minute(s) and by dividing that value by the
spontaneous frequency prior to the addition of the drug (pre-drug at t = 0). A. Sympathetic stimulation by addition of 100 nM of ISO. The rates of contraction at
t = 1 minute after the addition of ISO were 1.62±0.28 Hz (glass), 1.64±0.12 Hz (PDMS 1:20), and 1.56±0.13 Hz (PDMS 1:40); consequently, no significant
differences were observed at t = 1 minute between the groups (p = 0.53). However, the rates of contraction at t = 20 minutes after the addition of ISO were
1.14±0.15 Hz (glass), 1.84±0.15 Hz (PDMS 1:20), and 1.54±0.11 Hz (PDMS 1:40). Statistical analysis showed significant differences at t = 20 minutes
between the groups (p<0.01). B. Effects of parasympathetic stimulation by addition of 1 μM of ACh. The rates of contraction at t = 1 minute after the addition
of ACh were 0.56±0.07 Hz (glass), 0.51±0.10 Hz (PDMS 1:20), and 0.63±0.12 Hz (PDMS 1:40); consequently, no significant differences were observed at
t = 1 minute between the groups (p = 0.700). The rates of contraction at t = 20 minutes after the addition of ACh were 0.52±0.12 Hz (glass), 0.45±0.11 Hz
(PDMS 1:20), and 0.69±0.10 Hz (PDMS 1:40); no significant differences were observed at t = 20 minutes between the groups (p = 0.33). C. No changes in
σperiod were observed with time for cardiomyocytes cultivated on glass after the addition of ISO. The σperiod for cardiomyocytes cultivated on PDMS 1:20 was
decreased significantly 10, 15, and 20 minutes after the addition of ISO (p<0.05, Mann-Whitney comparison test). There was a tendency towards a
decreased σperiod for cardiomyocytes cultivated on PDMS 1:40 in the presence of ISO. D. A significant increase in σperiod at t = 1 minute (p<0.05, Mann-
Whitney comparison test) was observed for cardiomyocytes cultivated on glass after the addition of ACh. No significant change was observed for the
remaining measurements (t = 5, 10, 15, and 20 minutes). The σperiod for cardiomyocytes cultivated on PDMS 1:20 only increased significantly at t = 10 and 15
minutes after the addition of ISO (p<0.05, Mann-Whitney comparison test). A significant increase in σperiod was observed for PDMS 1:40 at t = 1, 5, 10, 15,
and 20 minutes (p<0.05, Mann-Whitney comparison test).

doi:10.1371/journal.pone.0127977.g005
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were 0.35±0.08 second (pre-ACh), 0.36±0.10 second (t = 1 minute), 1.30±0.44 seconds (t = 5),
1.25±0.38 seconds (t = 10), 1.91±0.63 seconds (t = 15), and 0.77±0.29 second (t = 20). For car-
diomyocytes cultured on PDMS 1:20, σperiod was increased significantly pre-ACh vs. post-ACh
at t = 5 and 10 minutes after the addition of ACh (p<0.05, Mann-Whitney comparison test).
For the ACh group on PDMS 1:40, mean σperiod values were 0.27±0.06 second (pre-ACh), 1.07
±0.30 seconds (t = 1 minute), 1.45±0.37 seconds (t = 5), 1.83±0.46 seconds (t = 10), 1.71±0.43
seconds (t = 15), and 1.68±0.42 seconds (t = 20). According to these results, a significant in-
crease in σperiod between pre-ACh and post-ACh was observed for PDMS 1:40 at t = 1, 5, 10, 15
(p<0.05, Mann-Whitney comparison test), and 20 minutes (p<0.01, Mann-Whitney compari-
son test).

Interestingly, increased σperiod could be observed at t = 1 minute after the addition of ACh
for glass and PDMS 1:40 substrates, while the effect on PDMS 1:20 appeared later at t = 5 min-
utes. Overall, this indicates that the substrate influenced drug action on spontaneous activity.
In this example, the destabilization effect of ACh seems to be decreased when cardiomyocytes
are cultured on PDMS 1:20.

Parasympathetic and sympathetic stimulation: effect on 1st activation
site
As the number of activation sites is significantly higher on PDMS substrates compared to glass
substrate, we checked whether the significant decrease in σperiod following ISO injection is asso-
ciated with a diminution in the number of activation sites.

Mapping experiments in presence of ISO show a decrease in the number of activation sites
on glass (2 sites pre-ISO compared to 1 site after ISO; S5A and S5B Fig) and PDMS 1:20 (4
sites pre-ISO compared to 2 sites post-ISO; Fig 6A and 6B). However, no change was observed
for PDMS 1:40 (3 sites pre-ISO and post-ISO; S5C and S5D Fig). Once more, ISO has greatest
effect on PDMS 1:20, which is in agreement with the data showing the effect of ISO
on frequency.

Pharmacological parasympathetic stimulation by ACh increased the number of activation
sites on glass (2 sites pre-ACh compared to 3 sites post-ACh; S6A and S6B Fig). No change was
observed on PDMS 1:20 (2 sites were observed both pre-ACh in S6C Fig and post-ACh in S6D
Fig). Mapping cultures on PDMS 1:40 revealed an increase in the number of activation sites (3
sites pre-ACh compared to 2 sites post-ACh, S6E and S6F Fig). Overall, parasympathetic stim-
ulation with ACh did not exert a clear effect on the number of activation site.

mRNA levels related to the effects of parasympathetic and sympathetic
stimulation
There were no significant differences in the mRNA expression of proteins related to parasym-
pathetic (IKACh, Kir 3.1, and Kir3.4; S4D and S4E Fig) or to sympathetic (β1 adrenergic recep-
tors; S4F Fig) stimulation between substrates.

Stability of cell populations between substrates in culture
Myofibroblasts can be found in cardiomyocyte cultures. These cells can be electrically coupled
to cardiomyocytes in culture and possibly in tissue thus affecting depolarization, ectopic activi-
ty, electrical conduction, and reentry sensitivity [57–60]. As such, evaluation of possible
changes in myofibroblast population between the groups under study has been done. Expres-
sion of alpha-actinin gene in primary cultures was evaluated with qPCR (S8 Fig). A similar
level of alpha-actinin gene expression was found between the glass and PDMS groups. There is
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Fig 6. ISO decreases σperiod for cardiomyocytes cultivated on PDMS 1:20 and tends to stabilize the rate of contraction. Examples of cardiomyocyte
activity stabilization by the addition of isoproterenol. i) A trace of the contractile activity is shown with ii) activation maps of the first beat for each different
activation site. A. Conditions before the addition of isoproterenol (Pre-ISO) on PDMS 1:20.B. One minute after adding ISO (100 nM) on PDMS 1:20
substrates. Pharmacological sympathetic stimulation appears to decrease the number of activation sites (from 4 sites pre-ISO to 2 sites after ISO).

doi:10.1371/journal.pone.0127977.g006
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no indication of a difference in the number of cardiomyocytes within monolayers between the
groups investigated. Results obtained for alpha smooth muscle actin (alpha-SMA), a marker of
myofibroblast, are presented in S9 Fig No significant differences in gene expression of alpha-
SMA was found between the groups of interest (glass, PDMS 1:20, PDMS 1:40). These results
indicate that no important difference in the cell population could behind the difference in dy-
namics between glass and PDMS substrates.

Discussion
To study stretch-related effects including simulating pathological conditions like hypertrophy,
pressure-overload [61], or atrial cardiomyocyte remodeling [62], a flexible cell culture substrate
like StageFlexer Membrane with Flexcell systems (Flexcell International Corporation, Hillsbor-
ough, NC, USA) or similar silicone-based membrane (e.g. non-reinforced vulcanized silicone
membrane) is generally used [63–65]. We hypothesized that culturing on such elastomeric sub-
strates affects the spontaneous activity of cultured neonatal rat ventricular cardiomyocyte
(NRVM) monolayers, based on published studies illustrating the effect of the substrate proper-
ties on cardiomyocyte shape [41, 66, 67], calcium transient morphology [21], and spontaneous
frequency of contraction (using other types of substrates) [35, 68]. To the best of our knowl-
edge, this is the first investigation aimed at elucidating the impact of silicone-based substrate
properties on the spontaneous activity of NRVM. PDMS has numerous advantages as a materi-
al for cell study, including optical clarity, biocompatibility, high tolerance to stretch compared
to hydrogels, and possibility to modulate its stiffness to reach physiologically relevant ranges
[69]. Control of the final geometry is also possible using a simple molding technique for curing
the PDMS. This technical aspect is highly important in tissue engineering to control the seed-
ing area and/or apply patterning to the seeding surface to induce orientation of the cells [3].
Culture of cardiomyocytes on a stiff substrate has been shown to impact their function both for
force generation [19, 21, 23] and spontaneous activation [35, 68].

Single [70, 71] and multiarmed reentry [72] can be created by point electrical stimulation or
spontaneously arise [73] in cardiac monolayers. In the present study, an increased number of
spontaneous reentrant events were observed when cardiomyocytes were cultured on a glass
substrate compared to a PDMS substrate. This finding increased the intragroup variability. By
removing these reentrant events (Fig 1), we obtained a smaller intergroup variability of fre-
quencies. Stiffness differences between glass and PDMS substrates do not significantly affect
the spontaneous beating frequency (S2 Fig), but seem to affect the incidence of
reentrant activities.

Another factor that could impact spontaneous activity of monolayers is cell density [74].
Density influences cardiomyocyte function because cells react to the substrate and also to their
neighboring cells through mechanosensitivity [75]. In our study, we tried to limit the impact of
cell density by counting living cells before seeding and by plating the same quantity of cells on
each substrate. Thus, the significant increase in the number of nuclei found for PDMS 1:20 (S3
Fig) indicates a possibly greater proliferation on this substrate. In cases of initial low density at
seeding, increased cell proliferation could lead to stronger intercellular coupling and favor
faster spontaneous frequency [74]; however, we did not observe this effect.

Stability of the spontaneous activity
Our study illustrated an increased temporal variability in the interbeat period (σperiod) on
PDMS 1:20 (Fig 2). Lower expression of Cx43 tends to uncouple cardiac cells and could high-
light the intrinsic rhythm of each cell (pacemaker activity) [55]. Subsequently, the down reg-
ulation of Cx43 mRNA detected in our study could explain why we observed an increased
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number of activation sites on PDMS compared to the glass substrate (Fig 3). Reentry is more
likely to occur in excitable tissue that is partially uncoupled [1]. Probability of reentrant activ-
ity has been shown to be increased in low to mildly coupled monolayers [54,72]. Here, Cx43
mRNA has the tendency to be lower on PDMS 1:20 compared to glass while the incidence of
reentry is increased on glass compared to PDMS. This result indicates that other factors
could protect from spontaneous formation of reentry on PDMS. This might be explained by
a non-uniform distribution of Cx as highlighted by the change in local activation delay along
the trajectory (more importantly for the region close to 2π illustrated in Fig 1). A non-uni-
form distribution of Cx can facilitate reentry and non-uniform conduction properties [76].
However, curvature effects can also induce change in conduction velocity [77, 78]. The in-
crease in the number of activation sites on PDMS could possibly be linked to the increased
median σperiod calculated in PDMS compared to glass (52.6% for PDMS 1:20 and 21.1% for
PDMS 1:40). These different σperiod values are affected by the increased variation between
beats, but also by occasional pauses between bursts of faster beats in PDMS 1:20 recordings.
These results are in agreement with Ponard et al, who demonstrated that stochastic gating of
transmembrane currents and calcium release channels can affect ion channel turnover and
thereby induce variability in the spontaneous rate [79]. However, we detected a larger change
in spatial position of focal activation than Ponard et al., which we attribute to greater dis-
tances (~6 mm) between interacting pacemaker sites compared with smaller distances
(1 mm) reported by the authors [79].

Changes in the voltage clock—associated mRNA and effects on
spontaneous activity
The voltage clock encompasses membrane currents that play a role in the spontaneous activity
of cardiomyocytes, and more importantly, in sinus node cells [10]. Modifications in expression
or function of membrane currents could alter the rate of spontaneous activity. In our study, we
observed an increased expression of CaV3.1 (ICaT) and HCN2 (If) mRNA. Increased expression
of Ca2+-permeable (T- and L-type) channels and HCN channels including HCN2 [80] could
promote automaticity [8, 11, 81, 82]. Although not a significant finding, the tendency towards
decreased Kir2.1 expression (Fig 4) could also favor acceleration of spontaneous activity [83].
However, no significant difference in frequency was detected (S2 Fig). Instead, there was a sig-
nificant increase in the number of activation sites on PDMS (Fig 3). One possible explanation
is that the global change in mRNA expression could lead to protein changes that do not cause a
linear shift in the local intrinsic period of individual spontaneous cells. We perceive monolay-
ers to consist of quiescent and spontaneous cells (with a set of individual frequencies) [55].
Cells with higher frequency are thought to become the drivers of monolayers; however, locally
connected strong pacemakers could more easily overcome the source/sink ratio and drive
spontaneous activation. Therefore, a decrease in cellular coupling (through Cx43 mRNA) and
increase in local spontaneous activity (decreased Kir2.1 and increased HCN2) would favor re-
gionalized depolarization. As such, these results suggest that culture on a PDMS substrate may
favor the appearance of spontaneous activity in multiple cells and increase the number of re-
gions that can depolarize and generate a propagating response.

Response of different substrates to sympathetic and parasympathetic
stimulation
Vagal nerve stimulation slows heart rate, predominantly by the action of the vagal neurotrans-
mitter, acetylcholine, at muscarinic receptors. The binding leads to the dissociation of G pro-
teins and activation of the potassium current, IK,Ach [84]. In our study, ACh (1 μM)
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significantly decreased the rate of spontaneous activity of monolayers in all groups, with the
greatest decrease on PDMS 1:20 compared to the glass substrate (Fig 5B) and the greatest insta-
bility on PDMS (Fig 5D, higher number of time points with significant increase in σperiod com-
pared to pre-ACh data). Increased instability is a known hallmark of ACh-induced slowing
effects [85]. Interestingly, instability was more rapid on glass and PDMS 1:40, while its effect
was more gradual on PDMS 1:20. Increased σperiod was only visible after 5 minutes on PDMS
1:20. The mRNA levels for both Kir3.1 and Kir3.4 (S4D and S4F Fig), coding for ACh-activated
K+ channels, were not significantly different but showed a tendency towards a slight increase
on PDMS. At early developmental stages, IK,ACh is known to be primarily formed by Kir3.1,
while in late embryonic and adult cells, Kir3.4 is the predominant subunit [86]. Here, the
change in culture substrate did not induce variation in the ratio of Kir3.4/ Kir3.1, indicating
that there was no modification in the rectification properties of IK,ACh and therefore function
between substrates.

It has recently been shown that substrate stiffness can regulate cellular responses to β-adren-
ergic receptor agonist (ISO) in human mesenchymal stem cells [87]. It was unknown whether
ISO could exert different effects on cardiomyocytes cultured on PDMS. Interestingly, cardio-
myocytes cultured on PDMS (1:20) exhibited the greatest increase in frequency of spontaneous
activity by 100 nM ISO (relative to pre-drug at t = 0). More precisely, the effect lasted signifi-
cantly longer on PDMS 1:20 compared to culturing on glass. ISO significantly reduced σperiod
on the PDMS 1:20 substrate (Fig 5C), which confirms that instabilities are greater for slower
activity [85]. However, we found that decrease in instability is also associated with a diminu-
tion in the number of activation sites (Fig 6 and S5 Fig). This result is in agreement with a pre-
vious study that claims the positive inotropic effect of ISO is associated with a decrease in the
relative value of the potentiating effect of the pause (instability) [88].

We hypothesized that expression of beta-1 adrenergic receptor (AdrB1) could be altered by
the culture substrate; however, no significant change at the mRNA level was found. It remains
to be determined if post-transcriptional regulation process including a change in internaliza-
tion rate of the receptor [87] could be responsible for the differences. The increased duration of
the effect of ISO stimulation may be a consequence of the substrate on phosphodiesterase ac-
tion. cAMP plays a central role in regulating metabolic and cellular processes through protein
kinase A (PKA). Phosphodiesterases are directly involved in the degradation of cAMP control-
ling the duration and intensity of the response in cAMP signaling [89] and has an impact on si-
noatrial node activation frequency [90].

Conclusion
This study is part of the greater project aimed at the development of a system to evaluate the ef-
fects of stretch on cardiomyocytes. To apply deformation, a flexible substrate is needed. Due to
the brittle characteristics of currently available hydrogels, we opted for the use of a deformable
silicone-based substrate to approach in vivo tissue stiffness. According to our results, selecting
the appropriate material for the substrate is highly important since it will affect the in vitro
spontaneous activity via ionic channel expression modulation. Our study also presents evi-
dence that the substrate mechanical properties can influence the sensitivity to sympathetic
(ISO) and parasympathetic (ACh) stimulation, and act as a stabilizer for the propagation of ac-
tivation through changes in Cx43 mRNA. These results reveal the importance of carefully se-
lecting the culture substrate involving mechanical stimulation, especially for tissue engineering
investigations or pharmacological high-throughput screenings of cardiac tissue analog.
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Supporting Information
S1 Appendix. Additional methodology for myofibroblast population evaluation.
(DOCX)

S2 Appendix. Young’s modulus equation.
(DOCX)

S1 Fig. Stiffness of PDMS with different ratios of curing:base agents. To determine Young’s
modulus, the PDMS substrate was molded in a cylindrical mold with defined width and length.
Molds were cured at 37°C for 48 hours. Young’s modulus was calculated as the slope of the
stress/strain curve that was created using a set of weights ranging from 10 to 150 g (except for
PDMS 1:40 where the maximum weight was 30 g). Attempts were made to remain within the
limits of linear elasticity. PDMS was mixed in ratios of 1:5, 1:10, 1:15, 1:20, 1:25, 1:30, and 1:40
to produce substrates with mean moduli of 974±32 kPa, 293±8 kPa, 112±6 kPa, 87±22 kPa, 42
±6 kPa, 27±4 kPa, and 16±4 kPa, respectively. Inset: low modulus values for large-mixed ratios.
(TIF)

S2 Fig. Rate of spontaneous activity of cardiomyocytes after 48 hours culture.Mean sponta-
neous activity of cardiomyocytes after 48 hours culture was 1.34±0.25 Hz (glass), 1.0±0.08 Hz
(PDMS 1:20), and 0.93±0.08 Hz (PDMS 1:40); n = 11. The rate of spontaneous activity tends to
decrease when cardiomyocytes are cultivated on PDMS with a greater effect on softer sub-
strates (p = NS). The large error bar for the mean spontaneous frequency measured on glass
can be explained by a group of data with high-frequency rate that match the rate of reentry im-
aged in the calcium mapping experiments (A). After removing the data with frequency greater
than 3 Hz assumed to be reentrant activity, mean spontaneous activity measured by videomi-
croscopy on glass is 1.03±0.09 Hz (glass), 1.01±0.08 Hz (PDMS 1:20) and 0.93±0.08 Hz
(PDMS 1:40) (B).
(TIF)

S3 Fig. Number of nuclei. Confocal imaging of neonatal rat cardiomyocytes was performed to
determine the number of nuclei in monolayers cultured on different substrates. There was a
significant increase in the number of nuclei on the PDMS 1:20 substrate compared to glass and
PDMS 1:40 (p = 0.04).
(TIF)

S4 Fig. Role of the proteins expression on spontaneous activity. CaV3.2 mRNA expression
appears to be lowered when cardiomyocytes were cultivated on PDMS compared to glass
(p = NS) (A). No change in HCN4 mRNA expression was observed when cardiomyocytes were
cultivated on PDMS compared to glass (p = NS) (B). Control data (no drug) of spontaneous
rate of contraction showing no appreciable differences over time (C). No significant changes
were observed in mRNA expression of proteins related to parasympathetic (IK,ACh, Kir 3.4 (D),
and Kir3.1 (E)) or to sympathetic (β1 adrenergic receptors (F)) stimulation.
(TIF)

S5 Fig. Effect of ISO on the σperiod in monolayer of cardiomyocytes. Conditions before the
addition of isoproterenol (Pre-ISO) on glass (A). On glass substrates, pharmacological sympa-
thetic stimulation with ISO (100 nM) tends to decrease the number of activation sites after
1 minute (from 2 sites pre-ISO to 1 site after ISO) (B). Conditions before the addition of iso-
proterenol (Pre-ISO) on PDMS 1:40 (C). On PDMS 1:40 substrates, pharmacological sympa-
thetic stimulation with ISO (100 nM) did not change the number of activation sites after
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1 minute (3 sites for both pre-ISO and post-ISO) (D).
(TIF)

S6 Fig. Effect of ACh on σperiod in cardiomyocyte monolayers. Addition of acetylcholine
(ACh) to cardiomyocyte monolayers. i) A trace of contractile activity is shown with ii) activa-
tion maps of the first beat for each different activation site. Conditions before the addition of
ACh (Pre-ACh) on glass, PDMS 1:20, and PDMS 1:40, respectively (A, C and E). On glass sub-
strates, pharmacological parasympathetic stimulation with ACh (1 μM) tends to increase the
number of activation sites after 1 minute (from 2 sites pre-ACh to 3 sites after ACh) (B). On
PDMS 1:20 substrates, ACh (1 μM) stabilized the number of activation sites after 1 minute
(2 sites for both after ACh and pre-ACh) (D). On PDMS 1:40 substrates, ACh (1 μM) tends to
decrease the number of activation sites after 1 minute (from 3 sites pre-ACh to 2 sites after
ACh) (F).
(TIF)

S7 Fig. Number of pauses: influence of the parasympathetic and sympathetic stimulation.
The number of pauses over 3 seconds was evaluated. Before and after the addition of ISO (A).
Before and after the addition of ACh. Pre-drug and post-drug (at t = 1 minute) differences for
each substrate (glass, PDMS 1:20, and PDMS 1:40) were compared with a Wilcoxon matched-
pairs test (B).
(TIF)

S8 Fig. Comparison of alpha-actinin mRNA expression. n.s. indicates that the difference is
non-significant.
(TIF)

S9 Fig. Comparison of alpha-SMAmRNA expression. n.d. indicates that the sample level
was under detection limits and n.s. indicates that the difference is non-significant.
(TIF)

S1 Table. Primer sequences.
(DOCX)

Acknowledgments
The authors would like to acknowledge Louis Villeneuve for his assistance with confocal imag-
ing acquisition, Patrice Naud for helping with the qPCR procedure and the anonymous review-
ers for the constructive evaluation.

Author Contributions
Conceived and designed the experiments: JB JED AM PC. Performed the experiments: JB JED
EP. Analyzed the data: JB JL PC. Contributed reagents/materials/analysis tools: PC. Wrote the
paper: JB JED EP AM JL PC. Designed the software used in analysis: PC.

References
1. Bub G, Shrier A, Glass L. Global organization of dynamics in oscillatory heterogeneous excitable

media. Physical review letters. 2005; 94(2):028105. PMID: 15698236.

2. Duverger JE, Boudreau-Beland J, Le MD, Comtois P. Multicellular automaticity of cardiac cell monolay-
ers: effects of density and spatial distribution of pacemaker cells. New Journal of Physics. 2014:Accept-
ed for publication 6 october 2014. PMID: 25844043

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127977.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127977.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127977.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127977.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127977.s012
http://www.ncbi.nlm.nih.gov/pubmed/15698236
http://www.ncbi.nlm.nih.gov/pubmed/25844043


3. Bursac N, Parker KK, Iravanian S, Tung L. Cardiomyocyte cultures with controlled macroscopic anisot-
ropy: a model for functional electrophysiological studies of cardiac muscle. Circ Res. 2002; 91(12):
e45–54. PMID: 12480825

4. Arutunyan A, Webster DR, Swift LM, Sarvazyan N. Localized injury in cardiomyocyte network: a new
experimental model of ischemia-reperfusion arrhythmias. Am J Physiol Heart Circ Physiol. 2001; 280
(4):H1905–15. Epub 2001/03/15. PMID: 11247808; PubMed Central PMCID: PMC3019580.

5. Bub G, Tateno K, Shrier A, Glass L. Spontaneous initiation and termination of complex rhythms in cardi-
ac cell culture. Journal of cardiovascular electrophysiology. 2003; 14(10 Suppl):S229–36. PMID:
14760928.

6. Mangoni ME, Nargeot J. Genesis and regulation of the heart automaticity. Physiological reviews. 2008;
88(3):919–82. doi: 10.1152/physrev.00018.2007 PMID: 18626064.

7. Sirenko S, Yang D, Li Y, Lyashkov AE, Lukyanenko YO, Lakatta EG, et al. Ca(2)(+)-dependent phos-
phorylation of Ca(2)(+) cycling proteins generates robust rhythmic local Ca(2)(+) releases in cardiac
pacemaker cells. Science signaling. 2013; 6(260):ra6. doi: 10.1126/scisignal.2003391 PMID:
23362239.

8. El Khoury N, Mathieu S, Marger L, Ross J, El Gebeily G, Ethier N, et al. Upregulation of the hyperpolari-
zation-activated current increases pacemaker activity of the sinoatrial node and heart rate during preg-
nancy in mice. Circulation. 2013; 127(20):2009–20. doi: 10.1161/CIRCULATIONAHA.113.001689
PMID: 23609807.

9. Rozanski GJ, Lipsius SL. Electrophysiology of functional subsidiary pacemakers in canine right atrium.
The American journal of physiology. 1985; 249(3 Pt 2):H594–603. PMID: 4037107.

10. Lakatta EG, Maltsev VA, Vinogradova TM. A coupled SYSTEM of intracellular Ca2+ clocks and surface
membrane voltage clocks controls the timekeeping mechanism of the heart's pacemaker. Circulation
research. 2010; 106(4):659–73. doi: 10.1161/CIRCRESAHA.109.206078 PMID: 20203315; PubMed
Central PMCID: PMC2837285.

11. Kurata Y, Matsuda H, Hisatome I, Shibamoto T. Roles of hyperpolarization-activated current If in sino-
atrial node pacemaking: insights from bifurcation analysis of mathematical models. American journal of
physiology Heart and circulatory physiology. 2010; 298(6):H1748–60. doi: 10.1152/ajpheart.00729.
2009 PMID: 20363885.

12. Maltsev VA, Lakatta EG. Normal heart rhythm is initiated and regulated by an intracellular calcium clock
within pacemaker cells. Heart Lung Circ. 2007; 16(5):335–48. Epub 2007/09/11. S1443-9506(07)
00843-8 [pii] doi: 10.1016/j.hlc.2007.07.005 PMID: 17827062; PubMed Central PMCID: PMC2078332.

13. Bers DM. Cardiac excitation-contraction coupling. Nature. 2002; 415(6868):198–205. Epub 2002/01/
24. doi: 10.1038/415198a 415198a [pii]. PMID: 11805843.

14. Sachs F, Franz MR. Cardiac mechano-electric coupling and arrhythmias. 2nd ed. Oxford: Oxford Uni-
versity Press; 2011. xxx, 477 p. p.

15. Cooper PJ, Kohl P. Species- and preparation-dependence of stretch effects on sino-atrial node pace-
making. Ann N Y Acad Sci. 2005; 1047:324–35. Epub 2005/08/12. 1047/1/324 [pii] doi: 10.1196/
annals.1341.029 PMID: 16093508.

16. Kuijpers NH, ten Eikelder HM, Bovendeerd PH, Verheule S, Arts T, Hilbers PA. Mechanoelectric feed-
back leads to conduction slowing and block in acutely dilated atria: a modeling study of cardiac electro-
mechanics. Am J Physiol Heart Circ Physiol. 2007; 292(6):H2832–53. PMID: 17277026.

17. Grevesse T, Versaevel M, Circelli G, Desprez S, Gabriele S. A simple route to functionalize polyacryl-
amide hydrogels for the independent tuning of mechanotransduction cues. Lab on a chip. 2013; 13
(5):777–80. doi: 10.1039/c2lc41168g PMID: 23334710.

18. Macfelda K, Kapeller B, Wilbacher I, Losert UM. Behavior of cardiomyocytes and skeletal muscle cells
on different extracellular matrix components—relevance for cardiac tissue engineering. Artificial or-
gans. 2007; 31(1):4–12. doi: 10.1111/j.1525-1594.2007.00334.x PMID: 17209955.

19. Bhana B, Iyer RK, ChenWL, Zhao R, Sider KL, Likhitpanichkul M, et al. Influence of substrate stiffness
on the phenotype of heart cells. Biotechnol Bioeng. 2010; 105(6):1148–60. Epub 2009/12/17. doi: 10.
1002/bit.22647 PMID: 20014437.

20. Hazeltine LB, Badur MG, Lian X, Das A, HanW, Palecek SP. Temporal impact of substrate mechanics
on differentiation of human embryonic stem cells to cardiomyocytes. Acta biomaterialia. 2014; 10
(2):604–12. doi: 10.1016/j.actbio.2013.10.033 PMID: 24200714.

21. Galie PA, Khalid N, Carnahan KE, Westfall MV, Stegemann JP. Substrate stiffness affects sarcomere
and costamere structure and electrophysiological function of isolated adult cardiomyocytes. Cardiovas-
cular pathology: the official journal of the Society for Cardiovascular Pathology. 2013; 22(3):219–27.
doi: 10.1016/j.carpath.2012.10.003 PMID: 23266222; PubMed Central PMCID: PMC3610795.

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 21 / 25

http://www.ncbi.nlm.nih.gov/pubmed/12480825
http://www.ncbi.nlm.nih.gov/pubmed/11247808
http://www.ncbi.nlm.nih.gov/pubmed/14760928
http://dx.doi.org/10.1152/physrev.00018.2007
http://www.ncbi.nlm.nih.gov/pubmed/18626064
http://dx.doi.org/10.1126/scisignal.2003391
http://www.ncbi.nlm.nih.gov/pubmed/23362239
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001689
http://www.ncbi.nlm.nih.gov/pubmed/23609807
http://www.ncbi.nlm.nih.gov/pubmed/4037107
http://dx.doi.org/10.1161/CIRCRESAHA.109.206078
http://www.ncbi.nlm.nih.gov/pubmed/20203315
http://dx.doi.org/10.1152/ajpheart.00729.2009
http://dx.doi.org/10.1152/ajpheart.00729.2009
http://www.ncbi.nlm.nih.gov/pubmed/20363885
http://dx.doi.org/10.1016/j.hlc.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17827062
http://dx.doi.org/10.1038/415198a
http://www.ncbi.nlm.nih.gov/pubmed/11805843
http://dx.doi.org/10.1196/annals.1341.029
http://dx.doi.org/10.1196/annals.1341.029
http://www.ncbi.nlm.nih.gov/pubmed/16093508
http://www.ncbi.nlm.nih.gov/pubmed/17277026
http://dx.doi.org/10.1039/c2lc41168g
http://www.ncbi.nlm.nih.gov/pubmed/23334710
http://dx.doi.org/10.1111/j.1525-1594.2007.00334.x
http://www.ncbi.nlm.nih.gov/pubmed/17209955
http://dx.doi.org/10.1002/bit.22647
http://dx.doi.org/10.1002/bit.22647
http://www.ncbi.nlm.nih.gov/pubmed/20014437
http://dx.doi.org/10.1016/j.actbio.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/24200714
http://dx.doi.org/10.1016/j.carpath.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23266222


22. Kshitiz, Park J, Kim P, HelenW, Engler AJ, Levchenko A, et al. Control of stem cell fate and function by
engineering physical microenvironments. Integrative biology: quantitative biosciences from nano to
macro. 2012; 4(9):1008–18. PMID: 23077731; PubMed Central PMCID: PMC3476065.

23. Jacot JG, McCulloch AD, Omens JH. Substrate stiffness affects the functional maturation of neonatal
rat ventricular myocytes. Biophysical journal. 2008; 95(7):3479–87. doi: 10.1529/biophysj.107.124545
PMID: 18586852; PubMed Central PMCID: PMC2547444.

24. Li D, Zhou J, Chowdhury F, Cheng J, Wang N, Wang F. Role of mechanical factors in fate decisions of
stem cells. Regenerative medicine. 2011; 6(2):229–40. doi: 10.2217/rme.11.2 PMID: 21391856;
PubMed Central PMCID: PMC3128460.

25. Yang Z, ShenW, Rottman JN, Wikswo JP, Murray KT. Rapid stimulation causes electrical remodeling
in cultured atrial myocytes. J Mol Cell Cardiol. 2005; 38(2):299–308. PMID: 15698836.

26. Saygili E, Rana OR, Saygili E, Reuter H, Frank K, Schwinger RH, et al. Losartan prevents stretch-
induced electrical remodeling in cultured atrial neonatal myocytes. Am J Physiol Heart Circ Physiol.
2007; 292(6):H2898–905. PMID: 17293496.

27. Pillekamp F, Haustein M, Khalil M, Emmelheinz M, Nazzal R, Adelmann R, et al. Contractile properties
of early human embryonic stem cell-derived cardiomyocytes: beta-adrenergic stimulation induces posi-
tive chronotropy and lusitropy but not inotropy. Stem cells and development. 2012; 21(12):2111–21.
doi: 10.1089/scd.2011.0312 PMID: 22268955.

28. Wendel JS, Ye L, Zhang P, Tranquillo RT, Zhang J. Functional Consequences of a Tissue-Engineered
Myocardial Patch for Cardiac Repair in a Rat Infarct Model. Tissue engineering Part A. 2013. doi: 10.
1089/ten.TEA.2013.0312 PMID: 24295499.

29. Zhang D, Shadrin IY, Lam J, Xian HQ, Snodgrass HR, Bursac N. Tissue-engineered cardiac patch for
advanced functional maturation of human ESC-derived cardiomyocytes. Biomaterials. 2013; 34
(23):5813–20. doi: 10.1016/j.biomaterials.2013.04.026 PMID: 23642535; PubMed Central PMCID:
PMC3660435.

30. Lu TY, Lin B, Kim J, Sullivan M, Tobita K, Salama G, et al. Repopulation of decellularized mouse heart
with human induced pluripotent stem cell-derived cardiovascular progenitor cells. Nature communica-
tions. 2013; 4:2307. doi: 10.1038/ncomms3307 PMID: 23942048.

31. Vunjak-Novakovic G, Lui KO, Tandon N, Chien KR. Bioengineering heart muscle: a paradigm for re-
generative medicine. Annual review of biomedical engineering. 2011; 13:245–67. doi: 10.1146/
annurev-bioeng-071910-124701 PMID: 21568715; PubMed Central PMCID: PMC3405288.

32. Nunes SS, Miklas JW, Liu J, Aschar-Sobbi R, Xiao Y, Zhang B, et al. Biowire: a platform for maturation
of human pluripotent stem cell-derived cardiomyocytes. Nature methods. 2013; 10(8):781–7. doi: 10.
1038/nmeth.2524 PMID: 23793239.

33. Navarrete EG, Liang P, Lan F, Sanchez-Freire V, Simmons C, Gong T, et al. Screening drug-induced
arrhythmia events using human induced pluripotent stem cell-derived cardiomyocytes and low-imped-
ance microelectrode arrays. Circulation. 2013; 128(11 Suppl 1):S3–13. doi: 10.1161/
CIRCULATIONAHA.112.000570 PMID: 24030418; PubMed Central PMCID: PMC3855862.

34. Dick E, Rajamohan D, Ronksley J, Denning C. Evaluating the utility of cardiomyocytes from human plu-
ripotent stem cells for drug screening. Biochemical Society transactions. 2010; 38(4):1037–45. doi: 10.
1042/BST0381037 PMID: 20659000.

35. Engler AJ, Carag-Krieger C, Johnson CP, Raab M, Tang HY, Speicher DW, et al. Embryonic cardio-
myocytes beat best on a matrix with heart-like elasticity: scar-like rigidity inhibits beating. J Cell Sci.
2008; 121(Pt 22):3794–802. Epub 2008/10/30. jcs.029678 [pii] doi: 10.1242/jcs.029678 PMID:
18957515; PubMed Central PMCID: PMC2740334.

36. BoerboomRA, Rubbens MP, Driessen NJ, Bouten CV, Baaijens FP. Effect of strain magnitude on the
tissue properties of engineered cardiovascular constructs. Annals of biomedical engineering. 2008; 36
(2):244–53. doi: 10.1007/s10439-007-9413-8 PMID: 18066665; PubMed Central PMCID:
PMC2211363.

37. Feng Z, Matsumoto T, Nomura Y, Nakamura T. An electro-tensile bioreactor for 3-D culturing of cardio-
myocytes. A bioreactor system that simulates the myocardium's electrical and mechanical response in
vivo. IEEE engineering in medicine and biology magazine: the quarterly magazine of the Engineering in
Medicine & Biology Society. 2005; 24(4):73–9. PMID: 16119216.

38. Zhuang J, Yamada KA, Saffitz JE, Kleber AG. Pulsatile stretch remodels cell-to-cell communication in
cultured myocytes. Circulation research. 2000; 87(4):316–22. PMID: 10948066.

39. Salameh A, Apel D, Gonzalez Casanova J, von Salisch S, Mohr FW, Daehnert I, et al. On the different
roles of AT1 and AT2 receptors in stretch-induced changes of connexin43 expression and localisation.
Pflugers Archiv: European journal of physiology. 2012; 464(5):535–47. doi: 10.1007/s00424-012-1161-
4 PMID: 23007463.

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 22 / 25

http://www.ncbi.nlm.nih.gov/pubmed/23077731
http://dx.doi.org/10.1529/biophysj.107.124545
http://www.ncbi.nlm.nih.gov/pubmed/18586852
http://dx.doi.org/10.2217/rme.11.2
http://www.ncbi.nlm.nih.gov/pubmed/21391856
http://www.ncbi.nlm.nih.gov/pubmed/15698836
http://www.ncbi.nlm.nih.gov/pubmed/17293496
http://dx.doi.org/10.1089/scd.2011.0312
http://www.ncbi.nlm.nih.gov/pubmed/22268955
http://dx.doi.org/10.1089/ten.TEA.2013.0312
http://dx.doi.org/10.1089/ten.TEA.2013.0312
http://www.ncbi.nlm.nih.gov/pubmed/24295499
http://dx.doi.org/10.1016/j.biomaterials.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23642535
http://dx.doi.org/10.1038/ncomms3307
http://www.ncbi.nlm.nih.gov/pubmed/23942048
http://dx.doi.org/10.1146/annurev-bioeng-071910-124701
http://dx.doi.org/10.1146/annurev-bioeng-071910-124701
http://www.ncbi.nlm.nih.gov/pubmed/21568715
http://dx.doi.org/10.1038/nmeth.2524
http://dx.doi.org/10.1038/nmeth.2524
http://www.ncbi.nlm.nih.gov/pubmed/23793239
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000570
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000570
http://www.ncbi.nlm.nih.gov/pubmed/24030418
http://dx.doi.org/10.1042/BST0381037
http://dx.doi.org/10.1042/BST0381037
http://www.ncbi.nlm.nih.gov/pubmed/20659000
http://dx.doi.org/10.1242/jcs.029678
http://www.ncbi.nlm.nih.gov/pubmed/18957515
http://dx.doi.org/10.1007/s10439-007-9413-8
http://www.ncbi.nlm.nih.gov/pubmed/18066665
http://www.ncbi.nlm.nih.gov/pubmed/16119216
http://www.ncbi.nlm.nih.gov/pubmed/10948066
http://dx.doi.org/10.1007/s00424-012-1161-4
http://dx.doi.org/10.1007/s00424-012-1161-4
http://www.ncbi.nlm.nih.gov/pubmed/23007463


40. Kreutzer J, Ikonen L, Hirvonen J, Pekkanen-Mattila M, Aalto-Setala K, Kallio P. Pneumatic cell stretch-
ing system for cardiac differentiation and culture. Medical engineering & physics. 2013. doi: 10.1016/j.
medengphy.2013.09.008 PMID: 24148238.

41. Engler AJ, Griffin MA, Sen S, Bonnemann CG, Sweeney HL, Discher DE. Myotubes differentiate opti-
mally on substrates with tissue-like stiffness: pathological implications for soft or stiff microenviron-
ments. The Journal of cell biology. 2004; 166(6):877–87. doi: 10.1083/jcb.200405004 PMID:
15364962; PubMed Central PMCID: PMC2172122.

42. Hazeltine LB, Simmons CS, Salick MR, Lian X, Badur MG, HanW, et al. Effects of substrate mechanics
on contractility of cardiomyocytes generated from human pluripotent stem cells. International journal of
cell biology. 2012; 2012:508294. doi: 10.1155/2012/508294 PMID: 22649451; PubMed Central
PMCID: PMC3357596.

43. Horning M, Kidoaki S, Kawano T, Yoshikawa K. Rigidity matching between cells and the extracellular
matrix leads to the stabilization of cardiac conduction. Biophysical journal. 2012; 102(3):379–87. doi:
10.1016/j.bpj.2011.12.018 PMID: 22325259; PubMed Central PMCID: PMC3274804.

44. Brown XQ, Ookawa K, Wong JY. Evaluation of polydimethylsiloxane scaffolds with physiologically-
relevant elastic moduli: interplay of substrate mechanics and surface chemistry effects on vascular
smooth muscle cell response. Biomaterials. 2005; 26(16):3123–9. doi: 10.1016/j.biomaterials.2004.08.
009 PMID: 15603807.

45. Yang CH, Wang MX, Haider H, Yang JH, Sun JY, Chen YM, et al. Strengthening alginate/polyacryl-
amide hydrogels using various multivalent cations. ACS applied materials & interfaces. 2013; 5
(21):10418–22. doi: 10.1021/am403966x PMID: 24128011.

46. Annabi N, Selimovic S, Acevedo Cox JP, Ribas J, Afshar Bakooshli M, Heintze D, et al. Hydrogel-coat-
ed microfluidic channels for cardiomyocyte culture. Lab on a chip. 2013; 13(18):3569–77. doi: 10.1039/
c3lc50252j PMID: 23728018; PubMed Central PMCID: PMC3744594.

47. Evans ND, Minelli C, Gentleman E, LaPointe V, Patankar SN, Kallivretaki M, et al. Substrate stiffness
affects early differentiation events in embryonic stem cells. European cells & materials. 2009; 18:1–13;
discussion -4. PMID: 19768669.

48. Arshi A, Nakashima Y, Nakano H, Eaimkhong S, Evseenko D, Reed J, et al. Rigid microenvironments
promote cardiac differentiation of mouse and human embryonic stem cells. Science and Technology of
Advanced Materials. 2013; 14(2). Artn 025003 doi: 10.1088/1468-6996/14/2/025003 PMID:
WOS:000318267000005.

49. Palchesko RN, Zhang L, Sun Y, Feinberg AW. Development of polydimethylsiloxane substrates with
tunable elastic modulus to study cell mechanobiology in muscle and nerve. PloS one. 2012; 7(12):
e51499. doi: 10.1371/journal.pone.0051499 PMID: 23240031; PubMed Central PMCID: PMC3519875.

50. Maji D, Lahiri SK, Das S. Study of hydrophilicity and stability of chemically modified PDMS surface
using piranha and KOH solution. Surface and Interface Analysis. 2012; 44(1):62–9. doi: 10.1002/sia.
3770

51. Brown DA, Beygui RE, MacLellan WR, Laks H, Dunn JC, Wu BM. Modulation of gene expression in
neonatal rat cardiomyocytes by surface modification of polylactide-co-glycolide substrates. Journal of
biomedical materials research Part A. 2005; 74(3):419–29. doi: 10.1002/jbm.a.30344 PMID:
15973694.

52. Morris GM, Boyett MR. Perspectives—biological pacing, a clinical reality? Ther Adv Cardiovasc Dis.
2009; 3(6):479–83. Epub 2009/09/01. 1753944709345792 [pii] doi: 10.1177/1753944709345792
PMID: 19717570.

53. GuoW, Kamiya K, Cheng J, Toyama J. Changes in action potentials and ion currents in long-term cul-
tured neonatal rat ventricular cells. The American journal of physiology. 1996; 271(1 Pt 1):C93–102.
PMID: 8760034.

54. Kanakov OI, Osipov GV, Chan CK, Kurths J. Cluster synchronization and spatio-temporal dynamics in
networks of oscillatory and excitable Luo-Rudy cells. Chaos. 2007; 17(1):015111. doi: 10.1063/1.
2437581 PMID: 17411268.

55. Kryukov AK, Petrov VS, Averyanova LS, Osipov GV, ChenW, Drugova O, et al. Synchronization phe-
nomena in mixed media of passive, excitable, and oscillatory cells. Chaos. 2008; 18(3):037129. doi:
10.1063/1.2956985 PMID: 19045503.

56. Larsen JK, Mitchell JW, Best PM. Quantitative analysis of the expression and distribution of calcium
channel alpha 1 subunit mRNA in the atria and ventricles of the rat heart. Journal of molecular and cel-
lular cardiology. 2002; 34(5):519–32. doi: 10.1006/jmcc.2001.1534 PMID: 12056856.

57. Miragoli M, Gaudesius G, Rohr S. Electrotonic modulation of cardiac impulse conduction by myofibro-
blasts. Circ Res. 2006; 98(6):801–10. Epub 2006/02/18. 01.RES.0000214537.44195.a3 [pii] doi: 10.
1161/01.RES.0000214537.44195.a3 PMID: 16484613.

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 23 / 25

http://dx.doi.org/10.1016/j.medengphy.2013.09.008
http://dx.doi.org/10.1016/j.medengphy.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24148238
http://dx.doi.org/10.1083/jcb.200405004
http://www.ncbi.nlm.nih.gov/pubmed/15364962
http://dx.doi.org/10.1155/2012/508294
http://www.ncbi.nlm.nih.gov/pubmed/22649451
http://dx.doi.org/10.1016/j.bpj.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22325259
http://dx.doi.org/10.1016/j.biomaterials.2004.08.009
http://dx.doi.org/10.1016/j.biomaterials.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15603807
http://dx.doi.org/10.1021/am403966x
http://www.ncbi.nlm.nih.gov/pubmed/24128011
http://dx.doi.org/10.1039/c3lc50252j
http://dx.doi.org/10.1039/c3lc50252j
http://www.ncbi.nlm.nih.gov/pubmed/23728018
http://www.ncbi.nlm.nih.gov/pubmed/19768669
http://dx.doi.org/10.1088/1468-6996/14/2/025003
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000318267000005
http://dx.doi.org/10.1371/journal.pone.0051499
http://www.ncbi.nlm.nih.gov/pubmed/23240031
http://dx.doi.org/10.1002/sia.3770
http://dx.doi.org/10.1002/sia.3770
http://dx.doi.org/10.1002/jbm.a.30344
http://www.ncbi.nlm.nih.gov/pubmed/15973694
http://dx.doi.org/10.1177/1753944709345792
http://www.ncbi.nlm.nih.gov/pubmed/19717570
http://www.ncbi.nlm.nih.gov/pubmed/8760034
http://dx.doi.org/10.1063/1.2437581
http://dx.doi.org/10.1063/1.2437581
http://www.ncbi.nlm.nih.gov/pubmed/17411268
http://dx.doi.org/10.1063/1.2956985
http://www.ncbi.nlm.nih.gov/pubmed/19045503
http://dx.doi.org/10.1006/jmcc.2001.1534
http://www.ncbi.nlm.nih.gov/pubmed/12056856
http://dx.doi.org/10.1161/01.RES.0000214537.44195.a3
http://dx.doi.org/10.1161/01.RES.0000214537.44195.a3
http://www.ncbi.nlm.nih.gov/pubmed/16484613


58. Miragoli M, Salvarani N, Rohr S. Myofibroblasts induce ectopic activity in cardiac tissue. Circ Res.
2007; 101(8):755–8. Epub 2007/09/18. doi: 10.1161/circresaha.107.160549 PMID: 17872460.

59. Zlochiver S, Munoz V, Vikstrom KL, Taffet SM, Berenfeld O, Jalife J. Electrotonic Myofibroblast-to-
Myocyte Coupling Increases Propensity to Reentrant Arrhythmias in 2-Dimensional Cardiac Monolay-
ers. Biophys J. 2008. Epub 2008/07/29. biophysj.108.136473 [pii] doi: 10.1529/biophysj.108.136473
PMID: 18658226.

60. Aguilar M, Qi XY, Huang H, Comtois P, Nattel S. Fibroblast electrical remodeling in heart failure and po-
tential effects on atrial fibrillation. Biophys J. 2014; 107(10):2444–55. Epub 2014/11/25. doi: 10.1016/j.
bpj.2014.10.014 PMID: 25418313; PubMed Central PMCID: PMCPmc4241450.

61. Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II mediates stretch-induced
hypertrophy of cardiac myocytes in vitro. Cell. 1993; 75(5):977–84. PMID: 8252633.

62. De Jong AM, Maass AH, Oberdorf-Maass SU, De Boer RA, Van Gilst WH, Van Gelder IC. Cyclical
stretch induces structural changes in atrial myocytes. J Cell Mol Med. 2013; 17(6):743–53. doi: 10.
1111/jcmm.12064 PMID: 23617620.

63. Sadoshima J, Takahashi T, Jahn L, Izumo S. Roles of mechano-sensitive ion channels, cytoskeleton,
and contractile activity in stretch-induced immediate-early gene expression and hypertrophy of cardiac
myocytes. Proceedings of the National Academy of Sciences of the United States of America. 1992; 89
(20):9905–9. PMID: 1384064; PubMed Central PMCID: PMC50242.

64. Pimentel RC, Yamada KA, Kleber AG, Saffitz JE. Autocrine regulation of myocyte Cx43 expression by
VEGF. Circulation research. 2002; 90(6):671–7. PMID: 11934834.

65. Wang JA, Lin W, Morris T, Banderali U, Juranka PF, Morris CE. Membrane trauma and Na+ leak from
Nav1.6 channels. American journal of physiology Cell physiology. 2009; 297(4):C823–34. doi: 10.
1152/ajpcell.00505.2008 PMID: 19657055.

66. Yeung T, Georges PC, Flanagan LA, Marg B, Ortiz M, Funaki M, et al. Effects of substrate stiffness on
cell morphology, cytoskeletal structure, and adhesion. Cell motility and the cytoskeleton. 2005; 60
(1):24–34. doi: 10.1002/cm.20041 PMID: 15573414.

67. Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their substrate. Sci-
ence. 2005; 310(5751):1139–43. doi: 10.1126/science.1116995 PMID: 16293750.

68. Shapira-Schweitzer K, Seliktar D. Matrix stiffness affects spontaneous contraction of cardiomyocytes
cultured within a PEGylated fibrinogen biomaterial. Acta Biomater. 2007; 3(1):33–41. doi: 10.1016/j.
actbio.2006.09.003 PMID: 17098488.

69. Whitesides GM. The origins and the future of microfluidics. Nature. 2006; 442(7101):368–73. doi: 10.
1038/nature05058 PMID: 16871203.

70. Bursac N, Tung L. Acceleration of functional reentry by rapid pacing in anisotropic cardiac monolayers:
formation of multi-wave functional reentries. Cardiovasc Res. 2006; 69(2):381–90. doi: 10.1016/j.
cardiores.2005.09.014 PMID: 16274682.

71. Entcheva E, Lu SN, Troppman RH, Sharma V, Tung L. Contact fluorescence imaging of reentry in
monolayers of cultured neonatal rat ventricular myocytes. J Cardiovasc Electrophysiol. 2000; 11
(6):665–76. Epub 2000/06/27. PMID: 10868740.

72. Bursac N, Aguel F, Tung L. Multiarm spirals in a two-dimensional cardiac substrate. Proc Natl Acad Sci
U S A. 2004; 101(43):15530–4. PMID: 15492227

73. Bub G, Glass L, Publicover NG, Shrier A. Bursting calcium rotors in cultured cardiac myocyte monolay-
ers. Proc Natl Acad Sci U S A. 1998; 95(17):10283–7. PMID: 9707639

74. Orita H, Fukasawa M, Hirooka S, Uchino H, Fukui K, Washio M. Modulation of cardiac myocyte beating
rate and hypertrophy by cardiac fibroblasts isolated from neonatal rat ventricle. Japanese circulation
journal. 1993; 57(9):912–20. PMID: 8371484.

75. Ladoux B, Nicolas A. Physically based principles of cell adhesion mechanosensitivity in tissues. Re-
ports on progress in physics Physical Society. 2012; 75(11):116601. doi: 10.1088/0034-4885/75/11/
116601 PMID: 23085962.

76. Poelzing S, Rosenbaum DS. Altered connexin43 expression produces arrhythmia substrate in heart
failure. American journal of physiology Heart and circulatory physiology. 2004; 287(4):H1762–70. doi:
10.1152/ajpheart.00346.2004 PMID: 15205174.

77. Comtois P, Vinet A. Multistability of reentrant rhythms in an ionic model of a two-dimensional annulus of
cardiac tissue. Physical review E, Statistical, nonlinear, and soft matter physics. 2005; 72(5 Pt
1):051927. PMID: 16383665.

78. Comtois P, Vinet A. Curvature effects on activation speed and repolarization in an ionic model of cardi-
ac myocytes. Physical review E, Statistical physics, plasmas, fluids, and related interdisciplinary topics.
1999; 60(4 Pt B):4619–28. PMID: 11970323.

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 24 / 25

http://dx.doi.org/10.1161/circresaha.107.160549
http://www.ncbi.nlm.nih.gov/pubmed/17872460
http://dx.doi.org/10.1529/biophysj.108.136473
http://www.ncbi.nlm.nih.gov/pubmed/18658226
http://dx.doi.org/10.1016/j.bpj.2014.10.014
http://dx.doi.org/10.1016/j.bpj.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25418313
http://www.ncbi.nlm.nih.gov/pubmed/8252633
http://dx.doi.org/10.1111/jcmm.12064
http://dx.doi.org/10.1111/jcmm.12064
http://www.ncbi.nlm.nih.gov/pubmed/23617620
http://www.ncbi.nlm.nih.gov/pubmed/1384064
http://www.ncbi.nlm.nih.gov/pubmed/11934834
http://dx.doi.org/10.1152/ajpcell.00505.2008
http://dx.doi.org/10.1152/ajpcell.00505.2008
http://www.ncbi.nlm.nih.gov/pubmed/19657055
http://dx.doi.org/10.1002/cm.20041
http://www.ncbi.nlm.nih.gov/pubmed/15573414
http://dx.doi.org/10.1126/science.1116995
http://www.ncbi.nlm.nih.gov/pubmed/16293750
http://dx.doi.org/10.1016/j.actbio.2006.09.003
http://dx.doi.org/10.1016/j.actbio.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17098488
http://dx.doi.org/10.1038/nature05058
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1016/j.cardiores.2005.09.014
http://dx.doi.org/10.1016/j.cardiores.2005.09.014
http://www.ncbi.nlm.nih.gov/pubmed/16274682
http://www.ncbi.nlm.nih.gov/pubmed/10868740
http://www.ncbi.nlm.nih.gov/pubmed/15492227
http://www.ncbi.nlm.nih.gov/pubmed/9707639
http://www.ncbi.nlm.nih.gov/pubmed/8371484
http://dx.doi.org/10.1088/0034-4885/75/11/116601
http://dx.doi.org/10.1088/0034-4885/75/11/116601
http://www.ncbi.nlm.nih.gov/pubmed/23085962
http://dx.doi.org/10.1152/ajpheart.00346.2004
http://www.ncbi.nlm.nih.gov/pubmed/15205174
http://www.ncbi.nlm.nih.gov/pubmed/16383665
http://www.ncbi.nlm.nih.gov/pubmed/11970323


79. Ponard JG, Kondratyev AA, Kucera JP. Mechanisms of intrinsic beating variability in cardiac cell cul-
tures and model pacemaker networks. Biophysical journal. 2007; 92(10):3734–52. doi: 10.1529/
biophysj.106.091892 PMID: 17325022; PubMed Central PMCID: PMC1853135.

80. Qu J, Barbuti A, Protas L, Santoro B, Cohen IS, Robinson RB. HCN2 overexpression in newborn and
adult ventricular myocytes: distinct effects on gating and excitability. Circ Res. 2001; 89(1):E8–14.
PMID: 11440985.

81. Yaniv Y, Stern MD, Lakatta EG, Maltsev VA. Mechanisms of beat-to-beat regulation of cardiac pace-
maker cell function by Ca(2)(+) cycling dynamics. Biophysical journal. 2013; 105(7):1551–61. doi: 10.
1016/j.bpj.2013.08.024 PMID: 24094396; PubMed Central PMCID: PMC3791306.

82. Yaniv Y, Spurgeon HA, Lyashkov AE, Yang D, Ziman BD, Maltsev VA, et al. Crosstalk between mito-
chondrial and sarcoplasmic reticulum Ca2+ cycling modulates cardiac pacemaker cell automaticity.
PloS one. 2012; 7(5):e37582. doi: 10.1371/journal.pone.0037582 PMID: 22666369; PubMed Central
PMCID: PMC3362629.

83. Kurata Y, Hisatome I, Matsuda H, Shibamoto T. Dynamical mechanisms of pacemaker generation in
IK1-downregulated human ventricular myocytes: insights from bifurcation analyses of a mathematical
model. Biophys J. 2005; 89(4):2865–87. doi: 10.1529/biophysj.105.060830 PMID: 16040746; PubMed
Central PMCID: PMC1366784.

84. Mesirca P, Marger L, Toyoda F, Rizzetto R, Audoubert M, Dubel S, et al. The G-protein-gated K+ chan-
nel, IKACh, is required for regulation of pacemaker activity and recovery of resting heart rate after sym-
pathetic stimulation. J Gen Physiol. 2013; 142(2):113–26. doi: 10.1085/jgp.201310996 PMID:
23858001; PubMed Central PMCID: PMC3727310.

85. Rocchetti M, Malfatto G, Lombardi F, Zaza A. Role of the input/output relation of sinoatrial myocytes in
cholinergic modulation of heart rate variability. J Cardiovasc Electrophysiol. 2000; 11(5):522–30. PMID:
10826931.

86. Fleischmann BK, Duan Y, Fan Y, Schoneberg T, Ehlich A, Lenka N, et al. Differential subunit composi-
tion of the G protein-activated inward-rectifier potassium channel during cardiac development. J Clin In-
vest. 2004; 114(7):994–1001. doi: 10.1172/JCI15925 PMID: 15467839; PubMed Central PMCID:
PMC518658.

87. Kim TJ, Sun J, Lu S, Zhang J, Wang Y. The regulation of beta-adrenergic receptor-mediated PKA acti-
vation by substrate stiffness via microtubule dynamics in human MSCs. Biomaterials. 2014. doi: 10.
1016/j.biomaterials.2014.06.018 PMID: 24973298.

88. Averin AS, Zakharova NM, Ignat'ev DA, Tarlachkov SV, Nakipova OV. [Effect of isoproterenol on con-
tractility of the heart papillary muscles of a ground squirrel]. Biofizika. 2010; 55(5):910–7. PMID:
21033361.

89. Moorthy BS, Gao Y, Anand GS. Phosphodiesterases catalyze hydrolysis of cAMP-bound to regulatory
subunit of protein kinase A and mediate signal termination. Molecular & cellular proteomics: MCP.
2011; 10(2):M110 002295. doi: 10.1074/mcp.M110.002295 PMID: 20923972; PubMed Central
PMCID: PMC3033673.

90. Hua R, Adamczyk A, Robbins C, Ray G, Rose RA. Distinct patterns of constitutive phosphodiesterase
activity in mouse sinoatrial node and atrial myocardium. PloS one. 2012; 7(10):e47652. doi: 10.1371/
journal.pone.0047652 PMID: 23077656; PubMed Central PMCID: PMC3471891.

Substrate-Dependent Instability of Spontaneous Activity in Monolayers

PLOS ONE | DOI:10.1371/journal.pone.0127977 June 2, 2015 25 / 25

http://dx.doi.org/10.1529/biophysj.106.091892
http://dx.doi.org/10.1529/biophysj.106.091892
http://www.ncbi.nlm.nih.gov/pubmed/17325022
http://www.ncbi.nlm.nih.gov/pubmed/11440985
http://dx.doi.org/10.1016/j.bpj.2013.08.024
http://dx.doi.org/10.1016/j.bpj.2013.08.024
http://www.ncbi.nlm.nih.gov/pubmed/24094396
http://dx.doi.org/10.1371/journal.pone.0037582
http://www.ncbi.nlm.nih.gov/pubmed/22666369
http://dx.doi.org/10.1529/biophysj.105.060830
http://www.ncbi.nlm.nih.gov/pubmed/16040746
http://dx.doi.org/10.1085/jgp.201310996
http://www.ncbi.nlm.nih.gov/pubmed/23858001
http://www.ncbi.nlm.nih.gov/pubmed/10826931
http://dx.doi.org/10.1172/JCI15925
http://www.ncbi.nlm.nih.gov/pubmed/15467839
http://dx.doi.org/10.1016/j.biomaterials.2014.06.018
http://dx.doi.org/10.1016/j.biomaterials.2014.06.018
http://www.ncbi.nlm.nih.gov/pubmed/24973298
http://www.ncbi.nlm.nih.gov/pubmed/21033361
http://dx.doi.org/10.1074/mcp.M110.002295
http://www.ncbi.nlm.nih.gov/pubmed/20923972
http://dx.doi.org/10.1371/journal.pone.0047652
http://dx.doi.org/10.1371/journal.pone.0047652
http://www.ncbi.nlm.nih.gov/pubmed/23077656

