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In Vivo-Like Morphology of Intercalated Discs Achieved
in a Neonatal Cardiomyocyte Culture Model

Ailin Wei, BS,1 Zhonghai Wang, PhD,1 Albert Luca Rancu,2 Zongming Yang, BS,1 Shenghao Tan,1

Thomas Keith Borg, PhD,3 and Bruce Zhi Gao, PhD1

In vitro cultures to be used in various analytical investigations of cardiomyocyte (CM) growth and function for
enhancing insight into physiological and pathological mechanisms should closely express in vivo morphology.
The aim of the studies is to explore how to use microfabrication and physical-cue-addition techniques to
establish a neonatal rat CM culture model that expresses an end-to-end connected rod shape with in vivo-like
intercalated discs (ICDs). Freshly isolated neonatal rat CMs were cultured on microgrooved poly-
dimethylsiloxane substrate. Cell alignment and ICD orientation were evaluated using confocal fluorescence and
transmission electron microscopy under various combinations of different culture conditions. Cyclic stretch and
blebbistatin tests were conducted to explore mechanical and electrical effects. Laboratory-made MATLAB
software was developed to quantify cell alignment and ICD orientation. Our results demonstrate that the
mechanical effect associated with the electrical stimulation may contribute to step-like ICD formation viewed
from the top. In addition, our study reveals that a suspended elastic substrate that was slack with scattered folds,
not taut, enabled CM contraction of equal strength on both apical and basal cell surfaces, allowing the cultured
CMs to express a three-dimensional rod shape with disc-like ICDs viewed cross-sectionally.

Keywords: cardiac cell culture model, neonatal rat cardiomyocytes, intercalated disc, electrical stimulation,
mechanical stretch

Impact Statement

In this article, we describe how the tugging forces generated by cardiomyocytes (CMs) facilitate the formation of the
morphology of the intercalated discs (ICDs) to achieve mechanoelectrical coupling between CMs. Correspondingly, we
report experimental techniques we developed to enable the in vivo-like behavior of the tugging forces to support the
development of in vivo-like morphology in ICDs. These techniques will enhance insight into physiological and pathological
mechanisms related to the development of tissue-engineered cardiac constructs in various analytical investigations of CM
growth and function.

Introduction

In heart tissue, cardiomyocytes (CMs) express a rod-
like shape and are connected end to end (with some

branches) to form a long contractile muscle fiber. The entire
region of the end-to-end abutment between CMs consists of
intercalated discs (ICDs), unique structures that exist only in
the myocardium. The major function of the ICDs is to fa-
cilitate mechanical and electrical coupling between adjacent
CMs through cellular junctions distributed at ICDs. These
cellular junctions include fascia adherens (FA) with cell/cell

adhesion molecules such as N-cadherin, which serves as a
cellular adhesion junction to connect myofibrils in adjacent
cells for force transmission.1

The functions of the ICD components depend heavily on
ICD morphology. The most typical features of ICDs, com-
monly found in working ventricular myocardium of adult
higher vertebrates, are that (1) viewed along the longitudinal
axis of the CMs, they display a disk morphology and (2)
viewed laterally, they exhibit a step-like morphology with
‘‘treads’’ and ‘‘risers,’’ respectively, perpendicular to and
in parallel with the longitudinal axis. The tread segments,
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which are at the interfaces between two end-to-end con-
necting CMs, typically have a pleated appearance.2 The riser
sections of ICDs lie at the interface between two side-to-side
contacting CMs.

To ensure that engineered cell constructs retain myocar-
dial function, especially the electrically activated mechani-
cal contraction,3 an in vivo-like electromechanical coupling
between CMs must be achieved.

Aligned CM elongation and end-to-end CM connection
must be formed at first. According to the literature, the most
effective method for creating CM alignment is topographic
patterning, which is classified into four categories: (1) mi-
croabrasion4; (2) microcontact printing4–6; (3) microgroove
guidance7–9; and (4) biomimetic microwrinkle guidance.10

Polydimethylsiloxane (PDMS) is a fully characterized bio-
compatible material11 and has been widely used to achieve
CM alignment. PDMS-based methods to achieve cell align-
ment have mostly been applied in categories 2, 3, and 4.
Microgrooves are advantageous because they are easy to use,
consist of geometry and physical conditions, and maintain
their integrity throughout the life of the cell culture. More
importantly, only in the microgroove method can the com-
pliance of the PDMS substrate be adjusted. Consequently,
we chose this method for CM alignment. Note that in most of
the studies reported in the literature, PDMS substrates were
not suspended: Cells were cultured on PDMS bound to a
hard surface.

Achieving only end-to-end CM alignment (which has
been accomplished by various methods12) in an in vitro CM
culture is not sufficient to study mechanical interaction be-
tween adjacent cells. In this study, we report our research
results of promoting an in vivo-like ICD formation in an
aligned CM culture model, which includes a microgrooved
PDMS substrate to achieve CM alignment.

Materials and Methods

Fabrication of microgrooved polydimethylsiloxane
with tunable Young’s modulus

Microgrooved PDMS was fabricated using soft lithogra-
phy techniques (Fig. 1A). Grooves with depths of 0.5 – 0.2,
1.5 – 0.2, and 5 – 0.2 mm (with a calibrated machine accu-
racy of 0.2 mm) were studied. Our study showed that (data
not shown) transverse contacts of CMs began to fail to be
achieved at a groove depth of around 5 mm, as Motlagh et al.
showed in a similar study.8 Transverse contacts are neces-
sary for gap junction formation and thus for the synchro-
nized contraction of the culture. Our unshown results also
indicated that 0.5mm grooves were not deep enough to guide
CM alignment. In our CM alignment assessment, results on
1.5 mm deep grooves were statistically comparable to those
observed in in vivo tissue. Consequently, 1.5– 0.2mm
grooves were used in the experiments reported in this study.
The thickness of the PDMS substrate used for this study was
180– 10mm.

In this study, PDMS substrates with two values of Young’s
modulus were prepared: 1.72MPa and 130 kPa.13 The
Young’s modulus most commonly used for PDMS is
1.72MPa; Young’s modulus of a normal heart is at the level of
10 kPa.14 Practically, 130 kPa is theminimal Young’smodulus
at which we can repeatedly produce identical grooves for ex-
perimental design. In addition, a too-soft substrate cannot be

used to achieve the stretching described later. The 130 kPa
PDMS substrate was tuned by mixing Sylgard 527 gel (Syl-
gard 527; Dow Corning) and Sylgard 184 gel at different mass
ratios (5:1). The Young’s modulus of the PDMS substrate was
monitored with a material testing machine (Instron). The
PDMS substrate (membrane) was glued with fresh liquid
PDMS to a PDMS frame (a 4-mm-thick rectangular frame
with an internal dimension of 60mm length, 16mmwidth, and
3.5mm height) cast from a machined acrylic mold to form a
cell culture chamber (referred to hereafter as ‘‘chamber’’).

After gluing the PDMS substrate, we immediately added
water to the top of the membrane to create an excess mem-
brane area (the area of the membrane was larger than the area
of the bottom of the chamber frame), as shown in Figure 2A
and B. Excess areas created by water with a volume of
500 mL, 1mL, and 2mL were studied; a substrate created by
water with a volume of 500mL was used in the experiments
since it produced the most confluent layer of cell culture.

Compliance (the inverse of stiffness) is mainly deter-
mined by Young’s module of the PDMS and the geometry
of the PDMS substrate. Due to the complexity of the ge-
ometry, we used a custom-defined effective stiffness to
quantify the system’s compliance. The effective stiffness
was defined as the force exerted by the medium divided by
the average PDMS deformation. We explored the compli-
ance by filling a chamber with water, as shown in Figure 2C.
The chamber was covered with a coverglass with a gap for
pipetting water until the entire chamber was filled and the
gap closed. The force (F) was the weight of the water with a
density of q, which was calculated from the volume (V) of
the filled chamber through F =q ·V · g. The average PDMS
deformation (Dd) was estimated by dividing the volume of
excess water (DV, the filled volume subtracted by the
chamber volume, 3.4mL) by the inner cross-sectional area
of the chamber (A = 10 cm2) through Dd =DV/A. The ef-
fective stiffness of 130 kPa substrate created by the addi-
tion of water in the amounts of 500 mL, 1mL, and 2mL and
of 1.72MPa substrate created with 500 mL water was
evaluated, as its definition through k =F/Dd and is shown
in Table 1.

Tissue collection, cell isolation, and culture

Four-week-old adult male and Day 3 neonatal Sprague-
Dawley rats were euthanized to collect heart tissues ac-
cording to procedures approved by the Clemson University
Institutional Animal Care and Use Committee (protocol nos.
AUP2017-069 and AUP2016-042). The procedure conforms
to the Guide for the Care and Use of Laboratory Animals
(NIH Publication, 8th Edition, 2011). Ventricular CMs were
isolated from the neonatal rat hearts using a 2-day protocol,
as described in our previous publication.15 Meanwhile,
PDMS culture chambers were autoclaved and coated with
freshly prepared fibronectin solution (20mg/mL) (Sigma-
Aldrich) overnight. After the fibronectin solution was aspi-
rated off, the coated PDMS substrate was rinsed once with
the warm medium. CMs were then seeded at 1.5 · 106 cells
per chamber. The cells were cultured at 37�C with 5% CO2

in Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 1% antibiotic/antimycotic (Gibco) and 10%
fetal bovine serum (Sigma-Aldrich). Cells were allowed to
attach to the substrate for 1 day. The medium was replaced
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FIG. 2. (A, B) Creating an
excess membrane area. (C)
Measuring effective stiffness.

FIG. 1. CM culture apparatus and analysis method. (A) Phase images of the microfabricated grooved substrate: upper
panel: top view; bottom panel: cross-sectional view. Scale bar = 20 mm. (B)CM culture device with electrical stimulation:
Four PDMS cell culture chambers (Only frames [cyan] shown). Submersible protrusions on black carbon bars served as
electrodes in CM culture medium. (C) The cyclic stretcher: On a single side only, green segments were driven by the motor
system to stretch the four PDMS chambers. (D) CM alignment and ICD orientation analyzed using the immunofluorescence
staining images of the cardiac cells (only a-actinin staining shown here). Scale bar= 20 mm. (E) CM alignment as an
orientation spectrum obtained from D. (F) With the removal of the side frequency, the orientation spectrum in a polar
coordinate system. (G) ICD orientation analyzed by first selecting an ROI (white rectangular frames), then conducting
binarization inside ROI using a threshold of 85% highest gray level; ICD orientations obtained by fitting the binarized data
to a straight line ( purple) and calculating the slope of the line. Scale bar = 10 mm. CM, cardiomyocyte; ICD, intercalated
disc; PDMS, polydimethylsiloxane; ROI, region of interest.
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1 day after cell seeding, and unattached cells were rinsed
off. The medium was replaced every 36 h after that.

Electrical stimulation device

In this study, a polyetheretherketone (PEEK) culture box
was constructed with four slots with open bottoms (Fig. 1B).
Four PDMS chambers were placed on the box, each chamber
at one of the four slots. The bottom of each chamber could be
suspended due to the opening at the bottom of each slot (e.g.,
the two white slots, Fig. 1B) or be seated on a coverglass
placed on a slot to close the opening (e.g., the gray bottom
slots in Fig. 1B). Electrical stimulation was achieved by using
two pure carbon bars (Ladd Research Industries) mounted on
the culture box; the bars were machined so that their pro-
trusions were submerged in the medium to serve as elec-
trodes. The carbon bars were cabled to the stimulator, which
comprised a stimulation-signal generator (STG1008; Multi-
channel Systems) and a power amplifier (model UT01;
Marchand Electronics). Cells were stimulated with a biphasic
pulse (1ms ‘‘+ pulse’’ followed by 1ms ‘‘- pulse’’) train
(1Hz) at 3.6 peak-peak V/cm.

Cyclic stretch device

After cells had been seeded for 3 or 24 h, the chambers
were moved to the stretch device (Fig. 1C), custom-built to
stretch four chambers. The chambers were suspended on the
stretcher arms with hooks mounted on a PEEK base. Carbon
bars were mounted on the stretcher arms for electrical
stimulation, as described above. A stepper motor was used
to drive the stretcher arms. A cyclic stretch program was
designed to achieve a 0.3 s triangular wave stretch (linear
speed back and forth) at 5% stretch magnitude or 0.5 s
similar stretch at 10% stretch magnitude. The mechanical
strains (i.e., 5% and 10%) were calibrated when the sub-
strate was mounted on the PDMS frames and with the
confluent cell culture. Both conditions included a 0.7 s re-
laxed stage for each cycle. In the cyclic stretch, the longi-
tudinal stretch was used: The direction of the stretch was
parallel to the microgrooves, that is, in the direction of CM
alignment. The chamber was stretched for a period of 5 or
6 days. In addition, electrical stimulation without mechan-
ical stretch was provided to the chambers to study the dif-
ference between electrical-triggering-caused internal cell
stretch and externally exerted mechanical stretch.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (pH 7.4)
(Sigma-Aldrich) for 10min, rinsed thoroughly with phosphate-

buffered saline (PBS) (Sigma-Aldrich), penetrated with
0.25% Triton X-100 (Sigma-Aldrich) for 15min and
blocked with 10% (v/v) normal donkey serum (Sigma-
Aldrich) at 4�C overnight. The myofibrils were labeled
by a-actinin staining (mouse anti-a-actinin, 1:500; Sigma-
Aldrich). Fascial adherents were labeled with N-cadherin
staining (rabbit anti-pan cadherin, 1:200; Abcam). Sec-
ondary antibodies followed all primary antibodies: Alexa
Fluor 488-conjugated donkey anti-rabbit IgG (H+L)
(1:500; Jackson ImmunoResearch), Alexa Fluor 594-
conjugated donkey anti-mouse IgG (H+L) (1:200; Jackson
ImmunoResearch). Immunocytochemistry observation was
conducted with Carl Zeiss Axiovert 200m and a Leica
TCS SPE confocal microscope for three-dimensional (3D)
reconstruction.

Transmission electron microscopy

CM culture and heart tissue blocks were fixed with 2%
glutaraldehyde (Electron Microscopy Sciences) in PBS for
30min at room temperature. After fixation, CM culture and
blocks were rinsed in PBS and postfixed in 1% osmium
tetroxide (Sigma-Aldrich) in distilled water for 1 h. Cells
were dehydrated in a serial gradient of ethanol; they were
rinsed with ethanol/acetonitrile (ACN) (Sigma-Aldrich)
mixtures with a serial ratio. Then, the CM culture was
penetrated in ACN-PolyBed (Polysciences, Inc.) mixture
with a serial ratio. The CM culture was penetrated with
100% PolyBed overnight and cured at 60�C in an oven for
48 h. A 90 nm section was cut with a Leica UltraCutR, and
sections were placed on a copper grid (400 mm square) on a
glass slide for staining. The staining was conducted with
2% uranyl acetate (Structure Probe, Inc., West Chester,
PA, USA) for 40min at 37�C in a dark room and 4% lead
citrate (Sigma-Aldrich) for 4min in a CO2-free environ-
ment. Sections were desiccated overnight before imaging
with JEOL transmission electron microscope (TEM) at
120 kV.

Blebbistatin test

Blebbistatin is an inhibitor used to inhibit myosin ATPase
activity by suppressing actomyosin-based motility. Bleb-
bistatin solution (10 mM) (Sigma-Aldrich) was applied to the
CM culture chamber with 130 kPa suspended substrate with
electrical stimulation.

Summary of different test groups

Eight different test groups are summarized in Table 2.

Table 1. Evaluation of the Substrate’s Effective Stiffness

(Mean –Absolute Error from Three Samples)

Membrane

Volume of water
filling chamber

(V, mL)
Volume of excess
water (DV, mL)

Force exerted by
water filling chamber

(F, 10-2 N)

Average
deformation
(Dd, cm)

Effective
stiffness
(k, N m-1)

130 kPa with 500mL 5.9 – 0.9 2.5 – 0.9 5.9 – 0.9 0.25 – 0.09 24 – 7
130 kPa with 1mL 6.8 – 0.8 3.4 – 0.8 6.8 – 0.8 0.34 – 0.08 20 – 3
130 kPa with 2mL 8.5 – 0.6 5.1 – 0.6 8.5 – 0.6 0.51 – 0.06 17 – 1
1.72MPa with 500 mL 4.5 – 0.5 1.1 – 0.5 4.5 – 0.5 0.11 – 0.05 40 – 26

1212 WEI ET AL.

D
ow

nl
oa

de
d 

by
 C

le
m

so
n 

U
ni

ve
rs

ity
 fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
2/

08
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Analysis

To characterize CM alignment and ICD orientation
among different groups, 10 fields of view were arbitrarily
selected from each culture chamber to record fluorescence
images (e.g., Fig. 1D). Myofibril alignment, which is used
to evaluate CM alignment in our study, was assessed
through the stained a-actinin. A MATLAB Fourier trans-
form program was developed to assess the alignment of
myofibrils: From the spatial frequency, the corresponding
alignment was calculated using the arctan function. For
each image, the spatial frequency corresponding to the
spectral pick (Fig. 1E) was selected to calculate the aver-
age myofibril alignment, referred to hereafter as the axis of
CM alignment. The percentage of the alignment was cal-
culated from the sum of the spectral components corre-
sponding to the alignment direction within –15�, –20�, and
–30� of the average myofibril alignment divided by the
total alignment spectrum. The percentage was used for
quantifying CM alignment. When the myofibrils were
linearly aligned (i.e., >70% aligned within –15�), an extra
band-pass filter was used to remove a side spatial fre-
quency caused by the parallel myofibrils (Fig. 1E). Typi-
cally, this side frequency corresponded to a direction
perpendicular to the average alignment. Therefore, the
band-pass filter was designed to remove the orientation
spectrum within –15� centered at 90� of the axis of CM
alignment (the pick spectrum). The percentage of the
alignment was calculated after the removal of this side
frequency from all spectra (e.g., Fig. 1F).

A second MATLAB program was developed to assess
ICD orientation. Fluorescence images of stained N-cadherin
were used for the analysis. First, regions of interest (ROIs)
were selected manually to cover the transverse sections of
arbitrarily selected ICD. Each ROI was binarized with a
threshold of 85% of the highest gray level. The binarized
image was linearly fitted, and the slope of the fit line was
used as the orientation of the transverse ICD (Fig. 1G). To
simplify the description, ICD orientation is used throughout
this article without explicitly providing the slope. The angle
between the axis of CM alignment and the ICD orientation
were calculated and are defined here as the angle of ICD,
which was presented with Rozeta software ( Jacek Pazera) to
provide a rose diagram. The percentage of step-like ICDs
was calculated from the number of ICDs, whose angles were
within –30�, divided by the total number of ICDs.

Statistics

In total, 8 different test groups (G1–G8) were investi-
gated. For each test group, multiple samples (e.g., identical
culture chambers) were tested. Before data from different
samples in the same test group were merged, Levene’s test
was used to assure equal variance could be assumed. For
comparing differences among groups without normally
distributed or equal variance, Kruskal–Wallis one-way
analysis of variance (ANOVA) test followed by Tamhane’s
T2 test was used. For studying the difference between the
two groups, we used Student’s t-test for equal variance. For
all tests, p-values of <0.05 were considered significant.

Results

Cell alignment

CM alignments were evaluated after 6 days in culture
through Fourier transforming the fluorescence images of
stained a-actinin (Supplementary Fig. S1). Figure 3 shows
quantified cell alignments under the first six (G1–G6) and
the last (G8) CM culture conditions listed in Table 1.
Kruskal–Wallis one-way ANOVA test followed by Tam-
hane’s T2 test when using the percentages of the alignment
within –30� of the direction of alignment of the average
myofibril showed that (1) there were statistical differences
between G1 and all other groups. Alignment in the random
culture (G1) was significantly lower than that in G2 to G6
and in G8; (2) alignments under G4 and G5 were compa-
rable to that in adult rat heart tissue (G8); (3) alignments
under G2, G3, and G6 were slightly higher than alignment in
G8 ( p > 0.05).

Analysis of electrical stimulation

In our experiments, the excitation threshold (ET) was
defined as the minimal voltage (vol) at which at least 85% of
the cells were contracting synchronously. The data reported
in this study were from only those cultures that did not have
apparently synchronous contracting (<50%) before we ap-
plied electrical stimulation. Table 3 shows the measured ET
(n= 6 from 3 cell isolations on 130 kPa suspended PDMS
substrate). When cells were cultured on 130 kPa suspended
PDMS substrate (G6), electrical stimulation of 3.6 vol/cm
(1.8 vol for biphase) caused the entire membrane to contract
with the cell construct, as shown in Supplementary Video

Table 2. Experimental Conditions for Each Test Group

Experimental
test group

Grooved
substrate

Young’s modulus
of the substrate

Substrate suspension:
suspended (O) or set

on glass (X)
Electrical
stimulation

Cyclic
stretching Blebbistatin

Group 1 (G1) X 1.72MPa X X X X
Group 2 (G2) O 1.72MPa X X X X
Group 3 (G3) O 1.72MPa O O X X
Group 4 (G4) O 130 kPa O X X X
Group 5 (G5) O 130 kPa X O X X
Group 6-1 (G6) O 130 kPa O O X X
Group 6-2 O 130 kPa O O X O
Group 7 (G7) O 130 kPa O X O X
Group 8 (G8) Heart tissue from adult rat

CARDIOMYOCYTE CULTURE MODEL 1213
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S1. Electrical stimulation with 3.6 vol/cm also caused 75%
CMs to contract synchronously on other test groups (G2,
G3, and G5).

Immunofluorescence staining

ICD orientation was examined after 6 days in CM culture.
Because at Day 6 in vivo-like CM alignment and ICD ori-
entation were achieved, but gap junctions had not become
mature, ICD alignment was visualized using N-cadherin
staining, not Connexin 43 staining. The myofibrils were la-
beled by a-actinin staining to show their relationship to the
ICDs. Visually, on 130 kPa suspended substrate with electrical
stimulation (G6; Fig. 4A, B), a large number of ICDs was
found to be perpendicular to the axis of CM alignment. This
number was much higher than that on the 1.72MPa substrate
attached to a coverglass without electrical stimulation (G2;
Fig. 4C, D). The angle of the ICDs was measured in cultures

under G2 to G6. A Levene’s test on ICD orientation on each
sample showed that equal variance could be assumed between
samples under all conditions. Thus, the data points for each
test group were from different samples (e.g., data come from
different culture chambers and different cell dissections) in the
same statistical group (e.g., n= 283; Fig. 4E). The angular data
processed with Rozeta software (Jacek Pazera) are presented
as a rose diagram (Fig. 4E–J), and the percentage of step-like
ICDs is summed in a bar plot (Fig. 4K).

The percentage of step-like ICDs in adult rat heart ven-
tricle tissue (G8) was about 90%. The percentage of step-
like ICDs for G6 (72.7%) was similar to that for G8, but
significantly higher than that for G2 (24.8%). The percent-
age of step-like ICDs for G5, G3, and G4 are 63.5%, 55.4%,
and 43.3%, respectively, indicating that removal of any of
the three culture conditions (i.e., electrical stimulation, low
Young’s modulus, or substrate suspension) would cause a
reduction in the percentage of step-like ICDs.

3D reconstruction of intercalated discs between
rod-shaped cardiomyocytes

The results showed that, except for under G6, the cross-
sectional shape of CMs under all test conditions was a flat
oval with a ratio of cell width to height (the major axis to the
minor axis) of *4:1 and, equivalently, a cell height of
*3 mm (data not shown). However, CMs under G6 ex-
pressed an in vivo-like rod shape with a monolayer cell
height of typically 6–12mm. The 3D morphology of an ICD

FIG. 3. The CM alignment
assessment through the dis-
tribution of the percentage of
myofibril alignment. From
left to right are (G1) random
culture, (G2) 1.72MPa sub-
strate attached on a cover-
glass without electrical
stimulation, (G3) 1.72MPa
suspended substrate with
electrical stimulation, (G4)
130 kPa suspended substrate
without electric stimulation,
(G5)130 kPa substrate at-
tached on a coverglass with
electrical stimulation, (G6)
130 kPa suspended substrate
with electrical stimulation,
and (G8) adult rat heart
tissue.

Table 3. Excitation Threshold for Cardiomyocyte

Culture on Different Culture Days

(Six Samples from Three Cell Isolations

on 130 kPa Suspended Polydimethylsiloxane

Substrate Measured as Mean – SD)

D4 D5 D6

ET (vol/cm) 3.3 – 0.4 2.9 – 0.3 2.6 – 0.3

CM, cardiomyocyte; ET, excitation threshold; PDMS, polydi-
methylsiloxane; SD, standard deviation.
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FIG. 4. Morphology of ICDs under different culture conditions. (A–D) Morphology of ICDs visualized by immunoflu-
orescence staining: (A, B) Cultured on 130 kPa suspended substrate with electrical stimulation (G6): pale orange arrows
show step-like ICDs; (C, D) culture on 1.72MPa substrate attached on a coverglass without electrical stimulation (G2): pale
orange arrow shows sigmoid ICDs. Red: a-actinin. Green: N-cadherin. Blue: nucleus. (E-J) ICD orientation: (E) under
1.72MPa substrate attached on a coverglass without electrical stimulation, G2; (F) 1.72MPa suspended substrate with
electrical stimulation, G3; (G) 130 kPa suspended substrate without electric stimulation, G4; (H) 130 kPa substrate attached
on a coverglass with electrical stimulation, G5; (I) 130 kPa suspended substrate with electrical stimulation, G6; and ( J)
heart tissue from adult rat, G8. (K) Box plot showing the percentage of step-like ICDs. x labeled mean, middle line labeled
median. The differences between the result under G6 and each of those under G2 to G5 are all significant.
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was reconstructed from the confocal-scanned image stack
obtained from cell cultures under G6. Figure 5A and B
demonstrates a typical reconstruction of ICDs from ICD
images obtained in culture on 130 kPa suspended substrate
with electrical stimulation (G6). The reconstructed ICD
image includes two connected ICDs that formed between
two side-to-side connected cells that were each joined end to
end to another cell. The dimension of the ICD was *7 mm
in diameter, a typical dimension for neonatal rats (6 mm at
birth; gradually increasing to 15 mm by 60 days)16 and
*1 mm thick, a normal dimension for heart tissue. This
shape of the ICD was similar to the 3D morphology ob-
tained in rat heart tissue, the shape of which is a round disc
between adjacent cells.

Electron transmission microscopy

Since only cultures under G6 expressed in vivo-like
morphology, our TEM study was conducted on cultures
under G6 only. TEM images obtained from rat CM cultures
on 130 kPa suspended substrate with electrical stimulation
(G6) fixed at culture Day 6 demonstrated a remarkable level
of ultrastructural differentiation and step-like ICDs, com-
parable to those from adult tissue. Cells were aligned and
elongated with highly organized myofibrils. Numerous mi-
tochondria were positioned between myofibrils (Fig. 6A).
Well-aligned sarcomeres were observed with visible Z lines
and H, I, and A bands; an M line was faintly visible
(Fig. 6C). These morphologic features are characteristic of
those in rat myocardium (Fig. 6B, D). A transverse section
of ICDs shows they are perpendicular to the longitudinal
axis of myofibrils with a pleated appearance (Fig. 6E) as
typically seen in a rat heart (Fig. 6F).

Sigmoid ICD formation process

To study the process of sigmoid ICD formation, we
prepared multiple identical CM cultures under G2 and ob-
served the culture development daily. Typical results for G2

are shown in Figure 7A–C. Before staining, the contractility
of the culture was monitored microscopically, and those
cultures that demonstrated minimum synchronous contrac-
tion (<50%) were chosen for staining. The orientation of
ICDs was typically oblique to the axis of CM alignment
(referred to hereafter as ‘‘sigmoid ICDs’’). Our sequential
observation allowed us to speculate that the contact pattern
may contribute to the formation of sigmoid ICDs: When a
cell’s center is not on the longitudinal axis of the grooves,
the two corresponding curved portions on each cell touch
and grow side by side to form a sigmoid contact profile to
minimize contact energy (Fig. 7D).17

Blebbistatin test

Blebbistatin inhibits contraction. With the application of
blebbistatin to the culture chamber with 130 kPa suspended
substrate with electrical stimulation (G6), more sigmoid
ICDs were observed than were observed without the addi-
tion of blebbistatin (image not shown), indicating that step-
like ICD formation was inhibited.

Mechanical cyclic stretch

The results obtained from cyclic stretch without electrical
stimulation (G7) showed that step-like ICDs did not form
during 5% and 10% cyclic stretch: ICD inclination was
much steeper with than without stretch (G4). It was even
steeper than ICD inclination on 1.72MPa substrate attached
on a coverglass without electrical stimulation (G2) (Fig. 8,
statistics not shown).

Discussion

In this study, *70% of ICDs had a step-like profile and
expression of an in vivo-like rod cell shape in CM cultures
on microgrooved, 130 kPa, suspended PDMS substrate with
electrical stimulation (G6). Our data suggest that under the
three conditions of electrical stimulation, low Young’s

FIG. 5. A 3D reconstruction of two connected ICDs in culture on 130 kPa suspended substrate with electrical stimulation.
(A) Immunofluorescence image recorded by confocal microscopy. (B) 3D view of the reconstructed ICD. Unit: mm. 3D,
three-dimensional.
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modulus, and substrate suspension, the tugging force on
ICDs generated by CM contraction on FA caused the for-
mation of step-like ICDs.18,19

Our experimental observation of sigmoid ICD formation
demonstrated that in the grooved substrate, the probability
of forming sigmoid ICDs was high. As shown in Figure 9,
however, when an inclined ICD was formed, the tugging
forces exerted on the two sides of the ICD during syn-
chronized contraction differed: The tugging force on the
side with more sarcomeres was larger than the tugging force
on the side with fewer sarcomeres, (Fig. 9B). This difference
caused the ICDs to be stretched to an orientation perpen-
dicular to the cell’s direction of alignment. Under cyclic
stretch without CM contraction, the forces were mainly
from CM membranes that touched the substrate and exerted
force equally on both sides of the ICDs. These forces did not
cause step-like ICDs; in fact, their stretch inclined ICDs
even more steeply.

The discussion above is correct for only conditions in
which the number of sarcomeres on each side of the inclined
ICD is different, as shown in Figure 9A and B. In our ex-
periments (data not shown), we occasionally found that in

the synchronous contraction region of a CM culture, in-
clined ICDs were consecutively lined up in parallel (i.e.,
inclined in the same direction) in a line of end-to-end con-
nected CMs. This phenomenon occurred when by chance the
original cell deposition arrangement allowed the consecutive
cells to be formed at the same contact angle. Because the
number of sarcomeres on each side was approximately the
same, they exerted the same force and thus could not stretch
the inclined ICD to become perpendicular to the longitudi-
nal cell axis. The existence of this phenomenon supports our
theory of stretch due to synchronized contraction caused by
in vivo-like ICD orientation.

In our study, when we applied combined cyclic stretch
and electrical stimuli, the results demonstrated that cellular
viability was low (data not shown). When only a cyclic
stretch was applied, our data demonstrated that the stretch-
generated passive forces were neither physiological nor
pathological; therefore, we did not extensively explore the
combination. However, we did combine sustained static
stretch (which mimicked hypertrophy) and electrical stim-
ulation. We applied electrical stimulation to the cell culture
under G6 from Day 3 (12–16 h earlier than the addition used

FIG. 6. Ultrastructural
organization visualized by
TEM imaging. (A, C, E)
Representative TEM micro-
graphs obtained from CM
culture on 130 kPa suspended
substrate with electrical
stimulation (G6). (B, D, F)
Representative TEM micro-
graphs obtained from an
adult rat heart. (A, B)
Overview of myofibrils.
Orange arrows point to
mitochondria. (C, D) Ultra-
structure of sarcomeres.
(E, F) An ICD. TEM, trans-
mission electron microscope.
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in the experiments we report in this study that were without
any stretch) to Day 7; from Day 5 to 7, we also applied 5%
static stretch. The in vivo-like ICDs that formed were not
statistically different from those that formed under G6
without stretch (data not shown). This suggests that our
system can be used as a hypertrophic model.

For 130 kPa suspended substrate with electrical stimula-
tion (G6), the ICD morphology was in vivo-like (the per-
centage of step-like ICDs was closer to that of adult rat heart
tissue than that of other test groups), and the ultrastructure

of the ICDs was also similar to that in adult rat heart tissue.
For example, the TEM result from the test group under G6
showed that the pleated appearance presented in transverse
sections of ICDs (perpendicular to the longitudinal axis of
the CM) was similar to that seen in adult rat heart tissue.2

The major in vivo-like feature of the culture model under G6
was the 3D cell morphology: The CM expressed a rod-like
shape, unlike CMs in other test groups in which the cross-
sectional shape of a CM was a flat oval with a cell height
around 3 mm. A 3D reconstruction of ICDs from a confocal
image stack acquired from a culture model under G6
showed that the dimensions of the ICDs were *6–12 mm in
diameter (Fig. 5B), similar to a typical dimension obtained
from neonatal rats.16

It has been demonstrated extensively that actomyosin-
based tugging forces play an important role in the formation
of ICDs.20–22 In the development of CMs, the myofibril
contraction provides the tugging forces that promote and
stabilize the formation of ICDs;19,23,24 ICDs have been vi-
sualized as the terminal Z-discs of myofibrils and were seen
to function as the terminal of the sarcomere.18 To use a
topographic technique (e.g., microgrooved substrate) to
achieve cell alignment, Young’s modulus of the substrate
could not be tuned as low as that approaching the in vivo
level. Consequently, during CM contraction, a cell’s apical
surface would contract much more strongly than the basal
surface. As our long experience with CM culture confirms
(data not shown), without concomitant contraction of equal
strength of the apical and basal cell surfaces, the effects of
the tugging forces were not sufficient to balance the outward
pressure generated on the cell membrane and the cell/
substrate adhesive force. The former caused a spherical
contour of the cell membrane, and the latter caused the cell
to spread on the substrate, forming a sheet. As a result, the
typical appearance of the cell/cell contact interface would be

FIG. 7. The formation
of sinusoidal ICDs on the
first 3 days (A–C). Red:
a-actinin; Blue: nucleus;
Gray: Phase microscope
imaging. (D) Cartoon
demonstration of sigmoid
ICD formation.

FIG. 8. Morphology of ICDs on cultures at 5% stretch on
130 kPa suspended substrate without electrical stimulation.
Yellow arrows point to sigmoid ICDs. Scale bar = 20 mm.
Red: a-actinin; Green: N-cadherin; Blue: nucleus.
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as shown in Figure 9C. But, cell/cell contact in study has an
appearance as shown in Figure 9D. Our experiment-based
conceptualization is consistent with the mechanical
analysis-based conclusion reported in the literature—that
the height of a cell can be increased by a concomitant
contraction of the apical and basal cell surfaces.25 In our
research report here, we used a suspended elastic substrate

and filled the cell culture chamber with the minimum
amount of medium—just enough for cell culture—so that
the substrate was slack with scattered folds, not taut. Con-
sequently, the effective stiffness of the substrate was lower
than that of a taut substrate with the same Young’s modulus,
as in a heart muscle, in which crimps in the collagen fibrils
decrease the effective stiffness of the tissue. In our culture

FIG. 9. Illustration of modeling. Modeling (A) mechanical stretch and (B) electrical stimulation. ICDs formed in random
cell culture (C) and 130 kPa suspended substrate with electrical stimulation (D).
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condition, the synchronous CM contraction was able to
cause, as we observed, the substrate to contract with the cell
culture, and thus a simultaneous contraction of equal
strength of the apical and basal cell surfaces occurred. We
postulate that this simultaneous contraction is the major
reason for CMs cultured on our suspension substrate with
low Young’s modulus and under electrical stimulation to
express a rod shape with disk-like ICDs.

In the future, these findings can be used to study the
physiological and pathological features of ICDs. Not only
does ICD morphology determine function, the morphology
changes with the development of pathological conditions
and causes malfunction of CMs. In the last decade in car-
diomyopathy and gene deletion models, the transition of
ICDs from a physiological morphology to a pathological
morphology was found.26,27 These morphological changes
were correlated to their final effects on CM development
and remodeling, which are regulated by cell/cell coupling
mediated through ICDs. Consequently, studying physio-
logical cell development and remodeling in a cell culture
model requires the establishment of in vivo-like ICD mor-
phology to assure physiological cell/cell coupling. For ex-
ample, during hypertrophic cardiac cell remodeling, the
insertion of sarcomeres (the basic unit of the contractile
mechanism) is speculated to occur at the ICD.28 In a culture
model, an in vivo-like ICD enables actual mechanical in-
teraction experienced by neighboring cells during hyper-
trophy. This mechanical interaction is thought to be an
important causal factor in hypertrophic sarcomeric insertion.

In our study, we cultured neonatal rat CMs on PDMS,
which is not suitable for transplant. However, this method
could be combined with biodegradable materials to guide
the formation of cell sheets with in vivo-like cell coupling
for transplantation to damaged hearts.29
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