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Abstract Cardiac muscle cells are known to adapt to their
physical surroundings, optimizing intracellular organization
and contractile function for a given culture environment.
A previously developed in vitro model system has shown
that the inclusion of discrete microscale domains (or micro-
rods) in three dimensions (3D) can alter long-term growth
responses of neonatal ventricular myocytes. The aim of this
work was to understand how cellular contact with such a
domain affects various mechanical changes involved in car-
diac muscle cell remodeling. Myocytes were maintained
in 3D gels over 5 days in the presence or absence of
100 − µm-long microrods, and the effect of this local heter-
ogeneity on cell behavior was analyzed via several imaging
techniques. Microrod abutment resulted in approximately
twofold increases in the maximum displacement of spon-
taneously beating myocytes, as based on confocal micros-
copy scans of the gel xy-plane or the myocyte long axis.
In addition, microrods caused significant increases in the
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proportion of aligned myofibrils (≤20◦ deviation from long
axis) in fixed myocytes. Microrod-related differences in axial
contraction could be abrogated by long-term interruption of
certain signals of the RhoA-/Rho-associated kinase (ROCK)
or protein kinase C (PKC) pathway. Furthermore, microrod-
induced increases in myocyte size and protein content were
prevented by ROCK inhibition. In all, the data suggest that
microdomain heterogeneity in 3D appears to promote the
development of axially aligned contractile machinery in mus-
cle cells, an observation that may have relevance to a number
of cardiac tissue engineering interventions.
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Abbreviations
3D Three dimensions
AraC Cytosine β-D-arabino-furanoside
BSA Bovine serum albumin
DAPI 4′,6-Diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
ECL Enhanced chemiluminescence
ECM Extracellular matrix
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HRP Horseradish peroxidase
MLC Myosin light chain
MLCK Myosin light chain kinase
MLCP Myosin light chain phosphatase
PBS Phosphate-buffered saline
PKC Protein kinase C
PVDF Polyvinylidene fluoride
RACK1 Receptor for activated C-kinase-1
ROCK Rho-associated kinase
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SEM Standard error of measurement
TBST Tris-buffered saline-Tween 20

1 Introduction

Many cell types are known to be influenced by aspects of
theirphysical environment,be it thevariedextracellulararchi-
tecture found in vivo or properties of a supporting substrate
in vitro (Pedersen and Swartz 2005; Liu and Chen 2007).
Isolated ventricular myocytes have been shown to respond
to changes in substrate topography, geometry, rigidity, and
strain (Simpson et al. 1999; Gopalan et al. 2003; Motlagh
et al. 2003b; Engler et al. 2008; Jacot et al. 2008). Yet as ten-
sion-generating contractile cells, cardiac myocytes have the
specialized ability to recognize such physical stimuli as they
develop and transmit large intracellular forces. Cardiac myo-
cytes balance extrinsic and intrinsic mechanics by activating
processes of cell growth and myofibrillar or sarcomeric orga-
nization, which may serve to overcome an extremely limited
proliferative potential (Soonpaa et al. 1996; Eble et al. 1998;
Evans et al. 2003; Tiburcy et al. 2011). The result is a micro-
mechanical integration of forces that determines the extent of
myocyte adaptation.

Many of the pathways involved in the recognition of a
physical stimulus by a cardiac myocyte have at least some
dependence on outside-in signaling cascades. Through inte-
grin-based points of contact with the extracellular milieu,
cues are transduced by the actin cytoskeleton-linking protein
complexes (Ross and Borg 2001; Samarel 2005). Indeed,
the induction of myocyte hypertrophy can be specifically
attributed to anchorage-dependent signaling molecules such
as focal adhesion kinase (FAK), RhoA GTPase, and pro-
tein kinase C (PKC) (Sharp et al. 1997; Frey and Olson
2003; Hartman et al. 2009; Miyamoto et al. 2010). These
proteins facilitate the changes in actin dynamics and focal
adhesion assembly that are inherent to myofibrillar remod-
eling in vitro (Torsoni et al. 2005; DiMichele et al. 2009;
Otani et al. 2011). Rho-associated kinase (ROCK), a tar-
get of GTP-bound RhoA, directly regulates several effectors
including myosin light chain (MLC, also independently acti-
vated by myosin light chain kinase, MLCK), which leads
to stress fiber formation and nonmuscle myosin-based cell
contraction (Ren and Fang 2005).

The impact of engineered environments on the mechano-
biological development of individual cardiac myocytes has
not always been considered in tissue engineering approaches.
A single myocyte can detect cell-scaled discontinuities in
three dimensions (3D), reinforcing the need to understand
muscle cell responses as a function of local cues (Curtis et al.
2010). Such cues were presented to myocytes as 100 − µm-
long rigid polymeric structures (known as microrods) seeded
with random orientation in a soft extracellular matrix (ECM)
protein-rich gel. After 10 days in 3D culture, microrods led to

increases in myocyte size and protein content that were simi-
lar to those caused by a potent chemical stimulus of hypertro-
phy, phenylephrine (Curtis et al. 2010). Microrod-interacting
myocytes were also found to exhibit greater cross-sectional
areas, rates of spontaneous contraction, and expression of
muscle-regulating genes such as sarcoplasmic reticulum cal-
cium-ATPase (SERCA2) and cardiac ankyrin repeat protein
(CARP) (Curtis et al. 2010).

The current work uses this same method of culturing cells
and microrods, but with the goal to understand how heter-
ogeneity in 3D affects the mechanics of cardiac myocyte
contraction. Techniques to analyze the contractile motion of
myocytes generally require a measure of cellular displace-
ment through tools such as marker beads or elastic pillars
(Qin et al. 2007; Zhao et al. 2007; Kajzar et al. 2008). Other
approaches gather displacements based on actual cell mor-
phologies (Okada et al. 2005; Tracqui et al. 2008; Kamgoué
et al. 2009). In the present study, full-field and long axis
capture of beating myocytes with confocal microscopy pro-
vided overlapping sets of data to evaluate the specific effect
of microrods on peak contraction.

Results here show that microrods promote greater mag-
nitudes of auxotonic shortening or displacement in cardiac
myocytes. Over 5 days, the local presence of microrods
in 3D also affects certain anisotropic characteristics of
myocytes. Furthermore, there was evidence that contractile
changes due to microrods are dependent on certain aspects
of RhoA/ROCK and PKC signaling, pathways previously
implicated in hypertrophic and mechanosensing responses
in cardiac myocytes. This study thus describes a novel way
of both introducing and monitoring a set of physical cues that
are important to the form and function of cardiac cells.

2 Materials and methods

2.1 Microrod fabrication

The fabrication of microrods by photolithographic tech-
niques has been previously described in detail (Norman et al.
2008; Ayala et al. 2010). Briefly, negative photoresist SU-8
2010 (Microchem, Newton, MA) was spun onto the cleaned
and dehydrated surface of a 3-in. silicon wafer. When a uni-
form thickness of 15 µm was reached, the wafer and photo-
resist were pre-baked and subsequently exposed to a 365 nm
light source (13 mW/cm2 for 13 s) through a custom transpar-
ency mask (Infinite Graphics, Minneapolis, MN). The wafer
was then post-baked, and uncrosslinked SU-8 was removed
with a developer solution (Microchem). The remaining fully
formed 100 × 15 × 15 µm (L × W × H) microrods were col-
lected from the wafer surface with 70% ethanol, washed in
sterile phosphate-buffered saline (PBS), and stored in serum-
free cell culture media.
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2.2 Suspending cardiac myocytes and microrods in 3D

Primary ventricular myocytes were isolated from neona-
tal Sprague-Dawley rat hearts using an established enzy-
matic method (Motlagh et al. 2003a), as approved by UIC
according to Institutional Animal Care and Use Commit-
tee and National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (NIH Publication
85-23, Rev. 1985). Myocytes and microrods were suspended
in a 3D gel matrix using a variation in a previously pub-
lished protocol (Curtis et al. 2010). The gel matrix used
was the commercially available Matrigel extract (BD Bio-
sciences, San Jose, CA), an extracellular matrix protein
mixture purified from mouse sarcomas. For certain exper-
iments, Matrigel was supplemented with submicron poly-
styrene beads (2.91 × 109/mL), each with a diameter of
0.5 µm (Molecular Probes, Eugene, OR), to assist in the
tracking of cell contraction. When liquefied Matrigel was
seeded with microrods and cells and allowed to polymerize
on 35- mm glass-bottom dishes (MatTek, Ashland, MA), gel
layers (0.5–1.0 mm in depth) containing the randomly dis-
tributed constituents were formed (Fig. 1a, b). The concentra-
tions of myocytes (4×106/mL) and microrods (4×104/mL
or 0.09% total volume) resulted in cells that were posi-
tioned no greater than 150 µm from a microrod (Curtis et al.
2010). As a whole, the bulk gel layer had stiffness values of
shear modulus G’ (22.9 Pa) and loss modulus G” (1.3 Pa)
that were not affected by inclusion of the rigid microrods
(Norman et al. 2008). Cell-seeded gels were provided fresh
complete medium daily containing DMEM F-12 without
L-glutamine (Sigma, St. Louis, MO), 5% fetal bovine serum,
1 mg/mL penicillin G/streptomycin, and 8 µM cytosine
β-D-arabino-furanoside (Sigma, St. Louis, MO). In all exper-
iments, cells were maintained at 37◦C with 5% CO2 for a total
5 days.

2.3 Live image capture of cardiac myocyte contraction

After 5 days of culture, cardiac myocytes were incubated
with 5 µM Calcein AM (Invitrogen, Carlsbad, CA), a green
fluorescent vital dye that allowed for beating cells to be
more easily located in 3D gels. Myocyte contraction within
the gel was recorded at the thickest region of each cell
using a Zeiss LSM 510 META laser confocal microscope
(Zeiss, Peabody, MA). To keep the compensations of 2D
imaging to a minimum, only contracting myocytes that
exhibited a long axis orientation flush with the optical
stage (or xy-plane) were captured. Each image was col-
lected as an optical slice from a differential interference
contrast grayscale channel using a 63x magnification, 1.2
numerical aperture, water-immersion objective. Sequential
512 × 512 pixel images were taken approximately every

microrod

cardiac myocyte0.5 µm bead

(a)

(b)

gel matrix

(c)

-2 µm+ 2 µm 0 µm

Fig. 1 Live imaging of 3D-suspended cardiac myocytes. a Isolated
ventricular myocytes (red) are seeded in 3D gel matrices with 100 ×
15 × 15 − µm rod-shaped polymeric microrods (blue). Cells and
microrods are supported in the 0.5–1.0- mm thick gel layers with ran-
dom orientation. b Individual myocytes with or without microrod abut-
ment are imaged to track live contraction based on displacement in the
visible plane (shaded gray). The presence of submicron beads, also
added during initial seeding, serves to visualize movement in the nearly
transparent gel. c Confocal microscopy is used to image live myocytes
within a plane parallel to the optical stage (scale = 20 µm). Black
arrows on inset zooms mark an in-plane tracking bead at the given
focus depths. In experiments, this plane of detectable motion is between
4–8 µm, which coincides with the approximate thickness of most
myocytes

700 ms over a total of 1 min. From this time series,
a pair of images representing states of rest (diastole) and
peak contraction (systole) was selected for later analysis.
A subsequent line scan sampling across each cell, capa-
ble of over 160 sweeps per second, was used to verify that
the approximate endpoint of contraction was suitably cap-
tured.
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2.4 Digital image correlation and full-field kinematic
reconstruction

Images of myocytes at rest and peak contraction were pro-
cessed for in-plane deformation measurements using a tech-
nique known as digital image correlation (Sutton et al. 1986;
Doumalin et al. 1999, 2003; Budyn and Hoc 2010). Briefly,
pixel tracking was performed by cross-correlation between
successive grayscale images, where homogeneous deforma-
tions were assumed in separate cell, gel, or microrod phases.
A zero-centered, normalized formulation for this cross-cor-
relation was chosen, given that such a formulation is inde-
pendent of the luminosity or light contrast that may vary
between images (Doumalin 2000; Zhang et al. 2003). Pix-
els were tracked at regularly spaced points on a grid (typi-
cally 20 × 20) defined over the resting cell reference image.
Changes in pixel positions (from rest to the deformed, con-
tracting state) were identified by grayscale gradients in the
vicinity of each grid point, and the recognition of pixel loca-
tion corresponded to a calculated minimum correlation coef-
ficient. In instances when pixel location was not detected,
points were corrected using manual linear interpolation of 3
adjacent points that were accurately identified.

To reconstruct the continuous displacement field from the
readings obtained by image correlation, a triangular mesh
was generated over a sample image using the program Gmsh
(Geuzaine and Remacle 2009). The mesh was made to con-
form to the explicitly defined cell and microrod boundaries
contained in each image, as digitally surveyed with the pro-
gram Plot Digitizer (Smith 2007). The point locations where
displacements had been detected were then reinserted into
the mesh by local adaptivity and used as the Dirichlet bound-
ary condition of a finite element model. Finally, the scaled
data were visualized as a continuous displacement field in
and around single myocytes. From the resulting kinematic
information, the cell area and perimeter could be exported,
as well as values of the maximum displacement experienced
within the cell and the average displacement occurring across
the apparent cell area. The overall robustness of the displace-
ment detection in images was consistent and, with the help of
the dispersed submicron beads, free of sizeable errors. Cor-
relation of two separate control images of a myocyte at rest
yielded negligible displacement values, far less than those
identified between images at rest and peak contraction.

To calculate the normal and shear strain fields from each
displacement field, the different material phases in images
were modeled as a linear elastic continuum. The resulting
strain was then used to evaluate the maximum principal strain
(magnitude and direction) present within each element face.
The contributions of maximum principal strain to all ele-
ments within the cell were classified into two groups, with
angles sorted into those from 0 to 20◦ (considered aligned)
and those from 20 to 90◦ (considered unaligned) relative to

the myocyte long axis. The element area occupied by this
aligned and unaligned maximum principal strain, irrespec-
tive of magnitude, was tallied for the given cell sample. The
total contribution of these element areas in each cell (or prin-
cipal strain proportion) was also plotted in terms of the same
20◦ alignment cutoff. A total of 10 image pairs were analyzed
for myocytes with or without microrods present.

2.5 Capture and analysis of axially positioned line scans

Similar to whole field capture of live cells, spontaneously
beating myocytes displaying an axis of shortening parallel
to the xy-plane were centered in focus under a laser confo-
cal microscope with a 63× objective (Zeiss). Through the
microscope software, a scanning line was positioned along
the long axis of each myocyte, which often corresponded
with the direction of greatest shortening. A single line was
1,024 pixels wide, bearing a pixel resolution between 0.03
and 0.08 µm/pixel depending on the length of the cell. Trans-
mitted light from a differential interference contrast channel
was captured from each line every 6.14 ms over the course
of 30 s, thereby recording multiple complete and regular
cycles of cell contraction. The semi-transparency of myo-
cytes and the surrounding gel provided various grayscale
features of intracellular particles, membrane folds, external
tracking beads, or microrods that could be observed to dis-
place during contraction. The result was an image of contrac-
tile motion over time, similar to a kymograph time-space-plot
where the intensity along a line (x-axis) is stacked in sequence
over time (y-axis). From the cell-generated motion, peaks
of contraction could be easily discerned and used to mark
states of maximum shortening. Image processing software
(ImageJ, NIH, Bethesda, MA) allowed for these peaks to be
scaled and measured along each axis to obtain the shorten-
ing time (in ms) and the maximum displacement (in µm)
of a single cell. The identification of such peaks involved
manual measurements but was fundamentally similar to fast
Fourier transforms that have been automated for frequency
analysis of any axial cell displacement (Goldyn et al. 2009).
Additional quantification of displacements at 5 µm spaced
positions along each line scan permitted calculations of the
average displacement and the span of the greatest (upper
50%) displacements exhibited along the total cell length. A
total of 8–14 line scans were captured, quantified, and aver-
aged for cells in each experimental group and were represen-
tative of at least 3 separate cultures.

2.6 Fluorescent staining and imaging of cardiac myocytes

Cells in 3D gels were fixed in 2.0% paraformaldehyde for
10 mins, followed by a 0.3 M glycine/PBS rinse. Seeded
gels were then incubated in 0.5% Triton X-100 (Sigma) for
10 min to permeabilize cell membranes, followed by 10%
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goat serum/PBS for 20 min to block nonspecific binding
activity. Cells were labeled for 1 h with an antibody for
sarcomeric α-actinin (mouse monoclonal ab9465, Abcam,
Cambridge, MA) diluted 1/200 in 1% bovine serum albumin
(BSA)/PBS. After 3 PBS washes, cells were incubated with
goat anti-mouse Alexa Fluor IgG 568 secondary antibody
(Invitrogen) diluted 1/1,000 for 45 min. Alternatively, myo-
cytes requiring no immunolabeling were stained with rho-
damine phalloidin (Invitrogen) diluted 1/200 in BSA/PBS
for 1 h. All gels were then rinsed with PBS and stored in
1 nM 4’,6-diamidino-2-phenylindole (DAPI)/PBS (Vector
Labs, Burlingame, CA) until imaged. Fluorescence was cap-
tured as single 1 µm optical slices and 1024 × 1024 pixel
images using a laser confocal microscope with a 63x or 25x
objective, a setup similar to that described earlier.

2.7 Image analysis of stained cardiac myocytes

Measurement of myocyte size in fluorescent images was
based on α-actinin signals indicative of total sarcomeric con-
tent in muscle cells. Within each image, a stereological aver-
age of individual striated cell areas was determined using
ImageJ software. Scaled areas (in µm2) were then normal-
ized to the negative control group (containing no microrods
or treatment) from each culture. A total of 18 images were
taken for each experimental condition over 3 independent
cultures.

Assessment of myofibril alignment in myocytes was also
performed with ImageJ but was based on phalloidin staining
of filamentous actin in higher magnification images (Bray
et al. 2008). A previously published method of systematic
binning was used with the software to compartmentalize all
visible myofibrils within a cell (Karlon et al. 1999; Kaunas
et al. 2005). Briefly, the phalloidin signal was first converted
to a grayscale, and the average pixel intensity in a full cell
of interest was recorded. Next, a scaled grid with a subre-
gion size of 2.5 µm (6.25 µm2) was superimposed on the
cell. For each grid square, the average pixel intensity was
again measured; subregions with intensities less than 40% of
the total cell average were discarded. If the signal in a sub-
region was strong enough, a line was overlaid along a row
of sarcomeres. The angle of this line was recorded, and the
process was repeated for every subregion contained within
the cell. Angles were normalized from 0◦ to 90◦ relative to
the determined long axis of each myocyte, which was typ-
ically assigned along the axis of greatest myofibril align-
ment. The total subregion area per angle was counted for
each cell, with angles categorized into groups less than or
greater than 20◦. This same angle cutoff has been used pre-
viously to define aligned and unaligned myofibrils in cardiac
myocytes (Chopra et al. 2011; Parrag et al. 2011). The cel-
lular proportion of areas for the aligned or unaligned groups
was also plotted. All quantifications were averaged from 15

images of each blinded condition acquired over 3 cultures.
A sampling of the analysis was repeated by an additional
unbiased observer, which yielded consistent differences
between experiment groups.

2.8 Inhibition of RhoA/ROCK, FAK, and PKC signaling

To identify key molecular signals involved in the cellular rec-
ognition of microrods, several pathways were disrupted via
long-term pharmacological inhibition. These agents included
cell permeable C3 Transferase (Cytoskeleton, Denver, CO),
which inactivates Rho GTPases via ADP-ribosylation, the
compound Y-27632 (Sigma), which blocks the catalytic site
of ROCK, and the MLCK inhibitor ML-7 (Sigma) (Ise-
mura et al. 1991; Uehata et al. 1997). Also used was the
chemical GF109203X (Tocris, Elliswille, MO), which out-
competes ATP on several PKC isoforms, and PF-573228
(Tocris), which potently inhibits tyrosine phosphorylation of
FAK (Toullec et al. 1991; Slack-Davis et al. 2007). Stock
solutions of C3 Transferase, Y-27632, ML-7, GF109203X,
and PF-573228 were prepared and stored in sterile H2O or
dimethyl sulfoxide (DMSO) according to the recommenda-
tions of each manufacturer. Working solutions of inhibitors
were made fresh with warm culture media and added to 3D
cultures for storage at 37◦C. For these solutions, less than
0.1% DMSO by volume was added to media, a threshold
that has been reported to have no effect on intracellular cal-
cium concentrations (Zhou et al. 2002). Cells were treated
with Y-27632 (10 µM) and PF-573228 (1 µM) over 72 h, C3
Transferase (0.3 µg/mL) for 36 h, and ML-7 (20 µM) and
GF109203X (10 µM) for 24 h, with supplemented media
changed daily as needed.

2.9 Evaluation of protein content in cardiac myocytes

An assessment of myocyte size was carried out for 3D-cul-
tured cells by determining the ratios of total protein levels
to cell numbers. Briefly, viable cells were removed from
gels by incubation with 400 µL Dispase (BD Biosciences)
for 2 h at 37◦C. Cells were collected, pelleted, resuspended
in PBS, and split into two volumes—one of which counted
(n = 5) using trypan blue (Cambrex, East Rutherford, NJ)
and a hemocytometer. The remaining cells were lysed with
100 µL 1% SDS buffer, and protein levels were measured
with a Qubit fluorometer and Quant-iT protein assay (Invit-
rogen). Ratios of protein readings to respective cell counts
were averaged from each group and normalized to those from
3D gels with no microrods or treatment. The average fold
changes from 3 separate cultures were then reported.
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2.10 Western blotting for analysis of FAK expression

Myocytes were cultured on 2D surface-modified polysty-
rene dishes (Becton Dickinson, Franklin Lakes, NJ), with
or without exposure to 1 µM PF-573228 in media changed
daily over 72 h. Cells were scraped over ice in 1% SDS
buffer containing protease and phosphatase inhibitor cock-
tails (Sigma). Collected lysates were then briefly sonicated
and pelleted by centrifugation at 14,000×g for 15 min. The
protein content in the supernatant was then measured and
equilibrated, and corresponding volumes were diluted 1:1
with Laemelli sample buffer (Bio-Rad, Hercules, CA) con-
taining 5% 2-mercaptoethanol (Sigma) and boiled at 100◦C
for 5 min. Approximately 25–40 µg of protein was loaded
onto and resolved within a Criterion Tris–HCl 10% poly-
acrylamide gel (Bio-Rad), followed by transfer to a meth-
anol-activated polyvinylidene fluoride (PVDF) membrane
(0.2 µm, Bio-Rad). After blocking with 5% nonfat milk
in Tris-buffered saline—0.05% Tween 20 (TBST), mem-
branes were probed with antibodies for total FAK (rabbit
monoclonal ab40794, Abcam), tyrosine 397-phosphorylated
FAK (rabbit polyclonal ab39967, Abcam), and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH, rabbit poly-
clonal ab9485, Abcam) diluted in 1% BSA-TBST. Unbound
antibodies were removed with copious rinsing with TBST,
and membranes were then incubated with an anti-rabbit IgG
horseradish peroxidase (HRP)-linked antibody (Cell Signal-
ing, Beverly, MA) in 1% BSA-TBST. After additional TBST
washes, bands were visualized by enhanced chemilumines-
cence (ECL, GE Healthcare, Piscataway, NJ) and captured
with a ChemiDoc XRS+ molecular imager and ImageLab
software (Bio-Rad).

2.11 Statistics

Statistical analysis was performed using Excel software
(Microsoft, Redmond, CA) and specialized JavaScript func-
tions (VassarStats, Poughkeepsie, NY). Differences in quan-
titative variables were calculated by a two-tailed Student’s
t test or one-way ANOVA for independent samples. The
Tukey–Kramer post hoc test was used to determine signifi-
cance for multiple conditions. All data are expressed as mean
± SEM, with significance marked as p < 0.05.

3 Results

3.1 Aspects of cardiac myocyte displacement

For this study, the analysis of motion in 3D-suspended car-
diac myocytes was restricted to those cells within a defined
image plane. With the given confocal microscopy setup, this
image plane corresponded to a theoretical depth of focus

(or z-axis depth) of nearly 1 µm. However, height-depen-
dent recording of the cell-seeded gels showed that individual
submicron tracking beads typically came in and out of focus
at a span of 4–8 µm (Fig. 1c). This range was similar to the
approximate thickness of myocytes in 3D, thus establishing
a consistent plane in which to track whole cells and their
perturbed surroundings.

Under controlled seeding densities of cells and microrods,
most spontaneously contracting myocytes found within the
xy-plane showed single end attachment with 1 microrod (as
depicted in Fig. 1). In rare instances, a flanked configuration
of a myocyte contracting between 2 microrods was observed
in the same plane. In both situations, the 100 − µm-long
microrods could often be seen to move within the soft sup-
porting gel matrix during cyclical beating of the adjacent
myocyte. That is, a discrete microrod was pulled elastically
toward the cell as it contracted, returning to its original posi-
tion in the gel as the myocyte relaxed (see Online Resources
1-3).

After 5 days of 3D culture, myocytes residing near a
microrod adopted different mechanical characteristics than
cells in control gels with no added microrods. Such changes
were most apparent in terms of the displacement exhibited
by myocytes during peak contraction. Correlation of images
taken at rest and peak contraction allowed for these in-plane
displacement values to be precisely quantified over single cell
fields (Fig. 2a, d). As a whole, myocytes generated greater
magnitudes of displacement in the presence of microrods
(note the scales of Fig. 2b, d). Similarly, values of the max-
imum displacement detected, as averaged across multiple
cells, were found to be significantly higher in microrod-
attached myocytes (1.91 ± 0.49 µm) than myocytes in gel
alone (0.65 ± 0.15 µm) (Fig. 2e).

3.2 Axial mechanics of cardiac myocytes

In a separate, more simplified method of mechanical analysis,
single-pixel-wide line scans were used to capture the longi-
tudinal (or axial) displacement of beating myocytes. These
scans were intended as a means to not only validate the micro-
rod-related changes in cell displacement, but also to repeat
the measurements with respect to the time of the contrac-
tion cycle. Myocytes in conditions with or without micro-
rods both displayed a predominantly bipolar shape, and cells
within the xy-plane thus had an easily identifiable long axis
for the placement of a scanning line. Each scaled line scan
permitted quantification of shortening time and displacement
at regular intervals (5 µm) along the given axis (Fig. 3a, b).
From recorded displacement values, the maximum displace-
ment was determined for each cell, an index similar to
those reported from the full-field analysis. In addition, the
axial span of the greatest displacement values (>50% of
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Fig. 2 Cardiac myocyte
displacement is affected by
3D-suspended microrods. a, c
Grayscale images of xy-plane
oriented myocytes (yellow
outline) at states of rest
(diastole) and peak contraction
(systole) were exported from a
confocal microscopy time series
(scale 20 µm). Inset zooms of
these two states illustrate the
snapshot change in motion of all
trackable particles and features;
some sample positions are
marked with black arrowheads.
b, d Correlation of images
reveals the range of
displacements in active
myocytes, falling between
0.2–0.4 µm in the example
shown. With microrod abutment,
myocyte displacement is greater
in magnitude, reaching 1.0 µm
in the given example (note the
differences in scales between the
two colormaps). e Quantification
of such observations across
pooled samples (n = 5 per
condition) shows that myocytes
with adjacent microrods display
significantly higher maximum
displacement values
(1.91 ± 0.49 µm) than control
cells (0.65 ± 0.15 µm). Mean
± SEM. * p < 0.05
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maximum) was noted as a way to assess the overall non-
uniformity of myocyte shortening.

When associated with a microrod, myocytes produced sig-
nificantly higher values of maximum displacement axially
(3.08±0.34 µm) compared to control cells (1.79±0.12 µm)
(Fig. 3c). These shifts mirrored results from the image anal-
ysis detailed earlier (see Online Resource 4 for comparison
of sample data from both methods). Though the total length
of the long axis was greater for myocytes growing with mi-
crorods (57.48 ± 2.98 µm) than myocytes in uniform gels
(47.63 ± 2.69 µm), the span of the greatest displacement
along this axis was significantly smaller when microrods
were present (21.73 ± 2.16 µm versus 27.98 ± 2.08 µm)
(Fig. 3d). For cells with microrods, the greatest displacement
values occurred at an average position of 29.7 ± 4.4 µm
distal from the microrod, which corresponded to an axial
location near the center of myocytes (not shown). Beyond
this, the high time resolution of line scans showed that myo-
cytes with microrods experienced significant decreases in
shortening time (from 217.4 ± 10.1 ms to 171.2 ± 9.1 ms)

(Fig. 3e). Altogether, a simple ratio of maximum displace-
ment to shortening time indicated that the shortening velocity
of myocytes increased over twofold with microrod inclusion
(Fig. 3f). Results were supported by earlier data concern-
ing increased SERCA2 levels and the potential for modified
excitation–contraction coupling with microrods (Curtis et al.
2010).

3.3 Myofibril alignment and maximum principal strain

One contributing factor to altered mechanics in force-gener-
ating cells is intracellular architecture. To examine the effect
of microrods on actin organization, 3D-seeded myocytes
were fixed and stained with phalloidin (Fig. 4a, b). Orien-
tations of myofibrils, the actomyosin contractile machinery
in muscle cells, were surveyed by angle of deviation (0−90◦)
relative to the myocyte long axis. The area of myofibrils
aligned with the long axis (≤20◦ deviation) was significantly
greater in myocytes with microrods (483.3 ± 50.8 µm2) than
in control myocytes (253.3 ± 18.9 µm2), yet no difference
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Fig. 3 Axial mechanics of
cardiac myocyte contraction are
influenced by microrod
presence. a, b Rapid traces
along the long axis of single
myocytes with or without local
microrods (scale 20 µm) were
captured as a one-dimensional
time series (or a line scan, with
placement designated by red
line). From each scaled line
scan, offline measurements of
shortening time and maximum
displacement could be made for
individual myocyte beats. Cell
displacement was also measured
at 5 − µm intervals (green line
in plot) along the span of each
line scan, which was used to
determine the axial span
(dashed orange line) of the
greatest displacements (>50% of
maximum). c Myocytes abutting
a microrod exhibit significantly
higher maximum displacements
(3.08 ± 0.34 µm) than cells in
gels with no microrods
(1.79 ± 0.12 µm) (n = 26
scans total). d The axial span of
the greatest displacements is
smaller in myocytes with
adjacent microrods
(21.73 ± 2.16 µm) than in
control cells (27.98 ± 2.08 µm).
e Microrod inclusion causes a
decrease in the shortening time
of myocytes (from 217.4 ± 10.1
to 171.2 ± 9.1 ms). f A simple
index of shortening velocity
(maximum
displacement/shortening time) is
found to be significantly higher
in microrod groups
(18.02 ± 1.59 µm/s) compared
to control cells
(8.42 ± 0.70 µm/s). Mean
± SEM. * p < 0.05
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was found between areas of unaligned myofibrils (>20◦ devi-
ation) (Fig. 4c). These results, when expressed as fractions of
total cell areas, revealed that the addition of microrods caused
significant increases in the overall proportion of aligned myo-
fibril area (from 0.63 ± 0.03 to 0.77 ± 0.03) (Fig. 4d).

To determine whether the microrod-affected alignment
of myofibrils could be directly compared with a change
in contractile mechanics, maps of principal strains from
live myocytes were evaluated. Displacement data collected
from the full-field analysis were used to calculate the direc-
tions of maximum principal strain occurring in myocytes at
peak contraction (Fig. 4g, j). The angles (0–90◦) of these
principal strain directions were again grouped by relative
alignment with the assigned long axis, marked by devia-
tions of 20◦ or less. However, no statistical significance
could be found for pooled data in the available sample size.
Specifically, increases in average area of axially aligned max-
imum principal strain were not statistically different for con-
ditions with microrods (416.6 ± 185.3 µm2) over controls
(254.6 ± 51.8 µm2) (Fig. 4k). The maximum principal strain
aligned with the long axis also existed in slightly greater cel-
lular proportions when microrods were present (0.56 ± 0.02
compared to 0.43 ± 0.06), but the p value of this sampling
failed the significance level of 0.05 (Fig. 4l).

3.4 Dependence of axial mechanics on RhoA/ROCK and
PKC signaling

It was hypothesized that the ability of microrods to influence
myocyte behavior was dependent on several well-known
intracellular signals involved in mechanosensing and actin-
regulating processes. To help address this, line scans of
axial displacement provided a straightforward way to quan-
tify the mechanical result of interrupting such signals over
the long-term (≥24 h) in myocytes. Accordingly, readouts
of maximum displacement (Fig. 5a) and shortening veloc-
ity (Fig. 5b), which were significantly different in micro-
rod and control groups, showed no response to microrods
upon the inhibition of the RhoA/ROCK pathway. Specif-
ically, myocytes exposed to Rho inhibitor C3 Transferase
(0.3 µg/mL for 36 h), ROCK inhibitor Y-27632 (10 µM for
72 h), or myosin light chain kinase inhibitor ML-7 (20 µM for
24 h) displayed no significant changes in maximum displace-
ment or shortening velocity regardless of microrod inclusion.
Inhibition of PKC isoforms with GF109203X (10 µM for
24 h) also ablated the differences in maximum displacement
and shortening velocity due to microrods. In contrast, the
effects of microrods were upheld after inhibition of an acti-
vated form of FAK with the potent compound PF-573228
(1 µM for 72 h), though values of maximum displacement
were diminished overall with the treatment. These outcomes
suggest that the activity of PKC and certain RhoA/ROCK

pathway constituents play key roles in eliciting microrod-
related mechanical changes in cardiac myocytes.

3.5 Microrod-induced cell growth and RhoA/ROCK
inhibition

It was previously reported that microrods in 3D gels can stim-
ulate increases in myocyte size and protein content indic-
ative of hypertrophy (Curtis et al. 2010). However, it was
unclear whether the RhoA/ROCK pathway also participated
in this growth response. Cells were thus analyzed after 5
days in 3D culture with or without microrods and com-
pared to similar groups treated for 72 h with 10 µM Y-27632
(Fig. 6a–d). Quantification of cell area (via muscle-specific
α-actinin staining) showed that the significant fold increase
in myocyte size caused by microrod addition (1.34 ± 0.07)
was prevented with long-term inhibition of ROCK (Fig. 6e).
In addition, measurements of protein levels per total cell pop-
ulations, ratios which were significantly increased by micro-
rods (1.27 ± 0.03), demonstrated no such differences upon
Y-27632 treatment (Fig. 6f). Both results coincided with the
RhoA/ROCK involvement in microrod-altered cell mechan-
ics described earlier.

4 Discussion

Results show that the interaction of individual myocytes with
regions of heterogeneity influences the mechanics of con-
traction. Over time, these contiguous polymeric microrods
induce differences in cell displacement and the extent of axi-
ally aligned myofibrils. Several of these long-term changes
were affected by the inhibition of RhoA/ROCK and PKC
signaling. Microdomain heterogeneity, as detected by single
cells in 3D, can thus play a major role in the mechanobio-
logical regulation of cardiac myocytes.

4.1 Altered kinematics of microrod-interacting cardiac
myocytes

When the in-plane contractile motion of myocytes was mea-
sured using separate full-field and axial-based imaging meth-
ods, values of maximum displacement were found to be
consistently increased with microrod contact. Yet interest-
ingly, these greater cell displacements were contained over
a smaller axial distance when microrods were present, an
apparent localization of the most active contractile motion
(Fig. 3d). This phenomenon could indicate that microrods
cause a redistribution of intracellular tension in myocytes.
The inclusion of relatively large, cell-scaled, rigid micro-
rods would be likely to serve as loads to single myocytes,
and thereby increase the local stiffness in 3D. However,
these loads were not held fixed, as microrod-associated
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Fig. 4 Effect of microrods on myofibril orientation and axial align-
ment of principal strain in cardiac myocytes. a, b Myocytes with or
without microrods in 3D gels were fixed and stained for actin (rhoda-
mine phalloidin, red) and nuclei (DAPI, blue). Note that microrods also
appear blue (scale 20 µm). Myofibrils and their predominantly longitu-
dinal orientation can be distinguished in the inset zooms. c Images from
fluorescent staining were analyzed to survey the orientation of myofi-
brils within regular 2.5−µm square regions. The total area of myofibril
angles equal or less than 20◦ (deviation relative to myocyte long axis)
is significantly higher in cells with microrods (483.3 ± 50.8 µm2) than
in control cells (253.3 ± 18.9 µm2), but no difference exists between
the area of unaligned myofibrils greater than 20◦ (n = 15 cells per
group). d The proportion of aligned (≤ 20◦) myofibril area in cells is
significantly higher in the presence of microrods (0.77 ± 0.03) com-
pared to cells with no microrods (0.63 ± 0.03); the reverse is true for
the proportion of unaligned (> 20◦) myofibril area. e, h Images of
single myocytes (yellow outline) in gel alone or with microrods were

correlated from states of rest and peak contraction (scale = 20 µm).
f, i Strain data were collected for images sets of each condition and
used to calculate the maximum and minimum principal strain vectors
(represented as orthogonal lines) that occur at points within the cap-
tured field. The areas shown are zooms of the insets shown in e and
h. The long axis of each cell is also marked (red line). g, j The frac-
tion (normalized by cell area) of maximum principal strains by angle
(relative to the assigned long axis, red line) is displayed within polar
plots of each example. k All principal strain data averaged across mul-
tiple cells (n = 5) yield no statistical significance, but did show trends
that supported the more extensive myofibril analysis. Accordingly, the
average area of maximum principal strain is identified at angles near
the myocyte long axis (≤ 20◦) in conditions with or without microrods.
l Directions of principal strain are aligned with the long axis in slightly
greater cellular proportions when microrods are present (0.56 ± 0.02
vs. 0.43±0.06), but these differences are not significant. Mean ± SEM.
* p < 0.05
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Fig. 6 Microrod-induced cardiac myocyte growth is dependent on the
RhoA/ROCK pathway. Differences in cell size were assessed with laser
confocal microscopy after 5 days in culture for myocytes in 3D gels
(a), myocytes in gels treated for 72 h with 10 µM Y-27632 (b), myo-
cytes in gels containing microrods (c), and Y-27632-treated gels with
both myocytes and microrods (d). Cells were stained with antibodies
for muscle-specific α-actinin (red) and nuclei (blue); microrods also

fluoresce blue (scale 50 µm). e Analysis of cell area in images reveals
that the significant increase in myocyte size caused by microrod addition
(“Gel + Rods,” 1.34 ± 0.07) is abrogated with long-term inhibition of
ROCK (n = 3 cultures, 18 total images per condition). f Protein levels
per total cell count in each gel show similar results, with no signifi-
cant differences between gels with or without microrods upon Y-27632
treatment (n = 3). Mean ± SEM. * p < 0.05

myocytes could often be observed pushing the microrods
through the soft and highly elastic supporting gel. Fur-
thermore, the observed increases in maximum displace-

ment could not be correlated with the actual 3D orientation
between a given myocyte and microrod (not shown). With
this model system, it is therefore the simple introduction
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of 3D heterogeneity alone that affects the peak contractile
behavior of cardiac myocytes.

Other studies of cardiac myocytes in 3D constructs have
shown that contractile responses are largely dictated by the
engineered surroundings. For example, embryonic ventric-
ular myocytes seeded in tubular collagen scaffolds exhibit
a steady transition from a quiescent to contractile pheno-
type (Evans et al. 2003). Similar contractile development
of embryonic myocytes was also observed in more pliant,
less densely populated collagen gels (Feng et al. 2003).
Overall, myocytes in these 3D environments maintained
spontaneous contractions 2–3 times longer (>45 days) than
those on 2D cultures. Neonatal ventricular myocytes have
been shown to exhibit regular contractions after being cul-
tured between 3D gel layers of differing stiffnesses and
filamentous protein concentrations (Bakunts et al. 2008).
In addition, more highly organized patterns of myocyte
displacement were found in relatively soft fibrinogen gels,
bearing bulk shear moduli near those of gels used in cur-
rent experiments (Shapira-Schweitzer and Seliktar 2007).
Mechanical adaptation is known to be regulated by variation
in the stiffness below the cardiac myocytes in a 2D substrate
(Engler et al. 2008; Jacot et al. 2008). Since myocytes are
of comparable size to the microrods, a similar phenomenon
might be occurring here.

4.2 Microrods promote structural anisotropy in cardiac
myocytes

It was previously reported that myocytes become hypertro-
phied after 10 days in 3D culture with microrods (Curtis et al.
2010), but comparative changes were also evident by day 5 in
the current study (Fig. 6a, c, e, f). The microrod-attributed dif-
ference in striated area was found to be oriented with the long
axis in myocytes (Fig. 4c), thereby affecting the proportion of
aligned myofibrils of individual cells. This increase in align-
ment did not conflict with a more computationally intensive
analysis of maximum principal strain in microrod-neighbor-
ing myocytes (Fig. 4k, l), though such a comparison could
not be statistically confirmed. The result was thus myocytes
demonstrating slightly more in vivo-like qualities of aniso-
tropic behavior on account of microrod locality. This suggests
that the amount of myofibrils in alignment, rather than the
global order of the cell, drives the mechanical response to
3D heterogeneity. This can be supported by work with fibro-
blasts in 3D matrices, which has shown that a change in cell
tension corresponds less with the overall alignment of con-
tractile stress fibers than with the extent and number of those
aligned fibers (Grinnell 2000).

Several other studies have reported an ability to control
myocyte organization and anisotropy in vitro through various
physical cues. On micropatterned 2D surfaces, the introduc-
tion of corners within adhesion-promoting areas (i.e. from

circles to rectangles) was shown to induce local anisotropy of
myofibrils in myocytes (Parker et al. 2008; Bray et al. 2008;
Geisse et al. 2009). This myofibril anisotropy was seen to
expand throughout the myocyte with certain defined geomet-
ric boundaries, which could consequently promote mechan-
ical anisotropy during peak contraction (Bray et al. 2008;
Grosberg et al. 2011). Above flat culture conditions, myo-
cytes interacting with structures (5 µm high, 15 µm diame-
ter) on elastomeric substrates were shown to terminate with
sarcomeric striations over a greater thickness than cells on
untextured substrates (Motlagh et al. 2003a,b). In a much
larger scale, 1.5- mm-high elastomeric posts have been used
to guide actin alignment across densely grown myocytes,
resulting in an increase in anisotropic tension in cardiac mus-
cle tissues (Bian et al. 2009). When seeded in 3D environ-
ments containing discontinuities of stiffness, fibroblasts are
known to rebuild their cytoskeleton to polarize in the direc-
tion of the greatest effective stiffness (Bischofs and Schwarz
2003). Microrods thus appear to act as similar forms of local
discontinuities, providing a combination of high stiffness and
spatial heterogeneity in 3D to affect cardiac myocyte remod-
eling.

4.3 Mechanisms of microrod-affected cell responses

Prior work exploring the gene expression profiles of micro-
rod-presented cells had identified no single, unifying mech-
anism of microrod action (Collins et al. 2010; Curtis et al.
2010). However, such RNA transcription data highlighted
an overall importance of cell anchorage and actin cytoskel-
etal regulation in the responses to microrods. The relevance
of these processes has been substantiated by recent research
with fibroblasts, which proved that cell responses induced by
either topographic or 3D heterogeneity were mediated by the
RhoA/ROCK pathway (Patel et al. 2010; Ayala et al. 2010;
Ayala and Desai 2011). For cardiac myocytes on 2D sub-
strates, stretch-activated RhoA/ROCK signaling has shown a
dependence on PKC function (Pan et al. 205). Yet, it remained
to be seen whether the same effectors of actin dynamics
were equally pertinent to 3D-suspended myocytes, given
their less pronounced focal adhesions and spreading capabil-
ity (Cukierman et al. 2001; Evans et al. 2003). The scope of
the current study prevents a complete mechanism from being
fully elucidated. However, the results of this study demon-
strate that several targets related to the RhoA/ROCK path-
way could, in fact, be specifically implicated in the long-term
remodeling and mechanical changes caused by microrods.

The significant mechanical differences that existed
between myocytes with or without microrod contact were
abrogated with C3 Transferase, Y-27632, or ML-7 treatment;
the overlap of these results underscores an involvement of
RhoA/ROCK signaling. Similar findings with GF109203X
(which targets PKC isoforms α, β1, δ, ε, and ζ selectively)
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suggest that the RhoA/ROCK dynamics occur downstream
of PKC. Conversely, preservation of the mechanical differ-
ences between microrod and control groups with PF-573228
suggests that the kinase activity of FAK may be less impor-
tant in microrod responses than its core scaffolding func-
tion. All such experimental comparisons were based only
on measurements of axial displacement, which alone could
not distinguish the effects of modified growth or anisotropy
in cells. However, the RhoA/ROCK pathway was also con-
firmed to be required for microrod-induced hypertrophy, as
the changes in cell size and protein content were prevented
by 3 days of ROCK inhibition (Fig. 6e, f). This indicates
that the RhoA/ROCK-dependent mechanics observed are a
function of long-term cell remodeling and not contractility
per se, though it is difficult to separate the two interrelated
processes. Complicating this further, expression levels of the
sarcoplasmic calcium pump SERCA2 have been reported to
be significantly higher after 10 days with microrods (Curtis
et al. 2010). While SERCA2 levels do not always correlate
with increased calcium load and contractility, its expression
can be a sign of broader maturation changes in response to
physical cues (Moorman et al. 1995; Jacot et al. 2008). Even
so, it has been shown that blockade of calcium transients
alone does not prevent all aspects of a hypertrophic pheno-
type (such as cell size), and that mechanical activity itself
is critical for remodeling changes (Eble et al. 1998). In all,
it is clear that a certain pathway-specific mechanical feed-
back arises from stable microrod contact to alter myocyte
contractile behavior (Fig. 7).

4.4 Limitations of the study

The main technical limitations of this work were related to the
various compensations involved in live cell imaging. For one,
the continuous beating of cells during whole image acquisi-
tion (via a nonresonant scanning system) was an issue that
complicated the identification of peak contraction in myo-
cytes. A comparison of displacement values from full-field
and axial-based capture (Online Resource 4) confirms that
the magnitude of maximum displacement was detected more
accurately with the more rapid line scans; this was expected
and remained the rationale for the overlapping methods. In
addition, the correlation of images from myocyte rest and
peak contraction meant that the analysis was based on merely
a snapshot of mechanical changes, independent of shorten-
ing time. Finally, it must be restated that all assessments of
images remained but a planar approximation of contractile
events, albeit from cells afforded a full 3D environment.

4.5 Conclusions

In all, the findings demonstrate that microdomain hetero-
geneity in 3D alters the local mechanics exhibited during
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Fig. 7 Possible mechanism of microrod-affected mechanics in car-
diac myocytes. The schematic depicts the various signaling molecules
that have demonstrated an involvement in the recognition of microrods,
based on measurements of axial displacement in spontaneously beating
myocytes. Microrods in 3D gels introduce local heterogeneity, which
ultimately elicits differences in maximum displacement and shortening
velocity by 5 days in culture. While focal adhesions are likely to mature
soon after cell seeding, it is the maintenance of PKC and RhoA/ROCK
signaling that appears to mediate the microrod-related changes in
contractile behavior. As such, these changes were abrogated upon
≥24-h inhibition of RhoA, ROCK, MLCK, and PKC by C3 Transfer-
ase, Y-27632, ML-7, and GF109203X, respectively. However, targeting
of active FAK kinase (identified by phosphorylation at tyrosine residue
397) from day 2 to day 5 with PF-573228 did not prevent the response
to microrods. This suggests that the required activity of RhoA/ROCK
is downstream of PKC but not FAK. Yet curiously, PKC is known to be
regulated both upstream and downstream of FAK signaling (Ruwhof
et al. 2001; Heidkamp et al. 2003). The major calcium-independent
isoform of PKC in the heart, PKCε, has been shown to bind receptor
for activated C-kinase-1 (RACK1), which concurrently associates with
β-integrin subunits; the complex promotes integrin clustering and focal
adhesion development (Mochly-Rosen et al. 1991; Besson et al. 2002).
In the diagram, proteins in boxes shaded yellow had activities that were
found to participate in the effects of microrods
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cardiac myocyte contraction. Such heterogeneity, repre-
sented through a model system combining cardiac myocytes
and stiff polymeric microrods in a soft gel matrix, appears to
affect aspects of cell remodeling without acting as a resistive
load for muscle. When present, these microrod cues have a
certain dependence on RhoA/ROCK and PKC signaling to
carry out changes in cell size and contractility. Understand-
ing the physical cues that drive the ability of single myocytes
to shorten, develop anisotropic tension, and ultimately pump
as part of effective myocardial tissue can inform a number
of tissue engineering approaches that are applicable to the
intact heart.
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