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Abstract

In contractile tissues such as myocardium, functional properties are directly related to the cellular
orientation and elongation. Thus, tissue engineering of functional cardiac patches critically depends
on our understanding of the interaction between multiple guidance cues such as topographical,
adhesive or electrical. The main objective of this study was to determine the interactive effects of
contact guidance and electrical field stimulation on elongation and orientation of fibroblasts and
cardiomyocytes, major cell populations of the myocardium. Polyvinyl surfaces were abraded using
lapping paper with grain size 1 to 80um, resulting in V-shaped abrasions with the average abrasion
peak-to-peak width in the range from 3 to 13um, and the average depth in the range from 140nm to
700nm (AFM). The surfaces with abrasions 13um wide and 700nm deep, exhibited the strongest
effect on neonatal rat cardiomyocyte elongation and orientation as well as statistically significant
effect on orientation of fibroblasts, thus they were utilized for electrical field stimulation. Electrical
field stimulation was performed using a regime of relevance for heart tissue in vivo as well as for
cardiac tissue engineering. Stimulation (square pulses, 1ms duration, 1Hz, 2.3V/cm or 4.6V/cm) was
initiated 24hr after cell seeding and maintained for additional 72hr. The cover slips were positioned
between the carbon rod electrodes so that the abrasions were either parallel or perpendicular to the
field lines. Non-abraded surfaces were utilized as controls. Field stimulation did not affect cell
viability (live/dead staining). The presence of a well developed contractile apparatus in neonatal rat
cardiomyocytes (staining for cardiac Troponin I and actin filaments) was identified in the groups
cultivated on abraded surfaces in the presence of field stimulation. Overall we observed that i)
fibroblast and cardiomyocyte elongation on non-abraded surfaces was significantly enhanced by
electrical field stimulation ii) electrical field stimulation promoted orientation of fibroblasts in the
direction perpendicular to the field lines when the abrasions were also placed perpendicular to the
field lines and iii) topographical cues were a significantly stronger determinant of cardiomyocyte
orientation than the electrical field stimulation. The orientation and elongation response of
cardiomyocytes was completely abolished by inhibition of actin polymerization (Cytochalasin D)
and only partially by inhibition of phosphatidyl-inositol 3 kinase (PI3K) pathway (LY294002).
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1. Introduction

Tissue engineering of functional cardiac patches critically depends on our ability to achieve
appropriate structural organisation of cardiomyocytes and fibroblasts, two major cell
populations found in the native myocardium. Orientation and elongation of these cells is
governed by a number of cues, including electrical and topographical cues. Understanding the
individual and interactive effects of these cues will ultimately enable design of improved tissue
culture systems.

In previous studies, it has been shown that embryonic fibroblasts cultivated in DC electric field
oriented perpendicular to the electric field lines and migrated towards the cathodal end of the
field [1]. Chronic supra-threshold electrical field stimulation of cardiomyocytes in 2D was
shown to preserve contractility [2], maintain calcium transients [3], promote hypertrophy [4],
increase protein synthesis [5,6] and maintain action potential duration and maximum capture
rate [7]. The beneficial effects of field stimulation were depended on the occurrence of
contraction following field stimulated excitation, as evidenced by the lack of observed effects
in the presence of excitation-contraction decouplers: verapamil or 2,3-butanedione monoxime
[8]. In 3D studies we demonstrated [9], that electrical field stimulation can be used to engineer
functional cardiac tissue expressing hallmarks of cardiac differentiation. Stimulated constructs
had thick elongated and aligned myofibers expressing cardiac markers, in contrast to non
stimulated constructs that contained round cells [9]. Importantly, the collagen scaffold used in
these studies had isotropic pore structure, thus no preferential topographical cues were provided
for guidance of cellular orientation and elongation.

Microstructured grooves were used previously in 2D to direct orientation and elongation of
fibroblasts [10-13]. The process was dependent upon the orientation of actin cytoskeleton
[12] that also oriented along the direction of the grooves. Nuclear deformation and elongation
was linked to the changes in gene expression on microstructured surfaces [14]. Elongated
cardiomyocyte phenotype and alignment was achieved by cultivating cardiomyocytes on
microtextured silicone membranes [15-17] that were in some cases microfluidically patterned
with extracellular matrix molecules [18]. Topographical cues or micro-contact printing of
extracellular matrix components were previously used to improve tissue engineering of cardiac
patches. Entcheva and colleagues [19] used electrospinning to fabricate oriented biodegradable
non-woven poly(lactide) (PLA) scaffolds that guided cardiomyocyte orientation. The
orientation and cardiomyocyte phenotype could also be improved by microcontact printing of
extracellular matrix components (e.g. laminin) on thin polyurethane and PLA films [20,21].

Yet, the interaction of topographical cues and pulsatile electrical field stimulation on the
phenotypic changes in fibroblasts and cardiomyocytes has not been studied. The main objective
of this study was to determine the interactive effects of contact guidance and electrical field
stimulation on elongation and orientation of fibroblasts and cardiomyocytes, the major cell
populations of myocardium. The cells were cultivated on 2D abraded surfaces and field
stimulated using regime of relevance for heart tissue in vivo as well as for cardiac tissue
engineering (square supra-threshold pulses, 1ms duration, 1Hz). We hypothesized that the
same molecular pathways may be involved in cellular response to both cues and performed
pharmacologic studies to assess the relevance of actin cytoskeleton and phosphatidyl-inositol
3 kinase (PI3K) pathway. Our findings indicate that contact guidance more strongly determined
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cellular orientation in both cell types than electrical field stimulation, while elongation on non-
abraded surfaces could effectively be modulated by electrical field stimulation.

2. Materials and methods

2.1 Microabraded surfaces

2.2. Cells

Micorstructured surfaces were prepared using the method previously described for cultivation
of cardiomyocytes by Bursac et al [22]. Polyvinyl carbonate cover slips (22mm x 22mm) were
abraded using lapping paper with various abrasion grain sizes from McMaster-Carr (aluminum
oxide 30, 40, 60, 80pum) and Ultratech USA (silicone carbide 1, 3, 5, 9, 12um). One half of the
cover slip was abraded in one direction and the other half of the cover slip was abraded in the
perpendicular direction in order to observe the cells' response to two different topographical
cues on the same cover slip. The control surfaces were left non-abraded. Particulate debris was
removed by sonicating (Misonix Ultrasound cleaner, model 1510R-MT) the surfaces in soap
and water followed by rinsing in distilled water. The surfaces were sterilized in 95% ethanol
for 24hr, followed by drying and UV irradiation for 30min. For cardiomyocyte culture, the
surfaces were coated with 25ug/ml of bovine fibronectin in PBS for 2hr [22] to enhance cell
attachment.

NIH3T3 fibroblasts were cultivated in T-75 flasks in Dulbecco’s Modified Eagle Medium
(DMEM) containing 4.5g/L glucose, supplemented with 10% v/v fetal bovine serum (FBS),
1% vl/v of N-2-hydroxyethylpiperazine-N-2ethanesulfonic acid (HEPES) (Gibco), and
penicillin-streptomycin (Gibco, 100 units/mL and 100 pg/mL respectively,). Cells were
subcultured and passaged as they reached 80% confluency, typically every 3 to 4 days.

Cardiomyocytes were obtained from the hearts of 2 day neonatal Sprague-Dawley rats as in
our previous studies [23-25] and according to the protocol approved by the University of
Toronto Committee on Animal Care. Briefly, the hearts were quartered and incubated overnight
at 4°C in a 0.06 % (w/v) solution of trypsin (Sigma) in freshly prepared Hank's balanced salt
solution (HBSS) (Gibco). Subsequently, the hearts were subjected to a series of 5 digestions
(8mins, 37°C, 70 rpm) in collagenase type Il (Worthington, 220units/mL) in HBSS. The cell
suspension was then pre-plated for 60mins to enrich for cardiomyocytes. Cell count and
viability were determined via trypan blue exclusion using a hemocytometer. Culture medium
was the same for NIH 3T3 fibroblasts.

2.3 Cell culture

For experiments without electrical field stimulation, we followed the procedure developed by
Bursac et al [26]. Briefly, the abraded cover slips were cut into circular discs of 15mm diameter
and placed in a 24-well tissue culture plate (1 cover slip/well). The fibroblasts (100,000 cells
per disc) and cardiomyocytes (50,000 cells per disc) were seeded in 1mL of culture media. The
cells were cultured in a 37°C, 5% CO, incubator for one week. The culture medium was
replaced by 100% every other day.

The electrical stimulation chamber setup was based on the one we developed previously [9].

The cells were placed in between two carbon electrodes (Ladd Research Industries) that were
held 1cm apart via a polycarbonate holder positioned in a 100mm by 15mm glass Petri dish.

The electrodes were connected via Platinum wires to the programmable stimulator (Grass s88x,
Astromed, Longueuil, QC).

For electrical stimulation experiments, the abraded cover slips (described in 2.1) were cut into
8mm by 22mm rectangles and then, folded along the two shorter edges to form a construct
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resembling a table with a surface area of 8 x 10 mm?2. The purpose of folding the cover slips
was to ensure that the cells cultured on the cover slips were placed at the identical height in
the center between the carbon electrodes used for electrical stimulation. Each chamber
contained four cover slips; two cover slips with one half of the abrasions parallel and the other
half perpendicular to the electrodes and two non-abraded cover slips to serve as controls
(Supplemental Figure 1). The fibroblasts and cardiomyocytes (20,000 cells and 500,000 cells
per cover slip, respectively) were seeded using 60pL of culture medium for 60min, followed
by addition of 30ml of culture medium. The cells were cultivated for 24hr without electrical
field stimulation in order to allow the cells to attach, followed by electrical field stimulation
for additional 72hr using square monphasic pulses, 1ms duration and 1Hz. In preliminary
studies, excitation threshold for cardiomyocytes after 24hr in culture was determined to be
2.3V/cm. Electrical field stimulation conditions were selected to correspond to the excitation
threshold (2.3V/cm), and 200% of excitation threshold (4.6V/cm) to ensure that all cells, and
not just most excitable cells are contracting in response to field stimulation. The control group
was not stimulated (0.0V/cm). The desired stimulation regime was confirmed using
oscilloscope. The medium pH was maintained during culture; no observable gas formation
occurred. There were 3 independent experiments with total of N=6 samples per group.

2.3 Pharmacologic studies

To explore the mechanism of the cells' response to topographical cues and electrical field
stimulation we treated cardiomyocytes during cultivation with Cytochalasin D (2uM, Sigma)
an inhibitor of actin polymerization, or LY294002 (50uM, Sigma) a blocker of PI3K pathway.
The drugs were applied to cardiomyocytes 24hr after seeding and they were maintained in the
culture medium for the duration of the experiment (additional 72hr). Electrical field stimulation
using monophasic square pulses 1ms duration, 1Hz and 4.6V/cm was initiated 24hr after
seeding (upon the addition of pharmacological agents). Non-stimulated samples (0.0V/cm)
served as controls. The abraded surfaces were placed in the chamber with abrasions parallel
to the field lines. Two independent experiments were conducted with total of N=3 independent
samples per group.

2.4 Assessments

2.4.1 Scanning electron microscopy (SEM)—Cell-free abraded cover slips were
sonicated in soap water (Misonix Ultrasound cleaner, model 1510R-MT) to remove dust and
debris, the samples were sputter coated with gold and imaged via SEM (Hitachi S-570) with
a backscatter detector.

2.4.2 Atomic force microscopy (AFM)—Tapping mode AFM (TMAFM) images of
surfaces abraded using lapping paper with 1, 2, 9, 12 40 and 90um grain size were acquired in
ambient air on a Veeco Multimode SPM (Santa Barbara, CA) equipped with a “J” scanner (150
x 150pum maximum lateral scan area), using 125um long PPP-NCH Nanosensors (NanoWorld
AG, Neuchatel, Switzerland). The images were captured at a frequency of ~ 280kHz and
adjusted for individual cantilever. All AFM images were collected with a resolution of 512 x
512 pixel, at scan rates of 1Hz. All images were flattened and plane fitted using the Nanoscope
I11a version 4.42r9 (Veeco, Santa Barbara,CA). For each grain size, 2 independent surfaces
were imaged. At each surface 2 to 3 independent regions of 20, 40 or 60pum wide and 512 lines
high were captured. Abrasion with and depth were determined with the Nanoscope Il1a version
4.42r9 software on cross-sectional profiles of the captured AFM images (Supplemental Figure
1B). Total of N=20-30 data points were collected for each grain size. The number of abrasions
was manually counted in each AFM image, and divided by the width of the image in microns
(20, 40, or 60pm width) to determine the abrasion density.
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2.4.3 Cell staining and microscopy—~Fibroblasts cultured on abraded cover slips were
fixed in 10% formalin and stained with Giemsa stain (Sigma-Aldrich, 0.4 % (w/v) in buffered
methanol solution), by incubating the cover slips in the stain for 5mins. Live/dead staining of
cardiomyocytes and stimulated fibroblasts was performed using CFDA (live, green) and Pl
(dead, red) (CFDA = Carboxyfluorescein Diacetate, Succinimidyl Ester, 10uM ; Pl =
Propidium iodide, 75ug/mL Molecular Probes) according to the manufacturer's protocol,
followed by imaging on a fluorescence microscope (Leica DMIREZ2). Actin cytoskeleton of
cardiomyocytes was visualized by staining with phalloidin-TRITC (50ug/ml) according to the
manufacturer's instructions (Sigma).

Immunoflourescent staining for cardiac troponin | (contractile protein of cardiomyocytes),
vimentin (intermediate filament marker for fibroblasts) and connexin-43 (gap junctional
protein) was performed as described previously [9]. The dilution factors for primary antibodies
were as follows: mouse anti-Vimentin Cy-3 conjugated (Sigma) at 1:75, rabbit anti-cardiac
Troponin | (Chemicon) at 1:100 and rabbit anti-connexin-43 (Chemicon) at 1:50. Images were
taken using the fluorescence microscope (Leica DMIREZ2).

2.4.4 Image analysis—ImageJ software was used to determine cell alignment and
elongation. Cell alignment was determined from live/dead stained images by measuring the
angle between the abrasion and the long axis of the cell. Region of interest in the images was
enlarged until the cell outlines (bright green) were clearly visible. For each fluorescent image,
a corresponding bright field image was taken in order to determine abrasion direction relative
to the long axis of the cell. Elongation was determined by measuring the long and short axes
of the cell and calculating the aspect ratio (long to short axis ratio). Cells of which the perimeters
could not be precisely determined were excluded from the analysis (~10%). For cells that were
cultured on non-abraded surfaces, the angle between the cell's long axis and either the axis that
was perpendicular (for fibroblasts) or parallel (for cardiomyocytes) to the electric field was
measured. These direction were selected based on the previous studies that have demonstrated
that fibroblasts aligned perpendicular to the electric field [1], while cardiomyocytes aligned
parallel to the electric field [9].

2.4.5 Excitation threshold and maximum capture rate for cardiomyocytes—We
determined the contractile function of the cardiomyocytes by measuring the excitation
threshold (ET) and maximum capture rate (MCR) before and after the electrical stimulation
period as described in our previous studies [24]. ET was defined as a minimum voltage required
to induce synchronous contractions of al least 75% of the cells in the field of view using
monophasic pulses 2ms duration and 1Hz. MCR was defined as a maximum beating frequency
at 200% of ET. The measurement was performed at room temperature in culture medium using
a tissue culture microscope (Olympus CKX41).

2.5 Statistical analysis

3. Results

Tests for normality and equality of variance were performed on all data sets. For data that were
normally distributed and with equal variance we performed one-way ANOVA in conjunction
with Student-Newman-Keuls test for pairwise comparisons. Otherwise, Kruskal-Wallis one-

way ANOVA on ranks was utilized followed by pairwise comparisons using Dunn's test (Sigma
Sat 3.0). The significance level for all tests were P<0.05.

3.1 Abraded surfaces as a model system for study of topographical cues

Abraded surfaces with topographic cues of the micron size were prepared on polyvinyl cover
slips by the previously described method [22], using a lapping paper with grain size in the
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range of 1 to 80um. Scanning electron microscopy demonstrated that with the increased grain
size, the width and the depth of the abrasions obtained on the surface increased (Figure 1A, B)
while abrasion density decreased (Figure 1C). AFM analysis indicated that the abrasions were
V-shaped, although they were significantly less uniform that abrasions prepared previously by
micromachining [27,28] and microfabrication [17] techniques.

Although all abraded surfaces qualitatively improved the elongation of NIH 3T3 fibroblasts
(Figure 2A, B, C and, Supplemental Figure 2) as measured by the ratio of long axis to the short
axis (aspect ratio), the effect was statistically significant (compared to non-abraded) for the
surfaces with the abrasion abraded with grain size 30-60um (average width from 9.7 to 13um,
and depth from 640 to 700nm). Box plots were utilized to represent cellular orientation, since
on abraded surfaces cells cluster around a low orientation angle, i.e. the angle distribution is
not Gaussian. In box plots, the line in the middle of the box defines the median value; the ends
of the boxes define the 25th and 75th percentiles, and error bars defining the 10th and 90th
percentiles. Fibroblasts cultivated on non-abraded surfaces had a random distribution (Figure
2 A, C). The surfaces abraded with grain size from 9 to 80um significantly improved cell
orientation along the direction of the grooves compared to the non-abraded controls.

Cultivation on abraded surfaces resulted in high viability in all groups (live/dead staining,
Figure 2D) and a statistically significant effect on elongation (aspect ratio, Figure 2E).
Cardiomyocytes cultivated on the surfaces abraded with lapping paper of grain size 40 um and
80 um were significantly more elongated (Figure 2E) and aligned (Figure 2F) than those
cultivated on non abraded surfaces. Since surfaces abraded with lapping paper of 80 um grain
size (average abrasion width of 13um and depth of 700nm) exhibited the strongest effect on
cardiomyocyte elongation and orientation as well as statistically significant effect on
orientation of fibroblasts, they were used for electrical field stimulation experiments. The non-
abraded polyvinyl cover slips served as controls.

3.2 Interactive effects of contact guidance and electrical field stimulation on fibroblasts and
cardiomyocytes

Electrical field stimulation did not have any adverse effects on viability of fibroblasts
(Supplemental Figure 3) and cardiomyocytes (Supplemental Figure 4) as indicated by majority
of green (live) cells in the live/dead staining. At low voltage (0.0 and 2.3V/cm) fibroblasts
were significantly more elongated on abraded compared to non-abraded surfaces (Figure 3A,
stars). Yet, at 4.6V/cm there was no statistically significant difference in the elongation of
fibroblasts cultivated on abraded vs. non-abraded surfaces, due to the fact that elongation on
non-abraded surfaces increased significantly in the stimulated groups (Figure 3A, white bars)..
Fibroblasts cultivated on abraded surfaces were also significantly more aligned (smaller angle,
Figure 3B) compared to those cultivated on non-abraded surfaces at all field strengths (0.0V/
cm, 2.3V/cm and 4.6V/cm). Yet, electrical field stimulation significantly enhanced the
alignment of fibroblasts on abrasions that were placed perpendicular to the field lines (Figure
3B, light-grey bars). This result is consistent with previously reported findings that fibroblasts
preferentially orient perpendicular to the field lines in DC fields [1]. For fibroblasts cultivated
on non-abraded surfaces, there was a qualitative shift in orientation angle towards the direction
perpendicular to the field lines at the highest field strength investigated (4.6V/cm) (Figure 3B
white bars).

Overall we observed two effects of the field stimulation on fibroblasts: i) fibroblast elongation
on non-abraded surfaces was significantly enhanced by electrical field stimulation and ii)
electrical field stimulation promoted orientation of fibroblasts in the direction perpendicular
to the field lines when the abrasions were also placed perpendicular to the field lines.
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We observed similar effects of the field stimulation on the elongation of cardiomyocytes as a
function of topographical cues (Figure 3C). At 0.0V/cm and 2.3V/cm, cardiomyocytes were
significantly more elongated on abrades surfaces compared to the non-abraded surfaces (Figure
3C, stars), while there was no significant difference at 4.6V//cm. Specifically, cardiomyocyte
elongation on non-abraded surfaces increased significantly at the highest field strength and
became comparable to that of abraded surfaces (Figure 3C, white bars). Topographical cues
had significantly stronger effect on cardiomyocyte orientation. At all field strengths
investigated, the abraded surfaces had significantly smaller average orientation angle compared
to the non-abraded surfaces, (Figure 3D). There was a slight, but not significant, decrease of
the orientation angle on non-abraded surfaces (Figure 3D, white bars) stimulated at 4.6V//cm,
indicating that the cells may be starting to orient parallel to the field lines.

Overall we observed that i) cardiomyocyte elongation on non-abraded surfaces was
significantly enhanced by electrical field stimulation ii) topographical cues were a significantly
stronger determinant of cardiomyocyte orientation than the electrical field stimulation.

3.3 Presence of cardiac markers and contractile properties

The cell phenotype was validated by immunostaining for phenotypic markers vimentin for
fibroblasts (data not shown), and troponin I for cardiomyocytes (Figure 4). Presence of
connexin-43, a gap junctional protein required for electrical communication between the cells
was also documented (Supplemental Figure 6). Morphometry following immunostaining for
cardiac Troponin I, indicated that 97-99% of cells on the surfaces were cardiomyocytes. Cross-
striations in individual cardiomyocytes were generally oriented perpendicular to the abrasion
direction (Figure 4) with a remarkably well developed contractile apparatus for cells cultivated
at 4.6V/cm on surfaces with abrasions perpendicular to the field lines (Figure 4B). On non-
abraded surfaces, there was no preferential directionality in cross-striation orientation, due to
the random cellular orientation and cross-striations present only in the short domains (Figure
4B, non-abraded).

Low magnification images of phalloidin-TRITC stained images (Figure 5A) indicated that
actin filaments generally followed the direction of surface abrasions. For cells cultivated on
non-abraded surfaces, actin cytoskeleton was disorganized. Higher magnification images
(Figure 5B) revealed remarkable differences in orientation of actin filaments as a function of
surface abrasion and electrical field stimulation. On abraded surfaces, actin filaments were
clearly aligned in the direction of surface abrasions (either perpendicular or parallel to the field
lines) with elements of cross-striations observable in some groups (e.g Figure 5B 2.3V/cm,
perpendicular). For cardiomyocytes cultivated on non-abraded surfaces at 0.0V/cm and 2.3V/
cm (Figure 5B) actin cytoskeleton was clearly disorganized, with overlapping filaments
extending in multiple directions. Yet, at 4.6V/cm on non-abraded surfaces (Figure 5B), there
was an appreciable improvement in the organization of the actin filaments so that they were
clearly parallel and following the long axis of the cell.

Consistent with out previous data [9], we found that ET significantly decreased with time in
culture for all experimental groups. At the end of cultivation, cells on abraded surfaces had
slightly lower ET when cultured with field stimulation in comparison to their non-stimulated
controls; on non-abraded surfaces ET was slightly increased with stimulation. Field stimulation
and topographical cues had interactive effects on the MCR. Overall higher MCR was achieved
with cardiomyocytes cultivated on the non-abraded surfaces compared to those cultivated on
the abraded surfaces. In general, MCR decreased significantly at 72hr of culture compared to
the 24hr of culture for all groups, with the exception of non-abraded and perpendicular
abrasions at 2.3V/cm. At the end of cultivation, cardiomyocytes cultivated on abraded surfaces
placed parallel to the field lines, exhibited a slight but significant increase in MCR with the
increase of stimulation field strength from 2.3V/cm to 4.6V/cm.
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3.4 Pharmacological studies

Pharmacological studies focused on cardiomyocytes, a cell type that is responsible for
contractile function. Inhibition of actin polymerization had dramatic effects on the ability of
cardiomcyotyes to respond to the either topographical cues or field stimulation. Regardless of
the experimental conditions the cell morphology was round, the cells appeared mono-nucleated
(Supplemental Figure 5) when treated with Cytochalasin D and maintained aspect ratio of ~2
(Figure 6A, C). They were also unable to orient, either in response to the electrical field
stimulation or topography (Figure 6B, D). Yet, live/dead staining indicated no significant
difference in cell viability between samples treated with Cytochalasin D and drug-free controls
(Supplemental Figure 5).

Elongated cells were observed in the groups treated with LY294002. However, cell viability
was significantly lower in the LY 294002 treated samples compared to the drug free controls
or samples treated with Cytochalasin D (Supplemental Figure 5), consistent with the well
known effects of the PI3K pathway in prevention of apoptosis in cardiomyocytes [29]. When
field stimulation was applied, the drug-free cardiomyocytes and those treated with LY 294002
exhibited a statistically significant increase in the aspect ratio (Figure 6A, B). Specifically in
non-stimulated LY294002 group, cell elongation on abraded surfaces was slightly but
significantly lower than that of drug-free controls (Figure 6C). Application of field stimulation
completely reversed this effect resulting in a comparable elongation in LY 294002 treated cells
and the controls on abraded surfaces (Figure 6C) as well as a significantly higher elongation
in LY294002 treated cells compared to the drug free controls on non-abraded surfaces (Figure
6A). Blocking of PI3K pathway only partially inhibited the orientation response of
cardiomyocytes (Figure 6B, D). For non-stimulated samples on abraded surfaces (Figure 6D),
the average orientation angle of LY294002 treated cells was significantly larger than that of
controls, but also significantly smaller compared to the Cytochalasin D treated cells. The
application of electrical field stimulation (4.6V//cm) reversed this effect and resulted in the
orientation levels in LY294002 groups comparable to those of drug-free controls (Figure 6D).

Overall our results indicate that blocking of actin polymerization significantly inhibited the
ability of cardiomyocytes to elongate and orient in response to topographical cues or electrical
field stimulation. Blocking of the PI3K pathway resulted in a partial reduction in cellular
elongation and alignment on abraded surfaces. However, this reduction was reversed by the
application of electrical field stimulation.

Qualitatively, overall cell morphology and contractile apparatus were most developed in the

drug-free controls cultivated on abraded surfaces in the presence of electrical field stimulation
(4.6V/cm). The Cytochalasin D treated cells did exhibit the presence of Troponin I (Figure 7),
but a developed contractile apparatus in individual cardiomyocytes could not be identified in
majority of the cells. Blocking of PI3K pathway resulted in the overall qualitative decrease in
cell size compared to drug-free controls consistent with the involvement of PI3K pathway in
the hypertrophic response [30] with the contractile apparatus still present in a number of cells
(Figure 7).

Staining with Phalloidin-TRITC revealed dramatic differences in actin cytoskeleton (Figure
8) as a function of drug treatment. The application of Cytochalasin D completely abolished
actin polymerization as demonstrated by the complete lack of microfilaments in this group
regardless of the surface abrasions or electrical field stimulation (Figure 8). Cells treated with
LY294002, exhibited staining for actin microfilaments with the improved cytoskeletal
organization upon the application of electrical field stimulation (Figure 8). The major
difference between the drug-free and LY294002 cells is that L'Y294002 cells assumed a more
flat morphology in all groups.
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At the end of cultivation the drugs were removed and we evaluated the ability of all our test
groups to contract in response to electrical field stimulation. Drug-free constructs had lower
ET at 72hr of culture compared to the 24hr of culture (Table 2) consistent with the results
presented in Table 1. The application of either Cytochalasin D or LY 294002 significantly
affected the contractile response and prevented synchronous contractions of the cells. In these
two groups, we only observed contractions of single randomly scattered cells.

4. Discussion

In vivo multiple guidance cues determine cell orientation and phenotype. These include
topographical, adhesive, electrical, mechanical and chemical cues. The interactive effects of
topographical and adhesive cues [31-33] have been studied extensively. Lesser attention was
devoted to the interaction between adhesive and electrical cues [34], indicating that adhesive
cues guided neurite outgrowth more strongly than electrical cues. Yet, the interaction between
electrical cues and topography especially at conditions relevant for tissue engineering remained
largely unstudied.

In adult myocardium, the cardiomyocytes are elongated, oriented in parallel, forming a three-
dimensional syncytium that enables propagation of electrical signals. Cardiac fibroblasts are
scattered amongst the myofibers, secreting components of the extracellular matrix (ECM) and
transmitting mechanical force by the receptor mediated connections to the ECM [35,36]. One
of the challenges of cardiac tissue engineering is reproducing the “in-vivo-like” orientation and
elongation of the cells in an engineered cardiac patch.

The main objective of this study was to determine interactive effects of topographical cues and
electrical field stimulation on cellular elongation and orientation at conditions relevant for
cardiac tissue engineering. We focused on neonatal rat cardiomyocytes, a contractile cell
documented to be responsive to both contact guidance [16] and electrical field stimulation
[2,7]. We also studied the response of fibroblasts a non-contractile cell type with documented
ability to align in response to contact guidance [37] and DC fields [1].

4.1 Selection of topographical cues, electrical field stimulation conditions and
pharmacological agents

To introduce topographical cues (Figure 1), we used a previously established method of
abrading polyvinyl cover slips using lapping paper [22,38]. Bursac et al demonstrated that these
surfaces resulted inasimilar degree of cardiomyocyte orientation and elongation as the surfaces
prepared using microcontact printing of laminin lanes [22] and that they could be utilized as
model for electrophysiological studies [22,38].

Fibroblasts and cardiomyocytes were cultivated on the surfaces with the average abrasion width
ranging from 3 to 13um and depth from 140 to 700nm. From these experiments a group of
surfaces that elicited the most significant orientation and elongation of both cell types, in
comparison to non-abraded surfaces, was selected to be further studied with electrical field
stimulation. The non-abraded surfaces (corresponding to the smallest cellular orientation and
elongation), were used as a control. Although in vivo, ECM proteins assemble into structures
on the order of 10-100nm, the, guidance cues of the structures on the order of um are well
documented [12,39,40]. In the native rat heart, elongated cardiomyocytes are tightly positioned
between capillaries (7um in diameter) that are spaced ~20um apart [41], thus structures on the
order of 1-10um have physiological relevance.

For electrical field stimulation we used monophasic square pulses of 1ms duration at the rate
of 1Hz and field strength of 2.3 or 4.6V/cm. Stimulus pulse width corresponds to that found
in the hearts of 1 week old rats [42] and the frequency of 1Hz is physiological for humans and
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at the low end of physiological regime for rats. The duration of culture and selection of field
intensity was consistent with previous cardiac tissue engineering studies (5V/cm, [9]) and
cardiomyocyte monolayer studies (2.6V/cm, [2,7]). The selected field strengths are within the
order of magnitude of the fields that occur in vivo [43]. Most importantly, the selected field
strengths were at (2.3V/cm) or above the excitation threshold (4.6V/cm) for our cultures (Table
1) to ensure synchronous cardiomyocyte contractions. In addition, the DC fields of comparable
strength were previously demonstrated to affect the alignment and orientation of fibroblasts

[1].

The electrical field stimulation was initiated 24hr after cell seeding. The lag period was
intended to provide the cells with enough time to recover from trypsinisation/isolation
procedure and enable attachment. This lag period is also consistent with our results [9] and
those of others [2] indicating that initiation of field stimulation too early in culture (less than
24hr) had detrimental effects on cellularity and failed to induce cardiomyocyte hypertrophy
and improved contractile function.

It is important to note that we utilized a high cell seeding density in order to achieve confluent
monolayers, as these conditions are of relevance for tissue engineering. In order to be
functional, engineered cardiac constructs require a formation of syncytium at a cell density
close to physiological (108cells/cm3). However, observing the effects of topographical cues
[44] as well as electrical cues [34] is more conveniently performed at a low cell density.

For pharmacological studies we utilized Cytochalasin D and LY294002. Cytochalasin D is a
fungal alkaloid that depolymerizes actin filaments by binding to the + end of F-actin thus
blocking the addition of more units. It was used previously in the range of 1-40uM [45] to
disrupt actin cytoskeleton in cardiomyocytes [46,47]. Our use of 2uM is consistent with those
studies. LY294002 is a standard inhibitor of PI3K kinase that was used in a large number of
studies at a concentration range 10-50uM [29,30,48]. It was documented to completely abolish
P13 kinase activity with concentration required for 50% inhibition (ICgg) of 1.40uM [49]. Our
choice of 50uM is consistent with those studies.

4.2 Effects of surface topography and electrical field stimulation on orientation and
elongation of fibroblasts and cardiomyocytes

We observed that both fibroblasts and cardiomyocyte elongated and aligned with their axis
parallel to the surface abrasions (Figure 2). The degree of alignment and elongation was
significantly higher for deeper abrasions, consistent with previously reported studies that
utilized grooves of precisely defined dimensions [11,44,50] as well as the rough surfaces
[51]. We expect that utilizing surfaces with more uniform abrasion features, such as those that
can be prepared by microfabrication [16], would decrease the spread (i.e. error bars) in the
measurement of aspect ratio and the elongation angle, yet the mean values would be
comparable.

The surface abrasions were placed either perpendicular or parallel to the field lines. This way
the two cues (topography and field) act on the cell either in a parallel or in an orthogonal
direction. Overall, our results indicated that on non-abraded surfaces, pulsatile electrical field
stimulation significantly enhanced elongation of fibroblasts and cardiomyocytes to reach the
levels comparable to that achieved by surface abrasion (Figure 3A, C). The fact that field
stimulation failed to promote elongation at higher levels than that obtained by topographical
cues, prompted us to hypothesize that the same signaling pathways may be involved in the
cellular response (i.e. elongation) to topographical cues and electrical field stimulation. In
addition, pulsatile electrical field stimulation significantly enhanced orientation of both of
fibroblasts and cardiomyocytes when they were cultivated on abrasions placed perpendicular
to the field lines (Figure 3 B, D). Yet, within every voltage group, the non-abraded surfaces

Biomaterials. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heidi Au et al.

Page 11

had approximately two times higher average orientation angle than the abraded surfaces (Figure
3 B, D), indicating that that topographical cues are overall stronger regulator of cellular
orientation than field stimulation.

The cardiomyocytes were capable of contracting in response to electrical field stimulation
(Table 1), consistent with the presence of a contractile protein cardiac Troponin | and a well
developed contractile apparatus (Figure 5A). In general, cardiomyocytes exhibited a decrease
in ET, most likely due to the improved cellular coupling [26] consistent with our previous
studies [9].

In general, MCR either decreased (Table 1) or remained comparable at 72hr in culture
compared to 24hr in culture. Previous studies reported a significant increase in the MCR in
monolayers of non-stimulated cardiomyocytes (cultivated on non-abraded surfaces) with time
in culture, whereas paced cardiomyocyte monolayers exhibited a slight but not significant
decrease in MCR [7]. Our previous studies with cardiac tissue constructs demonstrated a
significant increase in MCR with time in culture. The increase in MCR was higher for
constructs cultivated with the electrical field stimulation, thus the monolayer results (Table 1)
are not consistent with those observed previously for the 3D constructs. The stiffness of the
underlying substrate may be a likely cause for this discrepancy. When cultured on collagen
sponges, the cardiomyocytes cause macroscopic contractions of the collagen scaffold at each
beat. For cells cultured on rigid polystyrene surfaces such movement of the underlying substrate
is not possible, thus affecting synchronized contractions of the cells at higher frequencies.

The application of electrical field stimulation to cultured cells induces hyperpolarization at the
anode end of the cell and depolarization at the cathode end of the cell [52]. The higher the field,
the more likely a cell is to reach the depolarization threshold, generate action potentials and
contract in response to the stimulus. It is the contraction part of this excitation-contraction
coupling and active tension development that enables the assembly and maintenance of the
contractile apparatus in a 2D and 3D culture of cardiomyocytes [2,4,9,53,54]. If contractions
are prevented, degradation and decrease in synthesis of sarcomeric proteins occurs, a process
that can be reversed by regular contractile activity [53]. Thus, regular supra-threshold electrical
stimuli can be utilized to induce a hypertrophic response in cardiomyocytes [4] and enhance
cellular elongation, via mechanically activated signalling pathways [8].

4.3 Significance of the findings

According to one hypothesis, grooved surfaces enable cellular orientation by confining cell
adhesion molecules (e.g. focal adhesions) to an orientation parallel to the groove direction
[12,13]. As the ridge size of the grooved surfaces is decreases (to e.g. ~2um) focal adhesions
which are also ~2um in width can assume only one possible orientation on the surface: the one
that is parallel to the grooves. In addition, ECM proteins orient parallel to the groove direction
on microstructured surfaces, affecting the orientation of integrins. Since adhesion molecules
are coupled to the actin cytoskeleton, this causes the orientation of the actin filaments parallel
to the groove direction [12,13], as we also observed in Figure 5. Numerous previous studies
demonstrated that polymerization of F-actin is critical in cell motility and response of
fibroblasts to surface topography [12,55,56]. Thus not surprisingly, we found that the
disruption of actin cytoskeleton by Cytochalasin D had a detrimental effect on the ability of
cardiomyocytes to elongate and orient in response to topographical as well as electrical cues
(Figure 6-8).

In our experimental design, the cells were exposed to the topographical cues first, by allowing
them to attach to the grooved surfaces for 24hr prior to the initiation of the pulsatile electrical
field stimulation. We found that the electrical field stimulation could not reorient the cells that
assumed an orientation defined by the topographical cues (Figure 3B, D). Pulsatile field
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stimulation enhanced the cellular elongation (Figure 3 A, B), enabled the formation of more
organized sarcomeres (Figure 4B) and improved local organization of actin cystokeleton
(Figure 5B).

Importantly, the cover slips used for cell growth were rigid and non-degradable, thus cells had
no ability to remodel the substrate during cultivation. Thus, substrate remodeling may be
required for cells to change their orientation in response to field stimulation. It is possible that
the utilization of the higher field strength would reorient the cells on the abraded surfaces.
However, higher field strength may not be a feasible approach as continuous stimulation would
lead to a decrease in cell viability (Radisic, unpublished observations). It is also possible that
had a different abrasion feature been chosen (e.g. nano-structured surfaces) pulsatile electrical
field stimulation would be more effective at directing cellular orientation.

To control changes in cell orientation and elongation, extracellular stimuli must initiate
intracellular signaling that modifies organization of the cytoskeleton. P13-kinases take part in
extracellular signal transduction by phosphorylating the hydroxyl group at positions 3 of
membrane lipid phosphoinositides. The PI-3 phosphates then transduce signals downstream
by acting as docking sites for a number of signal-transducing proteins (e.g. protein kinase B
etc.) The PI3K pathway was documented to regulate a number of physiological functions,
including cell growth, survival and actin cytoskeleton rearrangement [57]. It was documented
to be involved in a physiological hypertrophy of cardiomyocytes [58,59] as well as in the
response of endothelial cells [60], keratinocytes and epithelial cells to stimulation with DC
fields [61]. In activated platelets, PI13-kinase associates with cytoskeleton when significant
actin polymerization occurs [62]. Thus it was a logical pathway to investigate in the response
of cardiomyocytes to topographical cues and pulsatile electrical field stimulation.

Inhibition of PI3K pathway significantly decreased cardiomyocyte orientation and elongation
on abraded surfaces, implying a role of this pathway in response to topographical cues (Figure
6C, D). Yet pulsatile field stimulation was able to reverse this effect (Figure 6C, D), indicating
that a parallel pathway may be involved in transduction of the electrical stimulation signals.
Zhao et al [60] documented that in addition to PI3 kinase pathway, Rho kinase pathway was
involved in the response of endothelial cells to DC filed stimulation. However, LY 294002
treated monolayers could not contract synchronously in response to electrical field stimulation,
although both actin cytoskeleton (Figure 8) and sarcomeres (Figure 7) were identified, an
observation consistent with our previous findings on cardiac tissue constructs [9].

4.4 Implications of the findings for cardiac tissue engineering

Our findings indicate that orientation of fibroblasts and cardiomyocytes is primarily determined
by surface topography. Thus, in order to engineer tissue with a desired cellular orientation
scaffolds with anisotropic structure, such as those created by electrospining and post-
processing to achieve unidirectional fiber orientation [19,63,64] are required. Once desired
cellular orientation is achieved, electrical field stimulation can be initiated 1-3 days after cell
seeding on scaffolds to further modulate cellular elongation, contractile properties and
organization of cytoskeletal and contractile proteins. The stimulus amplitude should be
adjusted so that it surpasses the ET for synchronous contractions of the patch.

Two more approaches enable direct translation of our findings to improved methods of tissue
engineering. In one approach biodegradable polymer films can be directly cast over the

microstructured surfaces to obtain thin scaffolds capable of guiding cellular orientation,

followed by the application of electrical field stimulation 1-3 days after cell seeding. In another
approach, microstructured surfaces can be combined with cell sheet technology developed by
Okano and colleagues [65] and used to stack oriented layers of cardiomyocytes. As orientation
of myofibers changes along thickness of the ventricular wall, this approach could in principle
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yield a patch of myofibers aligned in parallel, with orientation angles changing as a function
of patch thickness to mimic that found in the native heart. Application of electrical field
stimulation would then enhance the overall contractile properties of the patch, but it is not
expected to significantly change the fiber orientation.

5. Conclusions

Taken together, our data suggest that surface topography more strongly determines orientation
of fibroblasts and cardiomyocytes than pulsatile electrical field stimulation. Yet, pulsatile
electrical field stimulation had appreciable effects on cellular elongation. On non-abraded
surfaces electrical field stimulation significantly promoted elongation of cardiomyocytes and
fibroblasts to the levels comparable to that obtained by the topographical cues. On abraded
surfaces the electrical field stimulation enhanced orientation and elongation along the abrasion
direction, but it could not reverse the effect of the cues provided by surface topography. The
orientation and elongation response of cardiomyocytes to the abraded surfaces and electrical
field stimulation was completely abolished by inhibition of actin polymerization and only
partially by inhibition of PI3K pathway. These findings have significant implications for the
design of scaffolds for cardiac tissue engineering. A feasible strategy would be to design
scaffolds of desired microarcithecture (i.e. by electrospinning) to drive cellular elongation and
orientation in the desired direction, followed by the application of electrical field stimulation
for enhancement of these properties.
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Figure 1. Abraded surfaces

A) SEM images of the abraded surfaces B) AFM images of the abraded surfaces C) Abrasion
width as estimated by AFM. D) Abrasion depth as estimated by AFM. E) Abrasion density as
estimated by AFM. The letters a, b, ¢, d and e represent abrasions made by lapping paper of
grain size 1, 9, 12, 40 and 80um respectively. (p<0.05, Dunn's test).
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Figure 2. Elongation and orientation of fibroblasts (A-C) and cardiomyocytes (D-E) cultivated on
abraded and non-abraded surfaces

Abraded surfaces were created by lapping paper with grain sizes of 9um, 40pum and 80um
respectively (b, d, e). Aspect ratio is defined as the ratio between the long and the short axis
of the cell. Orientation angle is defined as the angle between the long axis of the cell and the
direction of abrasion. Arrows indicate direction of abrasion. For cells cultured on non-abraded
surfaces orientation angle is measured with respect to the horizontal axis of the image. A)
Giemsa staining of fibroblasts. (Scale bar: 100um for b, d, e and 50um for non-abraded). B)
Elongation of fibroblasts as measured by the aspect ratio. C) Alignment of fibroblasts as
measured by the orientation angle (box plots). D) Live/dead (green/red) staining of
cardiomyocytes. (Scale bar: 100um) E) Elongation of cardiomyocytes as measured by the
aspect ratio. F) Alignment of cardiomyocytes as measured by the orientation angle (box plots).
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Figure 3. Interactive effects of topographical cues and electrical field stimulation on fibroblasts
(A,B) and cardiomyocytes (C,D)

Electrical field stimulation using square pulses 1ms duration, 1Hz and 2.3V/cm or 4.6V/cm
was initiated 24hr after cell seeding and maintained for additional 72hr. Abraded surfaces were
placed between the electrodes so that the abrasions were either perpendicular or parallel to the
field lines. A) Elongation of fibroblasts as measured by the aspect ratio. B) Alignment of
fibroblasts as measured by the orientation angle (box plots). C) Elongation of cardiomyocytes
as measured by the aspect ratio. D) Alignment of cardiomyocytes as measured by the
orientation angle (box plots). Total N=2-3 independent samples (cover slips) per group; 30-90
cells were analysed per group. (p<0.05 was considered significant). *significantly different
than non-abraded surface at identical stimulation voltage.
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Figure 4. Immunostaining for cardiac Troponin | of cardiomyocytes cultivated in the presence of
electrical field stimulation on abraded surfaces

A) Orientation and morphology of cells expressing cardiac troponin I. Scale bar 100um. B)
Higher magnification images indicate the presence of contractile apparatus (cross-striations).
Scale bar 20pm.
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Figure 5. Actin cytoskeleton in cardiomyocytes cultivated in the presence of electrical field
stimulation on abraded surfaces

A) Orientation and morphology of cells stained with phalloidin-TRITC. Scale bar 100pum. B)
Higher magnification images indicate orientation of actin microfilaments. Scale bar 10um.
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Figure 6. Effects of pharmacological agents on elongation (A, C) and orientation (B, D) of
cardiomyocytes cultivated on non-abraded (A, B) and abraded (C, D) surfaces

A) Elongation of cardiomyocytes on non-abraded surfaces B) Alignment of cardiomyocytes
on non-abraded surfaces C) Elongation of cardiomyocytes on abrasions placed parallel to the
field lines D) Alignment of cardiomyocytes on abrasions placed parallel to the field lines N=2
-3 independent samples per treatment; 30 cells were analyzed per treatment. (p<0.05 was
considered significant). *significantly different than non-abraded surface at identical
stimulation voltage.
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Figure 7. Immunostaining for cardiac Troponin | of cardiomyocytes treated with pharmacologic
agents

Main panels indicate the orientation and morphology of cells expressing cardiac troponin I.
Scale bar 100um. Insets: Higher magnification images indicate the presence of contractile
apparatus (cross-striations) in No-drug and LY294002 group (arrows). Scale bar 20pm.
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Figure 8. Actin cytoskeleton in cardiomyocytes treated with pharmacologic agents

Main panels indicate the orientation and morphology of cells expressing stained with
phalloidin-TRITC. Scale bar 100um. Insets: Higher magnification images indicate orientation
of actin microfilaments. Scale bar 20um.
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