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Abstract

Rationale—During each beat, cardiac myocytes generate the mechanical output necessary for
heart function through contractile mechanisms that involve shortening of sarcomeres along
myofibrils. Human induced pluripotent stem cells can be differentiated into cardiac myocytes that
model cardiac contractile mechanical output more robustly when micropatterned into
physiological shapes. Quantifying the mechanical output of these cells enables us to assay cardiac
activity in a dish.

Objective—We sought to develop a computational platform that integrates analytical approaches
to quantify the mechanical output of single micropatterned cardiac myocytes from microscopy
videos.
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Methods and Results—We micropatterned single cardiac myocytes differentiated from human
induced pluripotent stem cells on deformable polyacrylamide substrates containing fluorescent
microbeads. We acquired videos of single beating cells, of microbead displacement during
contractions, and of fluorescently labeled myofibrils. These videos were independently analyzed
to obtain parameters that capture the mechanical output of the imaged single cells. We also
developed novel methods to quantify sarcomere length from videos of moving myofibrils and to
analyze loss of synchronicity of beating in cells with contractile defects. We tested this
computational platform by detecting variations in mechanical output induced by drugs and in cells
expressing low levels of myosin binding protein C.

Conclusions—Our method can measure cardiac function in cardiac myocytes differentiated
from induced pluripotent stem cells and determine contractile parameters that can be used to
elucidate the mechanisms that underlie variations in cardiac myocyte function. This platform will
be amenable to future studies of the effects of mutations and drugs on cardiac function.
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Cardiac myocyte; contractility; stem cell; single cell; sarcomere length

Subject Terms

Contractile Function; Myocardial Biology

INTRODUCTION

Cardiac myocytes (CMs) are the muscle cells of the myocardium that beat to generate the
mechanical output required for heart function.! The mechanical output of CMs originates
from the shortening of sarcomeres aligned in series along myofibrils.2 Human induced
pluripotent stem cells (hiPSCs) can be differentiated into beating CMs (hiPSC-CMs).3

However, myofibrils in hiPSC-CMs are disorganized and not aligned as myofibrils in
primary CMs;* this disarray has been a limiting factor in applying hiPSC-CMs for assaying
cardiac function in vitro. Micropatterning of hiPSC-CMs on substrates can successfully
induce intracellular alignment of myofibrils, thereby enhancing the maturity of their
contractile machinery and positioning these engineered cells as models of cardiac
contractility.5-10 By micropatterning hiPSC-CMs on compliant substrates with known
mechanical properties, their mechanical output can be calculated through non-destructive
and minimally invasive microscopy-based approaches (Figure 1A).5-8 Other approaches also
include tracking cell movement from videos of beating cells acquired with bright-field
microscopy?® 11-13 and using deformable microposts as substrates that measure cell forces.14
Mechanical output has also been assayed with engineered multicellular systems composed
of hiPSC-CM:s or co-cultured with other cell types.1® Induced intracellular alignment of
myofibrils is central for accelerating the contractile maturity of hiPSC-CMs.16 Myofibrils
are easier to image in single cell systems, allowing the assessment of these structures in live
hiPSC-CMs.’
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There has been a considerable increase in the use of single micropatterned hiPSC-CMs to
model cardiac contractile activity in vitro with a variety of video-based methods.-10 These
methods include: 1) quantifying the contractile movement of hiPSC-CMs imaged with
bright-field, 2) measuring the displacement of myofibrils and measuring the varying length
of sarcomeres, and/or 3) estimating cell-generated tractions using traction force microscopy.
However, the field of hiPSC-CM contractile assessment lacks an integrated platform that
enables these distinct properties to be measured simultaneously and coherently.

Here, we present a computational platform that integrates distinct image-based methods to
analyze mechanical output from videos of micropatterned hiPSC-CMs on deformable
polyacrylamide substrates (Figure 1). Our platform analyzes bright-field videos of single
cells, videos of the substrate moving due to cell-generated tractions, and videos of labeled
myofibrils (Online Figure I). These analyses yield a set of parameters that characterize the
mechanical output of hiPSC-CMs. We also present novel approaches to measure sarcomere
length from videos of moving myofibrils and to quantify the loss of synchronicity of
contractile movement within a single cell due to contractile defects. Our analytical platform
detected drug-induced effects on the mechanical output of micropatterned hiPSC-CMs, as
well as contractile defects due to decreased expression of the gene that encodes myosin
binding protein C3 (MYBPC3), thus validating its ability to assay cardiac contractility under
pharmacological conditions or in modeling cardiac disease. We made this tool easily
accessible to enable future research using hiPSC-CMs7~19 with higher throughput and
reduced user effort.

METHODS

Detailed methods are provided in the Online Supplemental Material. We acquired videos of
single micropatterned hiPSC-CMs cultured on polyacrylamide hydrogels (Online Figure I1)
to analyze the mechanical output of their contractile cycles (Figure 1A). We acquired three
types of videos via microscopy: bright-field videos (Online Movie 1), videos of fluorescent
microbeads in the substrate (Online Movie I1), and videos of fluorescent myofibrils (Online
Movie I1). Each video showed movements of the substrate, cell surface, and myofibrils
(Figure 1A). For each video frame, we quantified the average displacement (g) of the imaged
moving structures (cells, microbeads and myofibrils) and the velocity (V) of this movement.
Contractile forces were estimated after submitting the videos of substrate displacement to
traction force microscopy’ and we calculated the magnitude of force vectors (F) from
traction stresses (Online Movie I1). Sum of F(ZF) was estimated and we multiplied ZF by V/
to calculate power (P). We determined parameters from the plotted curves of these properties
(d, V; ZF, and P, Figure 1; Online Figures | and I11). We calculated @ with time (d-curves)
and Vwith time (Vcurves) (Figure 1B—L) with the cross-correlation algorithm Ncorr20
(Figure 1). For a region of interest (ROI) defined by the cell borders (Figure 1B), we
calculated d (Figure 1C) and V/(Figure 1D). We also determined the movement of
microbeads (Figure 1D) within a region of the substrate surface delimited by an ellipse of
dimensions that are proportional to the area of the ROI, yielding d-curves (Figure 1F) and V-
curves (Figure 1G) of the microbeads. For each video frame, we estimated ZF, yielding ~
curves (Figure 1H). We plotted Pwith time (P-curves) (Figure 11) and also quantified
myofibril movement (Figure 1J) to determine d-curves (Figure 1K) and V~curves (Figure
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1L). The beat rate (1) of cells was derived from d-curves. Peak displacement (a2 and
peak force (X Fp,4x) Were obtained from the peaks of d-curves and ~curves, respectively
(Online Figure I11). From V-curves (Online Figure 111), we determined the peak velocity of
contraction (V) and the peak velocity of relaxation (V). Peak power of contraction (£P¢)
and peak power of relaxation (Pg) were derived from P-curves (Online Figure I11). We also
calculated a time parameter ( ;) representing the time between contraction and relaxation
peaks (Figure 2). We quantified sarcomere length in videos of myofibrils in micropatterned
hiPSC-CMs (Online Figure V).

Contractile and kinetic parameters derived from image-based analysis robustly describe
cell mechanical output

The properties plotted in Figure 1 were the basis for deriving quantitative parameters that
were used to analyze the contractile mechanical output of single micropatterned hiPSC-
CMs. However, calculating the data in Figure 1 relied on the cross-correlation algorithm
Ncorr to systematically analyze movement with high precision.

To determine whether Ncorr was suitable for quantifying contractile displacement, we
compared it with two other cross-correlation algorithms that have been used to analyze
movement at the micron scale: PIVIab?! and ImageJ PIV (Online Figure V).22 When we
processed the ROI defined by the cell borders in Online Movie 1V with Ncorr, PIVIab, and
ImageJ P1V, we obtained similar dtcurves (Online Figure V). We then decreased the image
resolution and added noise to the frames of Online Movie IV to test whether the cross-
correlation approaches yielded similar results independently of the video quality. Ncorr
performed better in systematically yielding the same displacements from videos with
varying image quality. Ncorr provided more consistent results for performing all the
analyses in Figure 1.

Overall, we calculated two classes of parameters to describe the mechanical output of
micropatterned hiPSC-CMs: contractile parameters and kinetic parameters. Contractile
parameters, such as g,z and A4, (Online Figure 111), relate to the maximal amount of
total stress that each cell generates on the surface during its contractile cycle. Vi, Vg, and br
are kinetic parameters (Online Figure 111). We also calculated the kinetic parameter ; (Figure
2A), which scales with the total time of contraction and can also be simply determined from
V-curves. For example, we observed an increase in ; after exposing the cell to low doses of
caffeine by slowly diffusing it through the cell-culture medium (Figure 2B). This
observation clearly illustrated how 7 scales with the time of each contractile cycle. In
addition, we included the calculation of Pcand Pg in our analytical platform because these
provide both contractile and Kinetic information (Online Figure 1), since Pis calculated from
ZFand V.

We added caffeine to the extracellular milieu of a single hiPSC-CM (Figure 2B and C) and
recorded videos of moving microbeads in the substrate in order to validate the ability of the
described parameters to quantify contractile variations. In addition to an increase in 7, we
also detected variations in d)y,y, br, Pc, and Pp upon adding caffeine to the extracellular
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milieu (Figure 2B and C). This observation suggested that our approach is suitable for
detecting the effects of drugs that alter contractile activity.

Parameters from image-based analysis can quantify drug-induced contractile variations

Specific drugs change the contractile activity of hiPSC-CMs by affecting pathways or
proteins that regulate CM function.23 We tested the ability of our platform to detect
variations in mechanical output induced by isoproterenol and omecamtiv mecarbil.

Isoproterenol—Isoproterenol is a positive inotrope, which corresponds to increases in
mechanical output and increase in br, respectively. Isoproterenol activates the p-adrenergic
pathway and affects the contractility of CMs in a dose-dependent manner.24 We aimed to
validate the ability to detect different effects of different drug concentrations with
isoproterenol and we observed different contractile responses to 0.1 and 1 UM in
micropatterned hiPSC-CMs (Figure 3 and Online Figure V1). For the same single cell, we
estimated F with traction force microscopy (Figure 3A—C), determined the movement of
fluorescently labeled myofibrils (Figure 3D-F), and the movement of the cell imaged with
bright-field microscopy (Figure 3G-I). Both ZF,,xand brincreased when 0.1 uM
isoproterenol was added to the medium (Figure 3B), as did Pcand Pg (Figure 3C). 1 uM
isoproterenol induced a substantial decrease in all parameters, except for a clear increase in
br(Figure 3 and Online Table 1). Curves obtained from processing videos of moving
fluorescent myofibrils (Figures 3E and 3F, Online Movies V, VI, and VII) and bright-field
videos of moving cells (Figures 3H and 31) showed similar trends. Variations in dg-curves and
V~curves were consistent with those obtained from A~curves and P-curves (Figure 3). In
these analyses, d was a proxy for ZF and VVwas a proxy for P. Increases in @,y br, Ve, and
Vi, were detected when isoproterenol was added at 0.1 pM (Figure 3 and Online Table 1).
As observed from traction force microscopy analysis (Figure 3A-C), also with myofibril and
cell movements, a more pronounced increase in broccurred after adding 1 uM isoproterenol,
but the absolute values of @, Vo and Vg decreased (Figure 3 and Online Table 1).

Next, to validate the consistency of our approach, we used traction force microscopy (Online
Figure V1) and cross-correlation of brighfield videos (Online Figure VI) to measure
contractile variations in 6 more single micropatterned hiPSC-CMs incubated first in 0.1 pM
and then in 1 uM isoproterenol (Online Figure VI). We aimed to test if the detected effects
of isoproterenol were consistent between different single cells and if results from traction
force microscopy matched results of cross-correlation of bright-field videos. Overall from ~
curves, we observed increases in ZF,4cand brat 0.1 uM isoproterenol, followed by a more
pronounced increase in brand a decrease in X F 4 for 1 uM isoproterenol (Online Figure VI
A-C). We calculated parameters of mechanical output from traction force microscopy
analysis to test consistency of variations among different cells and further validated this
platform for use in these types of studies (Online Figure VI D-K). Traction force
microscopy revealed variations in the following parameters that differed between 0.1 and 1
UM isoproterenol: dnaw Vo Ve ZFmaxn Po and Pr (Online Figure VI D-F and I-K). The
absolute values of these parameters for each cell consistently increased for 0.1 pM
isoproterenol and decreased for 1 uM isoproterenol (Online Figure VI). Values of 7
decreased (Online Figure VI G), and values of brincreased (Online Figure VI H) for either
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concentration of isoproterenol. These results demonstrated the ability of our traction force
microscopy-based analytical tool to detect effects of different drug concentrations in the
mechanical output of populations of micropatterned hiPSC-CMs.

We next tested whether parameters derived from quantifying cellular movement on bright-
field videos (Online Figure VI L-0O) showed the same levels of variation observed from
traction force microscopy. We generally detected similar trends in variations of parameters
(dmaxs Vo VR 1) calculated from the analysis of displacements within ROIs in bright-field
videos of cells incubated in different concentrations of isoproterenol. However, the
differences in variations of parameters detected with traction force microscopy for each
concentration of isoproterenol were statistically significant, while no statistical significance
was observed between differences in variations of bright-field cell displacement parameters.
Even if the trend is similar between results from traction force microscopy and results from
bright-field analysis, this observation suggests that results extracted from traction force
microscopy may detect these differences more robustly. In addition, the variations in ZF 4,
Pc, and Pr measured with traction force microscopy (Figures 3B and 3C) after adding
isoproterenol were more pronounced than the variations in dj,4y, Vg and Ve measured from
the video of moving myofibrils (Figures 3E and 3F) or from the bright-field video of a
beating cell (Figures 3H and 3I).

Omecamtiv mecarbil

We incubated cells in omecamtiv mecarbil, which directly affects cardiac-specific myosin-
actin interactions by accelerating the transition of myosin binding to actin toward a strongly
bound state.2> We tested the effects of 0.1 uM and 10 nM omecamtiv mecarbil on the
mechanical output of micropatterned hiPSC-CMs and calculated variations in parameters
derived from traction force microscopy (Online Figure VII A—H). We used different cell
populations (n=6) for each concentration values. We first acquired videos within 5 min of
adding omecamtiv mecarbil to the culture medium. Variations in ; and brwere statistically
different between cells incubated in 0.1 uM and 10 nM omecamtiv mecarbil (Online Figure
VII D and E). In short, we observed decreased mechanical output (negative inotropy) of
micropatterned hiPSC-CMs induced by omecamtiv mecarbil and chronotropic effects
depended on the drug dose (Online Figure VII 1).

We then tested the acute effects of omecamtiv mecarbil on the mechanical output of a single
cell within the initial seconds of incubation (Online Figure V11 J). In contrast to chronic
effects minutes after drug addition, we observed positive inotropy within 10 s of adding 0.1
UM omecamtiv mecarbil (Online Figure VII J). We further tested the ability of our platform
to investigate these differences in acute and chronic effects in one single micropatterned
hiPSC-CM with labeled myofibrils (Figure 4A and Online Movie VI1). For this cell, we
acquired videos of microbeads (for traction force microscopy), of myofibrils and of the cell
and calculated contractile parameters from these data. We observed distinct differences in
sarcomere activity between acute (Figure 4B and Online Movie IX) and chronic (Figure 4C
and Online Movie X) responses to omecamtiv mecarbil. The acute response of this single
hiPSC-CM to omecamtiv mecarbil involved changes in sarcomere organization (Figure 4B)
and movement (Online Movie IX). For each contractile cycle, we observed oscillatory
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contractions of sarcomeres and overlap between sarcomeres (Online Movie IX). Chronic
myofibril damage was evident for this cell, but also when other hiPSC-CMs were incubated
in 1 uM and 10 nM omecamtiv mecarbil (Online Figure V1I1). These results demonstrated
the value of our analytical approach for being able to simultaneously measure acute and
chronic effects of the same drug.

We also asked whether parameters obtained from traction force microscopy (Figures 4D and
4E) could be related to parameters obtained from analyzing moving myofibrils (Figures 4F
and 4G) and cell movement imaged with bright-field (Figure 4H and 41). As also shown in
Online Figure VI J, we observed slight acute increases in Z £, and brfor the tested cell
(Figure 4D). However, the absolute values of P_ and P, did not seem to considerably vary
after adding omecamtiv mecarbil (Figure 4E). Analysis of myofibril movement yielded
similar variations in parameters of mechanical output: the acute values of dj,,5and br
slightly increased (Figure 4F), but no considerable acute variations were observed in Vand
V (Figure 4G). In contrast to our experiment with isoproterenol (Figure 4), cell-movement
analysis yielded results that differed from the results of analysis of movement of myofibrils
when cells were exposed to omecamtiv mecarbil. Bright-field videos indicated a
considerable acute increase in . (Figure 4H) and increases in the absolute values of Vo
and Vj (Figure 41, Online Table I).

Overall, for tested variations in mechanical output induced by omecamtiv mecarbil, data
based on traction force microscopy and myofibril movement seemed to coincide, but
differed from data based on changes in cell movement on bright-field microscopy.
Parameters are presented in Online Table | for the cell exposed to both concentrations of
isoproterenol (Figure 3) and the cell analyzed after acute and chronic exposure of omecamtiv
mecarbil (Figure 4), demonstrating our platform’s potential for quantifying the contractile
effects of drugs.

Variations in sarcomere length relate to changes in mechanical output

Labeling live myofibrils allows for the quantification of sarcomere length during a
contractile cycle.” We developed an automated tool to quantify sarcomere length for each
frame of a video of micropatterned hiPSC-CMs with labeled myofibrils (Online Figure 1V).
We also validated the ability to measure variations in sarcomere length induced by
isoproterenol and omecamtiv mercanbil. For this purpose, we used the myofibril videos of
the cell presented in Figure 3 (Online Movies V, VI, and VII) and of the cell presented in
Figure 4 (Online Movies VIII, IX and X). For the method developed for calculating
sarcomere length, we skeletonized sarcomeres for each frame (Online Movie X1 and Online
Movie XII), obtained heat maps of sarcomere length within single micropatterned hiPSC-
CMs for each frame (Online Movie XIII), and calculated sarcomere shortening by
subtracting the minimal values of average sarcomere length from the maximal values of
sarcomere length (Online Figure 1X). We then analyzed average sarcomere length (Figure 5)
for the cell exposed to isoproterenol (Figure 3 and Online Movies VV=VII) and for the cell for
which acute and chronic effects of omecamtiv mecarbil were captured in video (Figure 4 and
Online Movies VII1-X). We calculated average sarcomere length values for all frames of the
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videos, as well as maximal sarcomere length, minimal sarcomere length, and sarcomere
shortening (Figure 5).

We aimed to test whether detected variations in mechanical output (Figures 3, 4 and Online
Figures VI and V1) could relate to sarcomere length and sarcomere shortening, as well as
whether measurements of sarcomere properties yield information on drug-induced changes
in CM function. Both isoproterenol (Figure 5A-D) and omecamtiv mecarbil (Figure 5E-H)
decreased average values of sarcomere length, but had different effects on sarcomere
shortening. The isoproterenol-induced decrease in sarcomere length was accentuated at 1
UM (Figure 5A); at this concentration, the maximal mean values of sarcomere length also
decreased relative to the level before the addition of isoproterenol (Figure 5B). Minimal
average sarcomere length values decreased with 0.1 uM of isoproterenol and decreased even
more at 1 uM (Figure 5A). In addition, sarcomere shortening considerably increased with
0.1 uM isoproterenol (Figure 5D), which may be related to the increase in mechanical output
evident at this concentration (Figure 3). Chronic and acute effects of omecamtiv mecarbil
also induced decreases in average sarcomere length (Figure 5E), maximal average sarcomere
length (Figure 5F), and minimal average sarcomere length (Figure 5G). No omecamtiv
mecarbil-induced variations were detected in sarcomere shortening (Figure 5H). Taken
together, these data validate our method for measuring sarcomere length within
micropatterned hiPSC-CMs.

asynchronicity of movement predicts defective contractility

The intracellular space of mature primary CMs beats synchronously during each contractile
cycle.26-29 |_oss of synchronicity in muscular contractions is a marker of loss of myocardial
function, which can originate from extracellular or intracellular disorders that lead to heart
failure.30: 31 pathologic myocardial disarray is intimately related to asynchronicity of
beating and loss of myofibril organization.32: 33 To test the hypothesis that asynchronicity of
hiPSC-CM beating could serve as an assay of disease state, we defined two parameters of
asynchronicity (see Online Methods): spatial asynchronicity (ag) versus temporal
asynchronicity (as) of contractile movement. agwas calculated from the direction of
movement of all pixels that differed from the average direction of movement. a5 was
calculated from the offset times (Figure 6A) of each pixel within a ROI (Figure 6B) and
provides information about when movement occurs within the cell relative to the average
timing of contraction (Figure 6C). We measured the parameters agand & to detect potential
contractile defects in hiPSC-CMs with reduced expression of MYBPC3, which has been
associated with pathological cardiac hypertrophy in mice due to disarray of the myocardium
at the cellular and myofibril levels.34 35 We consistently observed increases in ag (Figure
6D) and as (Figure 6E) in hiPSC-CMs with decreased expression of MYBPC3 (Online
Figure X). In addition, these cells had decreased values of ; (Figure 6F) and ZF . (Figure
6G), as previously reported.? These results demonstrate that contractile defects can be
detected by analyzing the asynchronicity of movement in micropatterned hiPSC-CMs.

Circ Res. Author manuscript; available in PMC 2018 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ribeiro et al. Page 9

DISCUSSION

Here, we present an integrated approach for analyzing the mechanical output of
micropatterned hiPSC-CMs from videos acquired via live-cell imaging (Figure 1). We
extracted parameters that characterized the mechanical performance of hiPSC-CMs as well
as information about sarcomere properties and synchronicity of cell movement, detecting
effects of drugs and of a gene deletion that affects cardiac contractility. Our approach
contains a new method to measure sarcomere length from videos of labeled myofibrils and
calculates single cell synchronicity as a novel functional assay. These innovative methods
were combined with traction force microscopy and cross-correlation to deliver a new
computational platform that characterizes the contractility of micropatterned hiPSC-CMs.
The mechanical output of unpatterned hiPSC-CMs can also be quantified (Online Figure
X1), except sarcomere length because we designed that method for cells with aligned
myofibrils (Online Methods). Therefore, as long as attachment to a deformable substrate is
stable and a more mature shape and alignment of myofibrils are observed, our approach can
potentially analyze any type of single hiPSC-CM in these conditions. This platform has
several advantages over earlier methods such as piezoelectric sensors,36 atomic force
microscopy3’, and micropipette aspiration38. Our approach is less invasive than previous
single cell methods; importantly, it does not require skilled technical expertise for acquiring
and analyzing data, broadening the accessibility and impact of these investigations. The
integration of distinct video-based methods in the same computational platform facilitates
the comparison of parameters and increases the versatility of functional analysis. This
platform was developed for using after cell differentiation, fabrication of hydrogel
substrates, micropatterning, fluorescent labeling of myofibrils and video acquisition (Online
Figure 1). The throughput of our platform can only be limited by low computational power
of computers to be used. However, achieving a high throughput status will also require
automation of cell differentiation, device fabrication, fluorescent labeling and microscopy.
Our method is consistent with current increases in the use of cell micropatterning to model
cardiac function with hiPSC-CMs®8. 9. 19. 39,40 and provides the ability of researchers without
a computational background to perform these assays.

We tested the ability of our video-based methods to quantify contractile changes in
micropatterned hiPSC-CMs; specifically, we detected alterations in the mechanical output
induced by caffeine, isoproterenol, and omecamtiv mecarbil. Adding caffeine increases the
concentrations of cytosolic calcium.#! Abruptly increasing the extracellular concentration of
caffeine instantaneously halts the beating of hiPSC-CMs by depleting calcium stores in the
sarcoplasmic reticulum.*2 Consistent with these reports, our data revealed an abrupt increase
in mechanical output after the addition of caffeine, as well as a decrease in the kinetics of
relaxation (Figure 2C). With isoproterenol, we validated the ability of our platform to detect
changes in contractility under different drug concentrations and the use of omecamtiv
mecarbil allowed us to demonstrate the need to detect acute and chronic effects for the same
drug.

Isoproterenol is a beta-adrenergic agonist that affects biological mechanisms that alter CM
contractility,*3 but the contractile effects of isoproterenol also depend on its extracellular
concentration.23 24 The consistent increase in single cell mechanical output and beat rate
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upon incubation in 0.1 UM demonstrated the ability of this system to detect the inotropic
effects of isoproterenol (Figure 3 and Online Figure VI). However, the low magnitude of this
increase and the drastic decrease in mechanical output after incubation in 1 uM also show
that these cells do not fully recapitulate the contractile physiology of a well-matured
myocardial tissue.

The same trend in the variation of contractile and kinetic parameters of mechanical output
was obtained from analyzing the videos obtained through distinct imaging modalities
(Figure 3). In addition, our sarcomere-mapping approach showed that a positive inotropic
response was related to increased sarcomere shortening, while the average maximal length
was maintained constant (Figure 5D). However, our approach revealed a difference in the
magnitude of variation in mechanical output induced by 1 uM isoproterenol (Figure 3).
Specifically, traction force microscopy showed a dramatic decrease in force and power
outputs (Figure 3B,C) that was not identified from tracking the displacement of myofibrils
(Figure 3E,F) or from cellular displacement on bright-field microscopy (Figure 3H,1). This
difference suggests that variations in intracellular displacement do not directly relate to
variations in force generation, even when reflecting the same general trend. In addition,
traction force microscopy performed better than cross-correlation of bright-field videos
(Online Figure V1) in detecting isoproterenol-induced contractile variations with statistical
significance from a population of imaged cells. This observation suggests that our bright-
field analysis tool can be improved in future studies, perhaps by segmenting cell features
before analysis to eliminate potential image artifacts** or by using polarized light to better
capture sarcomeres.*> However, segmentation of cell area requires a clear intensity
difference between the cell ROI and its exterior. A decrease in maximal sarcomere length
and values of sarcomere shortening similar to baseline (no 1SO) was observed for 1 uM,
suggesting a decrease in intracellular tension at this concentration. To model cellular
responses to high concentrations of isoproterenol, further research must address the
mechanisms underpinning how mechanical output is regulated by sarcomere length under
different isoproterenol concentrations.

Our analyses of the acute effects of omecamtiv mecarbil revealed by traction force
microscopy and cross-correlation of bright-field videos also returned divergent results.
Omecamtiv mecarbil had unexpected effects on cell contractility and in chronically
damaging myofibrils (Figure 4C). The contractile effects of omecamtiv mecarbil in CMs
have been previously reported to be atypical when compared with the effects of other
inotropes.23 Omecamtiv mecarbil acts specifically on cardiac myosin by increasing the time
of its strong actin-bound stateZ®; it also delays the relaxation of myofibris.*® Consistent with
this information, our data showed an increase in the time of contractions at higher drug
concentrations (Online Figure VII D) and an increased brat lower drug concentration
(Online Figure VII E). Omecamtiv mecarbil significantly shortened sarcomeres (Figure 5E—
G), suggesting that the oscillatory contractions of sarcomeres and overlap between
sarcomeres (Figure 4B and Online Movie 1X) could result from increased intracellular
tension. This possibility is supported by established relationships among calcium overload,
tension, and the function of sarcomeres.#” Future research is necessary to understand the
effects of omecamtiv mecarbil in the function and organization of sarcomeres in relation to
the mechanical output of micropatterned hiPSC-CMs. In addition, the chronic effects on
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myofibril damage were unexpected and this observation should be further investigated
taking into consideration mechanisms of sarcomere assembly and myogenic maturity.

We tested measuring the asynchronicity of beating of micropatterned hiPSC-CMs expressing
decreased levels of MYBPC3. A decreased ability to generate contractile forces was
previously identified in hiPSC-CMs expressing low levels of MYBPC3.9 Importantly, we
validated the use of parameters of asynchronicity in association with other parameters
calculated from image analysis to potentially detect disease states involving contractile
defects in micropatterned hiPSC-CMs.

As observed in Figure 3 and Figure 4, analyses of cell movement, estimations of force, and
analyses of sarcomere movement may not yield curves with similar kinetics or magnitudes
because they are derived from videos of different moving structures that have different
mechanical properties. Bright-field videos contain information on the movement of the cell,
which results from the propagation of sarcomere movement through a viscoelastic
intracellular fluid environment that is different from the elastic polyacrylamide hydrogel and
different from the physically interconnected sarcomeres in myofibrils. Therefore, the
material mechanical properties of the different imaged milieus naturally affected their
movement. The movement of microbeads in the substrate is a measure of how much force is
the cell pulling on the substrate, which depends on the force generated by actin-myosin
interactions, the intracellular balance of these forces, and the stability of extracellular
adhesions. Although imaging myofibrils in live cells may be the closest we can come to
evaluating actin-myosin interactions, this method does not provide information on the
number of phosphorylated myosin heads and on the number of active myosins. In
conclusion, cell movement, substrate movement, and myofibril movement are related, but do
not necessarily reflect the same contractile properties of the cell because they involve the
movement of materials with different material properties, highlighting the need for
integrating data from distinct imaging modalities to well characterize cell mechanical
output.

In summary, this platform quantifies critical parameters that evaluate the contractile
performance of hiPSC-CMs. By considering how sarcomere and contractile movement relate
to force generation, our unique approach provides a combination of methods for measuring
contractile phenotypes.
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Human induced pluripotent stem cells (hiPSCs) can be differentiated into
cardiac myocytes (hiPSC-CMs) and model human heart function.

. Fetal-like disorganization of the sarcomere-based contractile machinery in
hiPSC-CMs limits their use as models of cardiac contractility.

. Culturing single hiPSC-CMs on rectangular protein micropatterns on
hydrogels improves their contractility due to enhanced organization of
sarcomeres.

What New Information Does This Article Contribute?

. A new platform was developed to assay the contractile performance of single
micropatterned hiPSC-CMs from videos acquired with live-cell imaging.

. Parameters of cell beating are derived from videos, as well as sarcomere
shortening and the level of synchronicity of beating within a cell.

. Our method can detect contractile variations induced by drugs and disease
states in a minimally invasive and non-destructive manner.

Measuring the contractile performance of single cardiac myocytes (CMs) can assay the
effects of drugs, diseases or pharmacological interventions in the function of the heart.
We developed a novel platform for measuring the contractile performance of CMs
differentiated from human induced pluripotent stem cells (hiPSC-CMs). Assaying these
cells has high potential for predicting drug effects and modeling diseases. We specifically
designed our platform for assaying rectangular single hiPSC-CMs attached to soft
hydrogels because the intracellular organization of the sarcomere-based contractile
machinery is improved in these conditions, which further improves their contractility.
Our approach integrates different image-based analytical tools to calculate contractile and
kinetic parameters of beating. These tools analyze videos of beating cells acquired with
brightfield microscopy and fluorescence videos of labeled sarcomeres and labeled
particles in the moving hydrogel under the cell. We integrated these different video
analyses to comprehensively quantify and evaluate different properties of hiPSC-CM
contractility: cell movement, mechanical output and sarcomere activity. Overall, we
validated the ability of our approach to detect contractile variations or defects in hiPSC-
CMs induced by drugs or changes in sarcomere proteins. This platform is now available
for anyone in need of comprehensively assaying hiPSC-CM contractility to study
mechanisms that regulate cardiac function.
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Figure 1. Registering the contractile mechanical output of micropatterned hiPSC-CMs from
microscopy videos

A\, Three classes of videos of beating micropatterned hiPSC-CMs were acquired with
microscopy: bright-field videos, videos of fluorescent microbeads embedded in the
deformable gel substrate, and videos of moving fluorescent myofibrils. B, A region of
interest (ROI) was defined around the contour of the cell; movement within this region was
analyzed with cross-correlation from bright-field videos. Scale bar: 15 um. C, Cell average
displacement (d) due to the contractile activity of beating within the ROI was quantified and
plotted as a function of time, yielding a d-curve. D, Average velocity of displacement (1)
within the ROI was calculated from the first derivative of displacement and plotted as a
function of time, yielding a V' -curve. E, Average displacement (d) of microbeads embedded
in the gel substrate was also quantified with cross-correlation from fluorescent videos. An
ellipse calculated from the dimension of the ROl was automatically drawn to limit the
calculation of displacement to this region. Scale bar: 15 um. F, d~curve of microbeads
plotted as a function of time. G, V-curve of microbeads plotted as a function of time. H,
Contractile force (X F) estimated with traction force microscopy from the displacement map
of microbeads (E) and plotted as a function of time, yielding an F-curve. I, Power (#) was
calculated by multiplying £~ by Vof microbeads and plotted as a function of time, yielding
a P-curve. J, The regions occupied by sarcomeres within labeled myofibrils were
skeletonized. This cell is not the cell shown in B. K, ¢-curve of myofibrils of cell in J. L,
myofibril V-curve for cell in J. Scale bar: 10 pm.
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Figure 2. Parameters of contractile cycles are derived from plots
A, We determined three kinetic parameters from V~curves that represent each contractile

cycle: Vis the peak velocity of contraction, Vi is the peak velocity of relaxation, and 7
(green rectangle) is the time between the peak velocity of contraction and the peak velocity
of relaxation. The V-curve was calculated from the displacement (g) of microbeads. B,
Variations in the @-curve derived from videos of moving microbeads were analyzed after
slowly increasing the concentration of caffeine in the extracellular milieu. We determined
maximum values (dashed lines) and minimum values (circles) of d. C, Pwas also analyzed
while increasing the concentration of caffeine. Pwas calculated by multiplying F by Vto
determine the peak power of contraction (P, upper dashed lines), the peak power of
relaxation (Pg; lower dashed lines), and 7 (rectangles).
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Figure 3. Detection of isoproterenol (ISO)-induced variations in the mechanical output of a single
micropatterned hiPSC-CM

We used two different concentrations of isoproterenol (0.1 pM and 1 uM) to test the ability
of our image analysis platform to detect contractile variations. A, Heat map in which cell-
generated traction stresses on the surface of the gel substrate were estimated with traction
force microscopy; Fwas calculated within the region delimited by an ellipse around the cell.
D, Myofibrils were fluorescently labeled in the analyzed micropatterned hiPSC-CM (Online
Movie V) and imaged for quantification of myofibril movement. B, ~curves and C, ~-
curves were estimated from videos of moving microbeads acquired before and after the cell
was exposed to isoproterenol. D, Myofibrils were fluorescently labeled in the micropatterned
hiPSC-CM (Online Movie V) and imaged to quantify myofibril movement. E, d~curves and
F, V-curves calculated from videos of moving myofibrils before and after adding
isoproterenol. G, Bright-field video of the analyzed single cell. H, d~curves and I, V~curves
obtained from brighfield videos of the cell at different isoproterenol concentrations. Scale
bar: 10 pm.
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Figure 4. Validating the ability of our integrated platform to detect changes in the mechanical
output of a single hiPSC-CM induced by omecamtiv mecarbil (OM)

OM was added to the extracellular milieu of a beating micropatterned hiPSC-CM at a
concentration of 0.1 pM, and we acquired videos of microbeads in the substrate, of moving
myofibrils, and of the cell before and after adding OM. A, Fluorescently labeled myofibrils
before adding OM (Online Movie VIII). B, Acute tightening of sarcomeres detected within
10 s after adding OM (Online Movie IX). C, Chronic damage of myofibrils imaged 2
minutes after adding OM (Online Movie X). Red arrows point at the locations of myofibril
damages. D, F-curves and E, P-curves were estimated from videos of moving microbeads
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acquired before adding OM and after acute and chronic exposure. F, d-curves and G, V-
curves calculated from videos of moving myofibrils. H, ¢tcurves and I, V~curves obtained
from brighfield videos of the cell. Scale bar: 10 pm.
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Figure 5. Detection of changes in sarcomere length and sarcomere shortening induced by
isoproterenol (ISO) and omecamtiv mecarbil (OM)

We measured sarcomere length (sl) and sarcomere shortening (ss) from videos of myofibrils
labeled in the beating micropatterned hiPSC-CMs in Figure 4 and Figure 6. A and E, Box
plots of average sarcomere length values calculated for all frames of the analyzed videos
(n=53 frames for the cell exposed to ISO (Online Movies V-VII); n=50 frames for the cell
exposed to OM (Online Movies VI1II-X). B and F, Maximum values of sarcomere length. C
and G, minimum values of sarcomere length. D and H, sarcomere shortening calculated by
subtracting the minimum values of sarcomere length from the maximum values of
sarcomere length. Each point represents a value in the contractile curve of moving
sarcomeres. *P<0.05, **P<0.01, and ***P<0.005 by the unpaired Wilcoxon-Mann-Whitney
rank-sum test and by Bonferroni’s all-pairs comparison test; n.s., not significant with any
test. ANOVA P<0.001 (A-E) and ANOVA P<0.02 (F and G).
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Figure 6. Measuring parameters of spatial (ag) or temporal (ag) asynchronicity in
micropatterned hiPSC-CMs harboring homozygous and heterozygous knockout of the gene
encoding MYBPC3

ag was calculated from the offset times (8) of intracellular displacement. A, & was
determined for each pixel i within an ROI delimited by the borders of the cell by subtracting
the time of each displacement peak for each pixel i by the time of the displacement peak for
the average of displacement in the ROI. B, Representative ROI in a bright-field video of a
beating micropatterned hiPSC-CM. C, Heat map of 6 within the pixels of the ROI. D-G,
parameters calculated from micropatterned hiPSC-CMs that lack both copies of the gene
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encoding MYBPC3 (-/-) or that lack one copy of the gene (+/-). MYBPC3 +/+ cells
contain both copies of the gene. D, ag E, as. F, . *P < 0.05, **P<0.01, and ***P<0.005 by
the unpaired Wilcoxon-Mann-Whitney rank-sum test and by Bonferroni’s all-pairs
comparison test; n.s., not significant with any test. ANOVA P<0.01 (D-F) and ANOVA
P<0.04 (G). Scale bar: 15 pm.

Circ Res. Author manuscript; available in PMC 2018 May 12.



	Abstract
	INTRODUCTION
	METHODS
	RESULTS
	Contractile and kinetic parameters derived from image-based analysis robustly describe cell mechanical output
	Parameters from image-based analysis can quantify drug-induced contractile variations
	Isoproterenol

	Omecamtiv mecarbil
	Variations in sarcomere length relate to changes in mechanical output
	Intracellular asynchronicity of movement predicts defective contractility

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



