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ABSTRACT

Three-dimensional (3D) in vitro models of human skeletal muscle mimic aspects of native tissue
structure and function, thereby providing a promising system for disease modeling, drug
discovery or pre-clinical validation, and toxicity testing. Widespread adoption of this research
approach is hindered by the lack of an easy-to-use platform that is simple to fabricate and yields
arrays of human skeletal muscle micro-tissues (hnMMTSs) in culture with reproducible
physiological responses that can be assayed non-invasively. Here, we describe a design and
methods to generate a reusable mold to fabricate a 96-well platform, referred to as MyoTACTIC,
that enables bulk production of 3D hMMTs. All 96-wells and all well features are cast in a single
step from the reusable mold. Non-invasive calcium transient and contractile force
measurements are performed on hMMTs directly in MyoTACTIC, and unbiased force analysis
occurs by a custom automated algorithm, allowing for longitudinal studies of function.
Characterizations of MyoTACTIC and resulting hMMTs confirms the reproducibility of device
fabrication and biological responses. We show that hMMT contractile force mirrors expected
responses to compounds shown by others to decrease (dexamethasone, cerivistatin) or
increase (IGF-1) skeletal muscle strength. Since MyoTACTIC supports hMMT long-term culture,
we evaluated direct influences of pancreatic cancer chemotherapeutics agents on contraction
competent human skeletal muscle fibers. A single application of a clinically relevant dose of
Irinotecan decreased hMMT contractile force generation, while clear effects on fiber atrophy
were observed histologically only at a higher dose. This suggests an off-target effect that may
contribute to cancer associated muscle wasting, and highlights the value of the MyoTACTIC

platform to non-invasively predict modulators of human skeletal muscle function.
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INTRODUCTION
Skeletal muscle is the most abundant tissue in human body enabling critical physiological and
functional activities, such as thermogenesis (Periasamy et al., 2017) and mobility (Lauretani et
al., 2003). There are many degenerative and fatal diseases of skeletal muscle that remain
untreated and the underlying pathology of some muscle related diseases is not fully understood.
The use of animal models to study skeletal muscle diseases has improved our understanding of
in vivo drug response and disease pathology (Maltzahn et al., 2012; Thomason and Booth,
1990). However, in some cases animal models fail to accurately predict drug response in
humans, in part due to species specific differences leading to inaccurate disease symptoms
(Gaschen et al., 1992; McGreevy et al., 2015). Furthermore, animal models are expensive and
time consuming making them less desirable for drug testing (DiMasi et al., 2003). As a result, a
push to establish in vitro models of human skeletal muscle with reliable phenotypic readouts for
drug testing is underway with the goal of improving therapeutic outcomes in humans.
Two-dimensional (2D) cultures of human skeletal muscle cells are most often
implemented for drug testing and disease modeling. Despite their ease of use and
demonstrated predictive power in certain cases (Stevenson et al., 2005), 2D models of skeletal
muscle are ill-suited to in vitro studies of contractile muscle fibers (Bakooshli et al., 2018) by
failing to maintain structural integrity over long periods of time (Blau and Webster, 1981; Eberli
et al., 2009), and yielding randomly oriented muscle fibers which limits their application for
measurement of myofiber contractile force (Smith et al., 2014). A recent report combined 2D
culture substrate micropatterning to more closely mimic of the physiological environment,
increase reproducibility, and provide an indirect method to assess the contractile capacity of
myotubes (Young et al., 2018). This advancement enables scalability and high throughput drug
discovery predictions. However, the method is limited in its capacity to maintain muscle fibers
long-term, reflected in screens designed to evaluate drugs effects on the earliest phase of

differentiation, and analysis is an end-point, thereby precluding longitudinal studies.
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Three-dimensional (3D) tissue engineering methods to study skeletal muscle in a dish
serve to address these 2D culture gaps, and are beginning to replace conventional assay
platforms (Vandenburgh et al., 2008a, 2009). 3D culture models provide multi-dimensional cell-
matrix interactions, which is critical to the pathology of conditions such as muscular dystrophies
and age-induced muscle fibrosis (Alnageeb et al., 1984; Duance et al., 1980). In addition,
engineered 3D skeletal muscle models mimic native muscle architecture (Juhas et al., 2014),
provide structural integrity for long-term culture of myofibers in vitro, and enable contractile force
measurements (Lee and Vandenburgh, 2013). Recent articles report successful development of
3D culture models of human skeletal muscle (Bakooshli et al., 2018; Chal et al., 2016; Madden
et al., 2015; Maffioletti et al., 2018; Osaki et al., 2018; Rao et al., 2018). In these studies, active
force is quantified on tissues removed from the supporting culture device to implement a force
transducer, which is precise, but invasive.

As a non-invasive alternative, others have engineered culture devices that employ
flexible posts or pillars to support tissue maturation and measure active force as it relates to
post-deflection following electrical or chemical stimulation (Osaki et al., 2018; Sakar et al., 2012;
Vandenburgh et al., 2008, 2009). However, some of these technologies have footprints that are
not amenable to high-throughput tests. In other cases, device fabrication and/or implementation
is perceived as challenging, or make use of cumbersome inserts with vertical posts, all limiting
their widespread adoption for drug testing and disease modeling by industry and other
researchers.

Here, we describe a method for simple fabrication of a human skeletal muscle (Myo)
microTissue Array deviCe To Investigate forCe (MyoTACTIC); a 96-well plate platform for bulk
production of human muscle microtissues (hMMTs) for phenotypic drug testing. Our fabrication
methodology leads to the highly reproducible single-step casting of a 96 well plate that offers
easy workflow integration and requires a relatively small number of cells for tissue formation.

We provide an optimized method for formation of functional h(MMTs using primary human
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myogenic progenitor cells in MyoTACTIC by building upon previously published protocols
(Bakooshli et al., 2018; Madden et al., 2015). We show that h(MMTs self-organize in
MyoTACTIC to form multi-nucleated, striated muscle fibers that are responsive to electrical and
biochemical stimuli with kinetics and maturation levels matching that observed in larger formats
(Madden et al., 2015), and that the process is reproducible from well-to-well of the device.

MyoTACTIC enables easy and non-invasive contractile force and calcium transient
measurements of h(MMTs over time within the culture device. We demonstrate that known
myotoxic drugs (dexamethasone, cerivastatin) induce muscle fiber atrophy and decrease hMMT
contractile force generation similar to clinical outcomes, while treating hMMTs with insulin-like
growth factor 1 (IGF-1) improves contractile force generation. We then show that a single
clinically relevant dose of Irinotecan, a chemotherapeutic reagent used to treat pancreatic
cancer, induces muscle fiber atrophy and diminishes contractile force, thereby validating the
ability of MyoTACTIC to predict an off-target drug response on human skeletal muscle.
We focused our studies on direct muscle fiber effects by initiating all treatments at a time-point
when the muscle fibers are fully formed, an assessment made possible by the MyoTACTIC
system. Notably, we uncover modified force responses at lower treatment doses than those
required to see visible effects by classic histological methods, highlighting the sensitivity of
functional metrics over morphological assessments.

In sum, MyoTACTIC enables longitudinal analyses of human skeletal muscle

microtissue strength to support fundamental research, drug discovery, and toxicity studies.
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RESULTS
MyoTACTIC fabrication and implementation is simple and supports bulk
production of human skeletal muscle micro-tissues. We report an in vitro platform,
hereafter referred to as MyoTACTIC, that supports simple and reproducible culture of contractile
human skeletal muscle microtissues (hMMTs) for drug and biomolecule testing. MyoTACTIC is
a custom-designed elastomeric 96-well plate (Figure 1a-c and Supplementary Figure 1) in
which each well consists of an elliptical inner chamber containing two posts at either end
(Figure 1c,e-g and Supplementary Figure 1). A multi-step casting process is employed to
fabricate MyoTACTIC plates (Figure 1a) from a 3D printed design (see Materials and Methods).
The fabrication process leads to the generation of a reusable polyurethane (PU) negative mold
for reproducible generation of MyoTACTIC plates containing 96-wells and all well features using
single step polydimethylsiloxane (PDMS) casting within 3 hours (Figure 1a, Step 4).
Three-dimensional (3D) hMMTs are engineered using purified primary human myogenic
progenitor cells (Figure 1d and Supplementary Figure 2a) suspended in a hydrogel mix
(Table S2) based on previously published work (Bakooshli et al., 2018; Madden et al., 2015), by
pipetting the cell-hydrogel suspension into the MyoTACTIC well chambers, between and around
the posts (Figure 1c-e and Figure 2a, left panel). The micro-posts included in each well serve
as tendon-like anchor points to establish uniaxial tension in the remodeling hMMT (Figure 1c,e-
g) and direct micro-tissue formation and compaction in each well (Figure 1c,e,g and
Supplemental Figure 2b).The hook feature at the top each post is an essential design criteria
as hMMTs migrate off the hook-less posts within two days of cell seeding (Figure 1f). Indeed,
MyoTACTIC design (e.g. post size, shape, and positioning, cell seeding chamber size and
shape, platform material stiffness, etc.) was iterated to enable bulk production of hMMT arrays

amenable to the ‘in dish’ functional analyses described herein.
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Figure 1. Design and production of the MyoTACTIC platform. (a) MyoTACTIC production started with
creating a three-dimensional Computer Aided Design (3D CAD) using SolidWorks™ Software which was
then printed using a ProJet MJP 3500 3D printer from 3D SYSTEMS. Next, a negative PDMS mold was
created from the 3D printed part which was subsequently used to fabricate a soft replica of the design
after silanizing. Finally, a rigid negative polyurethane mold was created form the PDMS replica which was
used to fabricate multiple PDMS plates. (b-c) Computer generated 3D images of MyoTACTIC 96-well
plate design and (c) a cross-section of wells indicating the location of the micro-posts. (d) Schematic
overview of human cell isolation and subsequent generation of hMMTs in MyoTACTIC. (e) Stitched
phase-contrast image of 9 wells of MyoTACTIC containing remodeled hMMTs 10 days post seeding.
Scale bar 5 mm. (f-g) Impact of micro-post design on formation and long-term maintenance of hMMTs in
MyoTACTIC. Representative images of (f) collapsed and (g) successfully remodeled hMMTs seeded in
wells with (f) hook-less and (g) hook featured posts. Micro-posts are outlined in yellow dashed lines. Red
arrows indicate collapsed hMMTs on the top right panels and hMMTs are outlined in white dashed lines
on the bottom right panels. Scale bars 500 pm.
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Human muscle microtissues cultured in MyoTACTIC exhibit structural
characteristics similar to macro- tissues. In order to ensure that hMMTs cultured in
MyoTACTIC possess structural characteristics comparable to previously published methods
(Bakooshli et al., 2018; Madden et al., 2015), in spite of using fewer cells and a miniaturized
format, we investigated the structural characteristics of h(MMTs in culture over time. h(MMTs
remodeled within two days of culture in myogenic growth media without bFGF (Figure 2a-b and
Table S2) and continued to remodel and compact over the additional two-weeks in
differentiation media (Figure 2a-b,d and Supplementary Figure 3a).

Within two weeks of differentiation, hMMTs formed multi-nucleated and aligned muscle
fibers as evident by sarcomeric a-actinin (SAA) immunofluorescence analysis (Figure 2c). The
vast majority of cells were post-mitotic by Day 7 of differentiation (Supplementary Figure 3b),
and we also identified formation of cross-striated muscle fibers containing clustered
acetylcholine receptors (AChRs) at this time point, which persisted until at least Day 14
(Supplementary Figure 3c). We quantified myofiber width at Days 7, 10 and 14 of
differentiation (Figure 2e-f). As expected, myofiber width increased with time in culture. We
noted that h(MMT myofiber hypertrophy is sensitive to and supported by autocrine cues,
underlying the importance of reserving a portion of the hMMT conditioned media during media
exchanges (Supplementary Figure 3d). Finally, structural maturation of the hMMTs in culture
was evident by significantly higher expression of the adult subtypes (fast and slow) of the
contractile protein myosin heavy chain (MHC) at the later stages of culture time (Figure 2g-i),
while SAA protein expression remained relatively steady over time (Figure 2g).

Our analysis demonstrates that hMMTs cultured in MyoTACTIC exhibit similar
remodeling dynamics, structural characteristics, and maturation levels to their macroscale

counterparts. Further, since some variation is observed between biological replicates, but
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variation amongst technical replicates is negligible (Figure 2d,f), we conclude that the process

of hMMT development within MyoTACTIC is reproducible.

Figure 2
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Figure 2. MyoTACTIC enables formation of hMMTs with aligned myofibers exhibiting hypertrophy
and adult myosin heavy chain expression. (a) Representative phase-contrast images of h(MMTs
depicting the remodeling of the extracellular matrix by human myoblasts over time. Day 0 marks the time
for switching to differentiation media. Scale bar 500 ym. (b) Schematic diagram of the timeline for h(MMT
culture. hMMTs are cultured in growth media (GM) for the first two days (day -2 to day 0) and then the
media is switched to differentiation media (DM) on Day 0. (c) Representative confocal stitched image of a
hMMT cultured for 2 weeks, immunostained for sarcomeric a-actinin (SAA, red) and exposed to DRAQS
(blue) to counter stain the nuclei. Scale bar 500 uym. (d) Dot plot indicating the width of hMMTSs over the
course of culture time. (n = minimum of 16 hMMTs from 3 muscle patient donors per time point). (e)
Representative confocal images of muscle fibers formed in hMMTs and immunostained for SAA (red) and
nuclei (blue) after 7, 10, and 14 days in differentiation media. Scale bar 50 ym. (f) Quantification of h(MMT
fiber diameter over time. **p < 0.01, *** p < 0.001 (n = minimum of 9 hMMTs from 3 muscle patient donors
per time point). (g) Representative western blot images of myosin heavy chain (MHC) isoforms (fast and
slow), SAA, and B-tubulin over culture time (day 7 to 14) and (h-i) bar graph quantification of relative (h)
MHC-fast and (i) MHC-slow protein expression in hMMTs over time. *p < 0.05 (n = 3 blots from 3 muscle
patient donors per time point, where each blot is run using lysate of 4 hMMTs from a single patient donor
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lysed together). In (d) and (f) each symbol represents data from one patient donor. In (h) and (i) values
are reported as mean + SEM. In (f),(h), and (i) significance was determined by one-way ANOVA followed
by multiple comparisons to compare differences between groups using Tukey’s multiple comparisons test.

MyoTACTIC allows for non-invasive and in situ hMMT contractile force
assessment. hMMTs cultured in MyoTACTIC exhibited spontaneous contractions in culture
between Days 10 to 12 of differentiation (Supplementary Movie S$1), and were competent to
produce twitch and tetanus contractions in response to electrical stimuli (0.5 Hz and 20 Hz
respectively; Supplementary Movie S2 and Supplementary Figure 4). As predicted based on
the presence of AChR clusters (Supplementary Figure 3c), hMMTs generated an immediate
and robust tetanus contraction in response to biochemical (ACh, 2mM) stimulation
(Supplementary Movie S3). These observations confirm hMMT functional maturation in
MyoTACTIC.

In vitro models of human skeletal muscle are generally incapable of studying muscle
contraction, and those that can are limited to doing so as an experimental endpoint owing to the
need to remove tissues from the culture device so as to implement a force transducer for
measurements (Madden et al., 2015; Young et al., 2018). MyoTACTIC micro-posts were
designed to sustain hMMT long-term culture and to allow for non-invasive contractile force
measurements of h(MMTs in a fast and reproducible manner (Figure 3a). Mechanical analysis of
MyoTACTIC micro-posts confirmed a linear force-displacement relation (Figure 3a-b) in saline
(37 'C). This material property allows for h(MMT contractile force to be determined by comparing
the extent of post deflection (Vandenburgh et al., 2008) induced by hMMTs during contraction in
response to electrical and biochemical stimuli (Figure 3a-b).

Since the mechanical modulus of the micro-post design can be modified by adjusting the
PDMS monomer to curing agent ratio (Figure 3c), it is possible to tune micro-post deflection
properties (Figure 3b). To maximize post deflection, which in turns serves to minimize

measurement error, we implemented the lower curing agent to monomer ratio (1:15) for the
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force measurements in this study. Notably, well-to well-variation in micro-post mechanical
properties was minimal (Figure 3c). Next, we developed a post tracking script in Python to non-
invasively and in situ quantify hMMT strength through analysis of post deflection videos (Figure
3d, Supplementary Movie S4, and Appendix). Using the semi-automated and unbiased post
tracking script, we confirm that the contractile force of the hMMTs increases significantly with
culture time from Day 7 to 14 of differentiation (Figure 3e-f and Supplementary Movie S5).
Here we conclude that MyoTACTIC, together with our post tracking script, provides a

powerful system for longitudinal phenotypic studies of hMMT force generation.
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Figure 3. MyoTACTIC enables non-invasive and in situ measurement of h(MMT contractile force. (a)
Phase-contrast images of a micro-post (outlined in yellow dashed lines) displaced in response to the
force exerted by a microwire (outlined in white dashed circles). Scale bar 500 ym. (b) Plot depicting the
relation between force and displacement of micro-posts fabricated using two different PDMS
compositions (curing agent: monomer), as measured by the Microsquisher. (c) Bar graph quantification of
the average force/displacement ratio for the micro-posts formed using two different PDMS compositions.
***p < 0.001 (n = 10 micro-posts per condition). (d) Representative bright-field images of a micro-post
under 10X magnification before (relaxed) and during (contracted) a tetanus contraction using 20 Hz
electrical stimuli. Yellow dashed lines and arrows indicate the displacement of the post. Scale bar 200
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pum. (e) Representative line graph traces of the micro-post displacement during high frequency (20 Hz)
electrical stimulation of hMMTs at Day 7, 10, and 14 of differentiation measured by the custom-written
Python computer vision script. (f) Bar graph quantification of the relative force generated by hMMTs at
Day 7, 10, and 14 of differentiation. Values are normalized to Day 7. *p < 0.05 (n = minimum of 11
hMMTs from 3 muscle patient donors per time point). In (c) and (f) values are reported as mean + SEM.
Significance was determined by t-test in (c) or Kruskal-Wallis test followed by Dunn’s multiple
comparisons test to compare differences between groups in (f).

MyoTACTIC enables non-invasive and in situ hMMT calcium transient
assessment. To evaluate the calcium handling properties of h(MMTs in MyoTACTIC, we
generated microtissues using GCaMP6 stably transduced human muscle progenitor cells (Chen
et al., 2013), a sensitive calcium indicator protein, driven by the MHCK7 (Madden et al., 2015)
promoter, a muscle specific gene. h(MMTSs exhibited spontaneous myofiber calcium transients
(Supplementary Movie S6) in as early as Day 7 of differentiation. GCaMP6 signals arising from
hMMTs are captured in the context of MyoTACTIC, allowing for assessment over time. hMMTs
generated strong collective calcium transient in response to electrical stimulation (Figure 4a-c
and Supplementary Movies S7) and immediately following exposure to ACh (Figures 4a,d
and Supplementary Movie S8). The magnitude of stimulated calcium transients increased
significantly with culture time as measured by normalized fluorescence intensity (AF/Fo; Figure
4b-e). Furthermore, pre-treatment with d-tubocurarine (25 uM) blocked ACh-induced calcium
transients (Figure 4f and Supplementary Movie S9), but had no significant effect on hMMT
calcium transients induced by electrical stimuli (Figure 4f and Supplementary Movie S9),
which mimics the in vivo muscle response (Ballantyne and Chang, 1997; Bowman, 2006), and

validates the functional activity of AChR clusters formed on hMMTs (Supplemental Figure 3c).

MyoTACTIC cultured hMMTs predict structural and functional treatment
responses. Accurate drug response prediction is a crucial requirement if engineered tissues

are to be implemented for drug testing. Hence, we studied hMMT myofiber size and contractile
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Figure 4. MyoTACTIC enables non-invasive and in situ measurement of hMMT calcium transients.
(a) Representative epifluorescence images of the peak GCaMP6 signal from hMMTs in response to low
frequency (0.5 Hz, twitch contraction), high frequency (20 Hz, tetanus contraction) and acetylcholine
(ACh, 2 mM) stimulations at Day 14 of differentiation. Scale bar 200 um. (b-d) Representative calcium
transient traces of hMMTs at Day 7, 10, and 14 of differentiation in response to (b) low and (c) high
frequency electrical and (d) acetylcholine stimulations. (e) Bar graph quantification of h(MMTs calcium
transients in response to electrical (0.5 and 20 Hz) and biochemical (ACh) stimuli at differentiation Day 7,
10 and 14. Values are normalized to the Day 7 results for each stimulation modality. *p < 0.05; **p < 0.01,
***p < 0.001 (n = minimum of 9 hMMTSs from 3 muscle patient donors per time point, per stimulation
method). (f) Bar graph quantification of calcium transients in hMMTs activated with electrical or
biochemical stimuli following pre-treatment with d-tubocurarine (25 pM) at Day 14 of differentiation.
Values are normalized to day 14 control hMMTs. **p <0.01 (n =9 hMMTs from 3 muscle patient donors
per treatment condition per stimulation method). In (e) and (f) values are reported as mean + SEM.
Significance was determined by two-way ANOVA followed by Tukey’s and Sidak’s multiple comparisons
to compare differences between groups in (e) or t-test in (f).
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strength responses to treatment with three compounds with well-studied effects on skeletal
muscle. Since MyoTACTIC supports long-term culture, compounds were administered from Day
7 to 14 of culture to evaluate treatment effects on multinucleated myofiber morphology and
function. Immunofluorescence analysis confirmed that dexamethasone and cerivastatin
treatments, which are known to induce rhabdomyolysis in humans (Staffa et al., 2002; Tamraz
et al., 2013; Viguerie et al., 2012), elicited a dose-dependent decrease in myofiber width
(Figure 5a-b, left and middle panels). In contrast, h(MMTs treated with IGF-1 displayed no
change in myofiber size, regardless of dose (Figure 5a-b, right panels). We then studied
compound treatment effects on function by assessing hMMT contractile force. As predicted by
morphological assessment, dexamethasone and cerivastatin treatments induced contractile
weakness (Figure 5c, left and middle panels and Supplementary Movies S10-S11). Notably,
IGF-1 treated (100 nM) hMMTs exhibited significant contractile force gain compared to control
(Figure 5c right panel and Supplementary Movie S12) akin to in vivo animal studies
(Coleman et al., 1995; Musaro et al., 2001), and suggesting that MyoTACTIC is capable of
perceiving compound effects through non-invasive force analysis that might otherwise be
overlooked using more conventional methods (Semsarian et al., 1999).

Together, our data demonstrate that h(MMT treatments in MyoTACTIC accurately reflect

the known effects and can be evaluated via a non-invasive metric of function.
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Figure 5. MyoTACTIC-cultured hMMTs predict skeletal muscle structural and functional responses
to pharmacological treatment. (a) Representative confocal images of Day 14 hMMTs treated for 7 days
with either DMEM control or increasing doses (1, 10, and 100 nM) of Dexamethasone (left panels),
Cerivastatin (middle panels), or IGF-1 (right panels) and immunostained for sarcomeric a-actinin (SAA,
red) and Hoechst 33342 (Nuclei, blue). Scale bar 50 pm. (b) Quantification of the dose-dependent effect
of Dexamethasone (left panel), Cerivastatin (middle panel), and IGF-1 (right panel) on hMMT myofiber
diameter. *p < 0.05, ***p < 0.001 (for each treatment, n = minimum of 4 hMMTs from a minimum of 3
muscle patient donors per treatment dose). (c) Bar graph quantification of the tetanus (20 Hz electrical
stimuli) contractile force generated by hMMTs treated from Day 7 to 14 with either vehicle (-) or (+)
Dexamethasone (10 nM; left panel), Cerivastatin (10 nM; middle panel), and IGF-1 (100 nM; right panel).
Ethanol, ddH20, and 10 mM HCI were vehicle controls for Dexamethasone, Cerivastatin, and IGF-1
respectively. Values are normalized to vehicle-treated results. *p < 0.05, ***p < 0.001 (for each treatment,
n = minimum of 6 hMMTs generated from 3 muscle patient donors per treatment condition). In (b) and (c)
values are reported as mean + SEM. In (b), significance was determined by one-way ANOVA followed by
Tukey’s multiple comparisons to compare differences between groups (Dexamethasone and Cerivastatin)
or Kruskal Wallis test followed by Dunn’s multiple comparisons to compare differences between groups
(IGF-1). In (c), significance was determined by t-test (Dexamethasone and Cerivastatin) or t-test with
Welch’s correction (IGF-1).
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MyoTACTIC study predicts direct effect of chemotherapeutic drug on human
skeletal muscle. Given the predictive response of h(MMTs to treatments with known effects
on skeletal muscle, we next applied the system to interrogate potential skeletal muscle off-target
effects of cancer chemotherapeutic drugs. Cancer-induced skeletal muscle wasting, known as
cachexia, has a poorly understood pathology. Cachexia is emerging as an independent
determinant of patient survival (Argilés et al., 2014; Dimitriu et al., 2005), suggesting treatment
strategies designed with skeletal muscle health in mind are desirable. Since cancer cells are
characterized in part by deregulated proliferation, many commonly used chemotherapeutic
agents non-selectively target cycling cells. Skeletal muscle fibers are post-mitotic, hence, the
possibility of a direct effect of chemotherapeutic agents on muscle health is underexplored.
Patients with pancreatic cancer are strongly associated with cachexia (Argilés et al., 2014;
Dodson et al., 2011; Sun et al., 2015), therefore we selected Gemcitabine and Irinotecan for
MyoTACTIC analysis, both of which employ mitosis-targeting mechanisms of action (Keil et al.,
2015; Moysan et al., 2013), and are used to treat patients with advanced pancreatic cancer.
Drug doses were selected based on reported clinical concentrations (Chabot, 1997;
Conroy et al., 2011), in addition to evaluating a supraphysiological dose for each drug. The
treatment began on Day 7 of differentiation, when multinucleated myofibers are prevalent
(Figure 2) and functional (Figures 3-4), and few mitotic cells remain (Supplementary Figure
3b). The regimen in this study was a single dose to model a typical clinical treatment, followed
by analysis one week later. Gemcitabine, regardless of dose (32 uM and 320 uM), had no
significant effect on hMMT myofiber structural organization (Figure 6a) or contractile force
generation (Figure 6b and Supplementary Movie S13). Conversely, Irinotecan exposure
elicited a dramatic reduction in hMMT strength at the clinical dose (16 uM) with clear effects on
myofiber integrity only visible histologically at the supraphysiological dose (Figure 6c-d and

Supplementary Movie S14).
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This study extolls the capacity of MyoTACTIC to predict unexpected off-target effects on

skeletal muscle force generation with a greater sensitivity than standard histological methods.
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Figure 6. MyoTACTIC cultured hMMTs predict direct effect of chemotherapeutic agents on human
skeletal muscle contractile function. (a, ¢) Representative confocal images of Day 14 hMMTs treated
with one-time administration of vehicle (DMSO for Irinotecan and PBS for Gemcitabine) or increasing
doses of (a) Gemcitabine or (c) Irinotecan on Day 7 and then immunostained for sarcomeric a-actinin on
Day 14. Scale bar 50 um. (b, d) Quantification of relative tetanus contractile force generation by Day 14
hMMTs treated with vehicle (DMSO for Irinotecan and PBS for Gemcitabine), (b) Gemcitabine (32 uM
and 320 uM), or (d) Irinotecan (16 uM and 72 uM). Values in (b) and (d) are normalized to vehicle treated
results. **p < 0.01, ***p < 0.001 (n = minimum of 5 hMMTSs from 3 biological replicates sourced from 2
human muscle patient donors per treatment condition). In (b) and (d) values are reported as mean +
SEM. Significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons to
compare differences between groups in (b) and (d).
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DISCUSSION

Here we report a design and methods to fabricate a 96-well culture platform, MyoTACTIC, for
the bulk production of hMMTs, and we show the feasibility of h(MMT implementation in
phenotypic compound testing. Each well of MyoTACTIC contains a cell seeding chamber and
two vertical, flexible micro-posts that support hMMT self-organization and whose movement is
tracked in short videos to measure hMMT force in situ. We used a combination of 3D printing
and microfabrication techniques to produce a reusable PU mold that is employed to cast a
nearly unlimited number of PDMS devices containing all 96-wells together with all well features.
Single step casting eliminates the perceived challenge or technical issues arising in the use of
reported culture platforms or cumbersome inserts containing vertical posts (Agrawal et al., 2017;
Maffioletti et al., 2018; Powell et al., 2002; Vandenburgh et al., 2008, 2009). The MyoTACTIC
platform makes hMMT production fast, reproducible, and user-friendly.

As mentioned, a notable advantage of MyoTACTIC is its capacity to quantify hMMT
active force non-invasively and in situ, in a 96-well format by using post deflection captured in
videos coupled with our Python tracking script. The non-invasive nature of our readouts are of
critical importance since they enable longitudinal studies of drug effects on hMMTs at different
time points. This challenge is faced by currently available methods where assessment of 3D
tissue passive force (Agrawal et al., 2017), stimulated 2D culture contractility (Young et al.,
2018), or stimulated 3D tissue force (Hinds et al., 2011; Madden et al., 2015) are implemented
as endpoint assays. While there are certainly examples of 3D culture platforms that enable
force measurement based on flexible-post deflection and image analysis (Osaki et al., 2018;
Sakar et al., 2012; Vandenburgh et al., 2008, 2009), we expect that the 96-well footprint, one
step fabrication of a stand-alone device, and ease of use is key to see widespread adoption by
other researchers.

While 3D printing is an excellent technique for product prototyping due to its speed and

cost-effectiveness, the technology still faces limitations with regards to the resolution of the
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technique for microfabrication. As seen in our supplementary data, we observed the presence of
uneven surfaces behind each post in our first printing trials which prevented hMMTs from
moving upward to the intended position just below the slanted region (Supplementary Figure
2b). We hypothesized that this was due to the 3D printing resin which remained intact despite
extensive wax removal efforts. Consistently, modifying the printing direction improved the
uneven surfaces, however, a certain level of uneven surface remained on micro-post structures
which indicates the limitation of the technology for microscale printing. This fabrication challenge
also serves to preclude the possibility of reporting hMMT absolute force measurements since
hMMTs do not necessarily rise to the micro-post position where Microsquisher calibration is
conducted (Figure 3a-b). However, given the reproducibility of micro-post mechanical
measurements obtained across wells in a MyoTACTIC device (Figure 3c), we are confident in
the overall design and its implementation to quantify changes in relative force.

Another point to consider is damage to the posts that occurs during fabrication Steps 1
to 3 (Figure 1a), which leads to the formation of unusable wells in the hard PU negative mold.
In the course of our study, we noticed that the majority of wells containing a broken post were
closest to the portion of the plate that was removed last in Step 3 (Figure 1a). We hypothesize
that this is due to the sharp angles required for the final portion of plate demolding. In our
hands, our best PU mold has 56 defect-free wells out of 96 total. Notably, after fabrication of the
PU negative mold, Step 4 routinely yields many rounds of PDMS casting with no damage to the
remaining wells. This validates the fithess of PU as the material of choice for PDMS
microfabrication. To achieve defect-free MyoTACTIC devices, an alternative method to fabricate
the final product after the prototyping stage, such as micromachining, could be employed to
address the 3D printing shortcomings noted above.

We next conducted studies to confirm that the hMMTs cultured in MyoTACTIC exhibit
similar structural and functional characteristics reported in previously published work (Bakooshli
et al., 2018; Madden et al., 2015). In this regard, we show that MyoTACTIC enables the
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formation of hMMTs that display comparable muscle fiber hypertrophy, adult contractile protein
expression, and calcium handling trends as reported in larger engineered human skeletal
muscle tissue formats (Figures 2 and 4). Consistently, hMMTs cultured in MyoTACTIC
exhibited formation of cross-striated muscle fibers, in as early as 7 days of differentiation, that
contained clustered AChRs and responded to biochemical (ACh) and electrical stimuli by
contracting (Figures 2-4 and Supplementary Figure 3c). Using GCaMP6 transduced human
skeletal muscle progenitor cells and capitalizing on the transparency of the MyoTACTIC, we
recorded hMMT calcium transients in situ and over time from Day 7 to 14 and observed the
maturation process (Figure 4).

To validate the application of MyoTACTIC to drug testing, we first focused our studies on
compounds with well-studied effects on human skeletal muscle (Staffa et al., 2002; Tamraz et
al., 2013; Velloso, 2008; Viguerie et al., 2012). An advantage of MyoTACTIC is the ability to
support long-term culture. Hence, we focused all of our biological studies on compound
administration regimes that started on Day 7 of culture when muscle fibers were competent to
produce force (Figure 3) and few mononucleated cells remained (Supplementary Figure 3b),
and assessed hMMTs one week later. As expected, dexamethasone and cerivastatin induced
muscle fiber atrophy, as observed in histological analysis, and reduced hMMT contractile force
generation, in a dose-dependent manner (Figure 5).

We next turned our attention to demonstrating the capacity of MyoTACTIC to detect
compounds that increase strength. Studies in animals (Coleman et al., 1995; Musaro¢ et al.,
2001; Ye et al., 2013) support a role for IGF-1 in muscle hypertrophy. Culture studies in which
IGF-1 is delivered to mono-nucleated myogenic progenitors when exposed to differentiation
conditions in 2D culture (Jacquemin et al., 2004; Vandenburgh et al., 1991; Young et al., 2018),
or to nascent myotubes in 2D (Rommel et al., 1999, 2001) or 3D (Vandenburgh et al., 2008b)
culture also observed hypertrophic effects by immunohistological analysis. Interestingly, we did
not find a change in the width of IGF-1 treated hMMT muscle fibers even at a dose reported by
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others to induce muscle fiber hypertrophy (Rommel et al., 2001). We expect this is explained by
a difference in treatment regime, with other studies initiating IGF-1 treatment regimens at earlier
stages of differentiation. Regardless, we observed a significant increase in the force generated
by IGF-1 treated hMMTSs, which might be attributed to IGF-1 effects on skeletal muscle fiber
protein translation (Bodine et al., 2001; Rommel et al., 2001). Indeed, visual inspection of IGF-1
treated fibers reveals a uniformity in fiber width along the entire structure hinting at contractile
apparatus maturation. This signifies the predictive value of the MyoTACTIC platform in
capturing drug and biomolecule effects using a clinically relevant functional readout for skeletal
muscle.

hMMT studies offer the unique opportunity to decouple direct and indirect effects of
systemic treatments on skeletal muscle health. To highlight this point, we sought to interrogate
potential direct influences of chemotherapeutic agents on hMMT morphology and strength
(Figure 6). Cachexia, a specific type of muscle wasting, is frequently described in cancer
patients, including those with pancreatic cancer (Argilés et al., 2014; Dodson et al., 2011; Sun et
al., 2015), and it is associated with decreased life expectancy (Dimitriu et al., 2005). The cause
of cancer-associated cachexia is a very active area of research.

In general, the direct effect of cancer chemotherapeutic agents on skeletal muscle health
is understudied, since most are developed with a mitosis-targeting mechanism of action, and
skeletal muscle fibers are post-mitotic. However, evidence suggested that human skeletal
muscle might be a direct target of two mitosis-targeting chemotherapeutic drugs; Gemcitabine
and Irinotecan. First, a study in healthy mice evaluated skeletal muscle following systemic
treatment with Folfox or Folfiri, two commonly implemented pancreatic cancer patient
chemotherapy cocktails. Loss of muscle mass and weakness was observed in animals treated
with Folfiri and not Folfox, with Irinotecan being the variable discerning the two cocktails, though
this point was not explored in the report (Barreto et al., 2016). Interestingly, a study of mouse

C2C12 cells in culture noted that Irinotecan induced changes in cycling myoblast mitochondrial
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activity, but myotube treatment had little influence on width (Rybalka et al., 2018). We
implemented MyoTACTIC to study the direct effects of these widely used chemotherapeutic
agents on hMMT function. Strikingly, a one-time treatment of a clinical dose of Irinotecan (16
uM, (Chabot, 1997) on Day 7 led to a significant decrease in hMMT contractile force as
compared to carrier control treatment. Most notably, histologically apparent effects on muscle
fiber integrity were only uncovered at a higher dose of Irinotecan (72 yM), underlying the
sensitivity of our non-invasive functional assay. Even the highest dose of Gemcitabine produced
no detectable effect on muscle fiber morphology or strength. Together, this data provides
motivation to conduct epidemiological studies in this area with the goal of informing
chemotherapeutic regimes tailored to the patient as their needs evolve over the course of
treatment.

Together, our data highlight the ease-of-use, reproducibility, robustness, and versatility

of MyoTACTIC, a platform created for in vitro human skeletal muscle drug testing.
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METHODS

Platform fabrication for human muscle micro-tissue (hMMT) culture

Fabrication of the final polydimethylsiloxane (PDMS) platform (MyoTACTIC) was accomplished
through sequential fabrication of intermediate plates as shown in Figure 1a. The original
MyoTACTIC template was designed in SOLIDWORKS (Supplementary Figure 1) and 3D-
printed using ProJet MJP 3500 Series from 3D SYSTEMS. Visidet M3 Crystal was used as the
printing material. The template was then cast into a flexible PDMS plate using Sylgard 184
silicone elastomer kit (Dow Corning) (Figure 1a, step 1). During casting, the template was
lightly sprayed with Ease Release® 200 release agent (Smooth-On) and left in a chemical hood
for 10 to 15 minutes to ensure consistent spread of the release agent. Liquid PDMS (10 parts
monomer to one part curing agent) was degassed in a vacuum chamber and poured onto the
original 3D-printed template. A container was used to keep the liquid PDMS in place. Next, the
container (including the template and the liquid PDMS) was degassed in a vacuum chamber for
45 minutes to remove any bubbles trapped within the PDMS. The container was then placed in
an isothermal oven set to 60 °C overnight. The next day the cured negative PDMS mold was
manually separated from the template. The negative PDMS plate was then used as a template
to cast a positive PDMS plate (Figure 1a, step 2). To ensure the release of the second PDMS
part from the negative PDMS mold during this PDMS to PDMS casting step, a surface
modification was applied to the template as previously described (Shao et al., 2012). Briefly, the
negative PDMS mold was plasma-treated for 2 minutes in a plasma chamber (Harrick Plasma).
Plasma-treated negative PDMS mold was immediately coated with 1H, 1H, 2H, 2H-
perfluorodecyltrichlorosilane (Sigma) in a vacuum chamber for at least 3 hours. Next, liquid
PDMS (10 parts monomer to one part curing agent) was poured onto the silane-coated PDMS
negative. To promote the penetration of liquid PDMS into the small features, the negative mold

was placed inside a vacuum chamber and thorough degassing was performed for at least one
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hour with intermittent vacuum breaks. Next the container was placed in an isothermal oven at
60 °C overnight. The cured positive PDMS mold was then separated from the negative PDMS
mold. Next, the positive PDMS mold was used as a template to fabricate a negative
polyurethane (PU) plate (Figure 1a, step 3). To cast the negative PU plate, the positive PDMS
plate was sprayed with a light layer of Ease Release® 200 and left at room temperature in a
chemical safety hood for at least 15 minutes to ensure even spread of the release agent. Next,
Smooth-Cast® 310 liquid plastic (Smooth-On) was prepared based on the manufacturer’s
instructions and was poured on top of the positive PDMS mold in a container and left at room
temperature until fully solidified (minimum of 3 hours). Subsequently the PDMS plate was
separated from the PU mold. At this stage, the rigid PU negative mold enabled one-step
fabrication of the MyoTACTIC platform. Copies of MyoTACTIC were then produced by
repeatedly using the PU negative mold as a template (Figure 1a, step 4). The PU template was
sprayed with a light layer of Ease Release® 200 and liquid PDMS (15 parts monomer to one
part curing agent) was poured onto the PU mold. Next, the mold was degassed thoroughly in a
vacuum chamber to ensure the total penetration of PDMS into the small features of the PU
mold. The construct was placed in an isothermal oven at 60 °C for at least 3 hours, after which

the final PDMS device, MyoTACTIC, (Figure 1b) was separated from the negative PU mold.

Quantification of micro-post mechanical properties

Mechanical properties of the micro-posts were determined using a Microsquisher device
(CellScale). Briefly, micro-posts with their PDMS base were excised from each well of a
MyoTACTIC using a sharp blade and mounted in the Microsquisher test chamber, immersed in
37 °C PBS. A micro-wire (Figure 3a) connected to a force transducer was used to deflect micro-
posts with known amounts of force (Supplementary Movie $15), and quantified the extent of

micro-post displacement that was induced. In this way, Microsquisher analysis quantified the
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relationship between the magnitude of force applied to micro-posts, and their displacement

(Figure 3b-c).

Human skeletal muscle biopsy material

Human skeletal muscle tissues removed during scheduled surgical procedures and designated
for disposal were utilized in this study in accordance with St. Michael’s Hospital research ethics
board and University of Toronto administrative ethics review approval. Small skeletal muscle

samples (~1 cm®) were obtained from the multifidus muscle of patients undergoing lumbar spine

surgery.

Primary human myoblast preparation and expansion

Primary human myoblast cell lines were established and maintained as previously described
(Bakooshli et al., 2018). Briefly, human skeletal muscle samples were minced and then
dissociated into a single cell slurry with Clostridium histolyticum collagenase (Sigma, 630 U/mL)
and dispase (Roche, 0.03 U/mL) in Dulbecco’s Modified Eagle’s medium (DMEM; Gibco). The
cell suspension was passed multiple times through a 20G needle to facilitate the release of the
mononucleated cell population and subsequently depleted of red blood cells with a brief
incubation in red blood cell lysis buffer (Table S2). The resulting cell suspension containing a
mixed population of myoblasts and fibroblast-like cells was plated in a collagen-coated tissue
culture dish containing myoblast growth medium: F-10 media (Life Technologies), 20% fetal
bovine serum (Gibco), 5 ng/mL basic fibroblast growth factor (0FGF; ImmunoTools) and 1%
penicillin-streptomycin (Life Technologies). After one passage, the cell culture mixture was
stained with an antibody recognizing the neural cell adhesion molecule (NCAM/CD56; BD
Pharmingen; Table S1), and the myogenic progenitor (CD56") population was separated and

purified using fluorescence-activated cell sorting (FACS) and maintained on collagen-coated
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dishes in the myoblast growth medium. Subsequent experiments utilized low passage cultures

(P4 - P9).

Fabrication of human muscle microtissues (hMMTs)

Human muscle microtissues were generated following our previously described method
(Bakooshli et al., 2018). Briefly, FACS purified CD56" myogenic progenitor cells were
suspended in a hydrogel mixture (Table S2) at 15 x 10° cells/ml. Thrombin (Sigma) was added
at 0.2 to 0.5 unit per mg of fibrinogen prior to seeding the cell’/hydrogel mixture in MyoTACTIC
wells. Tissues were then incubated for 5 minutes at 37 °C to expedite thrombin-mediated fibrin
polymerization. Myoblast growth media (Table S2) lacking bFGF, but containing 1.5 mg/mL 6-
aminocaproic acid (ACA; Sigma), was added. 2 days later the growth media was exchanged to
myoblast differentiation medium (Table $2) containing 2 mg/ml ACA. This time point is referred
to as differentiation Day 0. Half of the culture media was exchanged every other day thereafter

until the desired experimental endpoint.

hMMTs drug treatments

Drugs were purchased as listed in Table S3. All drugs were sterile-filtered for use before adding
to the media. Dexamethasone and Cerivastatin were dissolved in ethanol and ddH>O at 2.548
mM and 4.352 mM respectively. Subsequently, 50X stock solutions were prepared for each
dose by diluting the drug solutions in DMEM. IGF-1 was prepared in 10 mM HCI solution at 100
uM of the highest dose and diluted to 50X stock solutions for each dose using DMEM.
Gemcitabine was reconstituted in PBS at 40X (12.8 mM) stock solution for its highest dose and
diluted in DMEM for lower doses. Irinotecan was prepared in DMSO at 31.75 mM of its highest
dose and diluted to 21X stock solutions for each dose using DMEM. Vehicle solutions (ethanol,

ddH»0O, PBS, HCI, or DMSO) were added to the culture media of control hMMTs at
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concentrations corresponding to the highest drug doses administered. Drug treatment of
hMMTs was initiated on differentiation Day 7. To maintain the concentration of drugs in the
media, Dexamethasone and Cerivastatin were added to the hMMT media every other day
during media change time points, while IGF-1 was added daily at full dose. Chemotherapeutic
drugs were added to the hMMT media once on differentiation Day 7. Half the media was

replaced with fresh media every other day thereafter until differentiation Day 14.

Immunostaining and fluorescence microscopy

hMMTs were fixed and labeled for confocal imaging as previously described (Bakooshli et al.,
2018). Briefly, h(MMTs were fixed on the posts in 4% PFA for 15 minutes and then washed with
PBS. Following fixation, samples were incubated in blocking solution (Table S$2) for 1 hour at
room temperature or overnight at 4 °C. Samples were then incubated in primary antibody (Table
$1) solutions diluted in blocking solution (Table S$2) overnight at 4 °C. After several washes in
blocking solution or PBS, samples were incubated with appropriate secondary antibodies diluted
in the blocking solution for 30-60 minutes at room temperature. Hoechst 33342 or DRAQ5
(ThermoFisher) were used to counterstain cell nuclei. Confocal images were acquired with
Fluoview-10 software using an Olympus 1X83 inverted microscope. Phase-contrast images were
acquired with CellSense™ software using an Olympus 1X83 microscope equipped with an
Olympus DP80 dual CCD color and monochrome camera or an Apple® iPhone® SE. Images

were analyzed and prepared for publication using NIH Imaged software.

Myofiber size analysis
Myofiber size was analyzed as previously described (Bakooshli et al., 2018). Briefly, myofiber
size was measured by assessing 20X and 40X magnification confocal images of immunostained

hMMTs for sarcomeric a-actinin. Z-stack images of hMMTs were analyzed to quantify the
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diameter of each intact muscle fiber at the center of each image using NIH ImagedJ. Average
myofiber diameter was determined per image, and these values were then averaged to

calculate the average myofiber diameter for each hMMT.

Western blotting

hMMTs were collected at the mentioned time points and immediately lysed in RIPA buffer
(Thermofisher) containing Halt™ protease inhibitor cocktail (Thermofisher). Total protein
concentration was measured using BCA assay kit (Thermofisher) and 20 to 25 ug of protein was
run on an 8% SDS-PAGE gel. Western blot was performed as described previously (Bakooshli

et al., 2018).

hMMT electrical stimulation

Two electrodes (25G x % BD™ Regular Bevel Needles) were inserted behind the posts into
each MyoTACTIC well to generate an electric field parallel to the fibers. Electrodes were
sterilized using 70% ethanol before insertion into wells. Electrodes were then connected to a
commercial pulse generator (Rigol DG1022U), using nickel coated copper wires (McMaster-
Carr) and alligator clamps. A Rigol DS1102E digital oscilloscope was used to confirm the
frequency and amplitude of the signals before connecting the pulse generator to the wires.
hMMTs were stimulated using square pulses with 20% duty cycle, 5V amplitude (electrical field
strength of 10 V/cm), and 0.5 Hz and 20 Hz frequency for twitch and tetanus contractions,
respectively. A graphical description of the electrical stimulation setup is presented in

Supplementary Figure 4.

hMMT biochemical stimulation
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Acetylcholine was reconstituted to produce a 200 mM stock solution in DMEM (100X) and was
diluted to the final working concentration by addition directly into each MyoTACTIC wells

containing hMMTs.

hMMT calcium transient analysis

Human myogenic progenitor cells expressing the MHCK7-GCaMP6 reporter were generated as
previously described (Bakooshli et al., 2018; Madden et al., 2015). h(MMTs expressing GCaMP6
were imaged using an Olympus IX83 microscope at different time points following
differentiation. Movies were recorded at 4X magnification at 11 frames per second using an
Olympus DP80 dual CCD color and monochrome camera with a FITC filter and CellSense™
software. MyoTACTIC wells containing hMMTs were placed on the microscope stage equipped
with temperature and gas modules to simulate physiological conditions (37 °C and 5% CO2)
during data collection. A region of interest in the center of each hMMT was defined for
fluorescence analysis (Supplementary Movie S16) and movies were then analyzed using NIH
ImagedJ software. Relative changes in fluorescence signal were measured and are reported as
AF/Fo = (Fimmediate — Foaseiine)/(Fbaseiine). The relative change in fluorescence signal was plotted
against time and the peak signal of 5 to 8 consecutive stimulations (contractions) were

averaged for each hMMT.

Measurement of h(MMT contractile force

Movies of post deflection were captured using an Apple® iPhone® SE during electrical
stimulation of hMMTs under 10X magnification using an Olympus IX83 microscope and a
LabCam™ iPhone microscope mount (Supplementary Figure 4c). Movies were then analyzed
using a custom-written Python computer vision script (described in the Appendix), which

determined post displacement in pixels during post deflections. h(MMTs were induced to
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contract 5 times, and the maximum post displacements were averaged to calculate the average

post deflection per hMMT.

EdU analysis

Click-iIT® EdU cell proliferation assay kit (Thermofisher) was used for cell cycle analysis. 5-
ethynyl-2’-deoxyuridine (EdU) was added at 10 uM to the culture medium of hMMTs on Day O,
Day 1, or Day 7 of differentiation (Supplementary Figure 3b). 19 hours post-EdU
administration, hMMTs were fixed and stained following the user manual. Briefly, fixed hMMTs
were permeabilized in 0.3% Triton X-100 solution for a minimum of 15 minutes. Next, cells were
counterstained for Alexa Fluor 647 using anti-EdU reaction solution for 30 minutes at room
temperature. Nuclei were counterstained with Hoechst 33342. Images were acquired using

confocal microscopy as mentioned before.

Statistical analysis

hMMT-level data such as average myofiber diameter per hMMT, average AF/Foper h(MMT, and
average post deflection per h(MMT, constituted technical replicates. Technical replicate data
from hMMTs seeded at the same time and from the same cell source (i.e. from the same
biological replicate) were averaged together to calculate a single biological replicate average. All
hMMT experiments were performed with a minimum of 3 biological replicates. Statistical testing
for significance was conducted on these biological replicate averages, while technical replicate
data were used to verify the parametric assumptions of residual normality and homogeneity of
variance via the Shapiro-Wilk test and the Brown-Forsythe test, respectively. Technical replicate
data were transformed to pass the parametric assumptions when necessary, whereupon the
relevant statistical test was performed on similarly transformed biological replicate data. When

transformation of data did not resolve violations of the parametric assumptions, non-parametric
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tests were employed. Parametric tests used included the one-way ANOVA followed by Tukey’s
multiple comparison test, the independent student’s t-test, and the independent student’s t-test

with Welch’s correction. Non-parametric tests used included the Kruskal-Wallis test followed by
Dunn’s multiple comparisons test. Statistical analyses were completed using GraphPad Prism 6

(La Jolla, USA).
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Supplemental Figures and Figure Legends

Link to Supplemental Figures

https://www.dropbox.com/sh/uvrhe85y5wu1bez/AAAqc-wutyH4ji5DVxrCtUTZa?dI=0

Supplemental Figure Legends

Supplemental Figure 1. MyoTACTIC three-dimensional computer aided design drawing.
(a) Three-dimensional computer aided design (3D CAD) drawing of MyoTACTIC master plate.
Dimensions are in mm. (b) Detailed drawings of the individual wells of MyoTACTIC into which
the hMMTs are seeded in. Dimensions are in mm. (c¢) Total volume and surface area of the

upper and lower wells, and the individual posts in each MyoTACTIC well.

Supplemental Figure 2. Primary human muscle progenitor enrichment and hMMT tissue
formation in MyoTACTIC. (a) Representative fluorescence activated cell sorting (FACS) dot
plot of primary human myoblasts (CD56+) sorted after one passage from the mix culture
preparation from a patient muscle. (b) Surface roughness on the outer side of the micro-posts
from the 3D printed platform (left panel) results in inconsistent vertical positioning of the hMMTs
post remodeling as shown on the right panel. Scale bar 1 mm. Posts are outlined with yellow

dashed lines on the right panel.

Supplemental Figure 3. Characterization of h(MMTs produced in MyoTACTIC. (a)
Quantification of hMMT width over the course of culture time. n= minimum of 16 hMMTs from 3
muscle patient donors per time point. Data are presented as mean + SEM.

(b) Representative stitched confocal images of hMMTs counter stained with Hoechst to label
nuclei (blue) and labeled for EdU (green) to visualize proliferating cells at days 0 (top panel), 1
(middle panel), and 7 (bottom panel) differentiation. A(MMTs are outlined in white dashed lines
and location of micro-posts are outlined with yellow dashed circles. Scale bar 500 ym.

(c) Representative confocal images of the hMMTs on day 7, 10, and 14 of differentiation
immunostained for sarcomeric a-actinin (SAA, red) and a-bungarotoxin (BTX; green) to label

AChR clusters. Scale bar 50 um. (d) Left panel: Schematic of 3 different media change
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regimens and their effect on hMMT myofiber diameter. + represents replacement of all of the
culture media with fresh differentiation media, * indicates replacement of half of the culture
media with fresh differentiation media. Right panel: Dot plot quantification of the average
myofiber diameter of hMMTs treated with the regimens presented in the left panel, on day 14 of
differentiation. **p < 0.01. Values are reported as mean + SEM. Significance was determined by
one-way ANOVA followed by multiple comparisons to compare differences between groups

using Tukey’s multiple comparisons test.

Supplemental Figure 4. Configuration of the electrical stimulation setup. (a) Olympus 1X83
inverted microscope equipped with a fluorescence lamp was used to capture movies during
electrical stimulation for post displacements and calcium handling of hMMTs. Platinum wires
were hooked up to a commercial function generator (Rigol DG 1022U, outlined in yellow dashed
circle on bottom right). An Apple® iPhone® SE camera in combination with a LabCam™ mount
was used to capture the movies (outlined in yellow dashed box in the middle). hMMTs were kept
under physiological conditions using a stage top mini incubator equipped with temperature and
gas modules to control the CO2 concentrations. (b) A Rigol DS1102E digital oscilloscope was
used to confirm the frequency and amplitude of signals before connecting the pulse generator to
the platinum wires. (c¢) Representative photo of the Apple® iPhone® SE and the LabCam™
mounted on the eyepiece of the Olympus IX83 microscope. (d) Representative picture
indicating the location of the electrodes during the electrical stimulations (Xs on the left and right
sides of the hMMT).
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Supplemental Movies and Movie Captions
Link to Supplemental Movies

https://www.dropbox.com/sh/uvrhe85y5wu1bez/AAAqc-wutyH4ji5DVxrCtUTZa?dI=0

Supplemental Movie Captions
Movie S1. hMMT spontaneous contractions on Day 10 of differentiation. A series of three
representative bright-field videos of hMMTs after 10 days of differentiation exhibiting

spontaneous contractions. Movies were recorded using an Apple® iPhone® SE.

Movie S2. hMMTs generate twitch contractions in response to low frequency (0.5 Hz)
electrical stimuli. A representative bright-field video of a hMMT generating a twitch contraction
in response to low frequency (0.5 Hz) electrical stimuli. Movie was recorded using an Apple®

iPhone® SE under 4X magnification.

Movie S3. hMMTs generate tetanus contractions in response to high frequency (20 Hz)
electrical stimuli. A representative bright-field video of a hMMT generating a tetanus
contraction in response to high frequency (20 Hz) electrical stimuli. Movie was recorded using

an Apple® iPhone® SE under 4X.

Movie S4. Measurement of micro-post deflection in response to 20 Hz electrical
stimulation of hMMTs using a custom Python computer vision script. A representative
bright-field video of a micro-post deflection being tracked by the custom-written Python
computer vision script (blue box) during 5 tetanus contractions. h(MMT is stimulated using high
frequency electrical stimuli (20Hz) to generate tetanus contractions. Movie was recorded using

an Apple® iPhone® SE under 10X magnification and is 10X fast forwarded.
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Movie S5. Micro-post deflection in response to 20 Hz electrical stimulation of h(MMTs on
Day 7, 10, and 14 of differentiation. A series of three bright-field representative movies of
micro-post deflection in response to hMMT tetanus contractions on Days 7, 10, and 14 of
differentiation. hMMTs are stimulated using high frequency electrical stimuli (20Hz) to generate
tetanus contractions. Movies were recorded using an Apple® iPhone® SE under 4X

magnification and are 3X fast forwarded.

Movie S6. Spontaneous calcium handling of hMMTs on Day 7 differentiation. A
representative epifluorescence time-lapse video of hMMTs after 7 days of culture demonstrating
spontaneous calcium transients. Calcium transients are visualized in green by following the

GCaMP&6 calcium reporter signal that was transduced into the human muscle cells.

Movie S7. hMMT twitch and tetanus contraction calcium handling on differentiation Days
7,10, and 14. A series of three representative videos of hMMTs after 7, 10, and 14 days of
differentiation stimulated with 0.5 Hz electrical stimuli. Muscle fiber calcium transients are
visualized in green by following the GCaMP6 calcium reporter signal that was transduced into

the human muscle cells. Movies are fast forwarded 3X.

Movie S8. hMMT calcium handling on differentiation Days 7, 10, and 14 in response to
biochemical stimuli. A series of three representative videos of hMMTs after 7, 10, and 14
days of differentiation and stimulated with ACh (2mM). Muscle fiber calcium transients are
visualized in green by following a GCaMP6 calcium reporter signal that was transduced into the

human muscle cells. Movies are fast forwarded 3X.
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Movie S9. d-tubocurarine treatment blocks hMMT response to ACh but has no effect on
hMMT response to electrical stimuli.

A series of three representative videos of a hMMTs on Day 14 of differentiation following
treatment with d-tubocurarine (25 uM) and stimulation with electrical (0.5 Hz and 20Hz) and
biochemical (ACh, 2mM) stimuli. Muscle fiber calcium transients are visualized in green by
following a GCaMPG6 calcium reporter that was transduced into the human muscle cells. Movies

are fast forwarded 3X.

Movie S10. Dexamethasone treatment reduces the contractile force generation of h(MMTs
compared to control (untreated) hMMTs as indicated by post deflection analysis. A series
of two bright-field representative movies of micro-post deflection in response to hMMT tetanus
contractions on Day 14 of differentiation. hMMTs are treated with vehicle (DMSO, control) or
Dexamethasone (10 nM) from Day 7 to day 14 of differentiation. hMMTs are stimulated using
high frequency electrical stimuli (20Hz) to generate tetanus contractions. Movies were recorded

using an Apple® iPhone® SE under 4X magnification and are 6X fast forwarded.

Movie S11. Cerivastatin treatment reduces the contractile force generation of hMMTs
compared to control (untreated) hMMTs as indicated by post deflection analysis. A series
of two bright-field representative movies of micro-post deflection in response to hMMT tetanus
contractions on Day 14 of differentiation. hMMTs are treated with vehicle (DMSO, control) or
Cerivastatin (10 nM) from Day 7 to 14 of differentiation. hMMTs are stimulated using high
frequency electrical stimuli (20Hz) to generate tetanus contractions. Movies were recorded

using an Apple® iPhone® SE under 10X magnification and are 6X fast forwarded.

Movie S12. IGF-1 treatment increases the contractile force generation of hMMTs

compared to control (untreated) hMMTs as indicated by post deflection analysis. A series
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of two bright-field representative movies of micro-post deflection in response to hMMT tetanus
contractions on Day 14 of differentiation. hMMTs are treated with vehicle (DMEM, control) or
IGF-1 (100 nM) from Day 7 to 14 of differentiation. A(MMTs are stimulated using high frequency
electrical stimuli (20Hz) to generate tetanus contractions. Movies were recorded using an

Apple® iPhone® SE under 10X magnification and are 6X fast forwarded.

Movie S13. Gemcitabine treatment of hMMTs at supraphysiological dose does not affect
their contractile force generation compared to control (untreated) hMMTs. A series of two
bright-field representative movies of micro-post deflection in response to hMMT tetanus
contractions on Day 14 of differentiation. A(MMTs are treated with one-time dose of vehicle
(DMSO, control) or Gemcitabine (320 nM) on Day 7 of differentiation. hnMMTs are stimulated
using high frequency electrical stimuli (20Hz) to generate tetanus contractions. Movies were

recorded using an Apple® iPhone® SE under 10X magnification and are 6X fast forwarded.

Movie S14. Irinotecan treatment reduces the contractile force generation of hMMTs
compared to control (untreated) hMMTs as indicated by post deflection analysis. A series
of three bright-field representative movies of micro-post deflection in response to hMMT tetanus
contractions on Day 14 of differentiation. A(MMTs are treated with one-time dose of vehicle
(DMSO, control) or Irinotecan (16 nM, 72 nM) on Day 7 of differentiation. hMMTs are stimulated
using high frequency electrical stimuli (20Hz) to generate tetanus contractions. Movies were

recorded using an Apple® iPhone® SE under 10X magnification and are 6X fast forwarded.

Movie S15. Measurement of force-displacement relation of MyoTACTIC micro-posts
using Microsquisher. Representative movie demonstrating the displacement of the micro-

posts in response to the force exerted by the micro-wire connected to a force transduce to
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generate a force-displacement correlation for micro-post deflection. Location of the post and the

micro-wire are indicated with black arrows.

Movie S16. ROIs for calcium transients and contractile force analyses. A bright-field movie

of a hMMT under high frequency electrical stimulation (20Hz) captured with an Apple® iPhone®

SE demonstrating various regions of interests for data collection and analysis.
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Table S1. List of primary antibodies

# Antibody Species Dilution Source
Alexa Fluor 647 mouse BD
1 Mouse 1:20
anti-human CD56 Pharmingen
2 Anti- B -tubulin Rabbit 1:5000 Cell Signaling
3 DRAQ5S - 1:1000 ThermoFisher
4 Hoechst 33342 - 1:1000 ThermoFisher
6 Myosin heavy chain - fast Mouse 1:50 DSHB
7 Myosin heavy chain - slow Mouse 1:50 DSHB
8 Sarcomeric a-actinin Mouse 1:200 Sigma
a-Bungarotoxin, Alexa
9 - 1:500 ThermoFisher

Fluor 647 conjugate
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Table S2. Cell Culture Media and Solutions

# Name Details
1 Blocking solution 20 % goat serum, 0.3 % Triton-X 100 in PBS
10 mg / mL fibrinogen in 0.9 % (wt/ v)
2 Fibrinogen stock solution
NaCl solution in water
Dulbecco’s Modified Eagle’s medium (DMEM), 2 %
Human myoblast
3 horse serum, 10 ug / mL insulin,
differentiation media
1% penicillin-streptomycin
Ham’s F-10 nutrient mix, 20 % fetal bovine serum, 5 ng /
Human myoblast growth
4 mL basic fibroblast growth factor,
media
1 % penicillin-streptomycin
Dulbecco’s Modified Eagle’s medium (DMEM) (40% v/v),
5 Hydrogel mixture 4 mg / mL bovine fibrinogen (40% v/v), Geltrex™ (20%
v/v), thrombin (0.2 unit / mg fibrinogen)
Milk based blocking
6 5 % (wt / v) skim milk (BioShop) in TBST
solution

7 Red blood cell lysis buffer 15.5 mM NH4CI, 1 mM KHCO3, 10 uM EDTA

Tris-buffered saline Tween 50 mM Tris (BioShop), 150 mM NacCl (Sigma),
8

(TBST)

0.1 % (v /v) Tween 20 (BioShop)
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Table S3. List of drugs

# Name Vendor (Product #)

1 Cerivastatin Sigma (SML0005)

2 Dexamethasone Sigma (D1756)

3 Gemcitabine Sigma (G6423)

4 IGF-1 Sigma (11271)

5 Irinotecan Cayman Chemical Company (14180)
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Appendix
Post tracking Python code

This computer vision script, when run, prompts the user to select a file containing the video of
interest and select the region of interest on the MyoTACTIC post. Then, the script tracks the
horizontal position of the post in pixels over the course of the video and calculates the
displacements associated with human muscle microtissue contractions. For the experiments
described here, the MyoTACTIC post edge farthest from the tissue was chosen as the region of
interest. However other users may find different regions of interest to be more optimal for their
own purposes. This post tracking script is written in Python 3, and requires the matplotlib library
and the opencv-contrib library to run. This script has been tested on Windows 10 Home and
macOS Version 10.14.2 operating systems.

1. from tkinter import filedialog

2. import cv2

3. import sys

4. import matplotlib

5. matplotlib.use("TkAgg")

6. import matplotlib.pyplot as plt

7.

8.

9. class ClickLocation:

10.

11. def __init_ (self):

12 self.roi_center = None

13.

14. def click(self, event, x, y, flags, param):
15. if event == cv2.EVENT_LBUTTONDOWN:

16. self.roi_center = (x,y)

17.

18.

19. vid_path = filedialog.askopenfilename(

20. initialdir="C:/",

21. filetypes=(("All Files","*.*"), ("Text File", "*.txt")),
22. title= "Choose a file.")

23.

24. contraction_vid = cv2.VideoCapture(vid_path)
25. colour = (255,50,50)

26. frame_counter =1

27. user_roi = False

28. gray_history = []

29. fx = 0.55

30. fy= 0.55

31.

32.

33. ok, first_frame = contraction_vid.read()

34. first_frame_gray = cv2.cvtColor(first_frame, cv2.COLOR_BGR2GRAY)
35. first_frame_gray = cv2.equalizeHist(first_frame_gray)
36.

37. if not ok:

38. print("Cannot read first frame")

39. sys.exit()

40.

4., '

42. Due to screen size constraints, images shown to user are all resized versions
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of the frames that the tracking is done on. ROI format is:
(top_left_corner_x_coord, top_left corner_y_coord, ROI_width, ROI_height).

#ROI width/height factors. Adjust if necessary.

#larger ROI - less sensitive but better able to track very large deflections
#Smaller ROI - more sensitive, better able to track smaller deflections

#RHF = 0.25
#RWF = 0.08
#RHF = 0.2
#RWF = 0.06

#Default ROI size
RHF = 0.1
RWF = 0.03

resized_frame = cv2.resize(first_frame, (0,0), fx=fx, fy=fy)

cv2.namedWindow("Identify post")
clickLocation = ClickLocation()
cv2.setMouseCallback("Identify post", clickLocation.click)

while (True):

marked_frame = resized_frame.copy()
if not clickLocation.roi_center is None:
cv2.circle(marked_frame, (clickLocation.roi_center[0],
clickLocation.roi_center[1]), 5,(255,0,0),1)

#Get user click location, use to draw ROI
roi_center = clicklLocation.roi_center

user_top_left = (int(roi_center[0] -
round(RWF * resized_frame.shape[1]/2)),

int(roi_center[1] round(RHF * resized_frame.shape[0]/2)))

user_bottom_right = (int(roi_center[0] +
round(RWF * resized_frame.shape[1]/2)),
int(roi_center[1] + round(RHF * resized_frame.shape[0]/2)))

user_roi = (user_top_left[@], user_top_left[1],
user_bottom_right[@] - user_top_left[0],
user_bottom_right[1] - user_top_left[1])

cv2.rectangle(marked_frame, (user_top_left), (user_bottom_right),
colour, 1)
cv2.imshow("Identify post", marked_frame)

h = cv2.waitKey(1)
if h & OxFF == ord('\r"):
break

roi = (round(user_roi[@]/fx), round(user_roi[1]/fy),
round(user_roi[2]/fx), round(user_roi[3]/fy))

100.top_left = (roi[@], roi[1])

101.bottom_right = (roi[@] + roi[2], roi[1] + roi[3])

102.

103.#Draw rectangle. Rectangle takes top left and bottom right points as params
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104.cv2.rectangle(resized_frame, (user_top_left), (user_bottom_right), colour, 1)
105.cv2.imshow("Frame", resized_frame)
106.cv2.moveWindow("Frame", 0,0)

107.

108.cv2.waitKey(0@)

109.cv2.destroyWindow("Frame")

110.

111.tracker = cv2.TrackerKCF_create()

112.

113.#Initialize tracker with first frame
114.tracker.init(first_frame_gray, roi)
115.gray_history.append(first_frame_gray)

116.

117.#log x-axis location of post, i.e. center of roi
118.post_location = [roi[@] + roi[2]/2]

119.

120.#Go to second frame

121.unfinished, frame = contraction_vid.read()

122.

123.while unfinished:

124.

125. frame_gray = cv2.cvtColor(frame, cv2.COLOR_BGR2GRAY)

126. frame_gray = cv2.equalizeHist(frame_gray)

127. resized_frame = cv2.resize(frame, (0,0), fx=fx, fy=fy)

128. tracked, roi = tracker.update(frame_gray)

129. gray_history.append(frame_gray)

130.

131. if tracked:

1282 #Tracker has identified post

133.

134. #Roi points are floating point, must cast to int

135.

136. top_left = (int(roi[@]), int(roi[1]))

137. bottom_right = (int(roi[@]) + int(roi[2]), int(roi[1]) + int(roi[3]))
138.

139. resized_top_left = (round(top_left[@]*fx),round(top_left[1]*fy))
140. resized_bottom_right = (resized_top_left[@] + round(roi[2]*fx),
141. resized_top_left[1] + round(roi[3]*fy))
142.

143. #Resize roi for depicting w/ imshow to fit screen

144. cv2.rectangle(resized_frame, resized_top_left,resized_bottom_right,
145. colour, 1)

146.

147. cv2.imshow("Frame",resized_frame)

148. cv2.waitKey(1)

149.

150. #log x-axis location of post

151. post_location.append(top_left[0] + roi[2]/2)

152. else:

153.

154. #If tracking failed, roi becomes = (0.0, 0.0, 0.0, 0.0)

155.

156. cv2.putText(resized_frame, "TRACKER FAILED",

157. (resized_frame.shape[1]//2, resized_frame.shape[0]//2),
158. cv2.FONT_HERSHEY_SIMPLEX, 0.75, (8,0,0), 2)

159.

160. print("TRACKER FAILED AT FRAME {}".format(frame_counter))

161. cv2.imshow("Frame",resized_frame)

162. cv2.waitKey(1)

163.

164. #Store aberrant post_location
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165.
166.
167.
168.
169.
17e0.
.cv2.destroyAllWindows ()
172.
173.

171

174

177

180

185

188

199

204

210

.#i.e. in direction of increasing or decreasing pixel location.
175.
176.

under aCC-BY-NC-ND 4.0 International license.

post_location.append(top_left[0])

unfinished, frame = contraction_vid.read()
frame_counter += 1

#From post locations determine if post is contracting to 'right' or 'left'’

[}

rightmost = max(post_location)

.leftmost = min(post_location)
178.
179.
.for i in post_location:
181.
182.
183.
184.

normalized_post_location = []

normalized_post_location.append(abs(post_location[@] - i))

#Assuming video starts with relaxed tissue, post will be farthest from initial

.#location during a contraction. If post contracts to right,
186.
187.
.#. And vice-versa if post contracts to the left.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.

#the difference between rightmost and the initial post location will be much
#tigreater than the difference between leftmost and the intial post location

if rightmost - post_location[@] > post_location[@] - leftmost:
contracts_to_right = True

elif post_location[@] - leftmost > rightmost - post_location[@]:
contracts_to_right = False

else:
print("Unable to determine direction of post movement")
contracts_to_right = True

multiple_contractions = input("Multiple contraction video? [Y/N] ")

.max_displacement = -1
200.
201.
202.
203.
.maxima_indices = []
205.
206.
207.
208.
209.
.if multiple_contractions.upper() == 'N
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224,
225.

displacements = []

#If tissue contracts to right, maxima = contractions, minima = relaxations.
#If tissue contracts to left, maxima = relaxations and minima = contractions.

minima_indices = []

#Error factor for identifying local maxima and minima. Adjust if necessary
error = 2

max_displacement = abs(max(post_location) - min(post_location))

print("Contraction displacement = {} pixels.".format(max_displacement))
else:

mins = [post_location[0]]

minima_indices.append(9)

maxes = []

contracting = True

if contracts_to_right:
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226.
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.
285.
286.
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#Initialize running max/min to values which will pass first test
running max = -1
running_min = 1E6

for i in range(len(post_location)):

if i + 3 >= len(post_location):
break

#Store next three post locations
nextl, next2, next3 = (post_location[i + 1],
post_location[i + 2], post_location[i + 3])

if contracting:

if post_location[i] >= running_max:
running_max = post_location[i]
running_max_index = i

#If tissue has begun relaxing/stopped contracting, store
#running_max as true local maximum. Error margin included in
#case of bbox drift.

if (max([nextl, next2, next3, running_max]) == running_max and
running_max - min([nextl, next2, next3])) >= error:
contracting = False
maxes .append(post_location[running_max_index])
maxima_indices.append(running_max_index)
running_min = 1E6

elif not contracting:

if post_location[i] <= running_min:
running_min = post_location[i]
running_min_index = i

#If tissue has begun contracting/stopped relaxing, store
#running_min as true local maximum. Error margin included in
#case of bbox drift.

if (min([nextl, next2, next3, running_min]) == running_min and
max([nextl, next2, next3]) - running _min) >= error:
contracting = True
mins.append(post_location[running_min_index])
minima_indices.append(running_min_index)
running_max = -1

#If contracts to left, post location will decrease with contraction
elif not contracts_to_right:

#Initialize running max/min to values which will pass first test
running_max = 1E6
running min = -1

for i in range(len(post_location)):

if i + 3 >= len(post_location):
break
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287.
288.
289.
290.
291.
292.
293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
304.
305.
306.
307.
308.
309.
31@.
311.
312.
313.
314.
315.
316.
317.
318.
319.
320.
321.
322.
323.
324.
325.
326.
327.
328.
329.
330.
331.
332.
333.
334.
335.
336.
337.
338.
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#Store next three post locations
nextl, next2, next3 = (post_location[i + 1],
post_location[i + 2], post_location[i + 3])

if contracting:

if post_location[i] <= running_max:
running_max = post_location[i]
running_max_index = i

#If tissue has begun relaxing/stopped contracting, store
#running_max as true local maximum. Error margin included in
#case of bbox drift.

if (min([nextl, next2, next3, running_max]) == running_max and
max([nextl, next2, next3]) - running _max >= error):
contracting = False
maxes .append(post_location[running_max_index])
maxima_indices.append(running_max_index)
running_min = -1

elif not contracting:

if post_location[i] >= running_min:
running_min = post_location[i]
running_min_index = i

#If tissue has begun contracting/stopped relaxing, store
#running_min as true local maximum. Error margin included in
#case of bbox drift.

if (max([nextl, next2, next3, running_min]) == running_min and
running_min - min([nextl, next2, next3])) >= error:
contracting = True
mins.append(post_location[running_min_index])
minima_indices.append(running_min_index)
running_max = 1E6

for i in range(len(maxes)):

#Default: displacement = contraction - most recent relaxation.
# This was used for all hMMT experiments.

displacements.append(abs(maxes[i] - mins[i]))

#Alternative: displacement = contraction - initial relaxed state
#tdisplacements.append(abs(maxes[i] - mins[@]))

output = ('''Maxes: {}, Mins: {}\nRelative displacements: {}\nContracted to right:

i
339.

340.
341.
342.
343.
344.
345.
346.

.format(maxes, mins, displacements, contracts_to_right))

extra_output =

if multiple_contractions.upper() == 'BOTH':
max_displacement = abs(max(post_location) - min(post_location))

extra_output = \nIf single video method, contraction displacement =
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347. {} pixels."'''.format(max_displacement)
348.

349. output = output + extra_output

350.

351. out_file = open("postTracking.txt", "w")
352. out_file.write(output)

353. out_file.close()

354.

355. print(output)

356.

357.plt.plot(normalized_post_location)

358.plt.show()

359.plt.pause(0.001)

360.#If running from Command Prompt/Terminal, close all GUI windows to progress

361.

362.export = input("Export post locations as .csv file? [Y/N] ")

363.

364.if export.upper() == "Y":

365. csv_file = open("postTracking.csv", "w")

366. csv_locations = ""

367. csv_locations += "Normalized post locations, Raw post locations,\n"
368. for i in enumerate(normalized_post_location):

369. csv_locations += str(i[1]) + "," + str(post_location[i[@]]) + ",\n"
370.

371. csv_file.write(csv_locations)

372. csv_file.close()
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