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Abstract

Alterations in Human Induced Pluripotent Stem Cell Derived Cardiomyocyte
Electrophysiology: The Impact of Temporal Changes and Study Parameters on
Experimental Reproducibility
Background: Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM)
have been used as an experimental model to investigate cardiac physiology,
electrophysiology (EP), and drug toxicity. Despite the broad use of hiPSC-CM in
biomedical research, the experimental technical approaches used to maintain hiPSC-CM

and conduct electrophysiology studies can vary between laboratories, which can impact

the resultant data.

Objective: To quantify daily developmental changes in hiPSC-CM physiology over a
two-week period, and optimize EP recording techniques to improve reproducibility

across hiPSC-CM studies.

Methods: hiPSC-CM were plated on 24-well microelectrode (MEA) plates and EP
measurements were recorded daily for two weeks. RNA was isolated from hiPSC-CM on
post-defrost day 4, 7, and 10 to monitor cell maturation. hiPSC-CM EP parameters were
measured at baseline and after exposure to the drugs E-4031, nifedipine, and

isoproterenol on post-defrost day 4, 7, and 10.

Results: Across the two-week timeframe, hiPSC-CM spontaneous beating rate slowed
daily until reaching a plateau around post-defrost day 10 (-27%; day 2: 53.8 = 5.1 BPM

to day 10: 39.4 = 6.8 BPM), which effected other rate-dependent measurements including



the field potential duration (FPD) (day 2: 288.9 + 14 ms to day 10: 505.9 = 59 ms). Spike
amplitude also increased over two-weeks, with most significant changes occurring with
the first week (+717% from baseline day 2: 0.30 = 0.03 mV to day 7: 2.45 + 0.8 mV).
Action potential duration at 90% repolarization also lengthened from 0.319 + 0.02s on
day 4 to 0.402 + 0.02s on day 10. Gene expression studies suggest that hiPSC-CM
continue to mature during two-weeks of cell culture, and these daily differences impacted

cellular responses to various drug treatments (E403 1, nifedipine, isoproterenol).

Conclusion: Length of cell culture and variations in other technical recording parameters
can alter hiPSC-CM basal physiology and responses to various drug treatments. To
increase rigor and improve experimental reproducibility, care should be taken to utilize
hiPSC-CM within a short timeframe (e.g., 6-8 days post-culture) and experimental

techniques should be thoroughly reported.

Vi
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Chapter 1 — Introduction

Every year in the United States, roughly 1% of live births are diagnosed with
congenital heart disease (CHD)!°. In the first year of life alone, 25% of these cases will
require surgical intervention?*. Many of these surgical patients require pharmacological
therapy in the postoperative period to offset destabilization resulting from surgery.
Because pediatric CHD patients often require post-operative medications, these drugs are
administered off-label. Off-label drugs are defined by the Food and Drug Administration
(FDA) as an unapproved use of an FDA-approved medication 2. This can be in the form
of applying a drug that was approved for one use for a different use, using the drug at a
different dosage, or using the drug on a population that was not included in the original
preclinical testing of that drug®. For the purpose of this paper, we are focused on drugs
that were tested in adult populations, but not in pediatric patients. Studies report that 75
to 78% of pediatric CHD patients receive at least one off-label drug during postoperative
recovery 3. One third of these patients received three or more of these off-label drugs®.

Pediatric patients are underrepresented in clinical drug trials required for FDA
premarket approval. There are several reasons for this underrepresentation, including
sample sizes due to developmental differences between age groups and ethical
considerations in terms of consenting for children. Appropriate dosages for children can
be hard to pinpoint due to their constant development, so there is limited information on
the efficacy and safety of these medications in adolescent subjects. The combination of
these issues regarding pediatric drug studies means it is often necessary to use off-label

drugs at doses that are based on the extrapolation of adult data °.



The Cardiac Safety Research Consortium, a think tank for solving obstacles related to
cardiovascular research, highlighted the necessary development of better pediatric
cardiotoxicity testing models, as well as a need for reporting changes in cellular
electrophysiology during cardiomyocyte development and defining appropriate animal
models for preclinical testing 7. One of the most commonly used preclinical models for
cardiotoxicity testing is an intact, isolated heart preparation, isolated from either rodents
or larger animals, but these can be difficult to compare to humans due to species-specific
differences in cardiac physiology *. Accordingly, human induced pluripotent stem cell
derived cardiomyocytes (hiPSC-CMs) are now being utilized for preclinical drug efficacy
and safety testing. Importantly, hiPSC-CM have similar ionic currents and ion channel
expression as compared to human cardiomyocytes?. However, these cells can exhibit a
more immature phenotype, which is comparable to fetal — neonatal cardiomyocytes,
making them a suitable model for pediatric drug testing®. Since the maturity of hiPSC-
CM can change during prolonged culture, we sought to quantify daily temporal changes
in hiPSC-CM physiology and also to optimize study parameters to improve the

reproducibility of using these cells for drug testing.



Chapter 2: Background

2.1 Cardiomyocyte cell physiology

Adult cardiomyocyte electrophysiology is determined by Na*, K*, Ca*", and CI
currents, which contribute to the cellular membrane potential®!. The resting across the
cardiac cell membrane potential is negative due to the electrochemical gradient from high
concentration potassium inside the cell moving outside?!. Changes in inward and outward
currents cause the membrane potential to become more positive, resulting in
depolarization (“phase 0 of the cardiac action potential), through the influx of Na* via
voltage-gated Na* channels 2!. The cell briefly repolarizes as K* channels open causing
an efflux of K corresponding to the “notch phase” of the cardiac action potential. Shortly
thereafter, the action potential “plateau phase” occurs as Ca?" enters the cell through
voltage-gated L-type Ca*" channels?’. Ca?* influx stimulates Ca?*-induced Ca?" release
from the sarcoplasmic reticulum, and the increase in intracellular Ca?* concentration
facilitates muscle contraction!’. Following the plateau phase, the cardiomyocyte

continues to repolarize through the efflux of K* via multiple ion channels?'.

2.2 Contractility

In adult cardiac cells, excitation-contraction coupling occurs quickly through a
process termed Ca?"-induced Ca®" release, as influx of calcium through voltage-gated L-
type Ca?" channels triggers Ca’* release from the sarcoplasmic reticulum!. These L-type
Ca?* channels are directed by depolarization propagating across the T-tubule. Once Ca®*

release occurs, Ca?* bind to troponin C and leads to myofilament sliding, which causes



muscle contraction #'. For muscles to relax, Ca?" exits through the Na™-Ca?" exchanger or
re-enters the sarcoplasmic reticulum through the sarco-endoplasmic reticulum Ca?*
ATPase (SERCA) pump, reducing the availability of calcium ions for interaction with

troponin C ¥.

2.3 Differences between adult cardiomyocytes and hiPSC-CM

Although hiPSC-CM have ion currents for depolarization and repolarization, that
result in action potentials like those of adult cardiomyocytes, there are a few key
differences between hiPSC-CM and adult cardiomyocyte structure and
electrophysiology?. For one, hiPSC-CMs have pacemaker activity and beat
spontaneously at a rate of approximately 45-60 BPM, but this can vary depending on
donor and cell line manufacturer!-?32°, This spontaneous activity is attributed to both I¢
(funny current) and low levels of Ii: (potassium rectifier current), causing destabilization
of the resting membrane potential 2°. Additionally, hiPSC-CM lack pronounced I, early
repolarization currents #'. In hiPSC-CM there is an absence of T-tubules-resulting in
slower excitation-contraction coupling in comparison to more mature adult
cardiomyocytes °. There are also morphological differences between adult
cardiomyocytes and hiPSC-CM, as hiPSC-CM have a rounder shape and smaller size as

compared to adult cardiomyocytes *'.

2.4 Microelectrode array and preclinical cardiotoxicity testing using hiPSC-CM
Current limitations of preclinical testing have led to a call for new regulatory
techniques and methods to more comprehensively assess drug cardiotoxicity. The

Comprehensive In Vitro Proarrhythmia Assay (CiPA) 37 is a relatively new initiative that



is supported by the FDA, which encourages a multipronged approach to identifying
cardiotoxic medications'3. hiPSC-CMs were added to this methodology for screening,
mainly for the use of understanding proarrhythmic risks in terms of drug cardiotoxicity *3.
Often, hiPSC-CM cardiotoxicity testing is conducted using microelectrode arrays (MEA),
which allows for non-invasive, long-term studies in a high-throughput manner 2. MEA
systems employ micron-scale electrodes that are used to externally pace and record
electrical signals from hiPSC-CM that are cultured atop these individual electrodes.
hiPSC-CM can be cultured using multi-well plates, which allow for easy acquisition of

multiple replicates in a relatively short amount of time.



Figure 1: Image of MEA 24-well plate with electrode map shown.

hiPSC-CM are plated on top of an electrode array. There is a larger pacing electrode in
the bottom right of each well, which is used to pace the hiPSC-CM monolayer. Since
hiPSC-CM form a syncytium and are tightly coupled via gap junctions, action potentials
propagate across the cell layer and activation time is measured across the electrode array.



Using an MEA system, non-invasive electrophysiology and contractility
measurements can be recorded from hiPSC-CMs (Figure 1)*. Field potential (FP)
recordings arise from action potentials propagating across the hiPSC-CM syncytium and
give valuable insight into cellular depolarization and repolarization*. hiPSC-CM
depolarization occurs through Na* influx, and this parameter can be measured as the
spike amplitude. The FP duration (FPD) is a measurement of repolarization time, akin to
the QT-interval on an electrocardiogram® (Figure 2C). Since multiple electrodes are
used, MEA recordings can also be used to measure conduction velocity, or the speed with
which an electrical signal propagates across the hiPSC-CM monolayer #. hiPSC-CM
contractility parameters can also be measured using an impedance-based approach
(Figure 2D). As cardiomyocytes contract and relax, their impedance over the electrode
changes and this provides information about the contractile properties of the cell
monolayer, such as excitation contraction delay (ECD) and the maximum beat amplitude
4. ECD is a measurement of the time between the spike amplitude and the peak of the
impedance signal, while beat amplitude is the percent difference of impedance from
baseline. Local extracellular action potentials (LEAP) can also be collected using an
MEA by first initiating an induction procedure that maximizes the coupling between the
cell layer and recording electrode . LEAP recordings provide information about the
cardiac action potential duration (APD), or the repolarization time. APD measurements
are frequently analyzed at 30%, 50%, or 90% repolarization time (APD30, APD50,

APD90) (Figure 2E).



A Day Post Defrost
. 1] 234|567 [8]9fw0][nn]12]13]14
B Spontaneous
3 Paced s | e e e | |
>
’—
o LEAP [ e B B b aes B )
S | Drug Treatment a D) D
g Equilibration ()
& |Stimulus Settings ap
B. C. BeatRate D. Ecc E.
, 1 [—

Spike
Amplitude

FPD
z Beat
! Amplitude
MW‘

L | -

Figure 2: Methodology Outline

(A) Timeline of experimental set up. Spontaneous recordings of both field potentials and
contractility were taken on post-defrost day 2-14, while paced hiPSC-CM recordings
were collected on post-defrost day 3-14. LEAP recordings were taken on defrost day 4-
10. Drug treatment were administered to cells on day 4, 7 and 10, and measurements
were acquired on the same day. 20-minute equilibration period measurements were
performed on day 4. Stimulus setting changes were performed on day 7. (B)
Representative image of hiPSC-CM monolayer plated on a microelectrode array. (C)
Representative trace of a hiPSC-CM field potential measurement. (D) Representative
trace of hiPSC-CM monolayer contractility recording. (E) Representative trace of an
action potential recording collected during LEAP measurements.



Although pharmacology and toxicology studies are frequently employed using
hiPSC-CM in conjunction with MEA recordings, variations in the study design (e.g., age
of hiPSC-CM) or technical approaches (e.g., pacing parameters) can significantly impact
the resulting data and conclusions. As one example, it was previously reported that
hiPSC-CM spontaneous beating rate can change by as much as 26% between 1 week and
4 weeks of cell culture?®. Commercial manufacturers generally recommend that hiPSC-
CM recordings are performed between 4-10 days of cell culture (after defrosting the
cells), which is a suitable length of time for cells to equilibrate and form a confluent

5,18

monolayer'°. However, the exact experimental approach varies widely within the

11,12,16,29.30.33.38 * A ccordingly, we aimed to assess the degree to which hiPSC-CM

literature
electrophysiology and contractility shift during cell culture. Further, we modified the
technical parameters used for cardiomyocyte electrical stimulation and recordings, in

order to provide guidance on the optimal experimental settings for reproducibility

between studies.



Chapter 3: Methods

3.1 hiPSC-CM plating and culture

iCell cardiomyocytes? were sourced from Fujifilm Cellular Dynamics (female donor
#01434) and remained frozen in liquid nitrogen until use. hiPSC-CM were defrosted
under cold water for 5 minutes prior to resuspension in iCell cardiomyocyte plating
media (Fujifilm Cellular Dynamics). hiPSC-CM were plated onto 24-well Axion
Biosystems MEA plates (M384-tMEA-24W and M384-B10-24), precoated with
fibronectin, at a density of 40 to 65,000 cells per well. MEA-plated hiPSC-CMs were
incubated at 37°C and 5% CO: in plating media for one to three hours before the addition
of iCell maintenance media (Fujifilm Cellular Dynamics) supplemented with
ciprofloxacin. This maintenance media is designed to provide nutrients to the hiPSC-CM
while preventing bacterial growth. hiPSC-CM were incubated for 24 hours, then a full
media change was performed using the maintenance media. Thereafter, half of the media
was replaced every two to three days and hiPSC-CM were cultured in in an incubator for

0-14 days.

3.2 Microelectrode array recordings

3.2.1 Technical Parameters

A Maestro Edge system (Axion BioSystems) was used for MEA recordings. The
system maintains the hiPSC-CM at 37°C and 5% CO?2 for the duration of the study.
Plates were equilibrated in the system for 20 minutes before daily recordings were taken.

During this 20-minute time period, 30 seconds field potential recordings were collected

10



from hiPSC-CM monolayers once every minute. Measurements were acquired under
spontaneous beating conditions in order to assess electrophysiological changes occurring
as the cells reached a target temperature of 37°C and CO2 concentration of 5%.

Next, external pacing parameters were modified (stimulus current, duration, voltage)
to determine the degree to which these modifications altered cardiomyocyte
electrophysiology. A baseline stimulus duration of 400 ps, current of 20 pA, and voltage
of 800 mV was used. From these baseline settings, we altered each stimulus parameter
independently. In between each recording, the stimulus settings were reverting back to

the baseline variables and another baseline recording was collected.

3.2.2 Daily electrophysiological and contractile recordings

Field potential and contractility recordings were taken each day to monitor changes in
hiPSC-CM physiology during prolonged cell culture, approximately 0-14 days after
defrosting and plating hiPSC-CM. Spontaneous field potential and contractility
recordings were collected 2-14 days after plating hiPSC-CM, while paced field potential
and contractility recordings were collected 3-14 days after plating. Paced local
extracellular action potential (LEAP) recordings were collected 4-10 days after hiPSC-
CM plating. For consistency, a 1-minute recording was acquired each day at a pacing
frequency of 1.5Hz, using the baseline settings of 400 ps in duration, 20 pA in current,

and 800 mV in voltage.

11



3.2.3 Drug treatments

Three different pharmacology agents (E-4031, nifedipine, isoproterenol) were applied
to hiPSC-CM to assess the impact of cell culture time on drug response. E-4031, a
hERG-channel blocker, was applied to hiPSC-CM at a concentration of 50 nM. Previous
studies report that immature hIPSC-CM are reliant on this channel for repolarization,
while more mature cells have additional potassium currents that contribute to
repolarization, making the hERG-channel less dominant in this phase of the action
potential *¢. Nifedipine, an L-type calcium channel blocker, was also tested on hiPSC-
CM at a concentration of 100 nM. Previous studies have recorded an increase in beat rate
with the addition of nifedipine, as well as a shortening of FPD 3. Isoproterenol, a beta-
adrenergic agonist, was tested at a concentration of 100 nM. Isoproterenol has known
chronotropic effects, causing an increase in beating frequency as well as a shortening of
FPD ?7. Spontaneous and paced field potentials were acquired on 4, 7, and 10 days after
plating, while local extracellular action potentials (LEAP) were recorded 4 and 10 days

after plating.

3.3 MEA Signal Analysis

Following data collection, T-waves of field potential measurements were manually
selected using Axion Biosystem software. The electrode with the clearest signal was
selected and the peak of the T-wave was marked by two independent reviewers (JP, DG).
For paced field potential, contractility, or LEAP measurements, the individual recordings
were only included if hiPSC-CM were paced at the desired frequency. Field potential

duration (FPD), spike amplitude, beat period, and conduction velocity were analyzed

12



from recordings taken in field potential mode. Beat amplitude mean and excitation-
contraction coupling were analyzed from recordings taken in contractility mode. For
LEAP measurements, hiPSC-CM induction was performed for 10 minutes and APD30,
APDS50, and APD90 were analyzed. Triangulation was calculated using the equation,

(APD90-APD30)/APDY0 ',

3.4 Quantitative reverse transcription PCR (RT-qPCR)

3.4.1 RNA Isolation and cDNA conversion
hiPSC-CM were plated onto 24-well plastic bottom plates, precoated with fibronectin, at
a density of 250,000 cells/well. For RNA isolation, hiPSC-CM were washed with
Tyrode’s solution, and cells were lyzed using Qiazol 4 or 14 days after culturing. An
RNeasy® Mini Kit (Qiagen) was then used to isolate total RNA, following the
manufacturer’s instructions. RNA was converted to cDNA using SuperScript™ VILO™
cDNA Synthesis Kit (invitrogen), according to the manufacturer’s instruction. The
reaction mixture was incubated at 25°C for 10 minutes, then at 42°C for 60 minutes, and

terminated by heating to 85°C for 5 minutes.

3.4.2 Quantitative Polymerase Chain Reaction

RT-gPCR reactions were performed using a QuantStudio™ 6 Pro (Thermofisher).
Each reaction was performed in quadruplicates on a 384-well plate. All reactions
contained 1 pL cDNA diluted 1:10, 5 pL of TagMan MasterMix, 0.5 puL of each primer,
and 3.5 pL of DEPC-treated water for a total volume of 10 pL in each reaction. All

primers were acquired from applied biosystems by Thermofisher (TagMan® Gene

13



Expression Assays). The specific primers used were, GAPDH as a housekeeping agent,
and MYH6 and MYH7 as indicators of hiPSC-CM maturation. MYH?7 encodes f-myosin
heavy chain while MYH6 encodes a-myosin heavy chain. f-myosin heavy chain is the
majority myosin heavy chain in adult human hearts, while a-myosin heavy chain is more
heavily present during early heart development !°. An additional test of maturation was
done using TNNI1 and TNNI3, which switch isoforms during the early stages of
development. TNNII encodes slow skeletal Troponin I (Tnl) while TNNI3 encodes
cardiac Tnl 3'. SCN5A encodes the alpha subunit of Nav1.5, the main sodium channel in
cardiomyocytes responsible for fast depolarization 28, Lastly, potassium channel
development in culture was measured through expression of KCNIJ3, the gene responsible
for encoding of Kir3.1, a rectifying potassium channel protein 4. Gene expression was
reported relative to the housekeeping gene (GAPDH) at the earliest time point tested (day

4).

3.5 Statistical Analysis
Data are presented as means + SD. Statistical analysis was performed using one or
two-way ANOVA, with a false discovery rate (0.05) to correct for multiple comparisons

testing (GraphPad Prism). Significance was defined as P<0.03.

14



Chapter 4: Results

4.1 Length of Equilibration Within MEA System Impacts hiPSC-CM Beating Rate

It is generally recommended that hiPSC-CM are equilibrated within an MEA system
before collecting electrophysiology or contractility measurements. However, the length
of equilibration differs between studies and many published reports do not include this
detail in the study methodology. Accordingly, we measured the impact of different
equilibration time frames on recording electrophysiology parameters. Within a 20-minute
equilibration period, there was a significant increase in hiPSC-CM spontaneous beat rate
between 1-minute and 20-minute recordings (p<0.0001). Over the 20-minute period, beat
rate increased an average of almost 10 beats per minute (BPM), with the most drastic
change observed with the first 5 minutes of equilibration, increasing 10% (2 minutes:
40.18 = 2.7 BPM; 5 minutes: 44.4 £ 4.5 BPM; Figure 3A). Similarly, the rate dependent
FPD shortened significantly in the 20-minute time period (2 minutes: 385.7 = 19.8 ms; 20
minutes: 356.1 £ 18.8 ms; p<0.0001; Figure 3C). The steepest decline in FPD occurred
in the first 5 minutes, which subsequently reached a steady state after 10 minutes
equilibration. Only a minor decrease in the depolarization spike amplitude was observed,
which predominately occurred within the first 7 minutes of equilibration (2 minutes: 1.11
+ 0.3 mV; 7 minutes: 1.03 £ 0.3 mV; p=0.0004; Figure 3E), but thereafter, the spike
amplitude remained relatively constant. No significant difference in conduction velocity

was observed during the 20-minute equilibration period (Figure 3G).
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Figure 3: Equilibration of MEA system

Spontaneous field potential recordings of hiPSC-CM divided into the overall average of
wells, the outer rows (A/D), and the inner rows (B/C). All rows: n=120; Rows A/D:
n=60; Rows B/C: n=60 A two-way ANOVA test was conducted to determine
significance between inner and outer rows at each minute. *p<0.03, **p<0.002,
*#%p<0.0002 ****p<0.0001 (A) Beat rate reported in BPM (C) Field potential duration
inms (E) Spike amplitude reported in mV (G) Conduction velocity in mm/ms (B)
Combined row hiPSC-CM beat rate at minute 5, minute 10, minute 15, minute 20 (D)
Combined row FPD acquired from hiPSC-at minutes 5, 10, 15, and 20 (F) spike
amplitude recordings across all wells at minute 5, 10, 15, and 20 (H) hiPSC-CM
conduction velocity of all rows at minute 5, 10, 15, and 20.
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Unexpectedly, we observed significant variability in the hiPSC-CM beating rate
between wells within a single MEA plate. The two outermost rows of wells had a faster
beating rate than the inner two rows of wells. Because of this notable intraplate
variability, EP parameters were compared between hiPSC-CM plated in outer versus
inner rows. Row-to-row variability was assessed at 5 minutes and 20 minutes to
determine if these differences became more or less pronounced with time spent in the
system. At 5 minutes, the beating rate differed by 4 BPM (outer rows: 46.7 + 3.6 vs.
inner rows: 42.2 £ 4.2 BPM; p<0.0001; Figure 3B). At 20 minutes, the beating rate
difference increased to 9 BPM (outer rows: 53.7 £ 4.5 vs. inner rows: 44.9 + 3.4 BPM;
p<0.0001). Similarly, FPD was significantly shorter in hiPSC-CM cultured in outer rows
versus inner rows (Figure 3D) at both minute 5 (outer rows: 363.5 = 21.0 ms vs. inner
rows: 372.4 = 20.8 ms; p=0.0384) and at minute 20 (outer rows: 351.2 £ 18.0 ms vs.
inner rows: 360.9 £ 18.5 ms; p=0.0155). Spike amplitude and conduction velocity

measurements were comparable between all rows.
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Figure 4: hiPSC-CM field potential in response to pacing stimulus changes

Baseline parameters are a current of 20 pA, a duration of 400 us, and a voltage of
800mV. A matched-pairs one-way ANOVA test was conducted to determine significant
difference between parameter changes. *p<0.03, **p<0.002, ***p<0.0002 ****p<(0.0001
(A) FPD response to current changes (B) FPD response to duration changes (C) FPD
response to voltage changes (D) Conduction velocity response to current changes (E)
Conduction velocity response to duration changes (F) Conduction velocity response to
voltage changes (G) Spike amplitude response to current changes (H) Spike amplitude
response to duration changes (I) Spike amplitude response to voltage changes. N=74-78
wells.
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4.2 Electrical Stimulation Settings Has an Impact on hiPSC-CM EP Parameters

We assessed whether changes in the electrical stimulation settings would significantly
impact the resultant cardiac metrics (FPD, spike amplitude, conduction velocity). FPD
was significantly impacted by each pacing stimulus variable tested (stimulus duration,
current, voltage). Spike amplitude was also impacted by all three stimulus variables, with
the greatest difference observed with changes in either stimulus current (20 p4: 5.12 +
1.3 mV vs 50 uA4: 4.95 £ 1.3 mV; Figure 4G) or duration (400 us: 5.17 £ 1.4 mV vs.
1000 us: 5.03 +£ 1.3 mV; Figure 4H). Conduction velocity was most impacted by
changes in stimulus voltage (800 mV: 0.206 = 0.02 mm/ms vs. 1200 mV: 0.205 £ 0.02
mm/ms ; Figure 4F). A longer stimulus duration resulted in faster conduction velocity
with significant changes at all changes from baseline (600us-1000us; Figure 4E) but was
fastest at 1000 pus (400 us: 0.207 £ 0.02 mm/ms vs. 1000 us: 0.215 £ 0.03 mm/ms).
Increasing current also resulted in conduction velocity significantly faster than at
baseline, but to a lesser degree. FPD was the least affected by changes in stimulus
parameters but was still significantly shortened by changes in the stimulus current
(30uA-50pA; Figure 4A). Longer stimulus duration lengthened FPD when increased to
1000 ps (400 ps: 309.5 £ 15 ms vs. 1000 pus: 311.7 + 14 ms) but remained constant at all
other changes (600us-800us; Figure 4B). FPD was not significantly impacted by
changes to stimulus voltage. It is important to note that statistical comparisons were done
using repeated measures, but each of these stimulus parameters were not significant when

treated as independent measurements.
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4.3 Length of hiPSC-CM Culture Impacts EP Endpoints

4.3.1 Spontaneous Measurements

Daily changes in cell electrophysiology were tracked to identify the extent to which
hiPSC-CM physiology changed during prolonged culture (2-14 days post-defrost). While
Axion Biosystems recommends data acquisition on post-defrost day 7°, FujiFilm (hiPSC-
CM manufacturer) recommends data acquisition on post-defrost day 4'8. Additionally,
various published hiPSC-CM studies perform their recordings anywhere from 4 to 19
days in culture!"'2?2, Due to this large variability in the timing of data acquisition, we

tested the degree to which hiPSC-CM physiology changes during prolonged culture.
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Figure 5: Daily spontaneous field potential change.

Spontaneous field potential data from hiPSC-CM monolayers acquired from MEA
recordings. Each dot is representative of one well with a hiPSC-CM monolayer. The
shaded region is representative of the standard deviation. One-way ANOVA tests were
used to determine significance of differences. N=34-360. (A) Beat rate (p<0.0001) (C)
Field potential duration (p< 0.0001) (E) Spike amplitude (p<0.0001) (G) Conduction
velocity (p<0.0001). Representative traces of the field potential parameters acquired are
plotted to the right of their respective dot plots. Days 4, 7, 10, and 14 are shown. (B) Beat
rate (D) Field potential duration (F) Spike amplitude (H) Conduction velocity.
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Daily hiPSC-CM recordings were collected across multiple MEA plates (plate
variability) and multiple rounds of defrost and cell culturing (n=4-15). With extended cell
culture time, hiPSC-CM spontaneous beating rate gradually declined (27%) between day
2 (53.8+ 5.1BPM) and day 10 (39.4 £ 6.8BPM), reaching a steady state around post-
defrost day 11 (Figure SA). When compared to post-defrost day 7, the median day, only
days 6-8 did not have significant differences in the beating rate (day 6: 46.3 + 4.1 BPM,;
p=0.6548; day 7: 46.0 = 7.5 BPM; day 8: 45.9 = 5.2 BPM, p=0.9283). This decrease in
beating rate can be visualized in the recordings presented in Figure SB.

Over the course of 14 days, FPD lengthened significantly (Figure 5C; p<0.0001).
Between defrost day 2 and 12, there was a continuous increase in the duration time (day
2:288.9 £13.7ms, day 12: 566.4 + 24.3 ms). After 12 days of culture, the FPD
plateaued and showed less daily variability. When compared to the median day (post-
defrost day 7), all other timepoints showed a significant difference in FPD measurements.
Although time points close to day 7 were more comparable.

Spike amplitude increased daily over the entire course of the 14 days (p<0.0001;
Figure SE). Although the greatest day-to-day changes were observed within the first
week of recordings, and after post-defrost day 8 the daily changes began to plateau.
Between post-defrost day 8 and 14, there was only a 33% increase in spike amplitude
(day 8:2.71 £ 0.8 mV day 14: 3.61 + 0.8 mV), compared to the 717% increase in
average spike amplitude observed within the first week (day 2: 0.30 + 0.2 mv, day 7: 2.45
+ 0.8 mV).

There was less of a noticeable trend in conduction velocity, which fluctuated slightly

up and down during the 14 day study (Figure 5G). Within the first 5 days of culturing,

22



the average conduction velocity began to slow slightly (day 2: 0.308 = 0.07 mm/ms, day
5:0.206 = 0.05 mm/ms). However, after 5 days of culture, conduction velocity began to
increase to a more constant value between post-defrost day 9-14. The minimum average
within this time period was 0.286 + 0.07 mm/ms on day 12, and the maximum between

day 9 and 14 was 0.317 £ 0.06 mm/ms on day 11.
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Figure 6: Daily paced field potential changes of hiPSC-CM monolayers

Monolayers are paced at 1.5Hz from day 3 to 14 in culture. Each dot is representative of
one well. The shaded region is standard deviation of each day. N=32-300. One-way
ANOVA comparisons were done to determine significance of day-to-day changes. (A)
Field potential duration (p<0.0001) (B) Fridericia’s corrected field potential

duration (p<0.0001) (C) Spike Amplitude (p<0.0001) (D) Conduction

velocity (p<0.0001)
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4.3.2 Paced Measurements:

Day-to-day changes in hiPSC-CM electrophysiology were noticeable, even when
correcting for the cell beating rate by electrically stimulating monolayers at the same
frequency. Collectively, field potential parameters followed similar trends to that of the
spontaneous recordings. FPD lengthened 22% over the 2-week period (Day 3: 275.5 + 14
ms, Day 14: 336.0 = 14 ms; p<0.0001) but plateaued around post-defrost day 9 (337.6 =
14 ms) (Figure 6A). We also corrected FPD using Fridericia's formula (FPDc) (Figure
6B), which is optimized for a 1Hz frequency. As expected, with rate correction the FPD
measurements (collected at 1.5 Hz due to intrinsic beating rate of hiPSC-CM) were
slightly longer due to correction based on a slower frequency, but the measurements
followed the same trend. Spike amplitude increased 80% (p<0.0001) from day 3 (3.82 +
1.1 mV) to day 14 (6.87 = 0.9 mV) with the rate of change slowing after day 11 (6.60 =
0.9 mV). Similar to spontaneous spike amplitude recordings, this value continued to
increase throughout the 14 day study (Figure 6C). Conduction velocity slowed from day
3 (0.24 £ 0.02 mm/ms) to day 5 (0.20 £ 0.02 mm/ms), but then continuously increased
from day 6 (0.22 £+ 0.02 mm/ms) onward until day 14 (0.28 = 0.02 mm/ms) (Figure 6D),
unlike spontaneous conduction velocity, which remained stable after day 5. This change
in conduction velocity was different than the spontaneous recordings (no change in
conduction velocity across the 14-day study). We attribute this difference to differences
in the technical parameters — since with paced beats, the electrical signal consistently
propagates from the same location (pacing electrode) without interference from other

spontaneous pacemakers in the hiPSC-CM monolayer.
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Figure 7: Daily contractility changes

Day-to-day spontaneous and paced contractility measurements from hiPSC-CM
monolayers. Spontaneous data was acquired day 2 to 14 in culture, while paced data was
acquired at a frequency of 1.5Hz on days 3 to 14 in culture. N=34-212. (A) Spontaneous
excitation contraction delay (p<0.0001) (B) Spontaneous beat amplitude mean
(p<0.0001) (C) Paced excitation contraction delay (p<0.0001) (D) Paced beat amplitude
mean (p=0.0109)
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4.3.3 Contractility Measurements

The Axion Biosystem MEA system also allows hiPSC-CM contractility
measurements to be acquired using an impedance-based approach. Both spontaneous and
paced hiPSC-CM contractility parameters had minimal day-to-day variability. On post-
defrost day 7, for example, ECD exhibited more variability when hiPSC-CM were
beating spontancously (284.9 + 34 ms) (Figure 7A) as compared to paced measurements
(234.7 £ 23 ms) (Figure 7C). However, there were only modest differences in the ECD
time during the 14-day study for either spontaneous (11% change from the minimum
ECD on day 3: 264.4 £+ 31 ms and the maximum ECD on day 8: 293.5 + 28.4 ms) or
paced recordings (6% change between the minimum and maximum ECD). hiPSC-CM
contraction beat amplitude decreased over the two-week study, reaching a plateau around
post-defrost day 11. This trend occurred when hiPSC-CM were spontaneously beating
(Figure 7B), overall decreasing 14% from day 3 (1.83 + 0.3 %) to day 11 (1.57 £ 0.2 %)
and when hiPSC-CM were paced (Figure 7D), decreasing 21% from day 3 (1.59 + 0.3

%) to day 11 (1.25 + 0.2 %).

27



0.30 0.35;

0.25
0.301
S0.20 % 2
a o
o [=)
<o.15 g <
0.251 Y
0.10
0.5 4-——— 020frr——
4 5 6 7 8 9 10 4 5 6 7 8 9 10
Day Post Defrost Day Post Defrost
0.45
0.40 g%
: E:
(<2
Q035 é
<
0.30
0.250——— . . . . : '
4 5 6 7 8 9 10 10.0 10.2 10.4 10.6 10.8 11.0
Day Post Defrost Time (s)

Figure 8: Daily action potential change.

Statistical testing was conducted using unmatched one-way ANOVA tests with multiple
comparisons to day 7. (A) APD30 (p=0.0017); n=10-27 (B) APD50 (p<0.0001); n=9-27
(C) APDI90 (p<0.0001); n=10-27 (D) representative traces on days 4, 6, 8, 10 of hiPSC-
CM culture with APD30, APD50, and APD90 marked on the traces.
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4.3.4 Action Potential Measurements

Daily action potential recordings taken from day 4 to 10 showed prolonged APD with
an extended cell culture time. APD90 had the most significant trend, continuously
increasing during the study time period by 26% (day 4: 0.319 + 0.02, day 10: 0.402 +
0.02s; p<0.0001; Figure 8C). No significant difference was observed between day 6-8.
The same trend occurred for both APD30 (Figure 8A) and APD50 (Figure 8B), but with
a more modest 20% or 22% longer duration at later timepoints (APD30 at day 4:0.167 +
0.02, day 10: 0.201 £0.03 s, p=0.0017). These trends show that while there are minimal
differences at APD30 or APD50 when compared to the recommended manufacturer
recording day (7-days post-defrost), performing experiments across multiple days can
significantly alter the basal action potential duration.
4.4 hiPSC-CM response to drug treatment differs by time spent in culture

Since there are marked differences in baseline EP metrics depending on the
experimental timeline, we sought to determine whether these basal differences could
influence hiPSC-CM response to drug treatment. 50 nM E-4031, 100 nM nifedipine, and
100 nM isoproterenol were administered to hiPSC-CM at three different time points (day

4,7, or 10 post-defrost).

4.4.1 Field Potentials

Spontaneous and paced field potential recordings were taken at days 4, 7, and 10
following the initial defrost to understand how daily changes in hiPSC-CM physiology
impact cell response to the drug treatments. 50 nM E-4031 decreased the spontaneous

beat rate from the daily baseline beat rate on day 7, 46.0 £ 7.5 BPM to 49.1 £ 5.3 BPM in
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hiPSC-CM cultured for 7 days (Figure 9B), while 100nM nifedipine increased the
beating rate to 101.7 = 9.7 BPM. After 10 days in culture, the average spontaneous beat
rate of cells following treatment with 100nM isoproterenol increased to 94.5 + 3.0 BPM.
Due to the significant increase in the spontaneous beating rate, the external pacing
frequency was also increased for subsequent rate-dependent measurements. Accordingly,
hiPSC-CM treated with E-4031 were paced at 1.5Hz, while cells treated with nifedipine
or isoproterenol were paced at a frequency of 3Hz to compensate for their faster

spontaneous beating rate.
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Figure 9: hiPSC-CM field potential response to drug treatments

Ddaily field potential recordings for cells treated with 50 nM E-4031 (n=5-8), 100 nM
Nifedipine (n=9-12), 100 nM Isoproterenol (n=6-7) compared to control values (n=12-
14). Two-way ANOVA-test performed with multiple comparisons between all days.
*0<0.03, **p<0.002, ***p<0.0002 ****p<0.0001. A-B Spontaneous daily beat rate of
cells. (A) Spontaneous traces showing beat rate each day over the course of 10 seconds.
(B) Spontaneous beat rate Green dotted lines are spontaneous baseline averages from
daily spontaneous field potentials (Figure 5). C-D Paced field potential data with each
dot representing data acquired from a well, each bar is the mean, and error plotted as
standard deviation. Left of the black solid line are results from hiPSC-CM paced at
1.5Hz, and to the right is paced at 3Hz. (C) FPD (D) Spike Amplitude (E) Conduction
Velocity
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When paced at 1.5Hz, cells treated with E-4031 had an increase in FPD on all three
days tested compared to control values (post-defrost day 4, 7, and 10; Figure 9C). There
was a 31% increase in FPD following E-4031 treatment on day 4 (control: 275.7 + 15
ms, £E-4031: 361.6 + 8.4 ms), with a more modest 16% change at day 7 (control: 306.8 +
9.6 ms, E-4031: 355.7 = 7.5 ms). The latter is attributed to changes in the basal FPD over
time, which altered the control baseline at day 4 versus day 7. hiPSC-CM treated with E-
4031 on post-defrost day 10 had a modest 15% increase in FPD (358.1 + 25 ms). E-4031
also decreased the spike amplitude, by 16% on post-defrost day 4 (control: 3.52 + 0.9
mV, E-4031:2.97 = 0.7 mV), but the E-4031 changes in the spike amplitude were
minimal at later time points (Figure 9D). On post-defrost day 7, E-4031 increased the
spike amplitude by only 2% (control: 5.19 £ 0.9 mV, E-4031: 5.29 £ 0.6 mV), and only
6% on post-defrost day 10 (control: 6.22 + 1.7 mV, E-4031: 6.58 £ 0.8 mV). Across all
three timepoints, E-4031-treated hiPSC-CM had a slower conduction velocity than
control cells (Figure 9E) at day 4 (-12%), day 7 (-11%), and day 10 (-9%).

When treated with nifedipine and paced at 3Hz, hiPSC-CM had shorter FPD on
average than basal FPD paced at the same frequency at all timepoints (Figure 9C). On
day 4, nifedipine treated hiPSC-CM had an average FPD 27% shorter than control cells
on the same day (188.7 9.9 ms vs 138.2 + 11 ms). While this change differed slightly
between the different days, change from baseline remained relatively constant over the
next two recorded days, increasing to 31% on day 7, then falling back to 26% on day 10.
Spike amplitude of control cells and treated cells increased each day (Figure 9D). On day

4, spike amplitude decreased 7% from control (3.71 + 1.1 mV) to treated cells (3.45 + 0.4
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mV), however, on day 7 nifedipine treatment had the opposite effect, increase spike
amplitude from baseline a modest 10% (control: 4.96 £ 1.0 mV; treated: 5.47 = 0.8 mV).
Interestingly, on day 10, there was no observable difference between mean spike
amplitude of control and nifedipine treated cells (control: 5.79 = 1.5 mV; treatment: 5.79
+ 1.5 mV). Nifedipine increased conduction velocity on all days following the defrost in
comparison to control cells, but the magnitude of change from control remained stable
over all time points (Figure 9E). On day 4, the difference between control and treated
cell average conduction velocity was 21%, minorly increasing to 25% on day 7, but on
day 10 this difference was only 22%.

100nM isoproterenol treated cells were paced at a frequency of 3Hz on days 4, 7, and
10 following defrost. In comparison to control cells paced at the same frequency on the
same days, isoproterenol shortened FPD each day (Figure 9C). Compared to day 4
control values, isoproterenol only shortened FPD to a modest 5% (control: 188.7 + 9.9
ms vs. treated: 178.4 + 9.1 ms), but this change in shortened further on day 7 to 11%
(control: 207.9 = 18 ms; treated: 184.1 £ 15 ms). Spike amplitude showed overall
decreases in comparison to baseline on day 4, 7, and 10 following the defrost (Figure
9D). Day 4 treated cells had a 12% lower spike amplitude than control spike amplitude
values (control: 3.71 £ 1.1 mV vs treated: 3.25 +£ 0.1 mV), and cells cultured for 10 days
before treatment exhibited a 27% lower spike amplitude after being treated with
isoproterenol (control: 5.79 £ 1.5 mV; treated: 4.21 = 1.0 mV). Conduction velocity
initially slowed 6% from control values after treatment with isoproterenol on day 4

following defrost, however, at later time points, isoproterenol increased conduction
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velocity speed in hiPSC-CM (day 7: control: 0.155 = 0.01 mm/ms; treated: 0.159 + 0.01

mm/ms; day 10: control: 0.175 + 0.02 mm/ms; treated.: 0.181 £ 0.02 mm/ms).
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Figure 10: hiPSC-CM contractility response to drug treatments

Two-way ANOVA test performed to determine significant of day-to-day changes in each
group *p<0.03, **p<0.002, ***p<0.0002 ****p<0.0001 (A) Spontaneous beat
amplitude (B) Spontaneous excitation contraction delay (C) Paced beat amplitude (D)
Paced excitation contraction delay. Response to 1.5Hz frequency pacing is located to the
left of the black line, while response to 3Hz frequency pacing is located to the right.
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4.4.2 Contractility

hiPSC-CM had noticeable differences in response to 100 nM nifedipine and 100 nM
isoproterenol, but minimal effects on contractility were seen from E-4031. For example,
there were no significant differences in control values based on day for all spontaneous
and paced contractile parameters. However, there was a significant change in
spontaneously beating hiPSC-CM beat amplitude when treated with isoproterenol
between day 4 and 10 (day 4: 1.37 £0.2 % vs day 10: 1.89 = 0.2 %; p<0.0001; Figure
10A) and when paced (day 4: 1.03 £ 0.1 % vs. day 7: 1.38 + 0.2 %; p=0.036; Figure
10C). Additionally, paced hiPSC-CM exhibited lengthened ECD on day 10 when treated
with nifedipine in comparison to day 4 and day 7 (day 4: 116.9 = 3.1 vs day 10: 162.6

10; p=0.03; Figure 10D).

4.4.3 Action Potential Recordings

From action potential recordings taken on days 4 and 10 following cell defrost, it was
observed that drug treatments occurring on separate days following the defrost can alter
the effects on hiPSC-CM. While there were significant differences of E-4031 on hiPSC-
CM compared to those under basal conditions on both day 4 and day 10 following
defrost, there was more of an effect from the hERG-channel blocked on day 4. For
example, lengthening of APD90 after treatment was less drastic on day 10 (9%; control:
0.399 £ 0.02 s vs. treated:0.442 + 0.02 s, p<0.0001) in comparison to day 4 (41%;
control: 0.317 +0.02 s vs. treated: 0.448 = 0.01 s; p<0.0001; Figure 11B). While cells
treated after 4 days in culture had minimal change in APD30, E-4031 shortened ADP30

significantly on day 10 (control: 0.197 = 0.03 s vs. treated: 0.17 = 0.03 s; p=0.0182;
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Figure 11A). Because of the more dramatic changes to APD90, triangulation for both
days was increased in comparison to control values (Figure 11C). This change was more

pronounced for day 4, as expected due to the greater change in APD90.
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Figure 11: hiPSC-CM action potential response to E-4031

A one-way ANOVA test was conducted to test significance of change from control to
post-treatment on each day. *p<0.03, **p<0.002, ***p<0.0002 ****p<(0.0001 (A)
APD30 (B) APD90 (C) Triangulation
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4.5 Gene Expression Changes in Culture

Since there are noticeable differences in hiPSC-CM response to drug treatments, and
their baseline EP parameters change daily, we sought to determine if these changes were
due to maturation of cells following the defrost (Figure 12). Expression of both MYH6
and MYH7 increased from day 4 to 14 as hiPSC-CM remained in culture following
defrost (day 14: 1.419 and 1.375, respectively). KCNJ3 expression increased significantly
from day 4 to 14 following defrost (day 14: 2.205). TNNI1 decreases (day 14: 0.715) in
relative expression when compared to day 4, while TNNI3 increased (day 14: 1.206).
Finally, SCN5A increased on 14 when compared relatively to day 4, although the change

was minimal (1.148 on day 14).
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Figure 12: Relative quantification of gene expression

Gene expression changes relative to housekeeping gene (GAPDH) expression on day 4.
*p<0.03, **p<0.002, ***p<0.0002 ****p<0.0001. MYH6, MYH7, TNNI1, TNNI3,
SCNSA, KCNJ3 were used as markers of cellular maturation.
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Chapter 5: Discussion

hiPSC-CM are commonly used as an experimental preclinical model for testing drug
cardiotoxicity. However, previously published experimental studies have reported
variable experimental approaches to stimulate and culture hiPSC-CM 1222 Herein, we
demonstrate that the length of cell culture time after defrosting hiPSC-CM can alter both
basal cell electrophysiology and hiPSC-CM responsiveness to drug treatment.
Differences in day-to-day baseline values are especially prominent regarding field
potentials and action potentials. When studying the different responses to drugs based on
the day following defrost, beat rate and FPD were most affected by daily changes.
Further, our study highlights that recordings and pacing parameters cause variability
between baseline values, increasing potential variability between different studies.
Allowing the plate to equilibrate for 20 minutes gives enough time for hiPSC-CM to
reach a steady state, especially for spontaneous beat rate and FPD. Finally, well-to-well
variability is a significant factor in cell EP response which can affect data interpretation.
For example, the outer rows tend to beat faster and have shorter FPD than cells plated on
the inner row wells of the plates. When taking paced field potential measurements from
cell monolayers, the stimulus used to pace can evoke different responses from cells.
Changing current, duration, or voltage of the stimulus can cause significant changes to
one or more electrophysiological parameters within the well, but overall is insignificant
when values are averaged together. These differences can decrease the rigor of studies

and make comparisons between different hiPSC-CM studies difficult to compare.
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While hiPSC-CM are used across many studies for various experimental procedures,
there are apparent differences across study protocols, leading to varying results. For
example, some studies have reported differences among different cell lines, but also
failed to report what days following cell defrost results were collected *2. Other studies
include information about defrost protocols but are not specific about when exactly
following defrost experiments took place. For example, one study reported data from four
different cell lines, including data from iCell Cardiomyocytes?, the same cell line used for
the purpose of this study, but reported taking FP and LEAP measurements one to two
weeks following plating 22. It was reported that baseline FPD measurements ranged from
around 410 to 500ms, a similar range to our FPD reporting from day 7 to 14 following
defrost ?2. The study conducted by Kumar, et al. discussed earlier in this paper reported
similar trends in EP parameters between week one and two following defrost to what we
measured in our study. For example, the beat rate decreased from week one to week two,
while FPD increased 2¢. This is the same trend noted within our results. This emphasizes
the importance of reporting specific days following defrost to be able to compare baseline
values for more rigorous reporting methods.

Similarly, it is important to have a more standardized method for the administration
of drug treatments following defrost to increase experimental reproducibility. One study
which compared commercially available cell lines to in-house matured iPSCs EP
response to E-4031 recorded larger APD80 prolongation in the immature cells compared
to the matured cells, emphasizing the idea that more mature cells have a decreased
response to E-4031 3¢, Another study testing human embryonic pluripotent stem cell

derived cardiomyocytes (hEPSC-CM) performed experiments on day 5 following cell
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defrost. Their baseline beat rate and FPD were similar to what we recorded on day 5
following hiPSC-CM defrost, while spike amplitude was slightly higher than our day 5
average '*. This enforces the idea that different cell lines may still provide similar results
when compared to other cell lines when conducting experimentation on the same day
following defrost. The same study recorded spontaneous FPD measurements similar to
that of ours on days 4 and 7 in response to 100 nM nifedipine. This indicates that this cell
line had similar nifedipine EP response to what we recorded when 100 nM nifedipine was
administered to cells during the first week in culture '*. Another study focusing on using
hiPSC-CM to determine human EP response to recreational drugs used 30 nM nifedipine
and isoproterenol as reference drugs to ensure their methodology was reliable. They
determined cross-lab variability by using the same protocol in two different laboratories,
but still had significant differences between laboratories in both FPDc and spike
amplitude. Their studies were performed day 8 to 10 following defrost, and the exact
days in which measurements were taken could have led to this laboratory variability

4 Differences in triangulation on day 4 and day 10 can also indicate hiPSC-CM are
becoming more mature and stable in culture, as increased triangulation can be used as a
predictor for arrhythmogenesis .

In terms of maturation, MYH6 and MYH?7 trends were similar to those in previous
studies. Kumar et al. saw both MYH6 and MYH?7 increase from the first week in culture
to the second and fourth week in culture 26 and did not see significant increases in MYH6
until week 4 in culture. They similarly saw increased expression of TNNI3 and SCN5SA
in their hiPSC-CM cultured longer as well as in adult heart tissue samples 6. However,

they noted in adult human heart tissue samples expression of SCN5SA was lower than all
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cellular samples 2°. We similarly noted an increase in SCN5A, but in contrast, had no

significant change from day 4.
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Chapter 6: Conclusion

hiPSC-CM remain a useful tool in testing the effects of various oftf-label drugs on
cardiac electrophysiology. However, this study highlights the need for consistent
methodology in this experimental model, as numerous steps can impact the
reproducibility of results. Technical aspects of using hiPSC-CM in conjunction with
MEA, such as equilibration period, location of wells on the plate, and pacing stimulus
parameters can lead to variability across different studies. Daily maturation of hiPSC-CM
in culture should also be considered when designing appropriate studies for future
pediatric clinical work to produce more rigorous and reproducible results in determining

the safety and efficacy of off-label drugs in pediatric populations.
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