
3) iPSC-CM IN GALACTOSE MEDIUM ARE MORES SENSITIVE TO OXYGEN DEPRIVATION

Grand averages from two experiments where cells were subject to hypoxic conditions. The effect
on twitch duration, time to peak and Rel50 are summarized in Figure 2 (blue and orange bars). As
shown in Figure 2 each experiment consisted of two CardioECR plates containing glucose and
galactose assay medium. After 21 hours exposure plates were incubated in 21% O2 or 1% O2 for 6
hours. Signals were recorded before (black lines) and after (red lines) incubation. Immediately after
the last recording the ATP content of each well was measured. Bars are mean ± SEM. Numbers at
the top of the bars indicate the number of wells included in each grand average and the number of
wells used for ATP measurement. Note that 1) wells incubated galactose medium showed lower
ATP content under normoxic conditions, 2) hypoxia reduced the ATP content of iPSC-CMs
incubated in glucose and galactose medium and, 3) hypoxia obliterated the electrical activity of
iPSC-CMs in galactose but not glucose. Notably after 1% O2 incubation iPSC-CMs in glucose
showed a 21% (p<0.05) reduction in spike rate and a 14-16% reduction of the corrected field
potential duration.
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3 METHODS
We used the xCELLigence RTCA CardioECR instrument (ACEA Biosciences) to record impedance and extracellular field
potentials. SC-CMs (iCell cardiomyocytes2) were from Cellular Dynamics International/FUJIFILM. Twitch activity was recorded
for spontaneously beating cells. Analysis was performed using Matlab, macros written in VBA and the JMP statistical software.
The output of the CardioECR instrument is the Cell Index, a measure of the electrode impedance relative to the background
reading. During the analysis values were transformed to ohms according to Z=CI x 15Ω. Field potential and impedance twitches
in 60 s recordings were detected, time shifted relative to the negative peak of the sodium spike signal (t=0) and averaged
generating a local average per well. Local averages were then used to construct grand averages and shown as mean ± 95%CI.

2 INTRODUCTION
iPSC-CMs are able to maintain anaerobic or aerobic respiration depending on the available carbon substrate (Rana et al. 2011,
Toxicological Sciences 130:117-231).
However it is not clear the extent that these two distinct cellular conditions determine their electrophysiological and contractile
properties.
To investigate this possibility iPSC-CMs were exposed to two defined culture media for 21 hours. One medium designed to
support aerobic respiration contained linoleic-oleic acid and 2.75 mM galactose (galactose medium). A second medium
designed to support both aerobic and anaerobic respiration contained linoleic-oleic acid and 2.75 mM glucose (glucose
medium).
Electrophysiological and contractile properties were gauged using field potential and impedance signals and the results
compared with the total ATP content per well.
Experiments were designed to investigate whether the distinct carbon sources 1) affect the major electrophysiological and
contractile parameters and whether those changes parallel changes in ATP content, 2) condition the response of iPSC-CMs to
hypoxia and 3) affect cellular viability, shape and/or attachment parameterized by the Cell index.
Here we show that 1) glucose and galactose assay mediums determine distinct impedance twitch properties and have minimal
effects on cellular excitability, 2) iPSC-CMs in galactose medium are more sensitive to oxygen deprivation and 3) the Cell Index
is significantly reduced in galactose assay medium.
The parallel changes in twitch contraction and cellular ATP need to be considered with caution because of possible changes in
the cellular oxidative environment and intracellular pH.

1 ABSTRACT
Depending on the carbon substrate induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) are capable of generating
ATP by glycolysis and/or oxidative phosphorylation. Here we investigated 1) whether changes in cellular ATP content are
paralleled by electrophysiological and contractile changes measured using the xCELLigence RTCA CardioECR instrument and
2) the extent these properties are affected by hypoxia. Cardiomyocytes were exposed to culture mediums containing linoleic-
oleic acid and either 2.75 mM galactose (galactose medium) to support the aerobic respiration or 2.75 mM glucose (glucose
medium) to support both aerobic and anaerobic respiration. Hypoxic conditions were achieved using a hypoxic chamber from
Billups-Rothenberg and ATP content/well was measured using a luminescence assay (Promega).
The data indicates that:1) Under normoxic conditions cardiomyocytes incubated in galactose medium showed an average 25%
lower ATP content per well compared to glucose exposed wells. Changes in ATP were paralleled by a 9% significant reduction in
the cell index suggesting cell shape rearrangement or decreased cell viability and a significant 9% shortening of the twitch
duration. No significant differences in excitability (sodium spike amplitude, field potential duration and beat rate) were observed
between glucose and galactose incubated cells. 2) Under hypoxic conditions (6 hours at 1% O2), wells containing galactose
medium showed a 25% lower ATP content/well than wells containing glucose medium (Exp 1: 19%, n>15, p<0.05, Exp 2: 31%,
n>10, p<0.05). Electrical and contractile activity was completely obliterated in galactose wells exposed to hypoxic conditions
whereas cells in glucose medium showed robust activity. The data is consistent with results in isolated hearts where the
presence of glucose reduces the deleterious effects of hypoxia.
The evidence indicates that significant changes in cellular ATP content can be reached using defined culture conditions and that
those changes are paralleled by a decrease in twitch duration. Notably, effects on electrical excitability were minimal. These
experiments represent a basis for development of an iPSC-CM in vitro ischemia-reperfusion model.

4 RESULTS
1) TWITCH DURATION IS SHORTER IN GALACTOSE MEDIUM

Comparison of field potential and impedance twitch grand averages recorded after 21 hour
exposure to glucose (black lines) and galactose (red lines) assay culture media. Grand
averages (mean ± 95%CI ) were built using local field potential or local impedance twitch
averages. A local average is the average of all field potentials or impedance twitches
detected in 60 s recordings in a single well. Numbers in D indicate the number of local
averages (wells) used in each pair of glucose-galactose grand averages. A) Sodium
spikes, B) T-waves, C) Impedance twitches and D) expanded time scale of the beginning
of the twitch. Note that the most conspicuous difference is in the impedance twitch duration
whereas no obvious difference was observed in the shapes of the sodium spikes or T-
waveforms. No significant differences or consistent changes in Sodium spike amplitude,
Spike rate, Field potential duration or Bazett’s corrected field potential durations were
observed during the first 21 hours exposure to the AM (not shown).

2) TWITCH SHORTENING IN GALACTOSE IS DUE TO A DECREASE IN THE TWITCH TIME 
TO PEAK AND REL50

Time course of the changes in Twitch duration, Time to Peak and 50% relaxation from three
experiments. MM, AM-6h and AM-21h indicate the parameters measured at day seven in
maintenance medium and after 6, 21 and 27 hours exposure to glucose or galactose assay culture
medium. Recordings in AM-27h were done after incubation in the indicated conditions. Bars are
mean ± SEM. Asterisks indicate that differences between parameters in glucose and galactose are
statically significant (p<0.05). Note that 1) In general the basal conditions for all the parameters
are comparable, 2) Statistically significant changes occur after 6 hour exposure and 3) Twitch
duration shortening is due to a decrease in the time to peak and an increase in relaxation. No
consistent difference in twitch amplitude was observed after 21 hour exposure (See figure 1C)
although 5 out of 6 plates showed a decreased twitch amplitudes at AM-6h (not shown).

4) iPSC-CM VIABILITY, SHAPE  AND/OR ATTACHMENT AS PARAMETERIZED BY THE CELL 
INDEX IS MODULATED BY THE CARBON SOURCE

The figure shows that after 21 hours exposure wells in galactose medium showed smaller Cell
Index values (average -9.1±1.8 % (p<0.05) n=6). Note that hypoxia reduced the Cell Index in both
glucose and galactose medium with the change being more marked in galactose. No significant
correlation between ATP levels and cell index were observed in glucose or galactose medium in
experiment 2. A significant functional relationship was observed in galactose under normoxic
(slope p=0.034) and hypoxic (slope p=0.027) conditions in experiment 3.
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5 CONCLUSIONS
1) Culture medium containing carbon sources that favor only aerobic respiration is associated with

a reduced impedance twitch duration and Cell Index. These changes were associated with
reduced cellular ATP content.

2) Hypoxia obliterated the electrical activity and decreased the Cell Index of iPSC-CMs in
galactose assay medium consistent with the notion that the main source of ATP was due to
oxidative phosphorylation.

3) The parallel changes in Cell index and ATP in galactose are consistent with a decrease in the
number of cells attached to the impedance electrode.

Three experiments were performed in different days. In each experiment iCell cardiomyocytes2 were seeded at 50,000 cells/
well in two CardioECR plates and allowed to attach and spread during the following seven days in maintenance culture medium
(MM). At day seven the MM of half of the wells in each plate was replaced by the glucose or galactose assay mediums (AM)
containing DMEM, creatine 5 mM, GlutaMax 1x, HEPES 10 mM, L-carnitine 2 mM, Non-essential aminoacids 1x, Na-pyruvate
1x, taurine 5 mM, linoleic-oleic acid x 1 and glucose 2.75 mM or galactose 2.75 mM respectively.
Field potential and impedance signals were recorded at time 0 and after 6 and 21
hours exposure. In two experiments where cells were exposed to either 21% O2
or 1% O2 for 6 hours, plates were placed in Modular Incubator Chambers (MIC-
101, Billups-Rothenberg, Del Mar, CA, see figure) and flushed with gas mix until
a stable reading in the Dual Flow Meter (DFM 3002) of the desired O2
concentration was obtained. The total ATP per well was measured using the
CellTiter-Glo® luminescence cell viability assay (Promega) and converted to
pmol/well based on an ATP calibration curve spanning 0.1 to 10 µM.


