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Abstract 

Studies related to low temperature and their effect on cardiomyocytes are essential as hypothermia—like situations 
have been known to induce arrhythmia or ventricular fibrillation. Till date, several studies have been carried out on 
animals and their electrophysiological responses have been studied in the form of action potential. However, for a 
complete assessment of the effect of low temperature, mechanophysiological changes along with electrophysiologi‑
cal changes need to be investigated, at the tissue level. In this study, the effect of culture temperature on cell growth 
has been studied by measuring the field potential and contractility of human induced pluripotent stem cell‑derived 
cardiomyocytes. This study has the potential to further improve the understanding of low temperature on human 
cells.
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Introduction
Temperature is an important factor for the proper func-
tioning of the cardiac muscle. Low temperatures could 
have extreme effects on the heart, such as prolongation of 
the QT interval and the QRS interval [1]. Effects includ-
ing ventricular fibrillation and arrhythmia could be devel-
oped in the cardiac tissue [2–4]. The QT interval is an 
important parameter to detect arrhythmias, and it’s the 
understanding of its prolongation is essential. The under-
lying ionic mechanisms pertaining to the prolongation of 
the QT interval have been discussed with the measure-
ment of action potential using patch clamp studies [5]. 
Patch clamp involves the electrophysiological study of a 
single cell and its ionic currents. The electrophysiologi-
cal effects of low temperatures at the tissue level are yet 

to be studied. Electrophysiology of the cardiac tissue can 
be studied with the measurement of extracellular action 
potential, also known as field potential. Field potential 
can be measured by culturing cells on microelectrode 
array (MEA) and simultaneously measuring the field 
potential from the MEA. There are several commercially 
available MEAs available to measure the field potential of 
electrogenic cells such as neurons, retinal cells and car-
diomyocytes [6, 7].

On the other hand, the mechanisms pertaining to cal-
cium signaling in the cardiomyocytes at low temperature 
have been studied extensively till date [8–11]. Contrac-
tility studies have also been performed in this regard on 
animals such as rats, rabbits and hedgehogs [12]. How-
ever, it is essential to understand the response of the 
human heart to low temperature in the event of hypo-
thermia. The mechanophysiological and electrophysi-
ological effects of low temperature have not been studied 
still date.
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In this study, the effect of low temperature has been 
studied on human induced pluripotent stem cell—
derived cardiomyocytes (hiPSC-CMs). We have studied 
the electrophysiology as well as contractility of hiPSC-
CMs from the standard temperature of 37 to 28 °C. The 
commercially available system of Axion Biosystems was 
used to perform this study. Electrophysiology was stud-
ied by measuring the field potential and contractility was 
studied by measuring the change in impedance between 
the cells and the electrode.

Materials and methods
Generation of hiPSC‑CMs
hiPSC-CMs (ax2508) purchased from Axol Bioscience 
(UK) were utilized for this study. The cryopreserved car-
diomyocytes were rapidly thawed, then diluted in main-
tenance medium with supplements (Axol Bioscience, 
ax2530-500) and 10 % fetal bovine serum. Before cell 
culture, fibronectin was coated on the Axion Biosystems 
well plates to improve cell adhesion. The cells were cul-
tured on the well plates with a density of 1000 cells/mm2. 
The culture medium was replaced once every 2 days.

Measurement of field potential and contractility
The electrophysiology and mechanophysiology of the 
cells cultured on the Axion Biosystems well plate were 
measured using MEA Maestro (Axion Biosystems, 
USA). The parameters measured and the cells cultured 
on the well plate are shown in Fig.  1. Electrophysiology 
was measured in the form of field potential, and mecha-
nophysiology was measured in the form of contractility. 
Spontaneous beats were recorded in absence of electrical 
stimulation. The data was recorded using the data acqui-
sition software AxIS Navigator that was connected to the 
MEA Maestro. Field potential duration (FPD) was meas-
ured from the negative spike up to the last peak. FPD was 
measured using the Cardiac Analysis Tool software of 
Axion Biosystems. Contractile amplitude was measured 

by measuring the difference between the topmost point 
of contractility and the bottom-most point. Beating dura-
tion was calculated as the time difference between 10% of 
contraction and 90% of relaxation. Sampling rate of the 
system was 12.5 kHz.

To understand the effect of low temperature, field 
potential was measured first at the standard 37  °C fol-
lowed by contractility. Then the system temperature 
was lowered to a temperature of 34 °C. This was done by 
entering the desired temperature in the AxIS Navigator 
software and waiting for the temperature to lower to the 
target temperature. After reaching the target tempera-
ture, the system was observed for an additional 5 min to 
ensure that the temperature remains constant. Thereaf-
ter, field potential was again measured followed by con-
tractility. This process was repeated until 28 °C in steps of 
3 °C. After 28 °C, the temperature was increased to 37 °C 
to understand the recovery of the parameters of field 
potential and contractility. The process flow is shown in 
Fig. 2.

Data analysis and statistical significance
This study was conducted in n = 5 biologically inde-
pendent samples. In each sample, data from one micro-
electrode was selected for analysis. Data are presented as 
mean ± standard error of mean (S.E.M.). All statistical 
analyses were performed using the software GraphPad 
Prism 7. Changes in contractile and electrophysiologi-
cal parameters on lowering temperature were normal-
ized for analyses. Field potential duration (FPD) and 
beating duration have been corrected using Fredericia’s 
formula (corrected duration = absolute duration/(inter-
spike interval)1/3). Statistical significance of data was 
determined with the help of one-way ANOVA followed 
by Tukey’s honest significant difference test, with sig-
nificant differences defined by *p < 0.05, **p < 0.001 and 
***p<0.0001.

Fig. 1 a Field potential duration and field potential amplitude calculation methods from field potential graph and contractile amplitude and 
beating duration calculation methods from contractility graph, b optical image of the distribution of hiPSC‑CMs cultured on the Axion biosystems 
well plate
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Results and discussion
This study was carried out with the objective to under-
stand the effect of low temperatures on cardiomyocytes. 
The system utilized for this purpose, i.e. Axion Biosys-
tems, is high throughput, so that data from multiple sam-
ples could be recorded at the same time. Each well plate 
consists of 16 nos. of electrodes from which field poten-
tial could be measured at the same time. Contractility 
was measured using these electrodes by measuring the 
change in impedance The required temperature and 5 % 
 CO2 could be maintained as desired.

The cardiomyocytes were evenly distributed on all 
the electrodes, as can be seen from Fig. 1c. Cell culture 
density was maintained the same in all the well plates. 
For this experiment, the system temperature was low-
ered up to 28 °C, and then raised back to 37 °C to check 
recovery of electrophysiological and mechanophysi-
ological parameters. Figure  3 shows the representative 
10 s recorded data for field potential and contractility at 
each measured temperature from one electrode. On left 
side are the field potential graphs, while the contractil-
ity graphs are on the right side. It can be seen from field 
potential as well as contractility graphs that the interspike 
interval was slowly increasing with decreasing tempera-
ture. In other words, beat rate of the cells was gradually 
declining. Beat rate rose again at 37  °C, as can be seen 
from Fig. 3i, j. Here, it should be noted that field potential 
and contractility were not measured simultaneously, but 
sequentially.

Figure  4a and b show the overlapped curves of field 
potential and contractility on decreasing the tempera-
ture. Both FPD in Fig. 4a as well as contractility in Fig. 4b 
increase with decreasing temperatures. The amplitude of 
the second peak in field potential is also decreasing. In 

case of contractility, the contractile amplitude is slightly 
decreasing but not decreasing consistently with tempera-
ture. In multiple samples, the amplitude of contractility 
had varied. A more detailed analysis of field potential 
and contractility parameters was carried which is shown 
in Fig. 5. The parameters analyzed in case of field poten-
tial were FPD, FPDc,  Na+ spike amplitude and  Na+ spike 
slope. Using contractility data, the parameters analyzed 
were beating duration, corrected beating duration, con-
tractile amplitude and beating frequency.

FPD gradually increased from 1.81 times of control at 
34  °C to 3.25 times at 28  °C (Fig.  5a). It returned to its 
original value when the temperature was raised back to 
37 °C. FPDc increased to 1.72 times at 28 °C, 2.01 times 
at 31  °C and 2.34 times at 28  °C. The increase in FPD 
and FPDc was statistically significant at all temperatures. 
FPDc returned around the original values 1.19 ± 0.04 
times on raising the temperature. On the other hand, the 
 Na+ spike amplitude and slope increased slightly at 34 °C 
and then started decreasing. The spike amplitude was 
1.20 times the original at 34  °C, 0.70 times at 31  °C and 
0.53 times at 28 °C. Meanwhile, the spike slope at 34 °C 
was higher than control by 1.15 times, 0.73 times lower at 
31 °C and 0.18 times at 28 °C. When the temperature was 
raised back to 37  °C, both these parameters could not 
recover fully to control values. Spike amplitude recovered 
0.53 times while spike slope recovered 0.39 times that of 
control.

In case of the contractility measurements, the beating 
duration increased 1.48 times that of control at 34  °C, 
1.96 times at 31  °C and 2.29 times at 28  °C. The change 
in beating duration at 31 and 28 °C was found to be sta-
tistically significant. The beating duration recovered to 
0.88 ± 0.12 times of control on raising the temperature 

Fig. 2 Process flow followed for this study
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Fig. 3 Field potential (left) and contractility (right) recorded data at the system temperature of a, b 37 °C, c, d 34 °C, e, f 31 °C, g, h 28 °C and i, j 
raised back to 37 °C
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to 37  °C. The corrected beating duration also showed 
increment with decreasing temperature, with 1.42 times 
increase at 34  °C, 1.84 times at 31  °C and 2.42 times at 
28  °C. The corrected beating duration returned to con-
trol values on raising the temperature to 37 °C. Contrary 
to this, the contractile amplitude did not exhibit any spe-
cific trend with respect to temperature. In some samples, 
the amplitude decreased, while in some other samples, it 
remained the same. The beating rate, however, decreased 
consistently on reducing the system temperature. The 
spontaneous beating rate at control was 0.33 ± 0.01 Hz. 
At 34 °C, it went down to 0.28 Hz, 0.27 Hz at 31 °C and 
0.21 Hz at 28 °C. When the temperature was raised back 
to 37  °C, the beating shot up to 0.50 ± 0.07  Hz, which 
was 1.52 times that of control.

The change in electrophysiology and mechanophysiol-
ogy is a result of several changes in ionic activities occur-
ring in the cell at lower temperatures. It has been shown 
that lowering of temperature leads to increase in intracel-
lular calcium [8, 13]. An overload of calcium can lead to 
cardiac dysfunction in an event of hypothermia [8, 12]. In 
addition, other ionic currents like  Ik experience delayed 
activation at low temperatures [5]. The combined effect 
of the increased sarcoplasmic  Ca2+ current and delayed 
 Ik current resulted in a delayed repolarization and, as 
a result, an increase in duration of the field potential 

(Fig. 5a, b). The increase in  Ca2+ intake and release and 
the delayed inactivation of the calcium ion channel con-
tributed to the increase in beating duration (Fig.  5e, f ). 
The spike amplitude and spike duration had decreased, 
that shows that the  Na+ current also decreased with 
decreasing temperature (Fig.  5c, d). The delay in acti-
vation of  Na+ channel led to the increase in interspike 
interval and the resultant decrease in beat rate (Fig. 5h).

Conclusions
In this study, we measured and analyzed the effect of 
low temperature on hiPSC-CMs tissue by measuring 
the field potential for electrophysiology and contractil-
ity for mechanophysiological understanding. Beat rate 
of the cardiac tissue decreased with decreasing tempera-
ture. In case of electrophysiological measurements, the 
increase in  Ca2+ and delayed  K+ current were reflected 
with the prolonged FPD at reduced temperatures. Reduc-
tion in  Na+ current were observed with the reduction in 
spike amplitude and spike slope. Contractility measure-
ments showed an increase in beating duration, as a result 
of increase in  Ca2+ current and delayed inactivation of 
 Ca2+ channel. This study can further help in the under-
standing of low temperature processes in the event of 
hypothermia.

Fig. 4 a Overlapped curves of field potential at different temperatures from 37 to 28 °C, b overlapped curves of contractility at different 
temperatures from 37 to 28 °C
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Fig. 5 Analysis of field potential and contractility parameters with respect to temperature (37 °C, 34 °C, 31 °C, 28 °C and raised back to 37 °C). a 
Normalized FPD, b normalized corrected FPD (FPDc), c normalized spike amplitude, d normalized spike slope, e normalized beating duration, 
f normalized corrected beating duration, g normalized contractile amplitude h beating rate. Corrected duration = measured duration/ (interspike 
interval)(1/3). n = 5 biologically independent samples. Statistical significance of data was determined with the help of one‑way ANOVA followed by 
Tukey’s honest significant difference test, with significant differences defined by *p < 0.05, **p < 0.001 and ***p<0.0001
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