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Abstract

In current cell tissue engineering and cardiology,
beating models with behavior and properties similar to
humans are necessary. The cardiac muscle HL-1 cells,
whose genes have a parent with adult atrial myocytes,
serve as a suitable model.
HL-1 cells were seeded on a 120-electrode
microelectrode (MEA) chamber and transient transfection
of Accelerated Sensor of Action Potentials 1 (ASAP1), a
genetically encoded voltage indicator, was performed.
Simultaneous electrical and optical recording of cardiac
cell culture electrical activity was made when the cells
started to produce spontaneous action potentials.
Recording synchronization was made using TTL pulses.
Results showed that HL-1 cells start to produce
asynchronous spontaneous action potentials (-375±10 µV)
when reaching 90% MEA chamber confluency and which
become periodical addition of extracellular calcium
(-501±14 µV, 2.1±1.0 Hz). The ASAP1’s fluorescent
response reached up to 21±5% ΔF/F. The time constant
between detection of electrical and fluorescent response
(τe/o) was determined as 12±5 ms.

1.

Introduction

The beating in vitro models serve as important tools for
understanding propagation of action potentials in the heart
muscle. HL-1 mouse atrial cardiomyocytes [1], which
express genes having a pattern with adult human atrial
myocytes, give important information about the correlation
of biochemical and electrophysiological aspects of the
cardiac cells.
In cell population intracellular dynamic process studies,
modern high throughput tools such as microelectrode arrays
(MEAs) or large field of view (FOV) optical techniques
have been increasingly applied in recent years.
The microelectrode array systems are based on
extracellular recording of voltage fluctuations. The big
advantages of these systems are long-term experiments,
parallel recording from many channels at the same time and
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detection of subthreshold responses as well as trains of
action potentials. Modern MEA setups might have up to
thousands of active electrodes with an active diameter
starting from units of µm. Microelectrode systems are able
to detect subthreshold potential changes as well as single
and multiple action potentials [2,3]. There are some
disadvantages of MEA systems, such as complicated
preparation of MEA chambers or difficult interpretation of
results because of measuring the second signal derivation.
The crucial step in MEA experiments is choosing the design
of substrate-integrated microelectrodes and coating
procedure depending on cell type [4].
Optical techniques for monitoring intracellular ion
exchange or protein dynamics use novel fluorescent voltage
sensitive dyes or genetically encoded voltage indicators
(GEVIs) [5]. GEVIs are promising tools for the tracking of
spatiotemporal electrical activity in single cells and large
tissue cultures. An ideal GEVI must provide fast kinetics,
produce a high fluorescence response and ideally detect
subthreshold membrane voltage changes.
The Accelerated Sensor of Action Potentials 1 (ASAP1)
[6], is one of the latest GEVIs. Having circularly permuted
green fluorescent protein (GFP) allows ASAP1 to track
subthreshold membrane potential changes, single action
potentials and fast trains of action potentials (up to 200 Hz).
ASAP1 has fast kinetics of about 2 ms.
In this work, the unique combination of microelectrode
array and fluorescence techniques was used to study
simultaneous electrical and fluorescence recording of HL-1
cells’ electrical activity in response to extracellular Ca2+
changes. The combination of modern techniques provides
high spatiotemporal resolution thanks to the use of high
sampling frequency (25 kHz) of the MEA system and very
fast kinetics (1–2 ms [6,7]) of ASAP1 sensor.

2.

Materials and methods

2.1.

Cell culture

The cardiac muscle HL-1 cells [1] (Sigma-Aldrich) were
cultured in Claycomb medium (Sigma-Aldrich)
supplemented with 10% FBS (Sigma-Aldrich), 100 U/ml
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Penicillin/Streptomycin (Sigma-Aldrich), 0.1 mM
Norepinephrine (Sigma-Aldrich), and 2 mM L-Glutamine
(Sigma-Aldrich) and passaged twice a week for up to ten
passages according to the manufacturer’s instructions. The
cells were seeded on a microelectrode chamber for 24 hours
before transfection at density 5×104 cells/ml.

culture media. Afterwards, the transfection mixture was
transferred onto the microelectrode chamber and cultured at
37 °C and 5% CO2 until fully confluent (approximately
24–48 hours). Fresh culture media was replaced 8 hours
post-transfection and then every 24 hours.

2.4.
2.2.

Electrical and fluorescence recording

Microelectrode chambers

The
one
hundred
and
twenty
electrode
120MEA100/30iR-ITO-gr microelectrode chambers (Multi
Channel Systems MCS GmbH) with 12×12 electrode
layout (Figure 1) were coated at 37 °C with 5 µg/ml (SigmaAldrich) fibronectin dissolved in 0.02% gelatin from
bovine skin (Sigma-Aldrich) at least one hour before cell
seeding. The MEA chambers were cleaned and sterilized
before use as described earlier [4].

The electrical recording with USB MEA2100-System
from Multi Channel Systems MCS GmbH, which contained
120 recording electrodes, was combined with an
ultrasensitive fast Andor iXon3 860 EMCCD backilluminated camera (experimental design is shown in Figure
2). MEA2100-System was set to record with 25 kHz
sampling frequency and ±10 mV input range with no
electrical stimulation. Video sequence was acquired at the
highest camera sampling ratio. The recording
synchronization between the MEA2100-System and the
Andor iXon3 was made using TTL pulses.

Figure 2: Experimental setup for electrical and optical
recording of HL-1 electrical activity.

Figure 1: The one hundred and twenty electrode MEA
chamber layout (Multi Channel Systems MCS GmbH).
30 µm electrode diameter, 100 µm electrode spacing.

2.3.

Calcium stimulation of HL-1 cells was made by adding
the CaCl2 (Braun) solution. Three final concentrations of
Ca2+ in Claycomb medium (4.5, 9.0 and 22.5 µM) were
studied (Table 1).
At the beginning of each experiment, a 60-second
baseline was recorded to study any HL-1 spontaneous
activity. Thereafter, addition of the desired amount of CaCl2
was followed by 120 seconds of synchronous electrical and
fluorescent recording.

Transfection

The transient transfection [8,9] of HL-1 cells with
ASAP1 DNA plasmid (pcDNA3.1/Puro-CAG-ASAP1,
Addgene, 7.5 kpb) was made using linear
polyethyleneimine (PEI MAX 40K, Polysciences) on cells
cultured for 24 hours on the microelectrode chamber. The
transfection complex was synthetized in 65 μl 150 mM
NaCl. The ASAP1’s plasmid DNA was dissolved in NaCl
at final concentration 2.25 μg∙ml-1 followed by the addition
of PEI at final concentration 6.00 μg∙ml-1. The transfection
mix was then incubated for 10 minutes at room temperature.
The incubation sample was then filled up to 750 µl with

2.5.
Electrical and fluorescence response
analysis
Records were analysed for points of amplitude and
frequency of signals obtained ASAP1’s fluorescence
response. The unique electrical/optical time constant τe/o,
which describes the lag between electrical and fluorescence
response, was defined as well.
Electrical records were analyzed using Multi-Channel
Analyzer (Multi Channel Systems MCS GmbH) software.
For the fluorescent response analysis, Matlab (Mathworks)
software was used. The final time constant analysis was
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performed in Matlab and OriginPro 2016 (OriginLab)
software.

3.

Results and discussion

In this section we present the results of simultaneous
electrical and optical recording of HL-1 cells’ electrical
activity. The 120-electrode TiN microelectrode array
recording was combined with transient polyethyleneimine
transfection of ASAP1 DNA plasmid. The properties of
ASAP1 were confirmed while expressed in HEK293 cells
[6,10] using linear polyethyleneimine transfection.
However, its application is very extensive; it has been
expressed in neural networks [6], or Xenopus laevis
oocytes [5].
The ASAP1 expression was confirmed by fluorescence
microscopy (Figure 3) when HL-1 cells had reached full
confluency. The electrical activity of the cells was studied
by MEA for any detectable electrical response continuously
from transfection in a 12-hour time period.

Figure 4: HL-1 electrical response on a 120MEA100/30iRITO-gr microelectrode chamber recorded by USB
MEA2100-System (Multi Channel Systems MCS GmbH).
The
ASAP1
fluorescent
response
followed
depolarization and produced detectable fluorescent changes
of up to 21±5% ΔF/F (Table 1). The time between detection
of the maximal positive value of action potential and
maximal ASAP1’s fluorescence response defines time
constant τe/o, which had a constant value 12±5 ms during
the analysis.
Table 1. CaCl2 concentration and corresponding HL-1
responses. Results are presented as mean ± SD (n = 50
cells).
CaCl2
concentration
(µM)

HL-1 electrical
response
(µV)

0.0
4.5
9.0
22.5

-375±10
-406±9
-459±13
-501±14

4.

Figure 3: HL-1 cells expressing ASAP1 plasmid (ex. 395
nm / em. 475 nm); nuclei stained with Hoechst 33342
(ex. 350 nm / em. 461 nm).
Analysis of recordings showed that cells start to produce
detectable spontaneous action potentials with no periodicity
when they have reached 90% confluency of the MEA
chamber (Figure 4). These action potentials had -375±10
µV amplitude (n = 50 cells). The electrical activity became
periodical after application of CaCl2 on the fully confluent
MEA chamber. The amplitude of action potentials
decreased to -501±14 µV after application of 22.5 µM
CaCl2.

Normalized
HL-1 fluorescent
response
(%)
21±5
21±5
21±5
21±5

Conclusions

The method for synchronous electrical and optical
recording of HL-1 cell culture activity is presented here.
The microelectrode system, which uses extracellular
recording of membrane potential, was used jointly with
genetically encoded voltage indicator ASAP1. The action
potentials were detected from 90% confluency of a
100/30iR-ITO-gr microelectrode chamber. The amplitude
of perceptible spontaneous action potentials had
-375±10 µV and became periodical after extracellular
application of Ca2+ with amplitude -434±45 µV. When
reaching the final concentration 22.5 µM Ca2+, the APs
frequency reached 2.1±1.0 Hz and amplitude decreased to
-501±14 µV. The ASAP1 produced a fluorescence response
of up to 21±5% ΔF/F, which corresponds to APs
propagation on the cell culture. The time constant between
electrical and optical detection of action potentials was
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determined as 12±5 ms. The main advantage of this study
is a more complex view of HL-1 cell culture electrical
activity.
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