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Abstract

Extracellular recordings of spontaneous electrical
activity in contracting cardiac clusters differentiated
from murine embryonic stem cells enable to study
electrophysiological features of this in-vitro cardiac-
like tissue as well as effects of pharmacological com-
pounds on its chronotropy and electrical conduction.
To test if the microelectrode array (MEA) system could
serve as a basis for development of a pharmacologi-
cal screening tool for cardioactive drugs, we used
spontaneously beating outgrowths of three-dimen-
sional ES cell aggregates (“embryoid bodies”, EBs)
plated onto substrate-integrated MEAs. The effects
of the L-type Ca?" channel antagonist verapamil and
Na* and K* channel blockers (tetrodotoxin,
4-aminopyridine, and sparfloxacin) on the deduced
interrelated cardiac network function were investi-

gated. Application of 10-° M verapamil led to arrhyth-
mic spiking with a burst-like pattern; at a higher con-
centration (10-% M) the drug caused a sustained nega-
tive chronotropy up to complete stop of beating. In
the presence of tetrodotoxin a conduction block was
observed. Since modulation of K* channel activity can
cause anti- or proarrhythmic effects, the influence of
K* channel blockers, namely 4-aminopyridine and
sparfloxacin, was investigated. 4-aminopyridine (2x
103M) significantly stabilized beating frequency, while
the field potential duration (FPD) was concentration-
dependently prolonged up to 2.7-fold. Sparfloxacin
(3x10® M) stabilized the beating frequency as well. At
a higher concentration of sparfloxacin (3x10° M), a
significant prolongation of the spike duration was reg-
istered; application of the drug caused also early
afterdepolarizations. The results demonstrate a suit-
ability of the studied in-vitro cardiac cell model for
pharmacological drug testing in cardiovascular

research.
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Introduction

Drug-induced modulation of ion channel activities
leading to anti- or pro-arrhythmic effects in cardiac tis-
sue is important for safety in pharmacology. We used
embryonic stem (ES) cell-derived cardiac clusters as an
in-vitro model to study the modulatory effect of
cardioactive drugs on chronotropy and action potential
(AP) conduction. ES cells are derived from the inner cell
mass of the mammalian blastocyst. These cells are im-
mortal, pluripotent and can differentiate within aggregates
(“embryoid bodies”, EBs) into derivatives of all 3 pri-
mary germ layers, including cardiomyocytes which form
spontaneously beating clusters [1]. During the in-vitro
differentiation, cardiac-specific genes coding for proteins,
e.g. receptors and ion channels (among them, sarcolem-
mal L- and T-type Ca*" channels, Na" and K* channels)
are expressed in a developmental continuum that closely
recapitulates the developmental morphological and bio-
chemical pattern from early (cardiac precursor cells) to
terminally differentiated cells in-vivo (e.g., atrial-like,
ventricular-like, sinus nodal-like, and Purkinje-like cells).
Also the developmental succession of electrophysiological
properties of EBs matches the sequence of
electrophysiological changes described for the embryonic
heart. Therefore, beating cardiomyocyte clusters within
EBs could potentially serve as a feasible model for test-
ing cardioactive drugs. However, up to date, the cardiac
excitation process in terms of its physiological features,
as well as drug responses within the beating multicellular
aggregates have not yet been characterized in detail. For
this reason, it would be important to develop a high spa-
tial and temporal resolution tool for drug screening. It
could be developed on the basis of the microelectrode
array (MEA) system, which allows recording of field
potentials (FPs) with the help of multiple electrodes [2].
As a first approach to evaluate the applicability of this
system for pharmacological screening, we analysed in
the present study spontaneous action potential (AP) gen-
eration and propagation by means of extracellular FPs
and their pharmacological modification in ES cell-derived
cardiac clusters. MEAs represent a novel tool for func-
tional analysis of cell-cell interactions in electrogenic tis-
sues, enabling to detect the origin, direction and propaga-
tion velocity of the excitation spread in the clusters of ES
cell-derived cardiomyocytes [2-5]. Selection of cardiac
clusters of different microarchitectures allows to study
even their conduction properties similar to the atrio-ven-
tricular (AV) conduction in the native heart tissue [6].

Fig. 1. EB plated onto a MEA. A: Freshly plated EB (after five
days in suspension). B: The same EB three days after plating.

Materials and Methods

ES cell cultivation into

cardiomyocytes

Mouse ES cells of the line D3 [7] were cultivated on a
feeder layer of mouse embryonic fibroblasts in the high glu-
cose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 15% fetal bovine serum (FBS), 1% minimal essen-
tial medium (MEM), 2 mM glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin (all from Invitrogen, Eggenstein, Germany),
0.05 mM B-mercaptoethanol (Serva, Heidelberg, Germany), and
1000 U/ml leukaemia inhibitory factor (LIF) (Invitrogen). EBs
were produced with the hanging drop method as previously
described [8, 9]. Briefly, the ES cells were cultivated in hanging

and differentiation
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Fig. 2. FP recordings from a cardiomyocyte cluster within an EB plated onto a MEA. A: Elongated beating cell cluster at day 6
after plating the EB. Direction of contraction spread (microscopic observation) is shown by arrows; recording electrodes are
marked by circles. B: Synchronous recordings from electrodes labeled in (A). The sequential increase of delay between spikes
registered at electrodes 45, 56, and 87 versus electrode 34 (see positions of the negative peaks in respect to the dotted line)
confirms the direction of the excitation wave indicated by arrows in (A).

drops (approximately 500 cells per 20 pl medium) for 2 days and
then maintained as EBs in suspension for 5 days. Beginning
from the hanging drop step, the culture medium (without LIF)
containing 20% FBS was used. After 5 days in suspension, the
EBs were plated onto the MEA dishes with DMEM for extra-
cellular recordings.

Extracellular field potential recordings

The electrode matrix of the MEAs consisted of 60 TiN-
coated gold electrodes with a diameter of 30 um, arranged in
eight columns and eight rows with a distance of 200 pm between
adjacent electrodes [10]. EBs were fixed in the center of the
MEAs with the aid of a gelatine drop measuring 200-300 um in
diameter (Fig. 1A). A gelatine ,,ring“ placed around the electrode
field, close to the electrodes, allowed a good tissue attachment
after EB spreading on the MEAs. Long-term recordings and
frequency and latency analysis were performed as previously
described [6]. Briefly, continuous voltage signals were recorded
on a 60-channel amplifier (Multichannel Systems, Reutlingen,
Germany) and fed to threshold discriminators which delivered
a single event for each spike. For low resolution during long-
time recordings, both the continuous data and the event data
were stored on computer using a CED1401 interface (Cambridge
Electronic Design, Cambridge, UK) with SPIKE2 Software (CED).
The sampling rate was 200-500 Hz and band-pass filters were
set to 0.5-30 Hz. For on-line control, the analogue FP data as

well as the frequency of beating, based on triggered events,
were continuously displayed. For off-line analysis, the data
were semi-automatically processed in SPIKE2 using our own
macro scripts [6]. The origin, direction and velocity of AP
propagation were estimated on the basis of latencies between
electrical spikes at neighboring electrodes. For this purpose,
the data were ridded of trigger errors: new event channels were
created taking the minimum of a spike as the event time.
Frequency and latency distributions were calculated for 250
events; distributions of the spike duration measured from the
minimum of the FP (FP ) to the maxium of the first positive
deflection (FP__) were calculated for 50 spikes. For high-
resolution recordings of electrical signals in order to investigate
the spike morphology, data were sampled at 2.0-5.0 kHz and
analyzed using the MEA tools [11] programmed in MATLAB
(The Mathworks, USA). All electrical recordings were combined
with microscopic observations.

Cardioactive substances

Verapamil, 4-aminopyridine, and sparfloxacin were
obtained from Knoll AG (Ludwigshafen, Germany). Tetrodotoxin
(TTX) was purchased from Sigma-Aldrich (Muenchen,
Germany).

The substances were pipetted into the medium and the
MEA dish was gently swirled for approximately 5 sec before
measurements were performed.

Effects of Cardioactive Drugs on ES Cell-Derived Cardiomyocytes
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Fig. 3. Effect of verapamil on FP frequency. A: Long-term original trace of instantaneous beating frequency. Interruptions in the
trace are due to switches to the high resolution registration system (see “Materials and Methods”). B, left panel: Regular spiking
under control conditions. B, right panel: Irregular spiking after 15 min of incubation with 10°M verapamil, displaying a burst-like
rhythm. Application of 10° M verapamil caused a decrease of the pacemaker activity until beating stopped completely (see (A)).
The FP pattern and frequency of beating were homogeneously distributed throughout the whole contracting cluster.

Results

Cardiac differentiation in plated EBs

In outgrowing EBs plated on the MEAs (Fig. 1) we
observed the earliest onset of beating 3-4 days after
plating (7+3d to 7+4d), in accordance with previously
reported data [6, 12]. Stable recordings from the
contracting clusters were achievable up to day 8 after
plating. The mean beating frequency was in the range of
0.5 to 5.0 Hz as also reported previously by our group
[6]. In the course of differentiation, 1 to 3 beating areas

of various microarchitectures typically appeared within
individual EBs. We observed compact contracting clusters
as well as more complex structures containing conductive
narrow tissue strands. As an example, an elongated
beating cell cluster is shown in Figure 2. Owing to a
relatively slow excitation spread, propagation of
contractions within the cluster could be clearly observed
under microscope. Direction of the AP propagation,
estimated upon FP recordings, was in agreement with
the microscopic observations.

The huge variety in the microarchitecture of beating
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Fig. 4. Effect of TTX on
AP generation and propa- A
gation. A: Cluster of cardiac
cells within an EB, con-
taining large contracting
areas connected via narrow
tissue strands. Arrows
indicate the direction of the
AP  propagation. B:
Synchronous recordings
from electrodes 55, 56, 65,
66, 67, and 77 of the MEA
preparation shown in (A)
after application of TTX.
Arrows indicate AP
propagation failures. Under
control conditions without
TTX application no AP
propagation failures were
registered (data  not B
shown). C: Slowing of the
fast FP component after

TTX application. The FP ESS

shape at one of the

recording electrodes is E56

shown for an experiment in

which no conduction v v v
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areas allowed us to choose suitable EBs, depending on
the experimental aim.

Effects of the Ca’* channel antagonist verapamil

on AP generation and propagation

Based on the relative specificity of the L-type Ca?*
channel antagonist verapamil to block conduction,
especially in sinus nodal-like cells, we used verapamil for
measurements of the spiking rhythmicity and electrical
propagation.

We recorded electrical activity of beating clusters
in EBs (n=3) without discontinuities in the conductive

tissue. In two EBs, the cardiomyocyte clusters displayed
a stable beating frequency at all recording electrodes. In
the experiment presented in Figure 3, the beating
frequency was about 1.2 Hz. Application of verapamil at
a concentration of 10* M caused arrhythmic spiking of a
burst pattern with a frequency spectrum of 0.5-1.2 Hz
throughout the whole beating area (shown in Fig. 3 for
one representative electrode). In another experiment,
where the control beating frequency was non-patterned
variable (1.0-1.8 Hz), the same verapamil concentration
also led to burst-like spiking, but at a lower frequency
(0.4-1.0 Hz) (data not shown). Localization of a
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pacemaker area and latency analysis confirmed absence
of AP propagation failures in all EBs analyzed, suggesting
an arrhythmic AP generation by the pacemakers. In line
with the negative chronotropic and pro-arrhythmic effects
known for verapamil from clinical reports [13, 14], a

sustained negative chronotropy under 10> M verapamil
until beating stopped completely after 12 to 15 min of
incubation was observed in our experiments (exemplified
in Fig. 3A).

218 Cell Physiol Biochem 2007;19:213-224

Reppel/Igelmund/Egert/Juchelka/Hescheler/Drobinskaya



Fig. 6. Beating pattern
in a cardiomyocyte A N
cluster with multiple L 7
pacemakers. A, top S §
panel: Irregular beating w g 101
frequency displaying a 8 o2 . . . . :
burst-like rhythm 0
pattern. The frequency 8 % O T
pattern shown for the ' 2 000
S S i ce e hee s e e
electrode 34 was the 8 2 001 . . . . . : :
same at all recordings - 0 5 10 15 20 25 30 35 40
electrodes. A, bottom
panel: Alternation of B
latencies between the 400 -
: . > | 1 1
neighboring electrodes S = 0
E34 and E35, reflecting w8 400 - ‘ ‘ ' ’ ’
the switch between two -800 - T T T , . . .
different pacemakers . 400 A
underlying the FPs 0 >5 0 4 | M }
shown as original traces W o -400 1 ' \ ‘
in (B) and (C). The H o800 . . . . — :
panels in (C) show in 0 5 10 /1/5 / \\20 257\ 30 35 40
higl’le.r time resolu_tion // time [s] N
individual spikes pZ | \ N
originating from the C - | \ N\
alternative pacemakers. - I ) N
The  dotted lines
indicate time periods in E34
(B) during which spikes ) o . T
f the respective type spikes originating spikes originating
0 ” p yp from the “slow” from the “rapid”
were registered. pacemaker pacemaker
ij\/\ E35 \/\/w

: \—

o

o

o

©

100 ms

Effects of the Na* channel blocker tetrodotoxin

Since the sodium inward current (I ) is the main
current underlying the fast impulse propagation in
myocardium and the His-Purkinje system, we studied
effects of TTX on spontaneous AP frequency and
conduction (n=4). In a cardiomyocyte cluster containing
multiple narrow tissue strands (Fig. 4A) TTX caused a
concentration-dependent intermittent AP propagation
block. The maximal percentage of non-propagated APs
accounted to approximately 25% at TTX concentrations
> 107 M (Fig. 4B). Beating frequency of the pacemaking

area localized in the vicinity of the electrodes, showing
the earliest onset of the APs, remained unchanged. In
the other three EBs, in which microarchitecture
discontinuities in beating areas could not be found, no
failure in electrical impulse propagation was registered
(data not shown). In none of the contracting cell clusters
investigated TTX had a noticeable effect on beating
frequency. In line with the effect of the drug in native
embryonic cardiomyocytes [3, 15], inhibition of the first
(fast) component of FPs after application of 10° M TTX
was observed (Fig. 4C).
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Fig. 7. Effect of spar-
floxacin: stabilization
of beating frequency.
Data are derived
from the preparation
shown in Figure 6.
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interruptions in the
trace (A) see Figure 3.
Distribution of frequ-
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of latency between
electrodes E34 and 35
under control condi-
tions (B: b, c, see also
Fig. 6) and in the
presence of sparflo-
xacin (B: e, f, h, 1). The
data indicate that the
time-dependent de-
crease in the spike
portion originating
from the ,,rapid* pace-
maker during ongoing
drug application led to
stabilization of the
beating frequency.
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Blocking of HERG channels by K* channel inhibitors
serves as a basis for treatment of arrhythmias [16].
However, in addition to their beneficial effect, they can

substantially lengthen cardiac repolarization, potentially
leading to life-threatening arrhythmias, e.g. torsades de
pointes and ventricular tachycardia (VT). To assess the
effect of K* channel blockers in our in-vitro system, we
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studied the effect of the unspecific K* channel blocker
4-aminopyridine (4-AP) [17] first. To test whether
blockage of K* channels affects beating frequency in our
experimental model, 4-AP was applied to four EBs. In
the EBs displaying arrhythmia under control conditions
(n=3), 4x10* M 4-AP stabilized the spiking frequency.
As exemplarily shown in Figure 5, a control frequency of
1.8 Hz to 6 Hz was registered; its value was stabilized at
2.2-2.5 Hz after application of 4-AP (A, B (left panels)).
In the other EB, which displayed rhythmic beating under
control conditions, no effects of 4-AP on the beating
frequency were noticed (data not shown). In line with
previously described effects of K* channel blockers on

AP duration, spike duration in all above-mentioned
experiments was concentration-dependently prolonged (in
the EB exemplified up to 2.7-fold, i.e. from approximately
60-70 ms to 152-180 ms, see Figure 5B, right panels, C).
In all EBs examined, the spiking pattern was the same at
all recording electrodes.

Additionally, we used the HERG channel antagonist
sparfloxacin [18], which has been reported to cause
conduction blocks or arrhythmia-like ventricular fibrillation
[19]. Sparfloxacin (3x10° M) was applied to EBs (n=2)
displaying a burst-like beating behavior under control
conditions, underlined by the activity of two alternative
pacemakers. In the experiment shown in Figures 6 and

Effects of Cardioactive Drugs on ES Cell-Derived Cardiomyocytes
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7, the range of the bursting frequency under control
conditions was 0.4-1.8 Hz. During application of 3x10¢
M sparfloxacin the spiking frequency was gradually
stabilized and reached the value of approximately 0.9-
1.2 Hz at the steady-state (Fig. 7). Latency and frequency
analysis revealed that this effect correlated with reduction
of the pacemaker activity controlling the rapid burst phase.
Similar to the 4-AP action, sparfloxacin caused a
significant prolongation of the spike duration (Fig.8A, B,
exemplified for one of the EBs). Moreover, after about
12 min of incubation in the presence of 10 M
sparfloxacin, a spike shape deformation indicating early
afterdepolarization (EAD) appeared in 70% of spikes
(Fig. 8C). In the other EB the drug caused a very similar
effect with the only difference that the EAD was visible
already under 3x10- M sparfloxacin (data not shown).
Our data are in line with the known side effect of
sparfloxacin, i.e. prolongation of the electrocardiographic
QT interval [20] and the finding that sparfloxacin
lengthens the AP duration and provokes EADs in rabbit
Purkinje fibers [21].

Discussion

The in-vitro model of ES cell-derived cardiac tis-
sue in combination with the high-resolution MEA map-
ping technique can serve as a cost-effective screening
tool for drug effects and safety in pharmacology. The
present study aimed to get an impression of the suitability
of this tool in respect to evaluation of basic
electrophysiological features as chronotropy, arrhythmia,
and conduction in the presence of cardioactive substances.
In our study we demonstrate that in line with clinical ob-
servations murine ES cell-derived cardiomyocyte clus-
ters display typical modifications of excitability and con-
duction under drug application. We show that the MEA
system can be successfully used for detection of anti-
and pro-arrhythmic effects of pharmacological substances
and their action on conduction characteristics of the ex-
citable tissue. Our data demonstrate that the cardiac-like
tissue in EBs displays profound electrophysiological fea-
tures similar to those of primary cultures of murine em-
bryonic cardiomyocytes [12, 15]. This is in accordance
with the evidence that the same mechanisms generate
the APs and that the same ionic currents may underlie
the integrated electrophysiological properties in these two
systems [12]. We have shown earlier a linear correlation
between the extracellular spike duration and AP duration
simultaneously measured in contracting ES cell-derived

cardiac clusters [15]. Moreover, the first, fast occurring
negative deflection of the FPs has been demonstrated to
represent the activity of the Na* channels (unpublished
data), whereas the second, slow FP deflection reflects
the plateau phase of the APs [15], which is maintained
by the activity of the L-type Ca?" channels [22, 23]. Thus,
owing to its high temporal and spatial resolution, the MEA-
system enables investigation of the FP morphology in a
close relation to the cardiac APs, e.g. characteristics of
the repolarisation phase.

Different ion channels are of high clinical relevance
in respect to anti- and pro-arrhythmic effects of
cardioactive drugs. Some blockers of the ion channels,
such as verapamil, are used in in-vitro studies, in which
they exert typical primary and side effects known from
clinical observations. Verapamil is used clinically to treat
supraventricular (SV) arrhythmias involving transmission
in the AV node, because of its slowing effect on a fast
ventricular rate associated with atrial fibrillation [24].
However, it has been suggested that verapamil can
promote adverse cardiovascular effects, especially in
coronary heart disease and in the failing heart, probably
due to its pro-ischemic, negative inotropic and pro-
arrhythmic effects [25, 26]. Moreover, excessive
concentrations of verapamil may cause sinoatrial (SA)
nodal asystole and varying degrees of AV blocks [27]. In
line with these side effects we could demonstrate
arrhythmic beating of cardiac clusters within EBs in the
presence of this drug, up to the complete excitation block.
These observations are in accordance with previous data
from our group which showed that propagation blocks
could be induced in regularly spiking EBs after application
of the Ca?" channel antagonist nimodipine [6].

The sodium inward current (L) is the main current
underlying the fast impulse propagation in the heart. It
was shown that application of TTX results in prolongation
of cardiac conduction time [28, 29]. Applying TTX, we
observed intermittent AP propagation blocks in a complex
cardiac cluster containing narrow tissue strands. However,
we did not register failures in electrical impulse
propagation in clusters without tissue discontinuities. In
contrast to the Ca?" channel blockers, TTX had no effect
on the beating frequency, suggesting that this drug did
not influence the pacemaker activity. Importantly, we
registered a reduction of the fast components of the spikes
after TTX application. This is in line with previous MEA
recordings from our group (Zhongju Lu and co-workers,
unpublished data) in native murine embryonic hearts.

The blocker of I channels, 4-AP, is capable to
abolish ventricular flutter [30]. On the other hand, 4-AP
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has previously been demonstrated to prolong the AP
duration in normal and diseased hearts [31], hereby
potentially exerting pro-arrhythmic effects, such as
induction of VTs [30, 32]. Accordingly, in our experiments,
4-AP prolonged the FP duration. Also sparfloxacin has
been reported to be occasionally pro-arrhythmic, due to
increase of the QT interval [33]. In line with the latter,
we observed a prolongation of the spike duration and
sparfloxacin-induced EADs, presumably due to its
blocking effect on HERG channels.

Taken together, our data demonstrate that
electrophysiological properties and drug responses of the
ES cell-derived cardiac tissue match clinical observations
of anti- and pro-arrhythmic effects of the drugs known
to influence excitation/transmission in the heart in-vivo.

We suggest that the in-vitro model investigated in this
study could serve as a basis for a future high-throughput
screening of cardioactive drugs and their potential side
effects, i.e. conduction failures, induction of EADs and
arrhythmias.
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