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Abstract

Engineered heart tissue (EHT) from rat cells is a useful tool to study ventricular biology and cardiac drug safety. Since atrial
and ventricular cells differ significantly, EHT and other 3D cell culture formats generated from ventricular cells have been
of limited value to study atrial biology. To date, reliable in vitro models that reflect atrial physiology are lacking. Therefore,
we established a novel EHT model using rat atrial cells (atrial EHT, aEHT) to assess atrial physiology, contractility and drug
response. The tissue constructs were characterized with regard to gene expression, histology, electrophysiology, and the
response to atrial-specific drugs. We observed typical functional properties of atrial tissue in our model such as more regular
spontaneous beating with lower force, shorter action potential duration, and faster contraction and relaxation compared to
ventricular EHT (vVEHT). The expression of atrial-specific genes and proteins was high, whereas ventricle-specific transcripts
were virtually absent. The atrial-selective drug carbachol had a strong negative inotropic and chronotropic effect on aEHT
only. Taken together, the results demonstrate the feasibility of aEHT as a novel atrial 3D model and as a benchmark for tissue
engineering with human induced pluripotent stem cell-derived atrial-like cardiomyocytes. Atrial EHT faithfully recapitulates
atrial physiology and shall be useful to study atrial molecular physiology in health and disease as well as drug response.
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Introduction

Cardiovascular disease (CVD) represents the leading cause

of death worldwide. One common CVD is atrial fibrillation

Julia Krause and Alexandra Loser contributed equally. (AF), the most frequent sustained rhythm disorder [31]. AF
is often asymptomatic but is associated with increased risk
of stroke and heart failure [28]. The mechanisms underly-
ing AF are still incompletely understood and include a wide
range of concepts from ion channel modulation, inflamma-
D4 Justus Stenzig tion, and atrial fibrosis to deregulation of cardiac devel-
jstenzig@uke.de opmental pathways [2, 36]. The rising incidence of AF
with age and the aging population leads to an increasing
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reproducibility as 2D cell culture. At the same time, they
mimic part of the multicellular architecture of the native
heart and importantly allow for contractility analysis [39].
Numerous studies demonstrated that engineered heart tis-
sue (EHT) from rat cells can be successfully used as a tool
to study ventricular biology and as a screening platform
for cardiac drug safety [8, 10, 13, 17, 39]. Screening for
cardiotoxicity, in particular, is often restricted in animal
models. Novel drugs and broader concentration ranges of
potentially toxic substances can be systematically assessed
without ethical concerns in rat EHT.

However, ventricular EHT (VEHT) does not reflect the
complexity of the heart in terms of the atrial and ventricu-
lar cardiomyocyte phenotype. The striking functional and
molecular differences between atrial and ventricular car-
diomyocytes emphasize the need for atrial in vitro models
[3, 27].

Therefore, we set out to establish and characterize a 3D
model using rat atrial cells. We analyzed our model with
regard to gene expression, histology, contractility, elec-
trophysiology, and drug response (Fig. 1). Results were
directly compared to parallel experiments with vVEHT and
to atrial and ventricular heart muscle preparations from
adult rats.

Preparation of
atrium and ventricle

——

Materials and methods

Generation of aEHT and vEHT (find a detailed
protocol in the supplement)

All animal work was conducted in accordance with the
Guide for the Care and Use of Laboratory Animals as
adopted by the United States National Institutes of Health
(NIH publication no. 85-23, revised 1996) and was approved
by the local Animal Welfare Committee of the City of Ham-
burg, Germany (approval #08/14). Ventricular EHT was
prepared according to previously described protocols in a
24-well cell culture format [13]. Atrial EHT was prepared
in a similar way. A detailed step-by-step protocol can be
found in the supplement. In brief, the atria and ventricles
from neonatal Wistar rats (postnatal day 0-3) were mechani-
cally separated at the valve plane and separately exposed to
repeated DNAse and trypsin digestion. For preparation of
a single EHT, 625,000 atrial or ventricular heart cells were
mixed with fibrinogen, thrombin and DMEM. The mix was
pipetted into an agarose casting mold between the two flex-
ible silicone posts of a silicone rack, on which up to four
EHTs were cultured simultaneously. After a 1.5 h incuba-
tion time, during which the fibrinogen solidified to form
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Fig. 1 Experimental outline. We have established a novel EHT model using rat atrial cells. Both aEHT and already established VEHT were
characterized with regard to contractility, gene expression, histology, cell composition, electrophysiology, and the response to atrial-acting drugs
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the extracellular matrix, the EHTs were transferred to a cell
culture dish containing EHT medium (DMEM, 10% horse
serum inactivated, 1% penicillin/streptomycin, 10 pg/mL
insulin, 33 pg/mL aprotinin). The EHTs were cultured in a
37 °C, 7% CO,, and 40% O, humidified cell culture incuba-
tor. Medium change was performed three times per week.
The EHTs were treated with 25 uM of the mitosis inhibitor
1-beta-p-arabinofuranosylcytosine (AraC) either once after
casting for 48 h or once per week.

Video-optical recordings

Analysis of contractile parameters was performed as
described before [13]. In brief, the 24-well cell culture plates
containing the EHTs were transferred to a custom-designed
glass roof-incubator with controlled atmosphere, tempera-
ture, and humidity, which was coupled to a three-dimen-
sionally movable camera and pattern recognition software.
Deflection of the posts by the EHTs was optically recorded
and used to calculate the contractile parameters with a cus-
tomized software (CTMYV, Pforzheim, Germany).

Electrical pacing

Short-term pacing of EHTs under video-optical recording
was performed as described before [16] with custom-made
graphite-based pacing units onto which the EHT racks were
mounted. Biphasic pacing pulses of 4 ms were applied
(Grass S88X Dual Output Square stimulator, Natus Neurol-
ogy Incorporated) at 2 V.

Analysis of contractile force in primary rat tissue

Contraction measurements in primary rat tissues were per-
formed as described before [5]. In short, spontaneously
beating left atria and left ventricular papillary muscles were
isolated from 10 to 12 weeks old male Wistar rats and trans-
ferred to Swema 445 strain gauge transducers in modified
Tyrode’s solution (in mM: NaCl 126.9, KC1 5.4, CaCl, 1.8,
MgCl, 1.05, NaHCO; 22, NaH,PO, 0.45, EDTA 0.04, ascor-
bic acid 0.2, pyruvate 5 and glucose 5.0; pH 7.4) at 37 °C.
Tissues were paced at 2 Hz and stretched. Force recordings
were performed with PowerLab amplifiers on a Chart for
Windows, version 5.0 recording program (ADInstruments).
Time to peak force and to half-maximal relaxation were cal-
culated using ChartPro for Windows version 5.51 analysis
program (ADInstruments).

Flow cytometry
The proportion of cardiomyocytes among the isolated rat

cells was determined by flow cytometry both after atrial and
ventricular cell preparation. To this end, the cells underwent

a live/dead staining (Fixable Viability Dye eFluor 450, eBio-
science #65-0863-14), followed by fixation with Histofix for
20 min (Roth #A146) and permeabilization in PBS contain-
ing 5% FCS, 0.5% Saponin, and 0.05% sodium azide for 1 h
at 4 °C. Staining was carried out with a PE-labeled antibody
directed against cardiac troponin T (cTnT, Miltenyi, #130-
106-688) 1:100 in permeabilization buffer for 1 h at 4 °C.
Flow cytometric analysis was done on a BD FACSCanto II
flow cytometer (BD Biosciences).

Gene expression analysis

Total RNA was isolated from freshly prepared cardiac cells
or homogenized EHT (QIAGEN TissueLyser) at different
time points during culture with the RNeasy Plus Mini Kit
(Qiagen) and converted to cDNA with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Relative transcript levels of atrial and ventricular markers
were analyzed with the 5 X HOT FIREPol EvaGreen qPCR
Mix Plus ROX (Solis BioDyne) on an ABI PRISM 7900HT
Sequence Detection System qPCR cycler (Applied Bio-
systems). The primer sequences for each analyzed target
are shown in supplementary table S1. Glucuronidase beta
(Gusb) was used as a housekeeping gene for normalization
and calculation of relative expression with the ACT-method.

Histology

At the end of culture, the EHTs were fixed overnight with
4% formaldehyde and embedded in paraffin. Longitudinal
sections of 4 um were produced for hematoxylin and eosin
(H&E) staining and immunohistochemical staining. H&E
staining was performed in an automated manner according
to the standard procedure. Immunohistochemical staining
including deparaffinization and antigen retrieval was car-
ried out on the BenchMark XT system (Ventana). Antigen
retrieval was done by 30-min incubation with citrate buffer.
Optimized antibody concentrations were: Mlc2a (Synaptic
Systems, SY 311 011) 1:75, Mlc2v (Synaptic Systems, SY
310 111) 1:150, alpha-actin (Dako M 0874) 1:200, vimen-
tin (Dako, M0725) 1:200. Antibody visualization was per-
formed with the UltraView Universal DAB Detection Kit
(Roche, #05269806001) and microscopic imaging was car-
ried out on an Axioscope 2 microscope (Zeiss). The vimen-
tin-positive cells were counted in a semi-automatic manner
using Image J software [30].

Immunohistochemistry
Whole-mount immunostaining of vVEHT and aEHT was per-
formed as described previously [18]. In short, EHTs were

fixed with 4% formaldehyde and permeabilized with 0.25%
Triton/phosphate buffered saline (PBS). Next, EHTs were
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treated with 0.25% Sudan Black in 70% ethanol for reduction
of autofluorescence and blocked overnight with BSA. Incu-
bation with primary (mouse anti-troponin T, Dianova #dIn-
008802, 1:1) and secondary (donkey anti-mouse 647, Life
Technologies A-31571, 1:500) antibodies was performed at
4 °C for 48 and 12 h, respectively. EHTs were embedded in
DAPI Fluoromount-G (Southern Biotech) and analyzed with
a Leica TCS SP2 imaging system (Leica Microsystems).

Carbachol drug testing

Drug testing was regularly performed 1 day after media
change. Fresh serum-free DMEM (Biochrom F04115) con-
taining 10 mM HEPES was pre-incubated on the morning of
the experiment at 37 °C, 40% O,, 7% CO,, and 90% humid-
ity for 2 h. The aEHTs and vEHTs were transferred into the
DMEM and incubated for 45 min. After measurement of
basal activity in DMEM (pre-baseline), for frequency meas-
urements only, 50 nM epinephrine was added to each well
to enhance likelihood of contraction within the recording
time and the baseline was measured. The EHTs were then
exposed to increasing concentrations of carbachol (10 nM,
30 nM, 100 nM, 300 nM, 1 puM, 10 puM, plus 50 nM of epi-
nephrine for frequency measurements) and response to each
concentration was measured with the video-optical record-
ing system. The described experiments were performed both
with and without electrical stimulation. Electrical pacing
was performed using custom-made graphite-based pacing
electrodes as described before, with biphasic pulses of 4 ms
per polarity, 2 V and 1.5 Hz [16].

Electrophysiology

Action potentials (APs) were recorded with standard sharp
microelectrodes in intact aEHT or vEHT (14-21 days old),
superfused with Tyrode’s solution at 36.5+0.5 °C, field
stimulated at 1 Hz (n =number of total impalements, vVEHT
n=12, aEHT n=8 [21, 22]). Bath solution contained (in
mM): NaCl 127, KC1 5.4, MgCl, 1.05, CaCl, 1.8, Glu-
cose 10, NaHCO; 22, NaHPO, 0.42, equilibrated with
0,:CO, [95:5] at 36.5+0.5 °C, pH 7.4. APs were analyzed
offline using the Lab-Chart software (ADInstruments).

Results
Establishment of the aEHT model
We aimed to establish an atrial EHT model made from neo-

natal rat heart cells and based our work on published pro-
tocols for the generation of VEHT [13]. The final protocol
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for atrial cell isolation and the generation of fibrin-based
aEHT is provided as a step-by-step instruction in the supple-
ment (see suppl. S5 & S6). After the isolation of atrial and
ventricular cells by trypsin/DNAse digestion, viability and
cardiomyocyte fraction were analyzed by flow cytometry
(cardiac troponin T staining). Both atrial and ventricular cell
isolations resulted in ~ 85% viable cells, out of which more
than ~75% stained positive for the cardiomyocyte marker
troponin T (Fig. S1, a and b).

Culture of aEHT only slightly differed from published
VEHT culture. The excessive proliferation of non-myocytes
in aEHT led to typical shortening of EHTs (Fig. S1c), neces-
sitating treatment with 1-beta-D-arabinofuranosylcytosine
(AraC), an inhibitor of DNA polymerase alpha and beta,
as published for mouse EHT [34]. We evaluated one-time
and weekly treatment. Compared to a one-time treatment
after 2-3 days of cultivation, the weekly supplementation
prolonged the period of stable contractile performance of the
aEHT to at least 3 weeks (Fig. S1, d and e). This was also
reflected on the level of fibroblast marker gene expression,
which were higher in EHTs receiving the one-time treat-
ment with AraC only, compared to weekly treatment (Fig.
S1f). We did not observe an acute effect of the treatment on
contractility, gene expression or histology. For better com-
parability, vEHTSs were treated in the same way.

For clarity of the representation of results, data from sev-
eral batches of aEHT were pooled. Exemplarily, a separate
analysis of each batch of EHTs can be found for day 14-15
in the supplement (Fig. S4) and illustrates low batch-to-
batch variability.

Development and morphology

Compared to vVEHT, development of aEHT was faster and
reached the plateau stage of stable contractile force earlier
(Fig. 2). First twitching of single cells was already detected
at day 3 after casting, which is usually only observed on
day 5 in vVEHT. Coherent beating started after 4 (aEHT) and
6 days of culture (vVEHT), respectively. Force generation of
aEHT reached a plateau after 9 days, whereas in vEHT, force
increased until day 10. Both types of EHT could be stably
cultured for more than 30 days. To assess remodeling and
structural organization, we analyzed H&E-stained paraffin
sections of aEHT and vEHT at the end of culture (day 30).
Both models displayed a network of longitudinally aligned
cells, which were mostly homogeneously distributed inside
the tissue with some accumulation near the surface of the
construct, as has been described before ([13], Fig. S2, a and
b). Staining for a-actin revealed the expected cross-striated
pattern in cardiomyocytes, shown for aEHT in Fig. S2, ¢
and d.
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Fig.2 Force development of VEHT and aEHT. Force generation of
aEHT reached a plateau phase earlier (day 9) than VEHT (day 10).
Error bars display SEM

Contractile properties

Contractility of all EHTs was analyzed regularly by video-
optical recording. Despite the similar morphology, we
observed significant differences in the beating pattern of

the two models. While vEHT beats in bursts interrupted
by periods of inactivity ([16], Fig. 3a, b), aEHT displayed
continuous and more regular beating. In addition, the spon-
taneous beating frequency of aEHT was significantly lower
than in vEHT (59.0 + 1.6 bpm, n =124 vs. 90.3 +4.1 bpm,
n=207, respectively; Fig. 4a). During the plateau phase
of stable contractile force (day 14—15), vEHT developed
a 1.3 x higher average force than aEHT despite the same
number of cells per tissue (0.17 +0.003 mN, n=231 and
0.13 £0.003 mN, n =124, respectively; Fig. 4b). Moreo-
ver, the contraction and relaxation kinetics were signifi-
cantly faster in aEHT, displaying a 49% lower contrac-
tion time (T1, time from 20% above baseline to maximum
force) and a 53% lower relaxation time (T2, time from
peak back to 20% above baseline, Fig. 4c, d). Normalized
average contraction peaks for both atrial and ventricular
EHTs were compared to measurements from adult rat left
ventricular and atrial tissue (Fig. 5a). Even though EHT
in general was significantly slower than native tissue, with
regard to time to peak and time to 50% relaxation, the
overall shape of the peaks and the relation between aEHT
and vEHT were identical to adult tissue (Fig. 5b).
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Fig. 3 Beating pattern of vVEHT and aEHT. a vEHT beats in bursts, interrupted by periods of inactivity whereas b aEHT beats in a regular man-
ner. a, b Show representative traces from the EHT analysis software (CTMV, EHT Technologies GmbH)
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Fig.4 Spontaneous contractility
of vVEHT and aEHT (day 14-15).
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Action potential duration and force-frequency
relationship

An important difference between atrial and ventricular car-
diomyocytes is the shorter action potential duration (APD)
in atrial cells [1]. To test whether our EHT models mir-
ror this electrophysiological property, we performed sharp
microelectrode action potential measurements on intact
EHTs. Again, we used atrial and ventricular tissue samples
from adult rat for comprehensive comparison. APD meas-
urements in adult tissue samples, as expected, revealed a
47% shorter APDy, in atrial compared to ventricular tis-
sue (29.0+3.0 ms, n=>5 and 54.5 +3.9 ms, n="7 per group;
Fig. 6a). The absolute values for the APDy, in atrial and ven-
tricular EHTs were 1.24 and 1.57 times higher compared to
the tissue (74.6+11.9 ms, n=8 and 121.9+3.2 ms, n=12,
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T, (50%)

both EHT models and tissue samples. Error bars show mean +SEM,
One-way ANOVA, Bonferroni post-test for multiple comparisons,
*#%p <0.001

respectively; Fig. 6¢). However, the ratio between atrial and
ventricular EHT APDy, was similar to that of adult tissue,
revealing an approximately 40% shorter AP in atrial EHTs
(Fig. 6b). In order to analyze whether different ion chan-
nel remodeling in vitro was underlying the observed differ-
ences between EHT and adult tissue, we performed gene
expression analysis of ion channel subunits on day 1 and day
30 of EHT culture and compared the results to adult tissue
(Fig. 6d—g). We observed an upregulation for all analyzed
channels in EHT over time. On day 30, expression of Cac-
nalc, Kend3, and Kenh2 was in the range of the levels in the
respective native tissues. However, Kcnj2 displayed a lower
expression in VEHT compared to ventricular tissue.

To evaluate the physiological implications of our find-
ings, we analyzed the force—frequency relationship (FFR)
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Fig.6 Action potentials. Representative action potentials of a atrial
and ventricular adult rat tissue and b aEHT and vEHT on day 14-21
at 1 Hz. ¢ Action potential duration (APD) at 90% repolarization for
tissues and EHT models. Ion channel remodeling of Cacnalc (d),

of our two EHT models, which is known to be affected
by the duration of the action potential. For this purpose,
the EHTs were electrically paced with increasing frequen-
cies (1-10 Hz). Atrial EHT was able to follow the pacing
pulses up to the highest frequency, while VEHT started
to lose pacing capture at frequencies of 6 Hz or higher
(Fig. 7a, b). In both models, we observed a decrease in
force with increasing frequencies (negative FFR). This
decline in force was significantly more pronounced and
started at lower frequencies in VEHT (Fig. 7c). Moreo-
ver, while the relaxation time of VEHT decreased with
increasing frequencies [frequency-dependent accelera-
tion of relaxation (FDAR)], the contraction peaks of atrial
EHTs remained stable independently of pacing frequency
(Fig. 8a through c).

Kcnd3 (e), Kenh2 (f), and Kcnj2 (g) was analyzed by qPCR on day
1 and day 30 and compared to adult tissues. Mean + SEM, One-way
ANOVA, Bonferroni post-test for multiple comparisons, *p <0.05

Gene expression and histology

To confirm the atrial identity of the cardiomyocytes in our
aEHT model, we analyzed the expression of genes with
known differential expression in atrial and ventricular car-
diomyocytes, including transcription factors, structural pro-
teins and ion channels (Table S2). For comparison and as
control, we additionally analyzed vEHTS, as well as adult rat
atrial and ventricular tissue samples. All markers displayed
the expected tissue distribution. This is exemplified by the
transcript levels of the ventricular and atrial isoforms of the
myosin regulatory light chain (Myl2 and Myl7, respectively;
Fig. 9a, b). Both genes revealed a similar ratio of relative
transcript levels between aEHT and VEHT as observed in the
adult tissue samples. Kcnj3, encoding the potassium chan-
nel GIRK1, which generates the atrial and nodal-specific
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Fig.7 Force—frequency relationship (FFR). VEHT and aEHT were
electrically paced with increasing frequencies (1-10 Hz) at day 23.
Beating frequencies under electrical stimulation of a vVEHT and b
aEHT. ¢ Force development of aEHT and vEHT at different frequen-
cies. Mean + SEM, Two-way ANOVA, Bonferroni post-test for multi-
ple comparisons, *p <0.05

I ach current (Fig. 9¢), displayed a similar expression pat-
tern. Additionally, two markers for pacemaker cells, Thy!
and Shox2, were analyzed. Both were significantly higher
expressed in aEHT, while the expression in VEHT was
comparatively low (Fig. S3, k and 1). The expression of the
remaining analyzed genes is displayed in supplementary Fig.
S3.

To evaluate our findings on protein level, we performed
immuno-histological staining for the myosin regulatory light
chain isoforms Mlc2a and Mlc2v. The main isoform in aEHT
was indeed Mlc2a (Fig. 9a, b), while only a few cells stained
positive for the ventricular isoform. As expected, VEHT dis-
played an inverted staining pattern with most of the cells
only Mlc2v positive. Furthermore, we performed whole-
mount staining of EHTs for cardiac troponin T (Fig. 9d, e).

@ Springer

-+ 2Hz 6 Hz 10Hz W VEHT (n=8)
4 Hz 8 Hz 3 aEHT (n=8)
A VEHT aEHT
g 100 g 100
L 75 / L 75
é 50 § 50{ | |
< 25 / < 25 \\»
[o ) 5= —— . S
100 200 300 100 200 300
Time [ms] Time [ms]
0.08
0.06 _—

*
dkk kkk kkk
Fkk Kk

Average T2[s] m
o
o
=

0
R A i L & b K K v
AN

L nnnERRNRRRARAND

J X Lr X XV o ot it X X X X v
R SO S A

Fig.8 Frequency-dependent acceleration of relaxation (FDAR). a
Normalized contraction peaks of both models at different pacing fre-
quencies. Average relaxation time at different pacing frequencies for
b vEHT and ¢ aEHT. Bipolar electrical stimulation at 2 V and 4 ms
pulse duration. Mean + SEM, One-way ANOVA, Dunnett’s post-test
to control (1 Hz) **p <0.005, ***p <0.001

For both models, we observed the expected striation and
the longitudinal alignment. In addition, the atrial cardio-
myocytes were thinner than their ventricular counterparts
as has been described before [32]. To further elucidate the
composition of types of EHT with regard to their fibroblast
content, we performed vimentin staining on day 1 and day
30 of EHT culture (Fig. 10). Both groups showed the same
proportion of vimentin-positive cells at both time points,
suggesting successful suppression of cell proliferation with
the mitosis inhibitor AraC.

Effect of muscarinic stimulation by carbachol

To further validate our EHTs as an atrial model, we chal-
lenged them with the cholinomimetic drug carbachol, which
activates the atrial and nodal-specific repolarizing potassium
current Iy 5, by binding to the muscarinic acetylcholine recep-
tor M,. Ventricular EHT was treated in parallel and served as
control. Figure 11a shows concentration-response curves for
aEHT and vEHT with respect to contractility. We observed a
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Fig.9 Gene expression and histological analysis. Gene expression
analysis was performed in 30 days-old EHTs and compared to adult
rat tissue samples from atrium and ventricle. a, b Relative transcript
levels of the ventricular and atrial isoforms of the myosin regulatory
light chain (Myl2 and Myl7) compared to adult tissue samples with
corresponding Mlc2v and Mlc2a-stained paraffin sections of aEHT

concentration-dependent negative chronotropic effect in both
aEHT and vEHT (in the presence of a low concentration of
epinephrine). Atrial EHT was significantly more sensitive to
the drug (ECs, 23.3 nM vs. 195.4 nM in vEHT) and while
aEHT completely ceased beating at concentrations higher
than 100 nM, VEHT retained spontaneous activity even at the
highest tested concentration. Moreover, under pacing and in
the absence of epinephrine, we observed a direct negative ino-
tropic effect in aEHT already at 0.3 uM carbachol, whereas
force of vVEHT remained stable (Fig. 11b, c).

Discussion
In this study, we present a novel 3D model for the study of

atrial biology in vitro and compared it to the well-estab-
lished vEHT model, as well as native atrial and ventricular

Bl VEHT (n=5/1)
[ aEHT (n=24/5)

and VEHT. ¢ Relative transcript levels of the atrial-specific Kcnj3
gene. d, e Confocal microscopic images of whole-mount staining of
cardiac troponin T in VEHT and aEHT, respectively (white), nuclei
counter-stained with DAPI (blue). Transcript levels were normalized
to the housekeeping gene Gusb. Error bars show mean+ SEM

heart muscle preparations. To our knowledge, this is the
first description of a 3D model that allows for assessment
of atrial contractility and drug response in a physiological
multi-cell type context in vitro. Moreover, combined with
optical pacing, drug-induced arrhythmia, or pro-fibrotic
stimuli, the model may provide the basis for studying atrial
fibrillation in vitro.

We based our protocol for the generation of aEHT on the
EHT protocol by Hansen et al. [13]. While the process of
EHT generation and culture as well as the range of possible
scientific applications are similar, some technical differences
were observed. Cell preparation from neonatal rat hearts
yields~5 vEHTs per heart, but only ~1 aEHT per heart.
This diminishes one ethical advantage of EHT, to obtain
several replicate experiments per heart. It retains all other
advantages, such as the feasibility to test broad concentration
ranges of unknown drugs, a high degree of standardization
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Fig. 11 Muscarinic stimulation by carbachol. a Carbachol concentra-
tion—response curves for spontaneous beating frequency of aEHT and
vEHT in presence of 50 nM epinephrine (ECs, VEHT=195.40 nM,
ECs, aEHT=23.31 nM). Normalized force generation of b vEHT

and reusability with stability for weeks [10]. Moreover, this
aEHT protocol enables the simultaneous preparation of
aEHT and vEHT, thus increasing the number of possible
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and ¢ aEHT in the presence of different concentrations of carbachol
and in the absence of epinephrine under bipolar electrical stimulation
at 2 'V, 4 ms pulse duration and 2 Hz; One-way ANOVA, Bonferroni
post-test for multiple comparisons, *p <0.05, ***p <0.001

experiments per killed animal. We did not observe obvi-
ous differences in handling, cell quality or reproducibility
and found the same histological morphology in aEHT as in
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vEHT (Fig. 9, Fig. S2). In summary, the robustness of the
VEHT protocol was reflected in aEHT, underlined by the fact
that we were able to generate seven aEHT batches without
relevant batch-to-batch variation (Fig. S4, a through d).

When comparing aEHT directly to vEHT, the typical
molecular and functional differences of atrial and ventricular
tissue were reflected in our model. Contraction and relaxa-
tion time were shorter than in VEHT and contractile force
was lower, representing the situation in cardiac tissue [27].
However, the most striking feature of aEHT was a slower
and more regular beating pattern. Compared to vEHT, we
assumed a higher number of cells with pacemaker activity
in aEHT, as the sinoatrial nodes (SAN) were not removed
during preparation. A high number of SAN cells leads to a
higher probability of coincidental spontaneous action poten-
tial generations. Such a coincidence would be strong enough
to activate the entire EHT and to override both the spontane-
ous activity of surrounding cardiomyocytes and their electri-
cal sink properties [40] and thus induce regular beating. In
vEHT with burst-like activity, only a few cells with slower
pacemaker activity, such as His bundle and Purkinje fiber
cells, are distributed across the tissue, explaining its peri-
ods of inactivity. While the high frequency during bursts in
vEHT is counter-intuitive at first, it might well be explained
by reentry, calcium storage overload during rest periods or
various other, more complex mechanisms. Taking the above
considerations into account, the lower frequency of aEHT
(~ 60 bpm) compared to neonatal rat heart (~400 bpm)
might be explained by the fact that individual isolated SAN
myocytes beat at a slower rate than the intact heart [25].
As several SAN cells need to depolarize synchronously and
summarize their action potential to activate the whole EHT,
the likelihood for this event is decreasing with decreasing
numbers and increasing distance of pacemaker cells. Both
hold true for aEHT in which some nodal cells are lost dur-
ing cell preparation and the remaining are distributed in a
higher volume than in vivo. To confirm the presence of SAN
cells, we measured the expression of two marker genes for
pacemaker cells (Shox2 and Thyl) and indeed found a sig-
nificantly higher expression in aEHT.

The APD in aEHT was shorter than in VEHT again
reflecting the situation in vivo. To evaluate possible func-
tional implications of the APD, we performed force—fre-
quency relationship (FFR) analysis by electrical stimula-
tion with increasing frequencies. We observed an overall
negative FFR in both EHT models, which is in line with the
literature. Rodent myocardium usually displays a negative
FFR in contrast to the positive FFR observed in larger mam-
malians, such as human or dog [12, 26, 35]. However, this
decline of force started at a higher pacing frequency in aEHT
(3 Hz vs. 2 Hz in VEHT). Furthermore, aEHT followed the
pacing pulses up to the maximum pacing frequency (10 Hz)
while vEHT started losing capture at 7.5 Hz. To compensate

for increasing frequencies, ventricular tissue needs to accel-
erate its relaxation to ensure sufficient time for refilling of
the ventricle FDAR which was observed in vEHT [37] but
not in aEHT. This observation from aEHT is in line with
data from Grimm et al. who observed constant, already
maximally fast relaxation time in mouse atrial tissue [12].
One possible explanation for this observation might be the
role of phospholamban (PLN) in FDAR in ventricular myo-
cytes. Increasing stimulation rates were shown to disrupt
the interaction between phospholamban and the sarcoplas-
matic calcium ATPase SERCAZ2a, leading to an accelerated
sarcoplasmatic reticulum Ca®* uptake and to relaxation
acceleration [37]. Indeed, our expression analysis exhibited
a significantly lower Pln expression in aEHT compared to
vEHT, which might explain the high basal SERCAZ2a activ-
ity and high according relaxation velocity, and the lack of
FDAR in our atrial model.

For further electrophysiological characterization and to
answer the question whether aEHT can complement the
existing VEHT model as a drug screening platform, we
treated both EHT models with the atrial-selective cholino-
mimetic drug carbachol. Carbachol activates the cardiac
muscarinic M, receptor (M,AChR), which indirectly regu-
lates ion channel activity [14]. One important target is the
inward rectifying potassium channel Kir3, which is primar-
ily expressed in the SAN and in atrial tissue and is respon-
sible for the acetylcholine-dependent repolarizing current
Ixach Thus, Igcp activation leads to APD shortening and
decreased contractile force in the atrium and reduced spon-
taneous heart rate by hyperpolarization and delayed sponta-
neous depolarization in SAN [41]. Accordingly, carbachol
(in the absence of adrenergic stimulation) exerted a physi-
ological concentration-dependent negative inotropic effect
in aEHT, but not in vEHT. The potency of CCh to evoke
negative inotropy in aEHT is in line with that measured in
murine atria (ECs, 0.4 uM) or the indirect negative inotropic
effect in murine papillary muscles pretreated with isoprena-
line (ECs 0.4 uM [38]). With increasing drug concentra-
tions, beating frequency decreased in both models. However,
aEHT was much more sensitive to carbachol than VEHT and
lost macroscopic beating activity at 300 nM. The observa-
tion of an effect on frequency in VEHT could be explained by
the contribution of pacemaker cells from the AV node and
bundle of His to spontaneous beating [19]. The canonical
response to carbachol further supports the validity of our
atrial in vitro model.

A notable difference between EHTSs and their respective
native heart correlate was the absolute APD, which was
higher in both EHT models compared to adult tissue. A
possible explanation is bradycardia-induced AP prolonga-
tion. Qi et al. demonstrated AP prolongation and ion cur-
rent remodeling in the rabbit heart after 1-2 weeks of AV
block-induced ventricular bradycardia [29]. Conversely,
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APD decreases with increasing beating frequencies [4, 11].
Therefore, the constantly low spontaneous frequency of
EHT might lead to the observed prolonged APD, which is
in line with the observed higher Cacnalc expression after
30 days in EHT culture. Different developmental age could
provide another explanation for the observed differences
between adult tissue and EHT prepared from neonatal cells
[16]. Lastly, the 3D cultivation format does not completely
reflect tissue organization in vivo, which might affect the
cell characteristics.

Limitations

The current study was performed with atrial cells from neo-
natal rats. Thus, the well-known disadvantages associated
with rodents apply. Moreover, the removal of the SAN from
the atria was not feasible for practical reasons, which leads
to a possible bias due to the included pacemaker cells in
the EHTs. However, the high reproducibility of the various
batches of aEHT suggests a minor influence of those cells
on reproducibility. Recent protocols which may eventually
overcome species limitations allow for the generation of
human atrial or even nodal cardiomyocytes from human-
induced pluripotent stem cells and tissue engineering with
these cells (hiPSC [6, 7, 19]). These protocols principally
allow for patient-specific disease modeling even by direct
reprogramming [9, 24]. Yet, at present, structural and func-
tional immaturity and contamination with ventricular-like
cardiomyocytes [6, 7], as well as work load, complexity and
cost have to be weighed against the species advantage. Rat
aEHTs exhibit a more mature phenotype, which is exempli-
fied by a quantitatively normal effect of carbachol on con-
tractile force and frequency, while the effect on I ¢, cur-
rent was smaller in hiPSC atrial-like cardiomyocytes [6, 20].
Thus, while human cardiac tissue engineering represents a
revolutionary new tool for disease modeling, rat aEHT may
be, at present, better suited to test for the effects of atrial-
specific drugs, for drug testing and physiological experi-
ments in general, and could pave the way for human atrial
tissue engineering for which it may serve as a benchmark.

Conclusions

Taken together, we established a novel in vitro 3D rat cell
culture model to study atrial biology, which reflects atrial
physiology in terms of contractile function, gene expres-
sion, histology, electrophysiology, and the response to the
atrial-selective drug carbachol. Further analyses are needed
to explain the observed beating pattern and APD differ-
ences to adult native tissue. Our results suggest that rat
atrial EHT might be a useful tool for atrial drug screening

@ Springer

and to study atrial biology in vitro due to its simplicity and
cost-effectiveness.
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