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Abstract

The study deals with an in vitro heart model established from rainbow trout larvae. This model is based on
spontaneously contracting cell aggregates (SCC) exhibiting fully developed cardiomyocytes connected via
gap junctions and building up a functional syncytium with a pacemaker centre. The cellular structure and the
electrophysiological properties of the cardiomyocytes resembled that of human heart cells. It was possible to
generate more than one SCC from one fish larva. The SCCs contracted spontaneously over several weeks with a
stable contracting frequency similar to human heart. Our analysis supports the use of this model as a high-through-
put test system in cardiac research with the potential to complement and reduce animal testing.
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Introduction

Despite the fact that invasive/non-invasive therapies of cardiovas-
cular disease have advanced dramatically over the last two decades,
heart disease is still a major cause of morbidity and mortality in indus-
trialized countries [1,2]. Many research groups focus on the develop-
ment of cardiomyogenic models to dissect how damaged heart muscle
may be repaired. Further, neovascularization of infracted myocardial
tissue as well as drug treatment are topics of major importance in cardi-
ology, as regeneration capacity of cardiomyocytes in mammals is gen-
erally low [3,4]. Any improvement of drug treatment in heart diseases
will rely on the development of specific cardiac test systems.

Currently, the development of one new cardiac drug costs around
400 million US dollars [5] to ensure quality, efficacy and safety. Al-
though there are several cardiomyogenic in vitro and in vivo models
available including cell cultures [1], the testing of a new compound in
high throughput test systems relies on the best option for analyzing
the effects on proteins, the specificity and efficacy of a drug and also
the toxicity caused by a drug. Each drug is tested on cardiomyocytes
for analyzing the effect on heart activity. Therefore, it is important to
know that in addition to the communication between cardiomyocytes
an interaction with surrounding non-cardiomyogenic cells is present
[6]. For that reason, any model for testing drugs should be complex and
involve intercellular interactions as well as contain human analogue
characteristics.

Currently available cardiac in vitro models are primarily cell mono-
layers or single cells. For that reason, during initial drug tests an analy-
sis of influence on cell-cell interactions are not present and a limited as-
pect of the in vivo situation is presented [7]. Another problem is the use
of test systems generated from marine organisms as several publica-
tions show that the electrophysiological properties of cardiomyocytes
from mouse and rat differ significantly from human characteristics.

We developed an in vitro model that is based on spontaneously
contracting cell aggregates (SCC) generated from rainbow trout larvae
(Oncorhynchus mykiss, Walbaum). This 3D in vitro heart model con-
tains fully developed heart muscle cells with cell-cell connections and a
pacemaker centre. Furthermore, the use of these SCC as a human drug
test system has been described as their electrophysiological properties
and their reaction to drugs are similar to human cardiomyocytes [8,9].
Fish cardiomyocytes could be an alternative because of their analogy to
human heart electrophysiology [10-12].

In this study, we optimized the method of SCC generation for use
as a high-throughput in vitro test system. Furthermore, in line with
previous studies, we examined additional structures described to be
important for the evidence of cardiac functionality [13]. Such models
should represent 3D cardiac tissue with interconnected cardiomyo-
cytes exhibiting a synchronous contraction, due to complete electrical
couplings.

Materials and Methods
Cell isolation

Rainbow trout larva (Oncorhynchus mykiss, Walbaum) from the
beginning of the eye-point-eye stadium (at 252 ATU; ATU - accumu-
lated thermal units; day degree) till the end of yolk sac stadium (462
ATU) were obtained from a fish farm located in Luetjenburg (Germa-
ny). ATU was calculated as the summation of the daily mean tempera-
ture of the larvae. The larvae were kept indoors at 6°C by a continu-
ous flow of fresh water (0.15 m sec™). The cell isolation was performed
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based on a procedure described by Grunow et al. [9]. For anaesthesia
the larva or the carefully manually perforated egg was incubated in
a 20% MS 222 (methanesulfonic acid salt; Sigma Aldrich, Germany)
solution dissolved in aquarium water for 5 minutes. The larvae were
dissected with scissors and digested in 500 ul 0.1% trypsin (PAA Labo-
ratories, Austria) for one minute. Digestion was ended by addition of
the triple volume of culture medium and centrifugation for five min-
utes at 130 g. The resulting cell pellet was resuspended in ~2 ml cul-
ture medium, seeded into 6 well culture plates (TPP, Switzerland) and
cultivated at 20°C and 2.0% CO,. The culture medium was composed
of DMEM (Dulbeccos Modified Eagle Medium; Gibco Germany) sup-
plemented with 20% FCS (fetal calf serum) and 100 U/ ml Penicillin
and 0.1 mg/ ml Streptomycin (PAA Laboratories, Austria). All proto-
cols have undergone an ethical review process by the German animal
welfare law §8a (ethic committee: Ministerium fiir Landwirtschatft,
Umwelt & laendliche Raeume of Schleswig-Holstein; permit number:
41/A01/09).

Electron microscopic analysis (EM)

The aggregates were fixed with 2.5% glutaraldehyde in 0.1 M ca-
codylate buffer for 1 h. For post fixation the SCCs were kept in 1% OsO,
in 0.1 M cacodylate buffer for 2 h. The samples were then dehydrated
with ethanol and embedded in araldite (Fluka, Switzerland). Ultrathin
sections were stained with uranyl acetate and lead citrate (Ultrostainer
Carlsberg System, LKB, Sweden) and were examined with a Philips
electron microscope EM 400 at 60 kV (Philips, The Netherlands).

Experimental procedure

Primary cultures from the SCCs were cultivated at 20°C and 2.0%
CO,. During a cultivation period from three weeks up to three months
medium exchange was carried out the first time two days post prepara-
tion (day 2) and then every three or four days.

To determine the rate of SCC generation as a function of develop-
mental stage, larvae were prepared at six different time points. The de-
velopmental ratio (formation ratio) of the SCCs was determined via the
relation (division) of number of developed SCCs and number of pre-
pared larvae. At each preparation time 18 larvae were taken. The age of
the prepared larvae ranged from eye-point stage (252 ATU, 294 ATU
and 335 ATU) to yolk-sac stage (378 ATU, 420 ATU and 462 ATU). At
around 350 ATU the rainbow trout larva is hatching. For the period of
three weeks post preparation the culture dishes were microscopically
checked for SCCs twice a week (Axiovert 40CFL; Germany). At the end
of this observation period, the total number of SCCs was illustrated
as bars. The total number of SCCs has been summed up and set up as
100%. In the bar the percental relation of cell cultures with 0, 1, 2, 3,
4 or 5 SCCs is shown. All SCCs were photographed with AxioVision
(Zeiss, Germany) and filmed for 30s with Powershot A640 (Canon) via
microscope adapter directly after development. The contraction fre-
quency (CF) was calculated for one minute. The area representative for
the size of the SCCs was determined via the software of AxioVision.

Temperature dependence of the beating frequency was determined
over the range of 16°C to 25°C in four SCCs prepared at 350 ATU.
In the experiment the starting temperature was 20°C with 2.0% CO,
incubation. This was lowered to 16°C with 1.8% CO, and then raised
to 18°C and 1.9% CO, 20°C and 2.0% CO,, 25°C and 2.2% CO,. At the
end of the experimenfs the CF at 20°C with 2.0% CO, was recorded.
CO, incubation was changed for having a pH value of 7.8-7.9 in the cell

culture, which was the pH of the prepared fish larva. The cells were kept
for one hour at each temperature for adaptation to the new conditions.
The starting CF of SCCs kept at 20°C equaled 100% and the aberration
from the initial temperature was calculated as a percentage.

Statistical analysis

Data are presented as mean + SE. Statistical analysis was performed
using R-Statistik and Graph Pad Prism5. The results were tested for
normality via Kolmogorov-Smirnov Test. The exclusion of a normality
(p > 0.05), a Kruskal-Wallis-signed-rank-test was performed. Based on
a significant effect (p < 0.05) the differences between the groups were
controlled and calculated via Wilcoxon-signed-rank-test.

Results

Cell aggregate morphology and evaluation by electron mi-
croscopy

EM analysis demonstrated the SCCs were composed of fully de-
veloped cardiomyocytes. These groups of cells took on 2 primary gross
structures: ball shaped (Figure la) or a shape that was rounded with
2-centres (Figure 1b).

Additionally, the analysis of the cardiomyogenic structures showed
high concentration of mitochondria in the cytoplasm of the cardiomy-

Figure 1: Identification of spontaneously contracting cell aggregates (SCC)
in cell cultures from rainbow trout larvae (Oncorhynchus mykiss) from 350
ATU. The form of the SCC was mostly (a) ball shape or (b) two centre-shaped.
Additionally, non-contracting cells were building a monolayer in the cell dish.
Scale bar indicates 100 ym.

R

Figure 2: Electron micrographs of structures in cardiomyocytes of a
SCC generated from 350 ATU old larvae. (a) Sarcomeres (S) which are
bordered by z-Lines (ZL) and subdivided in I-Band (I: isotrop) and A-Band (A:
anisotrop) with H-Zone (H) and M-Line (ML: M: middle of a sarcomere). High
concentration on mitochondria (M) is present. Visible is also the Cell membrane
(CM) and sarcoplasmic reticula (SR) and T-tubuli (TT). (b) Co-location of SR
and TT in the z-Line. (c) Detection of nuclei (N). (d) The transversally orientated
sections of the intercalated disk consist of fascia adhaerens (arrows). Scale
bar indicates 1 um.
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Figure 3: Analysis of the SCCs at different ages of the prepared larvae [ATU — accumulated thermal unit, day degree]. (a) Formation ratio as the relation
number of developed SCC and prepared larvae (18 larvae at each preparation time) and the relation of larvae which developed 1 to 5 SCC. The distribution exhibits
normality (p < 0.05; Kolmogorov-Smirnov test). (b) Formation ratio of SCCs in relation to the time. (c) Box-Whisker-plot of the size of the SCCs in dependence of
the age of the prepared larvae. lllustrated are minimum and maximum (crossbars at the end), median (grey bar) and upper and lower quartile (borders of the bar).
Significant differences between the group of 252 ATU and 294 ATU (p < 0.05, Kruskal-Wallis-signed-rank-test). The size of the SCCs rises significantly with the
age of the larvae (p < 0.05, Wilcoxon signed-rank-test). (d) Box-Whisker-plot of the contraction frequency of the SCCs in dependence of the age of the prepared
larvae. lllustrated are minimum and maximum (crossbars at the end), median (grey bar) und upper and lower quartile (borders of the bar). Significant differences
between the groups (p < 0.05, Kruskal-Wallis-signed-rank-test) exist. The beating frequency was lower at 252 ATU and at 378 ATU higher than at the other groups
(p < 0.05 Wilcoxon signed-rank-test). (e) Contraction frequency in dependence of the aggregate size shows no significantly correlation (p = 0.8, t-test). (f) lllustration
of contraction frequency of a SCC prepared from a 350 ATU old larva during 30 days observation. Frequency was between 50 and 88 beats/ min. (g) Contraction
frequency in dependence of the temperature (n=4, 350 ATU). A highly significant correlation between temperature and contraction frequency was present (p < 0.001,
t-test). Higher temperature evokes higher contraction frequencies and vice versa.

ocytes (Figure 2a). Furthermore, the T-Tubuli structures in the cells of
the SCCs were located in the z-bands and next to the sarcoplasmic re-
ticula (Figure 2b). Moreover; in the centre of every cardiomyocyte one
nucleus was located (Figure 2¢). The EM analysis verified structures of
cell-cell connections (Figure 2d) within the SCCs.

Formation ratio, size and contractility of the SCCs

Analysis of the developmental ratio showed that the total number

of SCCs followed a normal curve of distribution (p < 0.05; Kolmogo-
rov-Smirnov Test; 252 ATU: 8 SCC; 294 ATU: 11 SCC; 335 ATU: 27
SCC; 378 ATU: 10 SCC; 420 ATU: 15 SCC; 462 ATU: 9 SCC), Figure
3a. The maximum value had a ratio of 1.5 at 335 ATU (short time before
hatching), Figure 3a. At this time up to five SCC could be generated out
of one fish larva. The analyses of the time of SCC development revealed
that in all groups after two days (after the first medium exchange) SCCs
with a ratio of 0.2 were present (Figure 3b). After nine days 75 up to
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100% of all SCCs in a three-week-observation could be detected.

Another important factor for the use of a model system as a high
through-put test system is the time of preparation. For example, in a 15
minute preparation the cell cultivation of six larvae was possible which
means an average generation of 9 SCCs. A 96 well plate having one
SCC per well could be managed in a preparation time of 2.6 hours (not
included the SCC-developing time).

Size determination of the SCCs revealed a significant difference be-
tween the groups at 252 ATU and 294 ATU (p < 0.05; Kruskal-Wallis-
signed-rank-test), Figure 3c. The area of the SCC increased with the
age of the larva. At 252 ATU the SCCs exhibit an area of 0.02 mm’. In
comparison, at 462 ATU the SCCs area was four times bigger. In the
other SCC-groups no significant difference between the sizes could be
calculated.

To evaluate the applicability of the SCCs as human heart model,
their CF has to be investigated. The studies showed a significant dif-
ference in the CF between the SCC groups of the diverse larval ages
in relation to different preparation times (p < 0.05; Kruskal-Wallis
signed-rank-test), Figure 3d. Comparison of the groups revealed that
at 252 ATU the CF was significantly lower and at 378 ATU significantly
higher compared to the other groups (p < 0.05; Wilcoxen- signed-rank-
test), Figure 3d. The CF of the SCCs from other preparations did not
show a significant difference (p > 0.05). Superficially, the contraction
frequencies from 294 up to 462 ATU was similar or equal to the human
heart frequency (60 — 80 beats/min). An analysis of the comparison
between CF and size of the SCCs showed no significance (p=0.8; t-test;
Figure 3e).

Another aspect for the evaluation as a test system is the stability of
the frequency over a long time period. For that reason, the frequencies
of SCCs from a larva at the age of 350 ATU were measured over 30
days. The SCC started to contract 12 days after preparation. The con-
traction of the SCC was synchronous and constant during the mea-
surements. However, small variations between the measurements were
recorded. The SCCs exhibited a frequency of 50 to 88 beats per minute
(Figure 3f).

Figure 3g depicts the variance of CF of the SCCs with increasing
and decreasing temperature. The CF correlated highly with tempera-
ture (p<0.001; t-test). A steady and significant increase in their fre-
quency with increasing temperature and vice versa was observed. The
maximal frequency was achieved at 25°C. The variance of the CF at
20°C did not differ between the three measurements at 20°C (at the
beginning, middle and end of the temperature experiment).

Discussion

This study reports an in vitro heart model (SCC - spontaneously
contracting cell aggregate) from rainbow trout with human analogue
properties, which can be generated in high numbers. For the applica-
tion as a test system in e.g. pharmacology the ratio of the generation of
these SCCs and the time of the generation is economically important.
Furthermore, for an application in human research the characteristics
of the cells should be similar to human heart cells.

The detailed electron microscopical analysis revealed fully devel-
oped cardiomyocytes which exhibit myofilaments with the typical
tightly packed and highly organized sarcomer structure, mitochondria

in high amounts, sarcoplasmic reticulum and in the cell centre a nucle-
us. The high number of mitochondria indicates high metabolic activity
of the cells, as they assure the aerobic metabolism.

Furthermore, we could show a co-location of the T-tubulus local-
ization and the sarcoplasmic reticulum system similar to human heart
cells (Figure 2b), [14]. This structure is important for ion exchange
between cells and ion influx into the cells for generation of action po-
tentials, however in this study this structure is only reported in small
amounts. Eschenhagen et al. [13] described that in newborn rats this
system is absent. We assume that in our model the larval age of the
prepared fish (beginning of yolk sac stage) might be the reason for this
small number. Immunocytochemical analysis published in [8,9] re-
vealed the existence of the typical contractile proteins actin, troponinl
and myosin and that the cells differentiated from progenitor cells in
vitro [8]. Also, proteins of intercalated disk like B-catenin, N-cadherin
and 1 & 2 desmoplakin and the gap junction proteins connexin 43 and
connexin 45 in pacemaker cells could be detected. Most of the impor-
tant features mentioned by Eschenhagen et al. [13] for fully developed
adult cardiomyocytes are also present in the SCCs. Even if the cells
of the SCC are not homologous to the human heart in every detail, it
could be stated that the SCCs contain cardiomyocytes which are con-
nected via cell-cell-contacts like adherens junctions, desmosomes and
gap junctions [9] and are building up a functional syncytium which is
similar to human heart tissue. The contractile function in the SCC acti-
vated by a pacemaker centre is synchronous and as a human analogue,
e. g. action potential as well as effects of drugs as important for a model
system are present in the SCCs [9,15-17].

Further, the study showed that SCC could be generated during the
whole larval time with a maximal generation capacity immediately be-
fore hatching (325 ATU, Figure 3a,3b). At the age of 325 ATU in aver-
age 1.5 and up to five SCC were generated out of one fish larva. This
result shows the possibility to generate more SCCs than animals were
used. Consequently, this in vitro model has a high potential for the use
as a reduction method for animal experiments and follows the 3R con-
cept [18]. Furthermore, the preparation time of this high throughput
system is possible in a very short time (96 well in 2.6 h). Another im-
portant factor for test systems is the economical costs. The preparation
of a larvae and generation of SCCs from one larvae costs less than 1€.
To our knowledge there is no model system in heart research available
which can be generated in less time and at a low cost.

Attention should also be paid to the developmental period. From
an economical point of view the generation of test system should be
easy and possible in a short period. Analyses revealed that after nine
days post preparation 75 rsp. 100% of all SCCs are present which were
found during a three-week-observation (Figure 3b). This shows that
the cultures can be used after nine days post preparation, because the
development of further SCCs during the following days is economi-
cally low (labour, material and salary).

A further advantage of this model system is the 3D structure. Ef-
fects of drugs could be analyzed in cell formation and not only in single
cells. This is a further step towards an in vivo like situation [7]. The area
of the SCCs is dependent on the age of the prepared larva. The area of a
SCC is significantly increasing from SCCs prepared from larvae at 252
ATU and 294 ATU. For other preparation times a larger aggregate size
with increasing age could be measured but significance could not be
proven and due to some very small SCCs. During larval fish develop-
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ment the heart is growing permanently [19]. We assume that the gener-
ated SCCs have a bigger size with increasing age of the prepared larva;
this assumption is confirmed through subsequent analysis. Overall, the
maximum area of the SCC (maximal aberration) is increasing with age.
The generation of the SCC from rainbow trout seems to be limited on
the larval age, resulting in a maximal size of the SCCs at the end of yolk
sac stage. Depending on the study (e.g. studies of heart conditions),
the user of this model should be aware of the different SCC sizes and
should take SCCs of nearly the same size when comparing test groups.

The analysis of the CF in relation to the age of the larva also re-
vealed dependence of the examined groups. The early embryonic heart
of a rainbow trout has a frequency of 20 beats/ min. During the devel-
opment to the eye point stage (~250 ATU) the frequency increased to
35 beats/ min [20]. At 378 ATU the larva has a 2.5 fold higher CF in-
duced by a higher spontaneous electrical activity [19]. This CF analyses
revealed that the CF of the SCCs is in accordance with data of larval
CF in different developmental stages. The reason why the SCCs exhibit
larval CFs and not CF of fully developed cardiomyocytes, which is pres-
ent in the SCCs could be examined in further studies. One assumption
is that the ion channel composition and the pacemaker centre are still
larval and did not differentiate to an adult heart structure in the same
manner as the anatomical part.

However, the aberrations of the CF of some SCCs could be induced
by a very strong adhesive power of the surrounding cells resulting in
lower CF. Higher CF could result in a temperature increase (up to 5°C
higher; RT) of the medium during observation. Nevertheless, the dif-
ferences in the frequency between the groups are not affecting the con-
sistency of using this model in experiments. Users of this model should
be aware of the age of the prepared larvae in advance.

The comparison of the CF in relation to the size of the SCC revealed
no significant correlation. In mammals the CF is decreasing with in-
creasing size of the organism. In this study we used larval rainbow
trout. The heart of the prepared larva was not completely developed
and the frequencies were changing. For that reason, we assume that in
the SCCs different CFs were measured in the groups and this correla-
tion of CF-SCC size could not be observed. Nevertheless, these analyses
revealed the most important aspect: the mean CF of SCCs of prepara-
tions from 294 ATU to 462 ATU is similar to that of human and could
possibly be used as a test system.

In the current study we observed aggregates with spontaneous
contraction of up to six months. During a 30 day measurements, the
CF was stable and human analogue (Figure 3f). The SCCs also show
changes in their CF with temperature changes. A highly significant
correlation was found between the CF and temperature in a range from
16 to 25°C. Rainbow trout is a eurythermal fish species which tolerates
temperatures between ~0°C and 25°C in adult stage [21]. Aho et al.
[22] showed that the heart rate correlated positively with temperature
between 4 and 24°C in adult trout. Above 25°C the temperature
declined with irregularity in the frequency. This effect could not be
observed at the SCCs. Causation could be that optimal cell growth
occurs at temperatures slightly higher than the temperature of the
donor [23,24]. In that case an irregularity of the heart rate would be
estimated at higher temperature than in fish. The cells of rainbow trout
larvae do not grow at a temperature above 28°C (data not published),
for that reason the effect of irregularity could not be measured. Also in

other vertebrates especially mammals this effect of increasing heart rate
with increasing temperature is commonly analyzed and is well known
as temperature coefficient, Q,; [25].

In summary, the analysis revealed that the spontaneously contract-
ing cell aggregates are an in vitro test system generated from fish lar-
vae. In former studies we showed the opportunity of using the SCCs
in regenerative biology because of the high regenerative potential af-
ter dissection and the possibility to propagate [8]. Furthermore, in [9]
we showed the use of a pharmacological in vitro heart model system
with electrophysiological properties and effects on drugs are a human
analogue. In this study, the analysis of the SCC ratio and other charac-
teristics revealed that the best preparation time is a short time before
hatching. Here, in vitro models with human analogue characteristics
can be generated in higher numbers than animals used, demonstrat-
ing the possibility as a robust system with a high-throughput as well as
long-term assay in human and fish heart research which would support
the efforts of reducing animal experiments at the same time.
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