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Effects of the hydrostatic pressure in in vitro beating cardiac
syncytia in terms of kinematics (kinetic energy and beat frequency)
and syncytia geometrical-functional classification
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Abstract— Many important observations and discoveries in
heart physiology have been made possible using the isolated
heart method of Langendorff, e.g. the discovery of the very fa-
mous Frank-Starling law of the heart. Nevertheless, the
Langendorff’s method has some limitations and disadvantages
such as the probability of preconditioning and a high oxidative
stress, leading to the deterioration of the contractile function.
To avoid the preceding drawbacks associated to the use of a
whole heart, we have alternatively used beating mouse cardiac
syncytia cultured in vitro in order to assess the ergotropic and
chronotropic effects of both increasing and decreasing hydro-
static pressures. To achieve the preceding aim, we have devel-
oped a method based on image processing analysis to evaluate
the kinematics of that pressure-loaded beating syncytia starting
from the video registration of their contraction movement. We
have verified the Frank-Starling law of the heart in in vitro
beating cardiac syncytia and we have obtained their geomet-
rical-functional classification. The present method could be
used in in vitro studies of beating cardiac patches, as alternative
to the Langendorff’s heart in biochemical, pharmacological,
and physiology studies, and, especially, when the Langendorff’s
technique is inapplicable. Furthermore, the method could help,
in heart tissue engineering and bioartificial heart researches, to
“engineer the heart piece by piece”.

I. INTRODUCTION

Several important observations and discoveries in heart
physiology have been made possible by the isolated heart
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method of Langendorff [1], where an isolated heart is per-
fused in retrograde manner via an aortic cannula at a con-
stant hydrostatic pressure (pressure mode) or at a constant
flow rate (flow mode). In his pioneering studies, Langendorff
demonstrated that the heart receives its nutrients and oxygen
from blood through the coronary arteries and that cardiac
mechanical function is reflected by changes in the coronary
circulation. In addition, the Langendorff’s method permitted
the study of cardiac metabolism and the discovery of the
very famous Frank-Starling law of the heart [2]. Neverthe-
less, the Langendorff’s method presents some limitations and
disadvantages such as the vulnerability of the excised heart
to contusions and injuries, the probability of preconditioning
during instrumentation, the possibility to induce tissue oe-
dema, and a high oxidative stress, leading to the deteriora-
tion of the contractile function [3].

In order to avoid the preceding drawbacks associated to
the use of a whole heart, methods based on single beating
heart cells [4,5] and on beating cardiac syncytia [6-13] have
been developed. To extend the possible use of beating cardi-
ac syncytia cultured in vitro, especially when the Langen-
dorff’s technique is inapplicable (e.g., in studies about hu-
man cardiac syncytium in physiological and pathological
conditions, patient-tailored therapeutics, and syncytium
models derived from induced pluripotent/embryonic stem
cells with genetic mutations), in a previous work, we have
developed a novel method based on image processing analy-
sis to evaluate the kinematics of in vitro beating syncytia
starting from the video registration of their contraction
movement [14]: in particular, our method uses the displace-
ment vector field and the velocity vector field of a beating
patch to evaluate the syncytium not only from the chrono-
tropic viewpoint, but also from the ergotropic one. In the
present work, the preceding calculus method allowed to
study the mechanical modulation of the contraction proper-
ties in in vitro beating cardiac syncytia as they were loaded
with different hydrostatic pressures. In particular, the com-
puted kinematic parameters aimed at revealing the ergotropic
and chronotropic effects of the applied hydrostatic pressures:
we anticipate that the data analysis permitted the verification
of the Frank-Starling law in in vitro beating cardiac syncytia
and their geometrical-functional classification.

II. MATERIALS AND METHODS

A. Beating mouse cardiac syncytia

Spontaneously beating cardiac syncytia were obtained
from hearts of 1- to 2-day-old CD-1* mouse pups (Charles
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River Laboratories Italia, Calco, Italy) [6-8]. Briefly, beating
primary cultures of murine cardiomyocytes were prepared in
vitro as follows: the hearts were quickly excised, the atria
were cut off, and the ventricles were minced and digested by
incubation with 100 pg/ml type II collagenase (Invitrogen,
Carlsbad, CA) in ADS buffer (0.1 M HEPES, 0.1 M D-
glucose, 0.5 M NaCl, 0.1 M KCI, 0.1 M NaH,PO4+H,0, 0.1
M MgSO,) for 15 min at 37°C and then by incubation with
900 pg/ml pancreatin (Sigma-Aldrich, Milan, Italy) in ADS
buffer for 15 min at 37°C. The resulting cell suspension was
preplated for 2 h at 37°C to reduce the contribution of non-
myocardial cells. The unattached, cardiomyocyte-enriched
cells remaining in suspension were collected, plated onto
collagen-coated 35-mm Petri dishes, and covered by DMEM
containing 10% horse serum, 5% fetal bovine serum, and 1x
gentamicin (Roche Molecular Biochemicals, Indianapolis,
IN). About 3x10° cardiomyocytes were cultured in each Pe-
tri dish at 37°C and 5% CO, to form a spontaneously beating
cardiac syncytium.

B. Pressure apparatus

On day 3 of culture, at a constant temperature of 37°C
and 5% CO,, each syncytium was observed at 20x magnifi-
cation via a movie capture system (ProgRes C5, Jenoptik,
Germany) in four conditions of relative hydrostatic pressure:
at 0 (atmospheric pressure), 100, 200, and 300 mmHg inside
a custom-machined PMMA pressure chamber (Fig. 1).

Figure 1. Pressure apparatus. A pump insufflates air into a pressure
chamber and the pressure is measured via a mmHg scale.

The syncytium cultures were repeated 4 times for a total
of 40 syncytia loaded by both increasing and decreasing
pressures. In particular, for each syncytium, we have ob-
tained a sequence of eight video files in AVI format, each
video with a duration of 40 s: at 0, 100, 200, 300 mmHg
(after that there was a recovery of 0.5 h in incubator at 37°C
and 5% CO,), then at 300, 200, 100, and 0 mmHg.

C. Registration of the syncytium movement

By the Video Spot Tracker (VST) program, which is
used to track the motion of one or more spots in an AVI vid-

eo file (http://cismm.cs.unc.edu/downloads), in each video,
we have systematically selected 30 spots or markers onto the
first video frame, according to the same orthogonal grid. By
starting the videos in VST, frame by frame, the program fol-
lowed and registered the spatial-temporal coordinates x, vy,
and t for each marker. The coordinates x and y are expressed
in [pixel], whereas the coordinate t in [s].

D. Kinematics of the beating syncytium

The mathematical foundations of our method briefly fol-
low. By an algorithm based on the Matlab programming lan-
guage (The MathWorks, Inc., Natick, MA), frame by frame
and for each marker, we have calculated the displacement
vector s=s(X,y,t), the velocity vector v=v(x,y,t), and the ac-
celeration vector a=a(x,y.t) [14].

Being both contraction and relaxation active phases of
the syncytium movement, in order to estimate a possible er-
gotropic effect of the pressure, that is, the metabolic con-
sumption of a quota of the stored adenosine triphosphate
(ATP), which is in part transformed in kinetic energy of the
beating cells during the contraction-relaxation movement, we
have defined E as the mean kinetic energy (in [joule]) of a
beating syncytium in a discrete video:
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where v;; is the velocity of the marker i in the frame j, M
is the total number of video frames, N is the total number of
markers (N=30), A is the constant related to the tissue mass,
and B is the constant derived from the linear relation be-
tween the units meter and pixel in a bitmap AVI video at a
given magnification (magnification=20x).

According to (1), for each syncytium, in order to com-
pare the pressure effects, there was no need to know the mass
of the beating tissue or the A constant, because that mass and
constant were the same in the four different conditions of
relative hydrostatic pressure and the spot markers were jux-
taposed in the same grid positions. In addition, there was no
need to know the video metrics or the B constant, because
that metrics and constant and the video magnification were
the same at all pressures. As consequence, we have defined
Eporm as the normalized mean kinetic energy (in [pixel*/s*])
of a beating syncytium in a discrete video:
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Besides, for each marker i, in order to calculate B; as the
total number of beats, we have identified and counted the
peak displacements, that is, the peak Ax and Ay of the con-
tractions [14]. Given the duration T of the video (T=40 s),
we have defined f as the mean beat frequency (in [Hz]):
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E. Statistics

In order to compare the results between the different
pressure conditions, one-way Analysis of Variance
(ANOVA) with post hoc Least Significance Difference
(LSD) test was applied, electing a significance level of 0.05.
The results are expressed as mean + standard deviation.

III. RESULTS

The software and calculus method previously described
allowed to study the mechanical modulation of the contrac-
tion properties in in vitro beating cardiac syncytia as they
were loaded with different hydrostatic pressures. In particu-
lar, the computed kinematic parameters aimed at revealing
possible ergotropic and chronotropic effects of the applied
hydrostatic pressures.

A. Geometrical-functional classification of the syncytia

We observed particularly thick multilayers with “sphe-
roidal” shape and “flat” multilayers (Figs. 2 and 3), and we
evaluated them in terms of kinetic energy (E,.m) and beat
frequency (f).

Figure 2. Syncytia. Cellular layers in beating syncytia (bars equal to 50
um, 20x magnification). We observed particularly thick multilayers with
“spheroidal” shape (4-B, white ellipses) and “flat” multilayers (C-D).

e N

Figure 3. Syncytia. Scheme of cellular layers in beating syncytia:
transversal section of a thick multilayer with “spheroidal” shape (4, red
circle) and transversal section of a “flat” multilayer (B, red box).

The spheroidal syncytia showed minimum kinetic energy
and maximum beat frequency at 200 mmHg, with p<0.05 in
the comparison with the corresponding adjacent values at

100 and 300 mmHg (Figs. 4 and 5), except for the kinetic
energy (p>0.05) (Fig. 4).

Kinetic energy

—2500

d

~

= 2000 LN

X

21500

& \L

g 1000 % \+//+
Q /\

£ 500 -

g o
: 0 T T T 1

O0mmHg 100 mmHg 200 mmHg 300 mmHg
Pressure

=Spheroidal syncytium  -Flat syncytium

Figure 4. Kinetic energy. The spheroidal syncytia showed minimum
kinetic energy at 200 mmHg (without statistically significant differences in
comparison with the adjacent values at 100 and 300 mmHg [p>0.05]); the
flat syncytia were characterized by maximum kinetic energy at 100 mmHg
(with statistically significant differences in comparison with the adjacent
values at 0 and 200 mmHg [p<0.05]). At all pressures, the kinetic energy of
spheroidal syncytia was significantly higher than that of flat (p<0.05).
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Figure 5. Beat frequency. The spheroidal syncytia showed maximum beat
frequency at 200 mmHg (with statistically significant differences in
comparison with the adjacent values at 100 and 300 mmHg [p<0.05]); the
flat syncytia were characterized by minimum beat frequency at 100 mmHg
(with statistically significant differences in comparison with the adjacent
values at 0 and 200 mmHg [p<0.05]). At all pressures, the beat frequency
of spheroidal syncytia was significantly lower than that of flat (p<0.05).

The flat syncytia were characterized by maximum kinetic
energy and minimum beat frequency at 100 mmHg, with
p<0.05 in the comparison with the corresponding adjacent
values at 0 and 200 mmHg (Figs. 4 and 5).

At all pressures, the kinetic energy of spheroidal syncytia
was significantly higher than those of flat syncytia (p<0.05)
(Fig. 4). In addition, at all pressures, the beat frequency of
spheroidal syncytia was significantly lower than the beat
frequency of flat syncytia (p<0.05) (Fig. 5).

IV. DISCUSSION

The mouse has become a cornerstone of the heart re-
search because of the high potential in manipulating its ge-
nome and the consequent availability of models of cardio-
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vascular diseases. Using beating primary cultures of murine
cardiomyocytes, we have verified the Frank-Starling law of
the heart according to the following terms.

In the spheroidal syncytia, where a better 3D distribution
of pressure loads was possible in comparison to flat syncytia
(Fig. 3), an increasing pressure theoretically caused a short-
ening of the sarcomeres with consequent decreased ergotro-
py and increased chronotropy (in the 0200 mmHg pressure
range, Figs. 4 and 5); on the other hand, in the flat syncytia,
where the increasing pressure loads uniformly spread onto a
2D surface (Fig. 3), the sarcomeres were theoretically
stretched with consequent increased ergotropy and decreased
chronotropy (in the 0+100 mmHg pressure range, Figs. 4 and
5).

The preceding trends were then inverted for pressures
higher than 100 mmHg and 200 mmHg in flat and spheroidal
syncytia, respectively. We hypothesize the presence of over-
stretched sarcomeres in the flat and thin syncytia already at
low pressures (>100 mmHg) with consequent impairment of
the contractile function. On the other hand, in the spheroidal
and thick syncytia, where a better 3D distribution of pressure
loads was possible in comparison to the flat and thin syncyt-
ia, we hypothesize increasingly packed myofibrils i.e. in-
creasingly cross-linked actin and myosin filaments only at
high pressures (>200 mmHg) with consequent amelioration
of the contractile function.

In addition, in comparison to the flat and thin syncytia,
the spheroidal and thick syncytia showed, at each pressure,
higher ergotropy and lower chronotropy (Figs. 4 and 5): this
result was consistent with the general relationship between
the contractile parameters and the heart size in mammalians,
where the chronotropy decreases due to increasing heart size,
whereas the ergotropy increases together with the heart size
[15].

V. CONCLUSION

In conclusion, the present method permitted a systematic
study of in vitro beating syncytia, which were previously
described in terms of cardiac markers and functional gap
junctions [16]. As consequence, it could be used in in vitro
studies of beating cardiac patches, as alternative to the
Langendorff’s heart in biochemical, pharmacological, and
physiology studies, and, especially, when the Langendorff’s
technique is inapplicable (e.g., in studies about human cardi-
ac syncytium in physiological and pathological conditions,
patient-tailored therapeutics, and syncytium models derived
from induced pluripotent/embryonic stem cells with genetic
mutations).

Furthermore, the method could help, in heart tissue engi-
neering and bioartificial heart researches, to “engineer the
heart piece by piece” [17]. In particular, our method could be
useful in: i) the identification of a suitable cell source, pref-
erably adult-derived autologous stem cells, ii) the develop-
ment of biomaterials, and iii) the design of novel bioreactors
and microperfusion systems.

ETHICS STATEMENT

All procedures involving mice were completed in ac-
cordance with the policy of the Italian National Institute of
Health (Protocol nr. 118/99-A) and with the ethical guide-
lines for animal care of the European Community Council
(Directive nr. 86/609/ECC).

CD-1® mice were obtained from the Charles River La-
boratories Italia (Calco, Italy) and were housed under 12-h
light/dark cycles, at constant temperature, and with food and
water ad libitum. The mice were sacrificed by CO, asphyxia-
tion.
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