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To increase the yield of living cells and their survival, studies were carried out to optimize
the method for isolating cardiomyocytes from biopsy specimens excised from the right atrial
appendages. It was found that creatine, blebbistatin, and taurine are necessary components
of the buffer solution during cardiomyocyte isolation, and that composition of the solutions
is a more important factor than their oxygenation.
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Before discovery of induced pluripotent human stem
cells (iPSC), animal cardiomyocytes were used as ex-
perimental cardiomyocyte culture model; however, this
model cannot adequately reproduce the function of
human heart cells, and consequently, human heart
tissue due to differences in the composition of ion
channels in human and animal cardiomyocytes [1-3].
At present, cardiomyocytes differentiated from iPSC
actively replace animal cell model [4-6]. The culture
of cardiomyocyte cells obtained from iPSC can form
a monolayer that conducts electrical excitation and
can be used to study the causes of arrhythmias and
antiarrhythmic means. Moreover, the monolayers and
isolated cardiomyocytes differentiated from iPSC can
be used for testing drug cardiotoxicity. However, the
question on the degree of maturity of these cells re-
mains open [7,8]. The results obtained at the Research
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Laboratory of Molecular and Cellular Diagnostics of
the M. F. Vladimirsky Moscow Region Research Clinical
Institute suggest that electrophysiologically cardiomy-
ocytes from iPSC reach maturity by day 30 from the
beginning of differentiation [9].

To study the factors of cardiomyocyte develop-
ment, it seems useful to compare functional prop-
erties of cells obtained by differentiation from iPSC
and mature human heart cardiomyocytes from myo-
cardial specimens obtained during surgery (biopsy)
[10-12]. Isolation of cardiomyocytes from a biopsy
the human heart is a difficult task. In international
practice, various protocols for isolation of mature
cardiomyocytes have been developed [13-16]. The
general principle is enzymatic digestion of the car-
diac tissue to obtain single cardiomyocytes that are
studied only on the day of isolation. At the same
time, the yield of cardiomyocytes and their survival
greatly vary [17]. Based on the experience of for-
eign colleagues, we have developed and patented a
method for isolating cardiomyocytes from human
heart biopsy specimens [18].

Here we present an optimized protocol for iso-
lation of mature human cardiomyocytes from biopsy
specimens, possible variations of this protocol, and
their effects on the yield of living cells.
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MATERIALS AND METHODS

The study was approved by the Ethics Committee of
the M. F. Vladimirsky Moscow Region Research Clin-
ical Institute (Protocol No. 13479/2019, February 19,
2019) and carried out in accordance with the WMA
Declaration of Helsinki (2004). All patients (mean age
60 years) gave written informed consent for material
sampling.

Cardiomyocytes were isolated from the biopsy
specimens as described elsewhere [18]. The biopsy
material was minced to 1-2 mm fragments in the cold,
washed from the cardioplegic solution with a calci-
um-free buffer for 9-10 min, then incubated in two
portions of a solution with an enzyme mixture 37°C;
the supernatant was discarded each time. Then, a
calcium-free solution with collagenase IV was added
to the fragments and incubated for 7-15 min at 37°C
and constant stirring. The fluid was carefully collected
without agitation. This stage was repeated 3-5 times.
After each cycle, the collected suspensions were fil-
tered through nylon mesh with a pore size of 100 pm
and then centrifuged at 800 rpm for 1-3 min. After cen-
trifugation, the supernatant was removed, the pellet
was resuspended in fresh calcium-free buffer with 5%
fetal bovine serum. Then, calcium reintroduction was
carried out: calcium ions (1 ml of an aqueous solution
of CaCl, with a concentration 30 mM) were gradually
added to the cardiomyocyte suspension (portions of
0.5, 1, 2, and 4 pl every 5 min). After 30 min isolated
cardiomyocytes were ready for experiments.

Isolated living cells were counted in a Goryaev’s
chamber under a microscope. Biopsy sampling, trans-
portation, and electrophysiology are described in de-
tail previously [19,20].

Solutions used. Calcium-free buffer: 126 mM
NaCl, 4.4 mM KCI, 5 mM MgCl,, 5 mM Na,HPO,, 5 mM
HEPES, 22 mM glucose, 20 mM taurine, 5 mM cre-
atine, 5 mM Na-pyruvate, and 10 uM blebbistatin.

Extracellular solution for I, recording: 160 mM
TEA-CI, 5 mM CaCl,, 1 mM MgCl 10 mM glucose,
10 mM HEPES, 2 mM 4-AP (pH 7.4 CsOH).

Intracellular solution for I, recording: 145 mM
CsCl, 5 mM NaCl, 2 mM CaCl,, 5 mM EGTA, 10 mM
HEPES, 5 mM Mg-ATP (pH 7.2 CsOH)

Extracellular solution for I recording: 150 mM
NaCl, 5.4 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 15 mM
glucose, 1 mM Na-pyruvate, 0.001 mM nisoldipine,
0.001 mM E-4031, 15 mM HEPES (pH 7.4 NaOH).

Intracellular solution for I, _ recording: 20 mM KCl,
5 mM Mg-ATP, 10 mM EGTA, 125 mM K-aspartate,
1 mM MgCl,, 2 mM Na,-phosphocretatin, 2 mM Na,-
GTP, 5 mM HEPES (pH 7.2 KOH).

Cardiomyocyte seeding on slides. Coverslips
(12 mm) were prefired with 90% ethanol, placed in
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24-well plates, and subjected to UV irradiation in a
laminar. The slides were then coated with laminin
(rhLaminin-521; Gibco) in a concentration of 10 pug/ml,
diluted with PBS, and placed in an incubator for
30 min. After that, the suspension was added so that
it completely covered the coverslips with laminin.

Immunocytochemistry. Detailed staining proto-
col is presented elsewhere [21]. Cell morphology was
studied by staining for F-actin (Alexa Fluor 488 phal-
loidin) that is present in both cardiomyocytes and fi-
broblasts. For cell identification, the cells were stained
for a-actinin, a protein of cardiomyocyte contractile
apparatus (mouse monoclonal antibody to a-actinin
(sarcomeric), 1:1000; Alexa Fluor 594 (ab’)2 goat an-
ti-mouse IgG fragment (H+L), 1:1000; Sigma). The cell
nuclei were stained with DAPI (Invitrogen).

Stained atrial cardiomyocytes from the biopsy
specimens were examined under a confocal LSM 710
microscope (Carl Zeiss) using a Zen 3.0 black software
(Carl Zeiss).

Statistical analysis. The data were processed
using Clampfit 10.2 (Molecular Devices) and Origin-
Pro 8.1 software (Originlab Corporation). The data of
patch-clamp experiments (current-voltage characteris-
tics normalized to cell capacitance) are presented as
M=SD (for at least three cells from the specimens of
different patients).

RESULTS

Isolation protocol variations. To refine the protocol
and variants of some its stages, we used the cells
isolated from 103 biopsy specimen. The cell yield was
considered perfect and sufficient if the number of
rod-shaped atrial cardiomyocytes (Fig. 1) after isola-
tion was at least 1.5x10%/g biopsy material, which was
the average level for isolation in laboratory settings
according to the described protocol.

The optimal size of the excised biopsy specimen
is 1x1x0.5 cm. Too large specimens are often ischemic,
while the cardiomyocyte yield from small specimens
is low.

The general scheme of isolation steps and some
variations tested in the Research Laboratory of Mo-
lecular and Cellular Diagnostics, M. F. Vladimirsky
Moscow Region Research Clinical Institute are shown
in Figure 2. During surgeries with Normacor cardiople-
gic solution, it is often mixed with blood, so the stage
of biopsy transportation was carried out at different
blood—solution proportions (Table 1). Cardioplegic
solution Custodiol during perfusion is not mixed with
the blood, so the mixtures with the blood was not
used. After transportation of the biopsy in Normacor—
blood (1:2) mixture followed by cardiomyocyte isolation
according to the optimized protocol, cardiomyocyte
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Fig. 1. Atrial cardiomyocytes isolated from different biopsy specimens.

isolation failed in all cases (0 out of 4 isolations).
At the Normacor—blood 1:1 ratio, 1 out of 5 proce-
dures was successful. At the Normacor—blood 2:1 ra-
tio, successful isolation of cells was achieved in 40%
cases. The highest percentage of successful isolations
(80%) was achieved after transportation in pure Nor-

macor. Transportation was carried out at 4°C to slow
down the metabolic processes.

Washing the biopsy fractions 3 times for 5 min in
oxygenated calcium-free buffer increased the propor-
tion of successful cardiomyocyte isolations compared
to 3 times washing for 3 min [18].

3x5 min+0,

Pronase, 0.2 mg/ml

Collagenase I, 0.8 mg/mi

Temperature Biopsy specimen |
4°C v
Transportation |—>| Normacor—blood ratio (1:2, 1:1, 2:1) |
v
room - -
temperature Waslhmg |—>| 3x3 min | or |
; N Pronase, 0.17 mg/ml
Enzyme mix Collagenase 1V, 1.2 mg/mi or
37°C I
Collagenase Collagenase 1V, 1.2 mg/ml | or | Collagenase II, 0.8 mg/ml
| ¢ - | Kraftbriihe solution without FBS |
Centrifugation
v

| Resuspension |

Fig. 2. General scheme of cardiomyocyte isolation from biopsy specimen of the right atrial appendage with variations.
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TABLE 1. Transportation in a Solution of Normacor with Blood

Cell Technologies in Biology and Medicine, No. 2, August, 2023

Normacor:blood ratio Number of isolations Number of successful isolations % of successful isolations
1:2 4 0 0
11 5 1 20
2:1 5 2 40
Without blood 10 8 80

During cardiomyocyte isolation from the biopsy
sample, type II collagenase (Gibco) was tried as an
alternative to type IV collagenase used in the patent-
ed method [18]. The mean concentration of collage-
nase IV was 1.2 mg/ml; as activity of collagenase II is
higher, its concentration was 0.8 mg/ml (in this case,
the optimal concentration of pronase when using col-
lagenase II was 0.2 mg/ml).

In patients under 50 years, the heart tissue was
more elastic and rigid, therefore, for successful isola-
tion of cardiomyocytes, the time of enzyme exposure
was increased to 7 min. In patients above 50 years, the
biopsy was less elastic, so fermentation of fragments
took only 2-3 min per cycle.

To determine the optimal composition of the solu-
tion, a series of isolations of cardiomyocytes from a
biopsy sample was performed in different variants of
calcium-free solution and without some components
(Table 2). Of 14 isolations without creatine, 9 (64%)
were successful. The absence of taurine considerably
impaired the efficiency of isolations: 43% of successful
isolations. In the absence of blebbistatin, the percent-
age of successful isolations also decreased to 50%. Iso-
lation procedures in the calcium-free solution without
two reagents were also less effective: 40% live cells in

TABLE 2. Variations of Reagents and Protocol Steps

the absence of creatine and taurine and 50% without
creatine and blebbistatin.

Oxygenation of a calcium-free solution allowed
increasing the number of successful cardiomyocyte
isolations (to 80%) despite the absence of two re-
agents, taurine and blebbistatin.

In a series without blebbistatin addition to the
calcium-free buffer, but with its oxygenation, 10 of
11 isolations were successful. In the next series, the
absence of bovine serum (FBS) in the calcium-free
solution reduced the success rate to 88% (Table 2).

Even short-term absence of creatine, blebbistatin,
or taurine was critical for cardiomyocyte survival. This
is due to the fact that these components are respon-
sible for energy metabolism in cells and suppression
of cardiomyocyte contractility to reduce energy ex-
penditure. For instance, creatine plays a key role in
heart contraction and energy metabolism [22]. In heart
failure, the levels of creatine and phosphocreatine
decrease due to reduced expression of the creatine
transporter, as well as degradation of phosphocre-
atine to prevent ATP depletion [23]. Blebbistatin is
an inhibitor of actin—myosin interaction in the con-
tractile system of the heart muscle [24]. It is more
often used than other uncoupling agents because it

Omitted reagent Replaced reagent réggggt of I\ilsuc?lqabt?orns Eﬁgzzgf&f % ?L(j;ggﬁzsml

isolations
Creatine Collagenase |V - collagenase I 14 9 64
Taurine Collagenase |V - collagenase I 7 3 43
Blebbistatine Collagenase |V - collagenase I 6 3 50
Creatine, taurine Collagenase |V - collagenase I 5 2 40
Creatine, blebbistatine | Collagenase IV - collagenase I 6 3 50
Taurine, blebbistatine Collagenase |V - collagenase I O, 5 4 80
Blebbistatine Collagenase |V - collagenase I 0, 11 10 91
Blebbistatine, FBS Collagenase |V - collagenase I 0, 17 15 88
Blebbistatine, FBS, Collagenase 1V - collagenase Il | O,, Kraftbrihe 7 7 100
calcium reintroduction solution
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Fig. 3. Mature cardiomyocytes isolated from a biopsy specimen of human right atrial appendage. Confocal microscopy. a) Nucleus
(DAPI, blue color); b) cytoskeletal microfilament, contractile element of muscles (F-actin, green color); ¢) actin-binding protein

(a-actinin, red color); d) overlay images.

provides increased efficacy with minimal direct impact
on cardiac electrophysiology [25]. The absence of each
of the three reagents or two of them simultaneously
impaired cardiomyocyte survival.

To further increase the percentage of successful
isolations with a live cell yield, calcium-free solution
during 30-min “rest” (cell membrane repair) was re-
placed with a cold Kraftbriihe solution (in mM: 50 po-
tassium glutamate, 20 HEPES, 20 taurine, 3 MgSO,,
30 KCI, 0.5 EGTA, 30 KH,PO,, and 10 glucose) [26]
saturated with oxygen (Table 2).

It is believed that the saturation of solutions with
oxygen during cell isolation is necessary for their sur-
vival [27], but this is not the most important factor in

the isolation of cardiomyocytes [19]. Relying on our
own experience, we believe that oxygen can increase
the yield of live cardiomyocytes even in the absence
of some reagents responsible for energy metabolism.

Structure of isolated cardiomyocytes. The
structure of mature isolated atrial cardiomyocytes
was studied by immunocytochemistry on a confocal
scanning microscope. The nucleus, cytoskeleton, and
striated structure typical of cardiomyocytes were not
damaged in the isolated cells (Fig. 3).

Electrophysiology of mature cardiomyocytes. All
isolated mature cells selected for current recording
by the patch-clamp method, had a rod-like shape and
striated structure.
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Fig. 4. Current-voltage curve of L-type calcium channels I, (n=4; a) and slow potassium channels | (n=6; b).

The current-voltage characteristics of currents in
voltage-gated channels responsible for action potential
formation were studied: L-type calcium channels I,
and slow potassium channels I, (Fig. 4). The cur-
rent-voltage ratio I-V showed that the peak density of
calcium currents was at 0 mV and the mean maximum
peak of I, normalized to the cell capacitance was
-15.74%2, 53 pA/pF (n=4) (Fig. 4, a). For I, the mean
current amplitude normalized to the cell capacitance
was 14.99£1.79 pA/pF (n=6) (Fig. 4, b).

Thus, the composition of the buffer solution for
isolation of healthy human cardiomyocytes from the
heart biopsy specimens should include creatine, bleb-
bistatin, and taurine. The optimized protocol allows
more efficient use of biopsy specimens and increases
the yield of live cells.
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