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Abstract

The invention of an electric pacemaker in the middle of the 20th century led to a revolution in the treatment
of cardiac conduction system diseases. The improvement of pacemakers continued. In 1962, the first small series
of external pacemakers for percutaneous and direct stimulation was produced in Kaunas. After a while, electric
pacemakers became more reliable, smaller and lighter in weight, but the problem of foreign body associated
infection and limited service life remained unresolved. Modern high-tech medicine strives to create less invasive
electric pacemakers, but nevertheless, biological pacemakers can expand the therapeutic arsenal for the treatment
of cardiac patients, being the most physiological for humans. The concept of an artificial biological pacemaker
consists of the creation of an organic structure that generates a spontaneous rthythm from the implantation site in
the myocardium. Various gene and cellular approaches were used to create biological pacemakers: a functional
reorganization approach (use of adenovirus vectors for hyperexpression of genes encoding ion channels in
cardiomyocytes); hybrid approach (use of fibroblasts to deliver genes of ion channels that provide heart automation);
somatic reprogramming approach (overexpression of the transcription factor TBX18 using adenoviral vectors,
which reprograms cardiomyocytes into induced sinoatrial node cells, creating cardiac stimulatory activity); cellular
approach (transplantation of stem cells to a specific place in the heart, thereby creating biological stimulation).
Modern methods of electrical cardiac stimulation and the developed concepts of the biological pacemaker clearly
show the possibility of eliminating current problems associated with the use of an artificial pacemaker by replacing
it with a biological one. Each of the approaches (gene, cellular, hybrid-cellular, somatic reprogramming) has its
own advantages and disadvantages, which predisposes to further study and improvement in order to introduce
a biological pacemaker into clinical practice.
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An electrical impulse is generated in the sinoatri-
al node (SAN), then spreads downwards, and exits
in various parts of the heart. With the conduction
system pathology, the heart rate slows down, which
leads to a discrepancy between the body’s need for
blood circulation and the actual blood supply [1].
Therefore, medicine resorts to the implantation of
electronic pacemakers as a solution.

Over time, electric cardiac pacemakers (ECP)
improved, became smaller and lighter in weight,
and more advanced two- and three-chamber mo-
dels appeared. A modern ECP consists of a sub-
cutaneous generator, a lithium-ion battery, and
a series of wires with electrodes on tips and can
track electrical impulses of the atria and ventricles,
respiration rate, and body speed, which adjust the
heart rate considering the physiological needs.

Patients with ECPs have several limitations in ar-
eas with an electromagnetic field despite the efficien-
cy of ECPs, which affects their quality of life, with
a possible risk of a foreign body infection with an in-
fectious agent [2]. Additionally, the use of ECPs also
has several problems in children due to the smaller
body size than that of an adult and rapid growth, as
well as the anatomical changes associated with con-
genital cardiac defects [3]. Generally, epicardial car-
diac pacing is recommended for patients weighing
<15 kg and/or with altered anatomy (e.g., with an
intracardiac shunt or with a solitary ventricle).

Epicardial pacing leads are often prone to
breakage and often need to be replaced with either
a new epicardial lead or an endocardial system, if
possible. With modern battery technology, the ge-
nerators must be replaced approximately every 10
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years, which requires multiple replacements of
the generators with an appropriate set of risks and
complications that are associated with this pro-
cedure, such as endocardial lead dislocations, in-
creased stimulation threshold, hematoma in the
ECP bed area, pneumothorax, and myocardial per-
foration. Alternative energy sources, such as piezo-
electric energy [4, 5] and solar energy, are currently
investigated at the preclinical stages of study by the
American scientists, C. Dagdeviren et al. [6].

Biological pacemakers that are derived from
gene transfer, cell fusion, or stem cell transplan-
tation provide an alternative to electronic devices.
Modern high-tech medicine strives to create less
traumatic ECPs; however, biological pacemakers
can expand the therapeutic range for the treatment
of patients with cardiac disorders, as the most phy-
siological for humans [7]. An increased frequency
of pacemaker contractions and activity induction in
anew focus is the principal field of biological pace-
maker creation [8].

Biological pacemakers. Various biological ap-
proaches to improve cardiac autonomy have been
analyzed over the years, which aimed to use cells
that are functionally similar to SAN cells (heart
stimulating natural cells) [9]. Various gene and cel-
lular approaches were described for the develop-
ment of biological pacemakers.

1. The functional reorganization approach.
Adenoviral vectors are used to overexpress genes
encoding ion channels (one channel or a combina-
tion of channels) in cardiomyocytes to increase the
number of hyperpolarization-activated cyclic nu-
cleotide-gated channels (HCN) and decrease the
number of potassium channels of internal rectifica-
tion (KIR) by dominant-negative construct overex-
pression (KIR2.1AAA) [10].

2. Stem cells. A stem cell cluster is derived from
human embryonic stem cells or induced pluripotent
stem cells, which are transplanted to a specific lo-
cation in the heart to capture the surrounding myo-
cardium, thereby creating biological stimulation.

3. In the hybrid approach, cells (human mesen-
chymal stem cells or fibroblasts) are used to deliver
genes of ion channels (e.g., genes encoding compo-
nents of HCN channels) to ensure cardiac automa-
tism [11]. Delivery using human mesenchymal stem
cells requires their connection with cardiomyocytes
using gap junction, whereas cell fusion is required
for gene delivery using fibroblasts [12].

4. In somatic reprogramming, overexpression of
the T-box transcription factor TBX18 using adeno-
viral vectors reprograms cardiomyocytes into in-
duced SAN cells, repeating the properties of SAN
and, therefore, creating cardiac stimulatory activi-
ty [10, 13].
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Gene approaches. The earliest gene approach
for increasing cardiac automatism involved the
overexpression of genes that encode human f3,-ad-
renergic receptors in the atria of mice and pigs [14].
This approach did not create a biological pacema-
ker; however, the rate of endogenous SAN was
increased by increasing the number of available
B,-adrenergic receptors for binding to endogenous
catecholamines [15].

The first biological pacemaker de novo was crea-
ted using gene therapy, which was reported in 2002.
The strategy of the American scientists, J. Miake
and E. Marban, consists of the release of an “elec-
tric brake” that suppresses automatism in ventricu-
lar cardiomyocytes by inhibiting endogenous KIR.

KIR is a specific subset of potassium chan-
nels. Currently, seven subfamilies of KIR have
been identified in the cells of various tissues of
animals of various species. The main role of the
KIR channels includes the restoration of the res-
ting membrane potential during hyperpolarization
by conducting the weak potassium current into the
cell. The overexpression of the KIR2.1 dominant-
negative construct (KIR2.1AAA) decreases the
amount of functional ionic KIR (encoded by the
KIR2 gene family; also known as KCNJ2) in the
guinea pig myocardium [15].

Suppression of the incoming rectifying current
(IK1) causes spontaneous ventricular cardiomyocyte
depolarization, thereby generating the biological ac-
tivity of the pacemaker. Subsequent studies revealed
that KIR2.1AAA overexpression not only influ-
enced the resting potential (causing spontaneous
depolarization) but also led to an increased dura-
tion of the action potential [10]. Diffuse suppression
of IK1 in the ventricular myocardium may predis-
pose to arrhythmias as clinically noted in familial
long QT syndrome type 7 (REF 82). The poten-
tial proarrhythmic effects of focal IK1 suppression,
which is necessary to induce the biological activity
of the pacemaker, were not described in these small
animal validation studies [16]. Therefore, any biolo-
gical therapy that can increase cardiac automatism
should be carefully investigated in several preclini-
cal models, including large animals with low heart
rates, to rule out potential proarrhythmic effects.

Moreover, A.N. Plotnikov et al. considered the
possibility of sinus node pacemaker f-channels
(If-channels) expression in normal working cardio-
myocytes by HCN channel overexpression, name-
ly HCN2 [17]. Murine HCN2 adenoviral constructs
were delivered by open thoracotomy at the base of
the left atrial auricle. The anesthetized dogs, 4 days
after injection, had spontaneous rhythms that arose
from the left atrium after sinus rhythm suppression
by vagal stimulation.
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Ion channels, If, are composed of proteins of the
HCN family, which exist as four HCN ion channel
isoforms. The isoforms 1, 2, and 4 are found only in
the myocardium, while isoform 3 in the brain [18].
The HCN2 gene is used for incorporation into the
viral vector since the properties of this isoform are
closest to the native current [19]. Subsequent stud-
ies of the same group demonstrated that HCN2-
expressing adenovirus injection into the left branch
of the His bundle resulted in spontaneous ventricu-
lar thythms following vagal pacing. These two in-
dependent studies have demonstrated the ability to
create biological cardiac pacing through functio-
nal genetic engineering either by suppressing IK1,
thereby causing spontaneous depolarization of ven-
tricular cardiomyocytes, or by expressing If-chan-
nels in normal working cardiomyocytes.

Cellular approaches. Human embryonic stem
cells can differentiate into spontaneously excited
cardiomyocytes [20]. The in vivo transplantation
of cardiomyocytes that are derived from embryo-
nic stem cells in guinea pigs led to the pacemak-
er biological activity, which was confirmed by ex
vivo optical mapping [21]. After the atrioventricu-
lar node ablation, previously injected animals with
cardiomyocytes that are derived from embryonic
stem cells exhibited spontaneous biological cardi-
ac stimulatory activity at the injection site (demon-
strated by optical mapping). Given the human
origin of these cells, immunosuppression was re-
quired to prevent rejection [15].

SAN-like cardiomyocytes that are obtained
from human-induced pluripotent stem cells (iPSC)
were used to create biological cardiac stimulation
in vitro and in vivo [22]. Another study engrafted
iPSC-derived cardiomyocytes into canine hearts
through open thoracotomy. The pacemaker biolo-
gical activity was recorded only in 50% of animals
with a heart rate of 40—50 per min [11]. Significant
disadvantages of this method include the ability
of the transplanted embryonic stem cells to finally
differentiate into cardiomyocytes while losing their
ECP characteristics, as well as the need for immu-
nosuppression.

Contemporary iPSC technologies create a mixed
population of cells with different phenotypes, and it
should be considered that immature cells can dif-
ferentiate into cells of various types (e.g., terato-
mas) and migrate throughout the body. The rather
long term for generation of the iPSCs (up to several
months) remains controversial [23].

The Russian scientists, N.Sh. Zagidullin and
Sh.Z. Zagidullin, in collaboration with the labora-
tory of the Cologne University Hospital, electropo-
rated mouse embryonic stem cells with a plasmid
that contains the gene for atrial natriuretic hor-

mone, which is significant in atrial development.
Spindle-shaped cells with pacemaker activity were
found in the culture, which differs in their morpho-
logy from triangular and polygonal cells, which are
not suitable as biological pacemakers. The experi-
ment revealed that the cultivation of plasmid-loa-
ded embryonic stem cells with endothelin-1 led to
a shift in favor of increasing the concentration of
spindle-shaped cells with pacemaker-like electro-
physiological characteristics for their further use as
biopacemakers [24].

Some experimental studies have examined the
use of a biological pacemaker in conjunction with
an ECP. Potentially, such a combination has addi-
tional advantages over their isolated use, as a bi-
ological pacemaker will modulate the heart rate
based on physical and psycho-emotional stress,
while an electrical component will “insure” the
heart rate in the event of biological pacemaker
“shutdown.” Such a tandem will be more physio-
logical for the body and will increase the service
life of the ECP batteries.

N.Sh. Zagidullin and Sh.Z. Zagidullin also stud-
ied the electrophysiological properties of HCNI,
HCN2, and HCN4 isoforms in physiological and
hyperpotassium solutions when expressed in the
ovarian cells of Chinese hamsters to determine
a candidate gene for creating a biological pace-
maker. The study revealed that out of the three
isoforms, HCN1 showed the fastest kinetics of ac-
tivation, followed by HCN2, and the “slowest” iso-
form was HCN4. Additionally, HCN1 was superior
to HCN2 and especially HCN4 in current densi-
ty. In terms of electrophysiological parameters, the
HCN2 isoform is closest to the native If-current,
which recommends it as a real candidate for biolog-
ical pacemaker creation [25].

Hybrid gene-cell approach. The hybrid gene-
cell approach uses cells that carry genes for cardi-
ac stimulatory activity (e.g., genes encoding HCN
channels). Human mesenchymal stem cells that are
engineered to express the HCN2 pacemaker chan-
nel were injected into dogs with a complete atrio-
ventricular block by open thoracotomy [26]. The
biological cardiac stimulatory activity was mani-
fested, and the rate of ventricular contractions was
50—60 per minute, without signs of cellular or hu-
moral rejection.

The potential advantages of this approach in-
clude the absence of a viral vector (used in most
gene therapy approaches) and the need for immu-
nosuppression (given the low immunogenicity of
human mesenchymal stem cells). An obstacle to
the viral vector introduction is the activation of the
body’s immune system, of which the modified cells
return to their original state, as well as the presence
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of pathogenic potential. Disadvantages of this ap-
proach are rather low heart rate (40—45 per minute),
the migration possibility, and further human mes-
enchymal stem cell differentiation [11].

In the next hybrid approach, American scien-
tists and scientists from Taiwan Y.F. Hu et al. used
engineered syngeneic fibroblasts expressing HCN1,
which was injected into guinea pig hearts to induce
cell fusion with surrounding endogenous ventric-
ular cells [27]. The resulting fibroblast-myocyte
heterokaryons exhibited biological cardiac stimula-
tory activity at the injection site. This alternative is
a non-stem cell non-viral approach; however, more
preclinical studies are required using a minimally
invasive delivery system of cells to the myocardi-
um (e.g., using a venous catheter without the need
for thoracotomy or arterial access) [7].

Somatic reprogramming approaches. This
approach includes overexpression of the gene that
encodes the human embryonic transcription fac-
tor, TBX18, in ventricular cardiomyocytes, there-
by inducing the conversion of cardiomyocytes into
SAN cells, which resemble endogenous cells of
the SANI11 pacemaker [28]. They possessed all the
characteristics that are inherent in natural pace-
makers, automatic and cyclic generation of action
potentials, which are transmitted to the atrial and
ventricular cardiomyocytes and induce their elec-
trical excitation and mechanical contraction [29].

With this approach, the entire gene expression
program changes, thereby modifying the physio-
logical and morphological properties of cells. The
induced SAN cells had many of the phenotypic and
functional characteristics of native SANI11 cells,
which is a beneficial promising trait [12]. Moreover,
somatic reprogramming in vivo with TBX18 crea-
ted a biological pacemaker rhythm in guinea pig
hearts that did not only originate from the injec-
tion site but also responded to catecholamines [13].
The reprogrammed pacemakers followed the natu-
ral daily cycle of heart rate increase and decrease,
and increased heart rate during exercise [10].

Chronology of biological pacemakers. Predic-
ting the duration for biological pacemakers to be in-
troduced and make a significant impact on clinical
practice is difficult. The development timeline for
the implantable cardioverter-defibrillator provides
a useful reference point for this. The original con-
cept, created by the cardiologist Michel Mirows-
ki in the mid-1960s, was first presented in 1970.
The idea was not recognized by cardiologists [30].

The first clinical use of an implantable cardio-
verter-defibrillator was reported 10 years later. Pa-
tients with recurrent cardiac arrest episodes despite
conventional therapy were selected. The implanta-
tion was performed through open thoracotomy in
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1980 by the cardiologist, Michel Mirowski, in the
operating room of the Johns Hopkins hospital [31].
The device turned out to be quite effective.

Over the next three decades, cardioverter-
defibrillator implantation became completely per-
cutaneous. Every year, a cardioverter-defibrillator
is prophylactically implanted in hundreds of thou-
sands of patients [32]. Biological pacemakers re-
main at the preclinical stage at the moment. As
with the implantable cardioverter-defibrillator, this
technology has not been recognized by the cardio-
logical community [33]. Only time will tell if the
biological pacemaker succeeds in clinical practice
and, if so, the extent of the effect will be significant
in reality.

Conclusion. Currently, one of the methods for
treating conduction system disorders is the use of
ECPs. If successfully tested, biological pacema-
kers can provide a therapeutic alternative to mo-
dern ECPs [34]. The first approach to a biological
pacemaker creation was the expression of B,-adre-
nergic receptors in cardiomyocytes to enhance the
pacemaker activity or create a de novo pacema-
ker. Therefore, the genes encoding B,-adrenergic
receptors were injected into the right atrial car-
diomyocytes in mice and pigs using an adenovi-
ral vector. In both cases, the basal heart rate in-
creased by 40%-50%; however, creating a new
focus of pacemaker activity in the myocardial tis-
sue is impossible.

Another option for increasing the heart rate was
using a dominant-negative design to reduce the in-
coming rectifying potassium current, which shifts
the resting potential to a more positive side, thereby
increasing the heart rate. However, the expansion
of the action potential turned out to be a big prob-
lem in this case, which could potentially lead to
a prolonged QT interval and corresponding proar-
rhythmic effect.

HCN2 gene transfection into the cardiomyo-
cytes using adenovirus turned out to be one of the
effective options for creating a biological pacema-
ker. Recent studies revealed the possibility of trans-
plantation into the myocardium of pacemaker-like
cardiomyocytes obtained from embryonic stem
cells. These cells express the If-current and rhyth-
mically contract.

Therefore, in the future, real possibilities for
creating biological pacemakers by myocardial cell
transfection with HCN genes are possible, as well
as by genetically modified human mesenchymal
stem cells. Each of the approaches (gene, cellular,
hybrid cell, and somatic reprogramming) has its
advantages and disadvantages, which predisposes
to their further study and improvement to introduce
a biological pacemaker into clinical practice.



Kazan Medical Journal 2021, vol. 102, no. 6

Author contributions. V.N.O., A.H.M., D.N.N,,
E.V.H, and YuV.O. took an equal part in the article
preparation.

Funding. The study had no external funding.

Conflict of interest. The authors declare no conflict
of interest.

REFERENCES

1. Anderson R.H., Boyett M.R., Dobrzynski H., Moor-
man A.F. The anatomy of the conduction system: implica-
tions for the clinical cardiologist. J. Cardiovasc. Transl.
Res. 2013; 6: 187-196. DOI: 10.1007/s12265-012-9433-0.

2. Anderson R.H., Ho S.Y. The architecture of the sinus
node, the atrioventricular conduction axis, and the x atrial
myocardium. J. Cardiovasc. Electrophysiol. 1998; 9: 1233—
1248. DOI: 10.1111/j.1540-8167.1998.tb00097.x.

3. Fortescue E.B., Berul C.I., Cecchin F., Walsh E.P.,
Triedman J.K., Alexander M.E. Patient, procedural, and
hardware factors associated with pacemaker lead failures
in pediatrics and congenital heart disease. Hear. Rhythm.
2004; 1: 150—159. DOI: 10.1016/j.hrthm.2004.02.020.

4. Dagdeviren C., Yan S., Joe P., Ghaffari R., Ba-
looch G., Usgaonkar K., Onur Gur, Phat L.T., Jessi R.C.,
Meyer M., Yewang S.R., Webb C., Tedesco A.S. Conformal
piezoelectric systems for clinical and experimental charac-
terization of soft tissue biomechanics. Nat. Mater. 2015; 14:
728-736. DOI: 10.1038/nmat4289.

5. Dagdeviren C., Yan S., Joe P., Ghaffari R., Ba-
looch G., Usgaonkar K., Onur Gur, Phat L.T., Jessi R.C.,
Meyer M., Yewang S.R., Webb C., Tedesco A.S. Conformal
piezoelectric energy harvesting and storage from motions
of the heart, lung, and diaphragm. Proc. Natl. Acad. Sci.
USA. 2014; 111: 1927-1932. DOI: 10.1073/pnas.1317233111.

6. Haeberlin A., Zurbuchen A., Walpen S., Schae-
rer J., Niederhauser T., Huber C., Tanner H., Servatius H.,
Seiler J., Haeberlin H., Fuhrer J., Vogel R. The first bat-
teryless, solar-powered cardiac pacemaker. Heart Rhythm.
2015; 12: 1317-1323. DOI: 10.1016/j.hrthm.2015.02.032.

7. Van Weerd J.H., Christoffels V.M. The formation and
function of the cardiac conduction system. Development.
2016; 143: 197-210. DOI: 10.1242/dev.124883.

8. Cohen I., Brink P., Robinson B., Rosen M. The why,
what, how and when of biological pacemaker. Nature Clin.
Pract. 2005; 2: 374-375. DOI: 10.1038/ncpcardio0276.

9. Cingolani E., Marban E. Recreating the sinus node
by somatic reprogramming: a dream come true? Rev. Esp.
Cardiol. 2015; 68: 743—745. DOI: 10.1016/j.rec.2015.04.011.

10. Hu Y.F., Dawkins J.F., Cho H.C., Marban E., Cin-
golani E. Biological pacemaker created by minimally in-
vasive somatic reprogramming in pigs with complete heart
block. Sci. Transl. Med. 2014; 6: 245ra94. DOI: 10.1126/sci
translmed.3008681.

11. Chauveau S., Anyukhovsky E.P., Ben-Ari M.,
Naor S., Jiang Y.P., Danilo P.Jr., Rahim T., Burke S.,
Qiu X., Potapova [.A. Induced pluripotent stem cell-derived
cardiomyocytes provide in vivo biological pacemaker func-
tion. Circ. Arrhythm. Electrophysiol. 2017; 10: e004508.
DOI: 10.1161/CIRCEP.116.004508.

12. Liechty K.W., Mackenzie T.C., Shaaban A.F.,
Radu A., Moseley A.B., Deans R., Marshak D.R., Flake A.W.
Human mesenchymal stem cells engraft and demonstrate
site-specific differentiation after in utero transplantation in
sheep. Nat. Med. 2000; 6: 1282—1286. DOI: 10.1038/81395.

13. Lloyd M., Reynolds D., Sheldon T., Stromberg K.,
Hudna H.T., Demmer W.M., Omar R., Ritter P., Hummel J.,

Mont L., Steinwender C., Duray G.Z. Rate adaptive pa-
cing in an intracardiac pacemaker. Heart Rhythm. 2017; 14:
200-205. DOI: 10.1016/j.hrthm.2016.11.016.

14. Edelberg J.M., Aird W.C., Rosenberg R.D. Enhance-
ment of murine cardiac chronotropy by the molecular trans-
fer of the human B, adrenergic receptor cDNA. J. Clin. In-
vest. 1998; 101: 337-343. DOI: 10.1172/JCI1330.

15. Edelberg J.M., Huang D.T., Josephson M.E., Rosen-
berg R.D. Molecular enhancement of porcine cardiac chrono-
tropy. Heart. 2001; 86: 559-562. DOI: 10.1136/heart.86.5.559.

16. Riedel M., Jou C.J., Lai S., Lux R.L., Moreno A.P.,
Spitzer K.W., Christians E., Tristani-Firouzi M., Benja-
min [.J. Functional and pharmacological analysis of car-
diomyocytes differentiated from human peripheral blood
mononuclear-derived pluripotent stem cells. Stem. Cell
Rep. 2014; 3: 131-141. DOI: 10.1016/j.stemcr.2014.04.017.

17. Baruscotti M., Bucchi A., Difrancesco D. Physiolo-
gy and pharmacology of the cardiac pacemaker (“funny”)
current. Pharmacol. Ther. 2005; 107: 59-79. DOI: 10.1016/
j-pharmthera.2005.01.005.

18. Zhang H., David H.L., Shlapakova I.N., Zhao X.,
Danilo P., Robinson R.B., Cohen L.S., Dan Qu, Zhiyun Xu,
Rosen M.R. Implantation of sinoatrial node cells into ca-
nine right ventricle: Biological pacing appears limited by
the substrate. Cell Transplant. 2011; 20 (11-12): 1907-1914.
DOI: 10.3727/096368911X565038b.

19. Silva J., Rudy Y. Mechanism of pacemaking in
I, -downregulated myocytes. Circul. Res. 2003; 92: 261—
263. DOL: 10.1161/01.RES.0000057996.20414.Cé6.

20. Xu C., Police S., Rao N., Carpenter M.K. Characte-
rization and enrichment of cardiomyocytes derived from
human embryonic stem cells. Circul. Res. 2002; 91: 501—
508. DOI: 10.1161/01.RES.0000035254.80718.91.

21. Xue T., Cho H.C., Akar F.G., Tsang S., Jones S.P.,
Marban E., Tomaselli G.F., Li R.A. Functional integration
of electrically active cardiac derivatives from genetically
engineered human embryonic stem cells with quiescent re-
cipient ventricular cardiomyocytes: insights into the deve-
lopment of cell-based pacemakers. Circulation. 2005; 111:
11-20. DOTI: 10.1161/01.CIR.0000151313.18547.A2.

22. Protze S.I., Liu J., Nussinovitch U., Ohana L.,
Backx P.H., Gepstein L., Keller G.M. Sinoatrial node car-
diomyocytes derived from human pluripotent cells function
as a biological pacemaker. Nat. Biotechnol. 2017; 35: 56—
68. DOI: 10.1038/nbt.3745.

23. Kaupp U.B., Seifert R. Molecular diversity of pace-
maker ion channels. Annu. Rev. Physiol. 2001; 63: 235-257.
DOI: 10.1146/annurev.physiol.63.1.235.

24. Zagidullin N.Sh., Zagidullin Sh.Z. The opportuni-
ties of biological pacemakers construction by sinus node
impairement. Meditsinskiy vestnik Bashkortostana. 2008;
3 (1): 51-56. (In Russ.)

25. Zagidullin N.S., Zagidullin S.Z. Electrophysiological
characterization of cardio specific isoforms of the If chan-
nel. Kazan Medical Journal. 2009; 90 (2): 27-31. (In Russ.)

26. Plotnikov A.N., Shlapakova 1., Szabolecs M.J.,
Jr P.D., Lorell B.N., Potapova [.A., Lu Z., Rosen A.B.,
Mathias R.T., Brink P.R., Robinson R.B., Cohen I.S., Ro-
sen M.R. Xenografted adult human mesenchymal stem
cells provide a platform for sustained biological pacemaker
function in canine heart. Circulation. 2007; 116: 706—713.
DOI: 10.1161/CIRCULATIONAHA.107.703231.

27. Cho H.C., Kashiwakura Y., Marban E. Creation of
a biological pacemaker by cell fusion. Circui. Res. 2007,
100: 1112-1115. DOI: 10.1161/01.RES.0000265845.04439.78.

28. Bucchi A., Plotnikov A.N., Shlapakova I., Jr P.D.,
Kryukova Y., Qu J., Lu Z., Liu H., Pan Z., Potapova I.,

5of6



Review

KenKnight B., Girouard S., Cohen L.S., Brink P.S., Robin-
son R.B., Rosen M.R. Wild-type and mutant HCN channels
in a tandem biological-electronic cardiac pacemaker. Circu-
lation. 2006; 114: 992-999. DOI: 10.1161/CIRCULATION
AHA.106.617613.

29. Kapoor N., Liang W., Marban E., Cho H.C. Direct
conversion of quiescent cardiomyocytes to pacemaker cells
by expression of Tbx18. Nature Biotechnol. 2012; 31 (1):
54-62. DOL: 10.1038/nbt.2465.

30. Lown B., Axelrod P. Implanted standby defibril-
lators. Circuiation. 1972; 46: 637-639. DOI: 10.1161/01.
CIR.46.4.637.

31. Mirowski M., Philip R., Mower M.M., Watkins L.,
Gott V.L., Schauble J.F., Langer A., Heilman M.S., Kole-
nik S.A., Fischell R.E., Weisfeldt M.L. Termination of ma-

6 0of 6

lignant ventricular arrhythmias with an implanted automa-
tic defibrillator in human beings. N. Eng. J. Med. 1980: 303:
322-324. DOI: 10.1056/NEJM198008073030607.

32. Mond H.G., Proclemer A. The 11th world survey of
cardiac pacing and implantable cardioverter-defibrillators:
calendar year 2009 — a World Society of Arrhythmia’s
project. Pacing Ciin. Eiectrophysio. 2011: 34: 1013—-1027.
DOLI: 10.1111/j.1540-8159.2011.03150.x.

33. Bolli R. Dandum semper est tempus: the crucial im-
portance of (and increasing disregard for) the test of time.
Circui. Res. 2015: 117: 755-757. DOI: 10.1161/CIRCRESA
HA.115.307613.

34. Oslopov V.N., Milyutina O.I., Milyutina I.I. Biolo-
gical pacemaker: possibility and technique of development.
Prakticheskaya meditsina. 2020; 18 (1): 32-37. (In Russ.)



