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Abstract
Purpose of Review The goal of this paper is to review present knowledge regarding biological pacemakers created by somatic
reprogramming as a platform for mechanistic and metabolic understanding of the rare subpopulation of pacemaker cells, with the
ultimate goal of creating biological alternatives to electronic pacing devices.
Recent Findings Somatic reprogramming of cardiomyocytes by reexpression of embryonic transcription factor T-box 18
(TBX18) converts them into pacemaker-like. Recent studies take advantage of this model to gain insight into the electrome-
chanical, metabolic, and architectural intricacies of the cardiac pacemaker cell across various models, including a surgical model
of complete atrioventricular block (CAVB) in adult rats.
Summary The studies reviewed here reinforce the potential utility of TBX18-induced pacemaker myocytes (iPMS) as a mini-
mally invasive treatment for heart block. Several challenges which must be overcome to develop a viable therapeutic intervention
based on these observations are discussed.
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Introduction

The initiation of heart beats depends critically upon pacemaker
cells, a subpopulation of < 10,000 cells within the ~ 10 billion
myocyte and non-myocyte cells of the adult mammalian heart
[1]. Failure of the native pacemaker cells of the sinoatrial node
(SAN) to function results in bradycardias that could lead to
syncope and circulatory collapse. Current therapy relies on
costly electronic device–based cardiac pacing. In addition to a
rising complication incidence due to indwelling hardware (lead

fractures, infections, replacements), these devices have proven
to be incompatible for pediatric patients who require a dynamic,
adaptable solution to account for their growth [2–4].

Biological pacemakers have been developed as a minimal-
ly invasive alternative treatment modality. Specifically, we
have demonstrated that the focal reexpression of an embryonic
transcription factor T-box 18 (TBX18) could convert normally
quiescent ventricular cardiomyocytes into induced
pacemaker-like cells, recapitulating hallmark features of cells
in the sinoatrial node (SAN) [2, 5–7]. To better understand the
mechanistic basis of pacemaking by the induced pacemaker
cells, there is a need for comprehensive tissue-level models as
well as clinically relevant small animal models to successfully
recapitulate the progression of chronic bradycardia [8–11] and
evaluate disease-modifying activity of biological pacemakers.

This review aims to highlight ongoing investigations into
the cellular and tissue-level characterization of the induced
pacemaker cells. In addition, we review a novel small animal
model of complete atrioventricular block (CAVB) which has
potential to fast-track future treatment development and re-
finements. These studies elucidate the design principles of
the native SAN that can be reverse-engineered for the goal
of making therapeutically relevant tissue-engineered SA
nodes (eSANs).
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Induced Pacemaker Myocytes Are Electrically
Well-Insulated

In vitro functional assessment of engineered cardiac tissue con-
structs is complex and multifactorial [12, 13]. A functional,
standardized readout capable of providing comparison across
different models and laboratories could greatly guide optimiza-
tion of the structure and function of derived tissues. The
strength-duration relationship is presented as a potential tool
to prioritize properties that govern the electrical excitability of
cardiac myocytes. The negative correlation between the
strength of a transmembrane current source with the threshold
duration for excitation is classically described by the quasi-
hyperbolic Lapicque-Hill equation [13, 14]. Beyond a bench-
mark of comparison, cell excitability testing of pacemaker cells
can help define the parameters needed for successful electrical
field pacing in vitro and physiological integration in vivo.

2D and 3D cultures of neonatal rate ventricular myocytes
(NRVMs) and cardiac fibroblasts isolated from post-natal day
1–3 rats were employed as models of the ventricular myocar-
dium. Strength-duration tests on these constructs discerned
that smaller culture dimension, perpendicular anisotropic ori-
entation of the cardiac tissue constructs with respect to electric
field and higher proportion of added fibroblasts demanded a
higher stimulation threshold [15•]. All of these properties re-
flect the characteristics of a well-insulated endogenous cardiac
pacemaker tissue, such as the SA node [16]. These properties
are consistent with the previously reported disorganized cel-
lular orientation of the SA node consisting of weak cell-to-cell
electrical coupling [1]. In line with the previous findings, 3D
spheroids consisting of TBX18-iPMs raised the strength-
duration threshold (Fig. 1A), reinforcing the electrical and
morphological hallmarks the iPMs share with the native pace-
maker cells. TBX18-iPMs, similar to native pacemaker cells,
exhibited a more depolarized maximum diastolic potential,
further contributing to the higher required external stimulation
threshold [15•].The properties delineated above suggest that
an ideal, electrically insulated cardiac tissue structure should
be small in size, containing non-myocytes such as fibroblasts
and isotropic in the core. These elements would intrinsically
protect the pacemaker tissue from hyperpolarizing events
from the neighboring myocardium.

TBX18-iPMs Are Resistant to Hypoxic Stress

Earlier studies have observed that the isolated, native SA node
is able to withstand and recover from severe hypoxia com-
pared with the myocardium [17, 18]. TBX18-iPMs were test-
ed to determine whether they shared this ability and to provide
a finer understanding of the adaptations needed to withstand
metabolic stress. TBX18-iPMs exhibited negligible cell death
after 2 days of near anoxia and/or inhibition of glycolysis,

displaying lower oxygen consumption rates (OCRs), glyco-
gen content, and secreted lactate concentration compared with
those of ventricular myocytes [19•]. This indicates that the
degree of oxidative phosphorylation and overall global meta-
bolic demand are significantly lower in pacemaker myocytes
compared with those in the chamber cardiomyocytes.

These results prompted evaluation of mitochondrial mor-
phology within TBX18-iPMs, as mitochondria undergo dy-
namic fusion and fission processes in response to energetic
need and stress [20, 21]. Transmission electron microscopy
(TEM) of the iPMs revealed small, globular, and irregularly
shaped mitochondria with sparse, disorganized cristae com-
pared with that of the control GFP-NRVMs (Fig. 1B, C).
Similar morphological patterns were observed in freshly iso-
lated pacemaker cells from the SAN relative to the chamber
cardiomyocytes from the same heart, an indication that both
the native and induced pacemaker-like cells share a higher
activity in mitochondrial fission than fusion processes [19•].
This notion was further supported by proteomic analysis of
TBX18-iPMs and GFP-NRVMs which revealed downregula-
tion of proteins that are associated with mitochondrial fusion
(Mfn1, Mfn2, Opa1, Oma1, and Yme111) [21]. Knockdown
with siRNA constructs against Opa1, one of the downregulat-
ed fusion proteins in TBX18-iPMs, was performed to facili-
tate fission in TBX18-iPMs. As a result, mitochondrial size
and density were further reduced compared with those in
TBX18-iPMs transfected with control siRNA. Monolayers
of iPMs plated on multielectrode arrays (MEAs) recorded
significantly increased synchronous pacing without a change
in conduction velocity or gap junction protein levels [19•].
This suggests that mitochondrial fission directly facilitates
the synchronous pacing of the iPMs without affecting the
electrical coupling of the pacemaker cells.

Functionally, the apparent lower energy demand of
TBX18-iPMs is conducive to the globular mitochondrial mor-
phology. Compared with tubular morphology, globular mito-
chondria are known to be less efficient in generating ATP but
more effective in eliminating damaged mitochondria upon
stress [19•, 22, 23]. Thus, it appears that pacemaker myocytes
are designed to maximize their survival at the expense of
decreased ATP output. This allows for prioritization of gener-
ating spontaneous and oscillatory membrane depolarization
under metabolic challenges.

TBX18 Tissue Constructs as a Model to Study
the Ability of the SAN to Overcome
Source-Sink Mismatch

The myocardium is electrically quiescent due to a significant
electrical load provided by an inwardly rectifying K+ current,
IK1 [24]. For the native SAN to initiate the heartbeat faithfully,
the miniscule SAN needs to overcome the large electrical sink
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in the atrial myocardium [25]. Once the SAN succeeds in
pacing-and-driving the atrial myocardium, antegrade propaga-
tion is achieved via a ventricular conduction system. Key struc-
tural and electrical SAN design elements have been understood
to facilitate the initiation of the heartbeat [26, 27]. These ele-
ments include weak electrical coupling of the pacemaker cells

in the core of the SAN, and the anisotropic organization of
pacemaker cells in contrast to the well-oriented myocytes in
the myocardium. In addition, a transitional region between
the SAN and the neighboring atrial myocardium appear to con-
sist of hybrid cells with atrial myocyte morphology and pace-
maker cell automaticity [25, 28, 29].
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Fig. 1 A Strength-duration curve for diameter-matched GFP control vs
TBX18 spheroids under I Hz electrical field stimulation, n = 6 per group.
(Republished with permission from the American Physiological Society,
from Sayegh MN, et al. Am J Physiol Heart Circ Physiol.
2019;317(1):H13–H25. doi:https://doi.org/10.1152/ajpheart.00161.
2019; permission conveyed through Copyright Clearance Center, Inc.)
[15•]. B EM images for GFP-NRVMs and TBX19-iPMs. C (top)
Mitochondrial size distribution of GFP-NRVMs and TBX18-iPM. C
(bottom) Superresolution images of mitochondria stained with
MitoTracker from GFP-NRVMs and TBX18-iPMs. Scale bar 2 μm (B:
right panels), 5 μm (B: left panels, C: top), and 10 μm (C: bottom).
(Reproduced from: Gu J-m, et al. Experimental & Molecular Medicine.
2019;51(9):105. doi:https://doi.org/10.1038/s12276-019-0303-6;

Creative Commons user license https://creativecommons.org/licenses/
by/4.0/) [19•]. D Schematic of co-culture optical mapping (Reproduced
from: Grijalva SI, et al. Adv Sci (Weinh). 2019 Sep 30;6(22):1901099.
doi: https://doi.org/10.1002/advs.201901099; Creative Commons user
license https://creativecommons.org/licenses/by/4.0/) [30•]. E Ablation
needle, ECG electrodes, and electrosurgical pen contact site during
CAVB procedure. F Needle entry is through the fat pad, pointing
toward the LV apex. G Heart rate histograms of TBX18-injected rats
show a second major peak 7 days post-gene delivery that is faster than
the junctional rhythm (Republished with permission of Nature Publishing
Group, from Kim NK, et al. Scientific Reports. 2019;9(1):6930. doi:
https://doi.org/10.1038/s41598-019-43,300-9, permission conveyed
through Copyright Clearance Center, Inc.) [36•]

Curr Cardiol Rep (2020) 22: 29 Page 3 of 6 29

https://doi.org/10.1152/ajpheart.00161.2019
https://doi.org/10.1152/ajpheart.00161.2019
https://doi.org/10.1038/s12276-019-0303-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/advs.201901099
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-019-43,300-9


As a first approximation of the SAN’s ability to overcome
source-sink mismatch, we employed TBX18-iPMs as the
source cells and monolayers of NRVMs as the electrical sink
[30•]. To mimic the 3D architecture of the SAN and its weak
electrical coupling at the core protecting the automaticity [25,
28, 31], we constructed spheroids consisting of either TBX19-
iPMs or GFP-NRVMs (Fig. 1D).

TBX18-iPM spheroids (sphTBX18) showed low cell-cell
electrical coupling, akin to the low electrical coupling within
the native SAN. Expression of high conductance gap junc-
tions, formed by Cx43, was significantly reduced in TBX18
spheroids and monolayers compared with that in control GFP
spheroids (sphGFP) and GFP monolayers [30•]. The low
Cx43 expression levels translated into slower conduction ve-
locities in spheroids [30•] as well as monolayers [6] of
TBX18-iPMs compared with controls.

When TBX18-iPM spheroids were seeded on a bed of
NRVM monolayers, the co-culture showed faster syncytial au-
tomaticity compared with co-cultures consisting of GFP spher-
oids and NRVM monolayers. The syncytial automaticity from
TBX18-iPM spheroids revealed a slower spike slope compared
with that from control sphGFP. This is in line with the slow
upstroke velocity of the SAN pacemaker action potentials due
to minimal expression of INa. Interestingly, the rate of sponta-
neous and syncytial automaticity was faster in sphTBX18 co-
cultured with NRVM monolayers compared with that in
sphTBX18 alone. This is unexpected since hyperpolarizing
electronic influence from the NRVMmonolayers would dimin-
ish the depolarizing current from the iPMs. We speculate that
the NRVMs and/or the nominal non-myocytes in the NRVM
may directly or indirectly enhance the syncytial pacing of
TBX18-iPMs, a notion that warrants further investigation.

To better understand whether the faster pacing originat-
ed from TBX18 spheroids, we designated constructs which
juxtaposed sphTBX18, the electrical “source,” with mono-
layers of NRVMs, the electrical “sink,” limiting the contact
between sphTBX18 and NRVMs to one side. Optical map-
ping of Ca2+ wave propagations demonstrated that the pac-
ing originated from sphTBX18 and propagated out into the
NRVM monolayer sink (Fig. 1D). In sphGFP, spontaneous
Ca2+ waves mostly arose from the corners of the NRVM
monolayer, resembling reentrant arrhythmias. The frequen-
cy of source-to-sink propagation was higher when TBX18-
iPM spheroids were surrounded on one side rather than
when they were surrounded fully or when the area of the
sink was larger. β-Adrenergic stimulation further increased
the frequency of sphTBX18’s pace-and-drive [7]. Thus,
our data indicates that TBX18-iPMs successfully serve as
a model of how the SAN overcomes the source-sink mis-
match. Building on this platform, key structural and func-
tional design elements of SAN to be tested include the
shape of the source, isotropy/anisotropy in cellular orien-
tation, a discrete exit pathway between the node and the

myocardium, and the minimum pacemaker cell number
required to pace-and-drive a given electrical load.

Rodent Model of Complete Atrioventricular
Block with Clinical Indices of Severe
Bradyarrhythmias

Therapeutic potential of biological pacemakers needs to be
tested in an animal model of severe bradycardia. We had pre-
viously developed a porcine model of complete heart block
[32]. Using this model, we and others have demonstrated that
TBX18 could provide ventricular pacing at rates faster than
the large animals’ slow junctional rhythm [8, 33]. The large
animal models, while the most appropriate for studies that
precede clinical translation, are cost-prohibitive for early-
stage development. Previous small animal models of
bradyarrhythmia relied on transient dissociation of A-V syn-
chrony by pharmacological cholinergic suppression [7, 34,
35]. We sought to create a rodent model of CAVB so that
the disease-modifying activity of biological pacemakers could
be studied longitudinally. We achieved this by ablating the AV
junctional region of the rat heart via a partial thoracotomy
(Fig. 1E, f). Guided by real-time recording of the
subepicardial electrogram, delivery of a high-frequency elec-
trical energy via a sharp needle could ablate and necrotize the
target atrioventricular nodal (AVN) tissue and successfully
captured cl in ica l ind ices of chronic and severe
bradyarrhythmia such as the structural remodeling and
arrhythmogenicity [36•].

Severe ventricular bradycardia is known to trigger compen-
satory remodeling and increased arrhythmogenicity [11, 37,
38], phenomena that were recapitulated in the CAVB rats.
CAVB rats showed an increase in premature ventricular con-
tractions (PVCs), skipped beats, and/or non-sustained ventric-
ular tachyarrhythmias in the first few days post op. By 1-week
post-surgery, these rhythm abnormalities had subsided.
Instead, by 4 weeks, the majority of CAVB animals displayed
higher arrhythmia inducibility such as sustained and non-
sustained ventricular tachycardias or ventricular fibrillation
upon programmed electrical stimulation compared with
sham-operated ones [36•]. Hemodynamic remodeling due to
the severe bradycardia included an immediate increase in
stroke volume, likely to compensate for reduced cardiac out-
put [4], followed by structural remodeling of the left ventricle
over 4 weeks. Specifically, end-diastolic and end-systolic vol-
umes, diastolic left ventricular internal diameter, and left ven-
tricular stroke volume increased at the 4-week echocardio-
gram compared with those at baseline echo taken before the
surgery.

Focal delivery of adenoviral TBX18 into the apex of the
left ventricular myocardium 1 week after creating of the
CAVB was preformed to test the efficacy of this gene-based
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cardiac pacing. By day 7 post-gene delivery, a ventricular rate
of > 200 bpm emerged in TBX18-injected animals [36•].
Beat-beat heart rate histograms, as seen in Fig. 1G, illustrate
a bimodal distribution of heart rates in TBX18 animals, indic-
ative of two competing pacing sites: one a slow junctional
rhythm and the other a faster ectopic ventricular rate.

Taken together, the rat model of chronic CAVB is condu-
cive to gaining mechanistic insight into ventricular modalities
for mitigating the disease manifestation and the effectiveness
of therapeutic options. Particularly, future studies on biologi-
cal pacemakers can quantitatively asses their robustness, lon-
gevity, autonomic regulation, and arrhythmogenic risks with
this ambulatory rat model.

Conclusions

These studies highlight the intricacies of cardiac pacing and
delineate design considerations for future iterations of biolog-
ical pacemakers. First, electrical conduction studies outline
the physiologic parameters that provide native pacemaker
nodal structures the protection from extra-nodal hyperpolariz-
ing potentials in the heart [15•]. Metabolic studies of SAN
hypoxic resistance reinforce our understanding and highlight
distinctions in metabolism and mitochondrial morphology
that seem to positively correlate with synchronous automatic-
ity of iPMs [19•]. These characterizations should also be con-
sidered within physiologically based design principles for suc-
cessful pace-and-drive function. These include weak cell-cell
electrical coupling, electrical insulation of the SAN by non-
myocytes, regions of isotropic and anisotropic cell alignment,
and a discreet exit pathway from the SAN out to the atrial
myocardium.

Further iterations of this somatic reprogramming system
will be complemented by a deeper understanding of com-
plete heart block progression provided by a novel, easily
reproducible rat model [36•]. Our small animal model that
properly reflects the clinical indices of bradycardia will
accelerate understanding of disease evolution and patho-
physiology and guide the development of therapeutic strat-
egies. Future studies need to address the apparent waning
of TBX18-induced biological pacemaker activity by week
2 after gene transfer in the porcine model [8, 33] so as to
achieve the durability of biological pacing. To increase
safety profiles for eventual clinical translation, especially
in the pediatric population, development of non-viral gene
transfer methods is warranted.
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