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Ten years ago Yamanaka’s lab identified a way to reprogram terminally differentiated cells to a pluripotent state, similar to
that of embryonic stem cell. This procedure opened the road for the generation of postmitotic human cells, that have
completely lost the replication potential. The initial excitement waned when it was observed that the cells produced by this
method are somehow immature and do not resemble the adult phenotype. In the absence of cellular markers that recognize
the various maturation steps of induced pluripotent stem cell-derived human cardiomyocytes, we propose to follow their mat-
uration looking at their electrophysiological profile. For this reason, we are first reviewing the most common methods of dif-
ferentiation, from the preliminary complex procedures to the newly-identified two-step protocols and, second, we report the
electrical characteristics of the cells, through electrophysiological analysis of ionic currents that give rise to the action poten-
tial. We are aware that each protocol leads to the generation of different cardiomyocyte precursors, thus suggesting the need
for a wider standardization. The identification of the electrophysiological characteristics of the cells could help in identifying
the type and the maturation stage of the obtained cardiomyocyte, thus compensating for the lack of specific markers. Devel-
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Introduction

Cardiovascular events are the leading cause of deaths worldwide
and researchers have unraveled many molecular alterations at
the bases of these life-threatening events, mainly thanks to the
use of animal models recapitulating the phenotypic manifesta-
tions of human diseases. This has led to the development of new
drugs and therapies alleviating this problem, which remains the
major concern of modern society (Mozaffarian et al., 2015). How-
ever, although many efforts have been placed during these years
to build heterologous expression systems or animal models of
cardiovascular diseases, they do not always comprehensively
recapitulate human alterations at the cellular levels and response
to drugs. Action potential waveform and the underlying currents,
typical of human cardiomyocytes (CMs), often differ quite signifi-
cantly from those of either murine CMs or cells of larger mam-
mals (Milani-Nejad and Janssen, 2014).

For example, in mice, the resting heart rate is 10-fold higher
than in humans, while the time between depolarization and re-
polarization of ventricles (QT interval) is one fourth of the typical
human counterpart (Kaese and Verheule, 2012). Consequently,
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many important questions concerning mechanisms underlying
cardiac disorders remains unanswered. Some studies have been
also carried out directly on human cardiac samples but, beyond
being a scarce source of cells, they often come from severely
compromised hearts that have undergone important remodeling
processes, making it difficult to discern between the cause and
the effect of the pathology.

In 2006, Yamanaka’s group demonstrated the possibility to
reprogram the fate of both murine and human somatic cells
bringing them back to a pluripotent state (Takahashi and Yama-
naka, 2006; Takahashi et al., 2007), and a decade after his discov-
ery, induced pluripotent stem cells (iPSC) are emerging as the
most suitable cellular model to study human diseases. The
strength of this technology resides in the possibility to start the
process using cells withdrawn from patients carrying a specific
genetic background, including those alterations responsible for
the pathology. The availability of these patient- and pathology-
specific iPSC provides an unlimited source of any desired special-
ized cell that will contribute to model in vitro the molecular
causes of the pathology. Using human iPSC-derived CMs (iPSC-
CMs) researchers can model cardiac genetic diseases in a culture
dish thus enabling the characterization of the biological mecha-
nisms underlying the human pathology, as well as generating a
powerful model for personalized drug screening.

Article is online at: http:/onlinelibrary.wiley.com/doi/10.1002/dvdy.

24455/abstract
© 2016 Wiley Periodicals, Inc.
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Here, we will briefly illustrate the procedures to obtain human
CMs from iPSC while we will discuss in detail the electrophysio-
logical characteristics of iPSC-CMs that can help in distinguish-
ing and identifying CM subpopulation.

Cardiomyocyte Differentiation From iPSC

During gastrulation, CMs emerge from the mesodermal layer, in
particular from the anterior region of the primitive streak. The
balance between inductive signals, mainly FGF and BMP, and
repressive signals, mostly Wnt and beta-catenin, induce the
development of cardiac progenitors (Brade et al., 2013). After
their migration to the cardiac crescent, the primitive beating heart
tube is formed, composed by synchronously beating small myo-
cytes (Brade et al., 2013). The contractile impulse begins within
the primary pacemaker area in the primitive atrium that will later
evolve in the sino atrial node, where the fast beating pacemaker
myocytes will reside. As development proceeds, CMs in different
anatomical regions of the hearts, comprising atria and ventricles,
will be generated and linked by the conduction system that
includes the sinus node, the internodal pathways, the atrio-
ventricular (AV) node, the AV bundles, and Purkinje fibers. Each
CM subtype has its own electrical properties such as the form of
the action potential (AP), the contraction rate, and the presence
of specific currents that can be measured electrophysiologically.

Within these years, several efforts have been made to develop
a protocol able to give rise to a large number of hiPSC-derived
CMs. Some of the attempts toward this goal included: (a) the use
of defined culture media that, avoiding animal components, will
facilitate the therapeutic use of pluripotent stem cells; (b) specific
matrices made of recombinant proteins such as vitronectin or
laminin; (c) aggregation plates to standardize the production of
embryoid bodies (EBs); (d) the development of commercially
available CM differentiation media.

Early protocols for generating CMs involved the formation of
three dimensional structures called embryoid bodies (EB), a pro-
cedure that works very well for mouse pluripotent stem cells
where, in the presence of serum, the formation of EBs resemble
the process of embryogenesis generating cells belonging to the
three germ layers (Desbaillets et al., 2000). Nevertheless, using
this system, the cardiac differentiation efficiency of human
embryonic stem cells (ESC), the physiological counterpart of
iPSC, is limited to 5-10% (Kehat et al., 2001). Shortly thereafter,
several protocols included iPSC stimulation with bioactive mole-
cules and in 2007 a mesodermal induction of EBs based on the
combination of activin A with FGF2, raised the differentiation
efficacy up to 25% (Burridge et al., 2007). At variance, a treat-
ment based on the stimulus that endodermal cells exert on cardi-
ac crescent during development was achieved (Mummery et al.,
2003); This suggests that a direct co-culture of iPSC with mouse
endoderm-like cells END2 is effective, but its use is limited thera-
peutically by the presence of animal cells (Mummery et al., 2003).

Over time, the proposed protocols become more complex and
the addition of newly discovered mesoderm inducting factors
(e.g., BMP4 or WNT3A) slightly increased the percentage of CMs
(Yang et al., 2008; Tran et al., 2009). Nevertheless, the discovery
that by using the GSK3B inhibitor, CHIR99021, mesoderm speci-
fication can be raised up to 90% (Gonzalez et al., 2011), together
with the finding that cardiac specification can be obtained by
inhibiting Wnt signaling, using either DKK1 (Yang et al., 2008) or
the small molecules TWRs (Ren et al., 2011), led to a great

improvement of PSC-derived CM differentiation. Indeed, starting
from an undifferentiated PSC monolayer, a simple and chemical-
ly defined three-step protocol raises CM population up to 80-
90% (Burridge et al., 2014). In addition, in the human system the
use of anti VCAM1 antibody in the early differentiation steps
allowed the sorting of the CM population, comprising ventricular
as well as pacemaker cells (Uosaki et al., 2011), whereas in the
murine counterpart CD166 represent a specific marker for select-
ing pacemaker CMs (Scavone et al., 2013).

Maturity State of iPSC-Derived
Cardiomyocytes

In the healthy adult mammalian myocardium, the majority of
CMs are unable to divide. The transition of CMs from a prolifera-
tive state, characteristic of embryonic stages, to the differentiated,
phenotype typical of adult cells is a highly regulated process. The
switch in the growth potential of CMs occurs in the mouse at or
shortly after birth, in the rat between 3 and 4 days post-natally,
whereas in humans, CMs stop to divide after 7 months of age (Li
et al., 1996; Poolman and Brooks, 1998; Huttenbach et al., 2001).

The first description of CMs derived from hiPSC dates back to
2009. Using an EB-based protocol, beating cells that expressed
several cardiac genes such as Nkx2,5, myofilament proteins, atri-
al natriuretic factor, and phospholamban were generated and
maintained in culture for at least 60 days (Zhang et al., 2009). At
variance with adult CMs, iPSC-CMs generally show immature
characteristics in morphology, cytoskeletal proteins, and ion
channel expression and organization (Yang et al., 2014b; van
den Berg et al., 2015). The immaturity of early stage hiPSC-CMs
is also reflected by the inability to develop a well-organized exci-
tation—contraction coupling machinery. Indeed, iPSC-CMs lack
clear T-tubuli, show disorganized sarcomeric striations, and an
immature Ca*" handling attributed to the differential develop-
mental expression profiles of specific proteins such as calseques-
trin or phospholamban and insensitiveness to drugs that interfere
with sarcoplasmic Ca®" release or reuptake (Dolnikov et al,
2006; Lieu et al., 2009; Li et al., 2013).

Ultrastructural studies demonstrated that sarcomeres of hiPSC-
CMs continue to mature throughout a 1-year culture (Kamamura
et al., 2013). Early-stage hiPSC-CMs contained few unaligned
myofibrils and immature high-density Z-bands. Within 6 months
the myofibrils became more tightly packed and formed parallel
arrays accompanied by the appearance of mature Z-, A-, H-, and
I-bands. M-bands were finally detected in 360-day-old CMs, but
expression levels of M-band-specific genes remained low in com-
parison with those in the adult heart (Ivashchenko et al., 2013).
Differences in gene expression paralleled these changes: late-
stage CMs display increased levels of the sarcomeric proteins
MYH6 and MYH7, connexin 43, hyperpolarization activated
cyclic nucleotide-gated potassium channel 4 (HCN4), and sar-
co(endo)plasmic reticulum Ca*" ATPase (Lundy et al., 2013;
Ivashchenko et al., 2013; Kamakura et al., 2013).

Human iPSC-CMs also exhibit immature mitochondria that,
during progressive cardiac differentiation, are involved in the
metabolic switch where amino acid and anaerobic glycolysis,
most prominent in undifferentiated ESC, rapidly decreases, in
favor of fatty acid-dependent mitochondrial respiration (Gaspar
et al., 2014). The metabolic signature is unique in PSC-CM and
indeed a glucose-depleted but lactate-enriched culture medium
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can be used to obtain a purified population of CM (Tohyama
et al,, 2013).

CMs derived from hiPSC undergo progressive functional
changes over time; unlike primary isolated CMs that tend to
either undergo apoptosis or dedifferentiate in long-term culture,
hiPSC-CMs develop and maintain an efficient phenotype, in
terms of ion channel functionality (ion currents), intracellular
calcium cycling (calcium transients), responsiveness to cardioac-
tive pharmacological stimuli, and metabolic parameters (Ivash-
chenko et al., 2013).

To use PSC-CMs for either disease modeling or regenerative
purposes, a certain degree of maturation should be acquired;
indeed, more mature human CMs, with enhanced contractile per-
formance and with properties closer to that of adult myocardium,
may be more useful in resembling the pathological features of
elderly patients.

Several approaches have been pursued to improve and to
accelerate the maturation of these cells. Recently, mechanical
loading of CMs embedded in elastic matrices, the use of sub-
strates with controllable anisotropic topographies, and the appli-
cation of electrical field stimulation have been exploited
(reviewed in Mathur et al., 2016). Moreover, using a specific plat-
form that combines three-dimensional cell cultivation with elec-
trical stimulation, it has been shown that PSC-derived CM
acquire a physiological cell hypertrophy, mature their contractile
apparatus, improve Ca”" handling properties and advance their
electrophysiological assets (Nunes et al., 2013).

As reported from several studies and commonly for mouse and
human ESC-derived CM, hiPSC-CM population is composed by
cells that possess different waveforms of action potential, leading
to their classification as ventricular-, atrial-, and nodal-like CMs
(Ma et al., 2011). At later differentiation times and regardless to
the differentiation protocol, ventricular-like cells represent the
predominant class of CMs, although different procedures lead to
different ratios among CM subtypes (reviewed in Dell’Era et al.,
2015). Then, because hiPSC-CM show different electrical proper-
ties due to sub-lineage commitment, and different maturation
stages related to culture time it becomes mandatory to specify
which iPSC-CMs subtype has been used and the time of differen-
tiation/maturation.

Electrophysiological Profile of iPSC-Derived
Cardiomyocytes

Cardiac function depends on the appropriate timing of contrac-
tion in various regions, as well as on appropriate heart rate. To
keep these functions, electrical activity in each region is adapted
to its specialized function. Following differentiation, iPSC-CMs
obtained from various differentiation protocols consist of a mix-
ture of electrophysiological phenotypes. Classification of hiPSC-
CMs as nodal-, atrial-, and ventricular-like is based on the resem-
blance of their action potential (AP) to each of the three principal
phenotypes found in the adult heart (Schram et al., 2002).

A summary of the main electrophysiological characteristics of
human iPCS-CMs is reported in Table 1.

Young cardiac cells show spontaneous contraction whose fre-
quency has been extensively evaluated. Indeed, reported beating
rates ranged from 28 up to 118 beats per min (bpm), thus show-
ing a very high variation. Extended values are also shown for the

diastolic potentials, ranging from -55 mV to -75 mV, regardless
of differentiation method.

Several papers described the three subtypes of CMs, classified
according to AP waveform, maximum diastolic potential (MDP),
upstroke velocity and action potential duration (APD); neverthe-
less, it should be pointed out that none of these parameters is
comparable to that of an adult cardiomyocyte (Yang et al.,
2014a).

As shown in Table 1 cells with ventricular-like action poten-
tials were those most frequently encountered (from 48 to 76%)
and typically displayed a more negative MDP ( < -60 mV), a rapid
action potential upstroke (from 9 to 50 V/s) and a distinct plateau
phase between the 50% and 90% of repolarization, that brings
the ratio of ADP90/APD50 lower than 1.5. Atrial-like cells were
characterized by the absence of a distinct plateau during repolari-
zation (APD90/APD50 higher than 1.5) and typically exhibited
spontaneous activity that was higher in frequency than that
observed in ventricular-like cells.

Finally, nodal-like cells were distinguished by less negative
MDP (> -60 mV), smaller amplitude AP, a slower AP upstroke,
and a pronounced phase 4 depolarization preceding the AP
upstroke. In Figure 1 (reported from Doss et al., 2012) several
examples of AP waveforms are reported, and they are arranged
by the number of days post differentiation (from 19 to 119 days).
Although 15% (4/27) were classified as atrial-like APs (denoted
with an A) and 85% (23/27) as ventricular-like (unmarked APs)
the figure reveals a nearly continuous range of AP morphologies,
highlighting the subjective nature of distinctions made on the
basis of AP profiles. Of note, none of the reported APs satisfied
the criteria for nodal-like (i.e., APDgo/APDs, ratios (RO) > 1.5+
low amplitude + less negative MDP + low Vmax).

As stated before the AP-based classification refers to the differ-
ent types of adult heart cells not taking into account the fact that
the progression of in vitro cardiac maturation leads to the forma-
tion of intermediate stages hardly classifiable using the above cri-
teria. Indeed, just the addition of T3 hormone to the maintenance
medium changes hiPSC-CM AP characteristics (Ribeiro et al.,
2015). Because it was demonstrated that APD90, MDP, dV/dt
max are related to the number of days post differentiation (Doss
et al., 2012), we would consider electrophysiological changes as a
sign of hiPSC-CM maturity.

Because the shape of the AP is the result of various inwardly
and outwardly ion currents present in the CMs (reported in Fig.
2), in the following paragraphs we review the presence, the char-
acteristic of hiPSC-CM currents, highlighting the description of
their modifications during maturation.

Hyperpolarization-Activated Cation
Currents (/)

The funny current (I is an inward mixed Na™/K' current that
activates upon membrane hyperpolarization. It activates during
the diastolic depolarization (DDL) phase of the action potential of
autorhythmic cells, thus playing a fundamental role in the initia-
tion of the spontaneous activity and in the control of the firing
rate (Baruscotti et al., 2010). The Iy current is, therefore, also
known as pacemaker current. It is mediated by the family of HCN
channels. The four members of the family (HCN1-4) are differen-
tially expressed in the human heart, with HCN4 being the most
abundant in the sinoatrial node, followed by HCN1, while HCN2
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is the most expressed in the working myocardium (Baruscotti
et al., 2010). HCN4 specifically marks the first heart field at the
earliest stages of mouse cardiogenesis, as well as cardiomiogenic
progenitors derived from hESCs (Liang et al., 2013; Spater et al.,
2013). The expression of HCN channels was studied during hiPSC
cardiac differentiation.

Two independent studies showed that HCN2 levels increase
with time in culture until day 21 (Zwi et al., 2009; Mehta et al.,
2011). Instead there are some controversies on HCN4 levels,
which have been reported to decrease (van den Heuvel et al.,
2014) or increase (Lundy et al., 2013) over time. A variation in
HCN channel mRNA levels was observed also during hESC dif-
ferentiation and also in this case different groups reported con-
troversial data. HCN1 was found to increase by almost 50% from
3 weeks to 7 weeks of culture (Synnergren et al., 2012), however,
a decrease in the levels of HCN1 and HCN4 was observed
between days 15 and 30 and days 55 and 110 (Sartiani et al.,
2007).

Iy current was recorded by very few studies in hiPSC-CMs
(Table 2). Ma and colleagues (2011) recorded Ir from hiPSC-CMs
(iCell Cardiomyocytes; CDI, Madison, WI) and found a current
density of -4 pA/pF at -120 mV. Lee and colleagues (2016)
recorded Iy current from hiPSC-CMs after 28 days of differentia-
tion as the zetabradine-sensitive current. The current density they
found was lower (around -1 pA/pF), but similar to the one that
was found in adult human ventricular cardiomyocytes (Lee et al.,
2016). This is in agreement with the higher percentage of
ventricular-like CMs they obtained compared with atrial- and
sinoatrial-like ones, on the basis of the AP shape. However,
because zetabradine appears to block around 50% of the time-
dependent hyperpolarization-activated current, the Iy current
density, determined from the sensitive current, may be underesti-
mated. We have recently recorded an Iy current in hiPSC-CMs

Ventricular AP

Fig. 2. Typical action potential waveforms of nodal, atrial, and from working ventricular CM, showing the various phases (0-4) and the time
course of the principal ionic currents.
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TABLE 2. Continued

Differentiation

method and

Experimental

observation

V1 /2 inact.

Peak current

References

conditons

K act (mV) K inact time

V1/2 act. (mV)

(pA/pF)

Current
Ikl

whole-cell 37°¢c Lee et al., 2016

perforated patch-damp

Monolayer d28

—-51+x14
around - 3.8

Ma et al., 2011

EBs - >iCell
(CDI) d32-50

35-37°C

ICal

Lee et al., 2016

patch-clamp 37°C

iCell (CDI)
Monolayer d10/30

—6.6 2.2
-9.09+0.2

Gibson et al., 2014

patch-clamp 34.5°C
perforated patch-clamp

Ma et al., 2011

-29.1 —4.9 EBs - >iCell
(CDI) d32-50

6.6

-14.9

-171x1.7

35-37°C

If

whole-cell 37°¢c Lee et al., 2016

perforated patch-clamp

Monolayer d28

—-0.9+0.2
—41*a3

EBs ->iCell Ma et al., 2011

(CDI) d32-50

8.8

—84.6

35-37°C

with a density at -125 mV comparable to that found by Ma and
colleagues (2011; around -4 pA/pF, data not shown).

The current densities observed in hiPSC-CMs are generally
larger than those found in ventricular and atrial adult CMs
(Wettwer et al., 1994; Stillitano et al., 2013). This robust I; current
may represent a further indication of the immaturity of these cells
and account for the automaticity of hiPSC-CMs obtained with
the different differentiation methods. The same kind of auto-
rhythmic phenotype was also observed in hESC-derived CMs,
which display an I; current density comparable with that of
hiPSC-CMs (Weisbrod et al., 2013).

While working myocardium currents increase in hiPSC-CMs
during maturation in culture, it is not clear whether this is also
true for Ir current density. The densities reported were recorded,
however, in cells expressing on average large sodium and potas-
sium currents (Ma et al., 2011; Lee et al., 2016), normally hall-
mark of a certain hiPSC-CM maturation toward atrial- or
ventricular-like phenotype. Further studies will need to clarify
the trend of I; current expression in hiPSC-CMs during matura-
tion and notably whether the expression of I; current becomes
restricted to a smaller population of sinoatrial-like cells.

Sodium Current (/ya)

The cardiac sodium current (Iy,) is mediated by voltage-gated
channels that are composed by an alfa-subunit forming the pore
and some accessory beta-subunits (Catterall, 2012). There are var-
ious alfa-subunits expressed in mammals that possess different
pharmacological properties and expression patterns. In the
human heart, the sodium channel Na, 1.5 is the most expressed
subunit, representing the large majority (around 90%) of the sodi-
um channels in atrial cells (Sakakibara et al., 1992; Kaufmann
et al., 2013). Na, 1.5 is characterized by a weak sensibility to TTX,
because it requires several micromolars of TTX (30-100 uM) for
inhibition (Sakikabara et al., 1992).

Na, 1.5 expression is higher in the ventricles compared with the
atria (Furukawa et al., 1995) and higher in the working myocardi-
um compared with the conduction system, even if it contributes
to the pacemaking (Baruscotti et al., 2000).

The opening of Na, channels upon membrane depolarization
beyond -70 mV provides a rapid influx of Na* causing the mem-
brane to further depolarize toward Na™ reverse potential (phase 0
of the action potential). The inactivation of Na,1.5 channels
occurs few milliseconds after the opening, and membrane hyper-
polarization close to the resting potential is necessary to recover
from inactivation. For this reason, if the MDP is quite depolar-
ized, a fraction of Na, 1.5 channels will be inactivated and, as a
consequence, the slope (dV/dtmax) of phase 0 will be reduced.

The data on hiPSC-CMs, which analyzed the properties of Iy,
are summarized in Table 2. Most of the studies used hiPSC-CMs
derived from patients and analyzed CMs obtained from hiPSC of
healthy individuals as a control. Because it was not the goal of
those studies, the electrophysiological characterization of the
iPSC-CMs often was not much detailed. Moreover, the external
solutions and the holding potential used to record Iy, vary among
different studies, thus making any comparison useless.

The first record of Iy, in hiPSC-CMs was from Malan and col-
laborators in 2011 with a study on longQT3 syndrome. They
showed that 66% of cells displayed Iy, at early stage (day 12),
and the fraction increased up to 93% afterward (day 19-22). Peak
current density was 23 pA/pF (in external solution containing
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7 mM NaCl and with a holding potential of -100 mV) and mean
V1, of activation and inactivation were -44.3 and -67.8, respec-
tively. The resting potential of the analyzed cells was around -80
mV, which is consistent with the quite fast dV/dt of 64.6 mV/s
recorded (Malan et al., 2011). A recent study from the same group
reported comparable Iy, current density (Table 2; Malan et al.,
2016).

In other studies, while activation and inactivation properties
were similar, much higher Iy, current densities were found. This
was mainly due to the concentration of sodium in the extracellu-
lar solution (Table 2); however, the dV/dt on the action potentials
recorded was slower and accordingly these cells had more depo-
larized MDP (Table 1 and 2: Ma et al., 2011; Fatima et al., 2011;
Sheng et al., 2012; Ma et al., 2013; Lee et al., 2016). It must be
noticed that these studies, while maintaining a hyperpolarized
holding potential (-100/-80 mV), used external solutions with
Na™ concentrations ranging between 50 and 145 mM (50 mM Ma
et al., 2011; 120 mM: Sheng et al., 2012 and Fatima et al., 2011;
130 mM Davis et al., 2012; 135mM Ma et al., 2013; 140 mM
Ivashchenko et al., 2013; 145 mM Lee et al., 2016),

The first data on Iy, expression during maturation in culture
were enriched by the study of Sheng and colleagues. They
showed that Iy, current density almost doubles in CMs from day
20 to day 60 of differentiation (Table 2, Sheng et al., 2012). How-
ever, its contribution to the action potential does not undergo a
comparable increase, because the MDP and dV/dt of these cells
did not change significantly at the two time points. A subsequent
study of Ivanshenko and colleagues monitored Iy, current density
in hiPSC-CMs at four time points of differentiation (from day 35
to day 70). Despite using another differentiation protocol (antibi-
otic-resistent CMs from CDI), also this study showed that Iy, cur-
rent density gradually increases with time in culture (from ca. 25
PA/pF to ca. 250 pA/pF, Table 2) (Ivashchenko et al., 2013).

An increase of the sodium current during CM maturation is
observed also in cardiac differentiation of hESC (Otsuji et al.,
2010; Synnergren et al., 2011; Sheng et al., 2012). As in the
hiPSC model, the dV/dt increases with the hyperpolarization of
MDP (Satin et al., 2004), that remains anyway depolarized
enough to inactivate a large fraction of sodium channels (Jons-
son et al., 2012).

In agreement with these in vitro data, also during heart devel-
opment an increase in Iy, density is observed, accompanied with
hyperpolarization of MDP and increased dV/dt (McDonald et al.,
1973; Fujii et al., 1988). Iy, current density at early phases of
mouse embryonic development (E11-E13) is low (around -10 pA/
pF) and some cardiomyocytes (22%) present only L-type calcium
current; by E17-E20 Iy, was found in all the cell tested and the
current density was markedly increased (around -120 pA/pF)
(Davies et al., 1996; van den Heuvel et al., 2014). Further studies
evidenced that Na, 1.5 expression increases perinatally and post-
natally (Harrell et al., 2007; Yu et al., 2011). In humans, the study
of Iy, expression during in vivo development are limited. No dif-
ferences in mRNA levels of Na,1.5 were observed between fetal
and adult hearts (Synnergren et al., 2012), however, adult atrial
cardiomyocytes presented an increased peak current density com-
pared with pediatric cells (Cai et al., 2011).

These studies show that an increase in Iy, current density may
represent a general hallmark of maturation. The phase O of the
action potential of more immature CMs can be sustained indeed
mainly by L-type calcium current, presenting a slower dV/dt,
while with maturation Iy, current becomes responsible for this

phase causing a steepness of the upstroke. However, Iy, expres-
sion can be considered an index only in a relative way, compar-
ing different time points within the same differentiation protocol
and recording conditions. A comparison among different studies
appears, therefore, yet unfeasible. Notably, despite the increase in
Iy, current indicate a certain maturation of the CMs, these cells
remain generally depolarized and this reflects in an immature
action potential profile even at late days of differentiation, with a
relatively slow dV/dt.

Calcium Currents (Ic,)

During the cardiac action potential, Ca®" enters the cell through
depolarization-activated Ca*" channels as inward Ca®" current
(Ica), which contributes to the action potential plateau (see Fig. 2).
Ca”" entry triggers Ca”" release from the sarcoplasmic reticulum
(SR). The combination of Ca*" influx and release raises the free
intracellular Ca** concentration [Ca®'];, allowing Ca*" to bind to
the myofilament protein troponin C, which then switches on the
contractile machinery. For relaxation to occur [Ca®']; must
decline, allowing calcium ions to dissociate from troponin (Bers,
2000).

There are two types of voltage-gated calcium currents in the
heart classified by their distinct pharmacological and biophysical
properties: long lasting calcium current (I, ) and transient calci-
um current (I, 7). The related channels are composed by different
a-subunits: Ca,1.2 and Ca, 1.3, encoded by CACNA1C and CAC-
NA1D genes respectively, for Ic,;, Ca,3.1 and Ca,3.2 encoded by
CACNA1G and CACNAIH genes, respectively, for Ic,r. These
channels also require several auxiliary subunits (8, «23, and v)
and calmodulin to account for properties found in native currents
(for a review see Catterall, 2000).

Icay channels open upon depolarization at potentials positive
to approximately —40 mV and inactivate in less than 100 ms.
The opening of cardiac L-type Ca®" channels in response to
membrane depolarization is slower than that of Na, channels.
These channels, therefore, poorly contribute to phase 0 of AP,
while Ca®" entry through these channels underlies the AP plateau
(phase 2), especially in ventricular cells (Nerbonne and Kass,
2005).

Ic,y is found in all CMs of the heart and it is critical for trigger-
ing Ca’" release from the SR, a process called Ca®"-induced
Ca”"-release (CICR), which is required for initiating the excita-
tion-contraction coupling in working CM (Zhang et al., 2005). L-
type Ca®" channels are also expressed in sinoatrial node (SAN)
and atrioventricular node (AVN) cells, where they play a role in
the last part of the diastolic depolarization and in the phase 0 of
action potential (Kodama et al., 1997; Mangoni and Nargeot,
2008).

T-type Ca*" channels are activated at relatively hyperpolarized
membrane potentials (approximately —60 mV), and inactivate
rapidly. I, channels are expressed in the cardiac conduction
system (sinoatrial and atrioventricular nodes, HIS Bundle, and
Purkinje network) where Ic, 1 contributes to the diastolic depolar-
ization (Ono and Iijima, 2010). In working myocardium, T-type
calcium channels show very low expression levels with a higher
expression at embryonic and neonatal stages, while it results
almost negligible in adult cardiomyocytes (Ono and lijima, 2010).
So far, despite the attempt made by Ma and colleagues, no T-type
Ca** current was found in hiPSC-CMs (Ma et al., 2011).
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Electrophysiological studies have demonstrated the presence of
a nifedipine-sensitive I, in cultured hiPSC-CMs with a peak
current density (at 0 mV) ranging between 6.6 pA/pF (Lee et al.,
2016) and 9.1 pA/pF (Gibson et al., 2014) at physiological Ca”*"
concentration (Table 2), similar to that reported in human ven-
tricular CMs (10.2 pA/pF) (Magyar et al., 2000). The voltage
dependence and properties of the I, studied in hiPSC-CMs are
similar to those obtained from human ventricular myocytes and
hESC-CMs (Pelzmann et al., 1998; Sartiani et al., 2007).

We have seen that Ic,; is robustly expressed in hiPSC-CMs
and it sustains the action potential depolarization at early stages
of differentiation (15-20 days in culture) when sodium current is
mostly not present yet; moreover, Ic,; expression does not
change significantly up to day 30-35 of differentiation (our
unpublished observation).

Changes in I¢,; during long-term cultured of hiPSC-CMs has
not, however, been examined yet, while it is for example known
that in hESC-CMs, it increases from ~7.3 pA/pF after 60 days in
culture to ~11 pA/pF after 240 days in culture (Otsuji et al.,
2010).

Transient Outward Potassium Current (/i)

The transient outward potassium current (I,) is an outward cur-
rent that occurs during the repolarizing phase 1 of the AP, and it
is rapidly activated and inactivated by membrane depolarization.
The channels responsible for I, are formed by K,4.2 (encoded by
KCND2 gene) and K,4.3 (encoded by KCND3 gene) or K,1.4
(encoded by KCNA4 gene) alpha subunits (Perrin et al., 2014),
complexed with various auxiliary subunits such as KChIP2, DPP6
and DPP10 (Niwa and Nerbonne, 2010). The opening of these
voltage-sensitive potassium channels causes a rapid but transient
membrane repolarization that in ventricular cells gives the typical
spike-and-dome morphology of the APs. Membrane hyperpolari-
zation is needed to close the K, channels for the following AP.
Two current components have been described in human CMs that
can be distinguished on the basis of rates of recovery from inacti-
vation: the fast component (I, ¢ with rates < 100 ms at -80 mV
and the slow component (L, ) that needs seconds to recover, and
for this reason its functional effect on membrane repolarization
is still quite unclear (Wettwer et al., 1994; Wang et al., 2003).

The K,4.2 and K,4.3 are the alpha subunits responsible for the
Lo, while I, 5 is generated by the K, 1.4 subunit. Their expression
in hiPSC-CMs was demonstrated after 27 days of differentiation
and although there were no differences between K, 1.4 and K,4.3
subunits, the levels of KChIP2 was very low especially when com-
pared with human native cardiomyocytes (Cordeiro et al., 2013).
Detailed studies of I, and its gating property on hiPSC-CMs were
performed only by Cordeiro et al. (2013), even if I, presence was
already reported in earlier studies (see Table 2) (Moretti et al.,
2010; Ma et al., 2011).

It is interesting to note that, although patch-clamp analyses in
single hiPSC-CMs revealed a robust [, in the vast majority of
cells analyzed (13.7 = 1.91 pA/ pF at+40 mV), comparable to
that recorded in human neonatal atrial CMs (Wang et al., 2003),
only 4% of the beating clusters and those with the most negative
MDP (-87.8 £ 1.4 mV) exhibited APs with a 4-amino-pyridine-
sensitive spike and a dome morphology during phase 1, sugges-
ting the presence of I,. This discrepancy has been explained by
the fact that at a beating rate of 60-75 bpm and at a depolarized

MDP, I, is largely inactivated due to its intrinsic slow recovery
from inactivation.

These data highlight that the classification of hiPSC-CMs in
atrial- ventricular- and sinoatrial-like, based on AP morphology/
APD ratio, does not correspond to a real commitment, but it is
rather an artifact due to the immature and highly variable electri-
cal properties of these cellular model and to the variable and
depolarized MDP mainly caused by the lack of I;.

Variations of I, current during maturation of hiPSC-CMs are
not known. It can be assumed that decreasing the MDP, the con-
tribution of I, in the first phase of repolarization will be
emphasized.

Iio.r was only recorded in hESC-CMs after 12 days in culture
post-differentiation (Sartiani et al., 2007) and increases further
on, but the current density recorded from hESC-CMs at 28 days
(HES2cell line) was ~3 pA/pF at+ 60 mV (Fu et al., 2011) which
is much lower than [, densities in human atria from adult hearts
(~14 pA/pF,+ 60 mV) and infant hearts (~20 pA/pF,+ 60 mV,
2.5-7 months old) (Wang et al. 2003).

Slow Potassium Current (/ks)

I, is the slow component of the delayed rectifier potassium cur-
rent, that occurs during the repolarizing phase of the action
potential. Its definition is linked to a slow activation and relative-
ly slow deactivation of outward K* current that does not inacti-
vate (Sanguinetti and Jurkiewicz, 1992; Wang et al., 1994). Iy
can be distinguished from I, as the Chromanol-293B sensitive
component of the total outward current. Moreover, I is regulat-
ed by the sympathetic nervous system by means of B-adrenergic
receptor and PKA signaling (Osteen et al., 2010); therefore, it
abbreviates AP duration as a consequence of its slow deactivation
which causes I to remain partially activated throughout the car-
diac cycle.

KCNQ1 gene encoded for Kv7.1 a subunit that forms the
homo-tetrameric channels responsible of I, usually combined in
heart with the auxiliary B-subunit KCNE1 (Furukawa et al.,
2001). KCNQ1 expression in hiPSC-CMs was reported only after
day 28 in several studies that model long-QT syndromes (LQT1
and LQT5) associated with KCNQ1 or KCNE1 mutations. Ix, densi-
ty varies between 0.31 and 2.9 pA/pF as reported in Table 2. Few
studies analyzed the presence of Igs in hiPSC-CMs. In one of
these, it was found in 30% of the cells with a density of 0.31 pA/
pF (Ma et al., 2011), similar to that reported in native human ven-
tricular CMs (0.18 pA/pF) (Virag et al., 2001). Other two studies
instead (Moretti et al., 2010; Lee et al., 2016) described I in all
cells and with a very high current density (2.5 and 2.9 pA/pF,
respectively). This I, variability can be partly explained by a dif-
ferent expression of the accessory subunit KCNE1, a behavior
already described in hESC-CMs by Wang and colleagues (2011).

Rapid Delayed Rectifier Potassium
Current (Ik,)

I, is the rapid component of the delayed rectifier potassium cur-
rent formed by K,11.1 channel (human Ether-a-go-go-Related
Gene, hERG, or KCNH2). Two splicing variants of KCNH2 (hERG
la and 1b) are expressed in the cardiac tissue, complexed with
MinK-related peptide 1 (MiRP1, encoded by KCNE2 gene). I,
contributes to the phase 3 repolarization phase 3.
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Iy, current is by far the most studied current in hiPSC-CMs
mainly because these cell have been used in several studies to
model long-QT syndromes linked to KCNH2 or MiRP1 mutations
(Moretti et al., 2010; Itzhaki et al., 2011; Lahti et al. 2012; Bellin
et al., 2013; Mehta et al., 2014).

Maximal Iy, current density, measured as the E-4031-sensitive
current, varies between 0.55 and 2.5 pA/pF as reported in Table
2. These values are in agreement with those reported in hESC-
CMs, but higher than those described in adult CMs, where I, den-
sities range between 0.25 pA/pF for ventricular CMs and 0.6 pA/
pF for atrial CMs (Magyar et al., 2000; Jost et al., 2009).

Doss and colleagues (2012) demonstrated the important role of
Ix, in the repolarization phase and in MDP determination in
hiPSC-CMs, due to slow activation and deactivation kinetic of
I, but mainly because of the absence of I, (Doss et al., 2012).

Jones and collaborators (2014) revealed a critical role for the
hERG 1b subunit in hiPSC-CM I,-mediated repolarization. By
silencing this subunit with a specific shRNA, therefore forcing
the homo-dimerization of hERG 1a, they obtained a pro-
arrhythmic behavior in hiPSC-CMs: prolonged APD, early-after
depolarizations and APD variability.

The same phenotype has been described when I, was blocked
by E-4031, dofetilide, or nefazodone (Lee et al., 2016) or in long-
QT patients-derived CMs carrying KCNH2 mutations (Ma et al.,
2011; Itzhaki et al., 2011; Bellin et al., 2013; Mehta et al., 2014).

Time-dependent changes in I, have been established in KhES-
1 cells, in which Iy, density increased from ~0.005 pA/pF to ~
0.30 pA/pF (measured at 0 mV) (Otsuji et al., 2010). Promoting
hESC-CMs maturation with the biowire technique or with
microRNA-1 transfection led to elevated Iy, densities (Fu et al.,
2011; Nunes et al., 2013).

Inward Rectifier Potassium Current (/xq)

The inward rectifier potassium current (Ix;) helps to stabilize the
resting membrane potential of adult atrial and ventricular cardio-
myocytes and contributes to the last phase of repolarization. The
channels responsible for Iy; are homo or hetero-oligomers formed
by Kir2.1/2/3 proteins encoded by KCNJ1/KCNJ12/KCNJ4 genes,
respectively.

The expression analyses of these Kir2.x isoforms in hiPSC-CMs
at 160 days post differentiation revealed few (119%) Kir2.1/Tropo-
nin T positive cells (Doss et al., 2012). It is indeed a common
observation that hiPSC-CMs present a very small or negligible
I, even at late stages of differentiation, which explains the
depolarized MDP and the autorhythmic phenotype of these cells.
In particular, Doss and colleagues (2012) reported -2.17 = 0.42
pA/pF Ba?'-sensitive Iy, current, considering cells between 18
and 121 days. However, more than 53% of the cells analyzed
showed very low or negligible I, at -100 mV with the highest
values recorded in late-stage hiPSC-CMs (-3.49 = 0.91 pA/pF and
-2.17 £0.72 pA/pF at 89 and 121 days post-differentiation,
respectively).

More recently, Lee and colleagues (2016) recorded in 28-day-
old hiPSC-CMs an I, current density of -5.1 pA/pF, which is,
however, still lower than the —10 pA/pF reported in native ven-
tricular CMs (Magyar et al., 2000). Nevertheless, several attempts
have been carried out to mature hiPSC-CMs through an increase
of I;. The approach adopted by Bett and colleagues (2013) and
Meijer van Putten and colleagues (2015) consisted in artificially
restore the missing I, current through electronic expression,

using the dynamic clamp. Recently, Vaidyanathan and colleagues
(2016) increased the expression of Kir2.1 in hiPSC-CMs through
lentiviral infection, leading to a maturation of the electrophysio-
logical properties. Collectively, these results highlight that hiPSC-
CMs present electrical properties different from adult human CMs
and some of these differences may be ascribed to the lack of I,
that can thus be seen as a maturation marker.

NCX Current (Incx )

The cellular plasma membrane contains several types of channels
that mediate Ca®" entry and two systems for Ca®>" extrusion: the
sarcoendoplasmic reticulum Ca?" ATPase (SERCA) and the Na'/
Ca”" exchanger (NCX) (Blaustein and Lederer, 1999).

NCX exists in three isoforms, NCX-1, -2, and -3, but NCX1,
encoded by solute carrier family 8 member A1 (SLC8A1) gene
(Lytton, 2007), is the only isoform present in the heart (Quednau
et al., 1997).

To allow cardiomyocyte relaxation, cytosolic Ca*" concentra-
tion must be lowered. Thus, in the systolic contraction phase,
NCX extrudes Ca®" from the cytosol into the extracellular space
(Blaustein and Lederer, 1999). The operation of NCX is fully
reversible, and the direction of the movement of the transported
ions depends entirely on the electrochemical gradients of Na™
and Ca*" and on the number of ions that bind to the molecule
and are transported. Under resting condition, the NCX acts to
extrude Ca®>" from the cytoplasm (Brini and Carafoli, 2011).
Therefore, NCX generates an inwardly directed membrane current
(Incx ) during sarcoplasmic reticulum Ca" release that contribute
to maintain the plateau of the cardiac action potential (Aronsen
et al., 2013). Indeed, computer modelling revealed that increased
Incx activity significantly delays repolarization of the cardiac AP
(Pott et al., 2011).

NCX uses the energy stored in the electrochemical gradient of
Na' in exchange for the countertransport of Ca*" and during
each cycle three Na™ ions enter the cell and one Ca®" ion is
extruded, thus indicating an electrogenic transport (Blaustein and
Lederer, 1999).

It has been shown that hESC-derived CMs express NCX1,
although at lower levels and with a different profile, compared
with porcine heart (Dolnikov et al., 2006). In these type of cells,
NCX1 increased during cardiac differentiation and NCX current
density was determined using the whole-cell patch-clamp tech-
nique (Fu et al., 2010). Iycx, defined as Ni**-sensitive current,
was functionally and robustly expressed in 47- and 97-day-old
ventricular-like hESC-CMs. A voltage ramp from +60 to —120
mV elicited an almost linear current-voltage relationship of Iycx,
similar to that previously described for fetal and adult mouse
CMs (Reppel et al., 2007). The Iycx densities in 40-day ventricu-
lar-like hESC-CMs were —1.2 = 0.6 pA/pF (n=4) at —120 mV
(Ca®" outward mode) and 3.6 = 1.0 pA/pF at 60 mV (Ca*" inward
mode). Significant increase of Iycx, particularly in the Ca" out-
ward mode, was observed in 97-day ventricular hESC-CMs
(—6.9 = 1.3 pA/pF or ~six-fold increase at —120 mV n=5 and
7.9 = 1.3 pA/pF or ~two-fold at 60 mV) (Fu et al., 2010). Com-
mercial iCell cardiomyocytes (Cellular Dynamics International),
containing large and small myocytes derived from hiPSC were
also evaluated (Fine et al., 2013). For the “larger” myocytes, the
peak of Iycx was 4.5+ 0.5 pA/pF, equivalent to those of adult
guinea pig or rabbit cardiomyocytes (Fine et al., 2013).
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Hwang and collaborators studied Ca®" handling and cytosolic
Ca®" buffering properties of hiPSC-CMs generated from multiple
hiPSC lines and the results were compared with isolated adult
rabbit and mouse ventricular CMs (Hwang et al., 2015). Although
hiPSC-CM cell volume was significantly smaller, cell capacitance
to cell volume ratio and cytoplasmic Ca*" buffering were not dif-
ferent from rabbit-CMs. hiPSC-CMs exhibited robust L-type Ca**
currents, twitch Ca®" transients and caffeine-releasable SR Ca®"
stores comparable to adult CMs. Ca** transport by SR Ca ATPase
and NCX was similar in all hiPSC-CM lines, but slower compared
with rabbit-CMs, although the relative contribution of the two
systems was comparable to rabbit-CMs (Hwang et al., 2015).

Conclusions and Future Outlooks

The great excitement raised by the discovery of the reprogram-
ming process, followed by the possibility to obtain virtually any
kind of human cell, has turned, in these 10 years, into the aware-
ness that our knowledge about the process of cell differentiation
is extremely poor, especially when cells are newly generated from
iPSCs. Nevertheless, several major limitations have been over-
come: from developmental biology studies, several bioactive mol-
ecules have been identified and wused to direct iPSC
differentiation toward specific phenotypes. Indeed, today we can
easily produce large numbers of almost pure human cardiomyo-
cytes but still, we cannot use them as therapeutic agents. The
major limitation lies in the immaturity of these cells artificially
created in the lab; indeed to exploit their therapeutic potential,
we need to learn how to promote their maturation.

Relevant to this point, a special mention must be addressed to
the joining efforts of cell biologists and engineers in identifying
and building systems that might accelerate the in vitro matura-
tion of these cells (see Yang et al., 2014b). We must identify the
developmental cellular stage we are dealing with, and to do so we
need to find specific and selective functional markers. The study
of the electrophysiology of the iPSC-derived cardiomyocytes can
greatly help us in this process because it allows us to monitor
very tiny changes in the cellular profile that could probably cor-
respond to small steps toward maturity. Nevertheless, a certain
degree of standardization among the different protocols is needed
to highlight real biological differences among iPSC-CMs. In any
case, despite the great limits that we have yet to overcome,
patient-derived iPSC-CMs, at variance with ESC-CMs, give us the
opportunity to model in vitro several human cardiac diseases, in
order to identify the molecular mechanisms underlying the spe-
cific pathology, as well as to discover new therapeutic drugs.
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