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Am J Physiol Heart Circ Physiol 319: H927-H937, 2020. First
published August 21, 2020; doi:10.1152/ajpheart.00546.2020.—Sym-
pathetic neurons (SNs) capable of modulating the heart rate of murine
cardiomyocytes (CMs) can be differentiated from human stem cells.
The electrophysiological properties of human stem cell-derived SNs
remain largely uncharacterized, and human neurocardiac cocultures
remain to be established. Here, we have adapted previously published
differentiation and coculture protocols to develop feeder-free SNs
using human-induced pluripotent stem cells (hiPSCs). hiPSC-SNs
were characterized in monoculture and coculture with hiPSC-CMs,
using antibody labeling, enzyme-linked immunosorbent assay, and
whole cell patch-clamp electrophysiology techniques. hiPSC-SNs
stained positive for peripherin, tyrosine hydroxylase, and nicotinic
acetylcholine receptors, the latter two colocalizing in somas and
synaptic varicosities. hiPSC-SNs functionally matured in vitro and
exhibited healthy resting membrane potentials (average = —61 = 0.7
mV), secreted norepinephrine upon activation, and generated synaptic
and action currents and inward and outward voltage-dependent cur-
rents. All hiPSC-SNs fired action potentials in response to current
injection, local application of potassium, or spontaneously, followed
by short-medium afterhyperpolarizations. hiPSC-SNs could success-
fully be maintained in coculture with hiPSC-CMs, and this induced
further development of hiPSC-SN action potential kinetics. To test
functional coupling between the neurons and cardiomyocytes, the
hiPSC-CM beating response to nicotine-induced norepinephrine re-
lease was assessed. In neurocardiac cocultures, nicotine exposure
significantly increased the hiPSC-CM spontaneous beating rate, but
not in hiPSC-CM monocultures, supporting nicotinic neuronal
hiPSC-SN stimulation directly influencing hiPSC-CM function. Our
data show the development and characterization of electrophysiologi-
cally functional hiPSC-SNs capable of modulating the beating rate of
hiPSC-CMs in vitro. These human cocultures provide a novel multi-
cellular model to study neurocardiac modulation under physiological
and pathological conditions.

NEW & NOTEWORTHY We present data on a functional coculture
between human-induced pluripotent stem cell-derived sympathetic
neurons and cardiomyocytes. Moreover, this study adds significantly
to the available data on the electrophysiological function of human-
induced pluripotent stem cell-derived sympathetic neurons.

Correspondence: A. Winbo (a.winbo@auckland.ac.nz).

http://www.ajpheart.org

0363-6135/20 Copyright © 2020 the American Physiological Society

human-induced pluripotent stem cells; neurocardiac coculture; sym-
pathetic modulation of heart rate; sympathetic neurons

INTRODUCTION

The sympathetic nervous system, responsible for the “fight
or flight” response, regulates heart rate and vascular dynamics
under a range of physiological conditions (27). During devel-
opment, migrating neural crest cells form the paravertebral
sympathetic chain and segregate into discrete ganglia before
differentiating into sympathetic neurons (1, 5). Cardiac-pro-
jecting postganglionic sympathetic neurons innervate the myo-
cardium via a network of nerve fibers whose distribution is
regulated by the availability of neurotrophic growth factors
released from the cardiac tissue during organogenesis (13, 15,
34). Functional neurocardiac coupling is characterized by the
presence of sympathetic presynaptic varicosities, closely op-
posed and specialized pre- and postsynaptic cell membranes,
postsynaptic receptors on cardiomyocytes, and neurotransmit-
ter vesicles that release norepinephrine via calcium-dependent
exocytosis as a response to activation of nicotinic acetylcholine
(ACh) receptors (15, 18, 37).

Sympathetic activity modulates ventricular repolarization,
and its dysregulation or hyperactivity contributes to the patho-
physiology of both primary and secondary cardiovascular dis-
eases (10, 27, 36, 45). Increased B-adrenergic signaling during
emotional or physical stress is an established trigger of life-
threatening cardiac events in inherited arrhythmia syndromes
such as the long QT syndrome and catecholaminergic poly-
morphic ventricular tachycardia (40). Neuromodulators
(such as B-blockers and cardiac sympathetic denervation)
are mainstay preventive therapeutic options for these and
other arrhythmias; however, the cellular basis underlying
sympathetic triggering of arrhythmia remains incompletely
characterized (40, 44).

There are few physiologically relevant tools to model the
cellular mechanisms underlying sympathetic (dys)regulation of
cardiovascular targets in humans. Animal neurocardiac models
have provided important insights into the molecular and phys-
iological underpinnings of autonomic dysregulation and re-
modeling in cardiac disease (17, 25, 35); however, with regard
to inherited arrhythmia syndromes, molecular contributors of
cardiac repolarization differ between species (26, 29, 30).
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During the past decades, pluripotent stem cells have
emerged as an important source of human cells in which
cellular development and function can be studied in vitro under
physiological and pathophysiological conditions (8, 9, 20, 31,
38, 39). The human cell source used is either embryonic stem
cells (heSCs) derived from early preimplantation embryos (43)
or induced pluripotent stem cells (hiPSCs), reprogrammed
from skin fibroblasts or peripheral blood mononuclear cells,
based on derivations of Yamanka’s Nobel Prize-winning re-
search (41).

It was shown in 2016 by Oh et al. (32) that human stem cells
can be differentiated into norepinephrine-secreting sympa-
thetic neurons, capable of modulating the heart rate of neonatal
mouse ventricular cardiomyocytes when cocultured in vitro.
However, functional coupling between human stem cell-de-
rived sympathetic neurons and hiPSC-derived cardiomyocytes
was not achieved (32). Moreover, a recent study in 2020 by
Takayama et al. (42) presented data on sympathetic-like neu-
rons, without measurable norepinephrine secretion, but with
moderate effects on the hiPSC-derived cardiomyocyte beating
rate. Importantly, the electrophysiological properties of human
stem cell-derived sympathetic neurons remain largely unchar-
acterized, and the functional maturation of stem cell-derived
cells, including cardiomyocytes, has increasingly been put into
question (24).

Here, we describe the development and functional charac-
terization of sympathetic neurons derived from human-induced
pluripotent stem cells (hiPSC-SNs) and their coculture with
hiPSC-derived cardiomyocytes (hiPSC-CMs).

METHODS

Ethics. The study has been approved by institutional review com-
mittees in Umed, Sweden (Regional Ethics Committee, Umeéa Uni-
versity: Dnr 05-127M), and Auckland, New Zealand (Health and
Disability Ethics Committees: 17/NTA/226), and all the participants
have provided written informed consent.

Reprogramming of peripheral blood mononuclear cells into
hiPSCs. Peripheral blood mononuclear cells from a healthy adult male
were reprogrammed using an integration-free kit (CytoTune-iPS 2.0
Sendai Reprogramming Kit, Invitrogen, Life Technologies, now
Thermo Fisher, Cat. Nos. A16517 and A16518). Putative hiPSC
clones were validated by immunostaining for pluripotency markers
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SSEA4, Oct4, Tra-1-60, and Sox2. Validated hiPSC clones were
expanded on Geltrex-coated 12-well plates in Essential 8 medium,
passaged at ~85% confluency using Accutase dissociation enzyme
(37°C, <2 min) in the presence of Thiazovivin selective inhibitor of
rho-associated kinase, and frozen in Bambanker freezing media, in
accordance with previously published protocols (38). The passage
number of the frozen hiPSC clones used for this study was between 30
and 35.

Neuronal induction, differentiation, and maturation of sympathetic
neurons from hiPSCs. Neuronal differentiation was repeated five or
more times to ensure phenotypic consistency over multiple differen-
tiation rounds. The optimized neuronal induction and differentiation
protocol (Fig. 1) was based on previously published protocols (8, 9,
32, 39) and modified for feeder-free culture conditions (detailed
protocol available at https://doi.org/10.6084/m9.figshare.12756239).
In summary, thawed hiPSCs were plated onto Geltrex-coated 12-well
plates and cultured in StemFlex medium. Induction (day 0) was
initiated at 70—80% confluency (9), and over the first 2 wk, a series
of small molecules, the majority inhibitors, were added sequentially.
From day 4, the culture medium was gradually exchanged from
StemFlex medium to N2-supplement-enriched B-27 plus neuronal
culture system by 25% increments every other day. On day 12, the
cells were passaged using Accutase dissociation enzyme (37°C, ca.
20-25 min), resuspended in N2 media (concentration = 5 X 10°
cells/mL), and replated on Geltrex-coated 12-mm glass coverslips
placed in 24-well plates (1-2 X 10° precursor cells/well) in neuronal
medium and BMP4. From day 14, the cells were cultured in neuronal
medium (B-27 plus neuronal culture system + 2 mM L-glutamine,
N-2 supplements, 0.2 mM ascorbic acid, 0.2 nM dbcAMP, 10 ng/mL
NGF, 10 ng/mL BDNF, and 10 ng/mL GDNF) for further neuronal
maturation. All cells were maintained at 37°C and 5% CO: in a
humidified incubator.

Differentiation of cardiomyocytes from hiPSCs. Our optimized
cardiomyocyte differentiation protocol is based on a previously pub-
lished small molecule-modulated differentiation protocol (38).
Briefly, thawed hiPSCs were plated on Geltrex-covered 12-well plates
(0.3 X 106 cells/well) and cultured in StemFlex medium. On day 0, at
~85% confluency, the culture medium was changed to RPMI/B27-
insulin medium with 6 M GSK3-{ inhibitor CHIR9902, followed by
RPMI/B27-insulin medium with 5 wM Wnt inhibitor IWR1 on day 3.
From day 7, the cells were grown in RPMI/B27+insulin medium,
replaced every 72 h.

hiPSC-SN and hiPSC-CM coculture conditions. To generate neu-
rocardiac cocultures, visibly beating areas of hiPSC-CMs (aged =21
days after the start of differentiation) were manually dissected from
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Fig. 1. Overview of small molecule neuronal induction and maturation protocol. LSB =

inh LDN 193189 (500 nM) + SB431542 (10 wM) (days 0—3/4). m3i =

inh CHIR99021 (3 uM) + DAPT (10 uM) + PD173074 (0.2 uM) (days 2-7). SP = Shh C25II (50-200 ng/mL) + PMP purmorphamine (1 wM) (days 3—12).
B4 = BMP4 (10 ng/mL) (days 10—12 + days 0-2 after replating). Vertical line between day 12 and day 0 = dissociation and replating. Neuronal medium =
B-27TM Plus Neuronal Culture System + 2 mM L-glutamine, N-2 supplements, 0.2 mM ascorbic acid, 0.2 nM dbcAMP, 10 ng/mL NGF, 10 ng/mL BDNF,
and 10 ng/mL. GDNF. Adapted protocol based on previously published protocols (8, 9, 32, 39).
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their culture wells and dissociated using 1 mg/mL collagenase B
(Roche) in RPMI/B27+insulin medium (37°C, 18 h). Dissociated
hiPSC-CMs were seeded onto 12-mm glass coverslips coated with
Geltrex, containing established mature hiPSC-SNs (=51 days since
pluripotency) (32). One confluent 12-well plate of beating hiPSC-
CMs was seeded onto 24 coverslips with mature hiPSC-SNs. The
cocultures were maintained in a 50/50 mixture of B-27 plus neuronal
culture system and RPMI/B27+insulin medium, replaced every 72 h,
for a minimum of 7 days before imaging or electrophysiological
characterization.

Immunohistochemistry and imaging. Live cells were visualized
under bright-field illumination using an Olympus CKX41 microscope
at X20 magnification. For immunohistochemistry, cells were fixed in
4% paraformaldehyde for 20 min at room temperature, permeabilized
in 0.1% TritonX-100/PBS, and labeled with the primary antibodies
PHOX2B (1/100, rabbit IgG, Cat. No. ab183741, Abcam), tyrosine
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hydroxylase (1/500, guinea pig polyclonal anti-serum 2, Cat. No. 213
104, Synaptic Systems), peripherin (1/100, rabbit polyclonal, Cat. No.
ab1530, Chemicon), a-bungarotoxin (1/500, pan-nicotinic receptor
antagonist, af647, Invitrogen), or troponin T (1/500, mouse monoclo-
nal, Cat. No. MAS5-12960, Invitrogen) at 4°C for 20-25 h. After PBS
washes, secondary antibodies (Alexa Fluor 488, 568, and 647,
Thermo Fisher; 1:500) and Hoechst nuclear stain solution (Sigma-
Aldrich) were applied at room temperature for 1 h and 20 min,
respectively. Cells were mounted in Citifluor on glass slides, and
epifluorescence imaging was performed at X20-40 magnification
using a Zeiss Axioplan 2 fluorescence microscope with a photometrics
camera and MetaMorph version 7.8.3 for acquisition, image process-
ing, and analysis (molecular devices). Exposure times were optimized
per antibody and were kept consistent across all image acquisitions.
Images were generated in ImageJ. Immunostaining per nucleated cell
count (Marker*/DAPI™) and colocalization of staining within soma
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Fig. 2. Cellular morphology and immunohistochemistry staining support a sympathetic neuronal fate of human-induced pluripotent stem cell-derived sympathetic
neurons (hiPSC-SNs). A: immunohistochemistry staining of a day 26 neurosphere, positive for the neural crest marker PHOX2B (red) and DAPI (blue) (X 10).
Scale bar = 200 pm. B: day 83 hiPSC-SNs, visualized under X40 magnification infrared-differential interference contrast optics, show the typical sympathetic
neuronal “beads on a string” growth morphology. Scale bar = 100 pwm. C—J: immunohistochemical staining of day 54 hiPSC-SNs, positive for the sympathetic
neuronal enzyme tyrosine hydroxylase (TH, red) and peripheral neuronal marker peripherin (PRPH, green). hiPSC-SNs display characteristic punctate TH
staining of the varicosities, indicative of sites of synapse formation (C, D, and E). Nicotinic acetylcholine receptor (nAChR, green) antagonist a-bungarotoxin
labeling of the primary synaptic receptor in post-ganglionic sympathetic neurons, consistently colocalized with TH immunostaining in the somas and in the
synaptic varicosities of TH-positive cells (/). C: X10. D: X20. E-J: same image (X40). H: image overlay with colocalized TH/PRPH staining appearing yellow.
J: image overlay with colocalized TH/nAChR staining appearing yellow (white arrowheads). Scale bar = 100 pm. K: quantification of TH-, PRPH-, and
nAChR-positive cells (DAPI+ n = 161, 11 images). L: quantification of TH/nAChR colocalization in nAChR-positive soma and varicosities (nAChR+ puncta
n = 869, 15 images). Scale bar = 400 pwm (C), 200 pm (D), and 100 wm (E, F, G, H, and I). Error bars represent standard error mean.
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and varicosities (TH*/nAChR™) were analyzed in 10-15 images
generated from multiple independent culture preparations at X40
magnification and presented as average percentages = SE.

Measurement of norepinephrine concentrations in tissue culture
medium. An enzyme-linked immunosorbent assay was used to mea-
sure norepinephrine release following stimulation with 50 mM KCI,
according to the manufacturer’s instruction (Aviva Systems Biology
Noradrenaline ELISA Kit; OKEH02565).

Whole cell electrophysiology recordings of hiPSC-SNs and
hiPSC-CMs. Whole cell patch-clamp recordings were performed at
room temperature on hiPSC-SN monocultures and at 37°C on
hiPSC-CM  monocultures and hiPSC-SN/hiPSC-CM cocultures,
grown on 12-mm Geltrex-covered glass coverslips. Cells were visu-
alized under infrared-differential interference contrast optics (ORCA
R2, Hamamatsu) at X40 magnification. hiPSC-SN coverslips were
perfused with extracellular solution containing (in mM) 119 NaCl, 2.5
KCl, 2.5 CaCl,, 1 Na,HPOy4, 1.3 MgS0O,, 26.2 NaHCOs3, and 11
D-(+)-glucose, adjusted to pH 7.4 with NaOH. hiPSC-SN internal
solution consisted of (in mM) 120 K gluconate, 40 HEPES, 5 MgCl,,
2 Na-ATP, and 0.3 Na-GTP, pH adjusted to 7.2 with KOH. For
hiPSC-CM whole cell patch-clamp experiments, previously published
hiPSC-CM internal and external solutions were used (31). Whole cell
patch-clamp recordings were acquired with a MultiClamp 700B
amplifier, low-pass filtered at 10 kHz, without leak subtraction, and
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analyzed using pCLAMP 10.2 software. Recordings with an access
resistance exceeding 20 M) were discarded.

To characterize active and passive membrane properties, the resting
membrane potential (mV), cell capacitance (pF), and action potential
kinetics for each hiPSC-SN were recorded. To capture spontaneous
hiPSC-SN synaptic current activity, cells were voltage-clamped close
to resting membrane potential (—70 mV) and 5-min gap-free record-
ings were performed. Total current-voltage (/-V) relations were de-
termined by 10-mV incremental voltage steps from —80 to +70 mV,
with a duration of 1,000 ms per step, and presented normalized to the
cell membrane capacitance to obtain total peak current density voltage
curves [(pA/pF)/mV] (11, 19, 32).

Spontaneous hiPSC-SN action potential frequency was assessed
via 5-min gap-free recordings in current clamp. Action potential firing
in response to locally applied 120 mM potassium solution was
assessed in a subset of cells. The hiPSC-derived neurons’ propensity
to fire action potentials upon current injection was characterized by
100-pA incremental current steps of 100—800 pA, with a duration of
200 ms per step. Action potential properties [peak amplitude (mV),
maximum rise slope (pA/ms), rise time (ms), decay time (ms), action
potential duration half-width (APDso, ms), and action potential dura-
tion at 90% (APDgo, ms)] were measured in the first action potential
elicited by current injection (100-300 pA, 200-ms duration). The
afterhyperpolarization (AHP) duration, i.e., from the time point where
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the action potential passes the resting membrane potential on its
decaying slope to when it returns to baseline (in ms), and the AHP
amplitude, i.e., from the baseline resting membrane potential to the
most hyperpolarized potential reached (in mV), were measured in
spontaneously firing hiPSC-SNs with up to five consecutive AHPs
analyzed per cell.

Assessment of functional coupling in neurocardiac cocultures. In
the established hiPSC-SN and hiPSC-CM cocultures, video analysis
of cardiomyocyte beating rate changes triggered by sympathetic
stimulation was performed. Coculture coverslips were transferred to a
recording chamber, perfused with extracellular solution at 37°C (31),
and habituated for a minimum of 10 min before capture. Beating
cardiomyocyte syncytia visibly connected to sympathetic neurons
were visualized under IR-DIC optics (ORCA-R2, Hamamatsu) at X40
magnification, with 5-min live capture installments of beating rate
during baseline, wash-in, and exposure to 1 wM nicotine to specifi-
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cally stimulate sympathetic neurons to release norepinephrine (32).
This experiment was repeated in hiPSC-CM monocultures, as a
negative control.

Statistical analysis. Differences between groups were assessed
using analysis of variance, unpaired  test, or x? test, depending on
the included variables. For all analyses, a two-tailed value of P <
0.05 was considered statistically significant. Continuous variables
are presented as means = SE, and dichotomous variables are
presented as n (%).

RESULTS

Morphological and immunohistochemical characterization
of hiPSC-SNs in monoculture. During the first week of matu-
ration after neuronal induction, progressive neurite outgrowth
was observed in attached cells, as well as formation of neuro-
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Fig. 4. Whole cell patch-clamp recordings from human-induced pluripotent stem cell-derived sympathetic neurons (hiPSC-SNs) verify the presence of
voltage-gated channels generating substantial inward and outward currents, and frequent synaptic activity. Data were compiled from experiments performed in
cultures from five separate differentiation rounds. A: voltage step protocol (10 mV incremental steps from —80 to +70 mV) and total whole cell current,
corresponding to peak and steady-state currents, was measured in day 48-76 for hiPSC-SNs (n = 24). The current density (pA/pF)—voltage (mV) relationships
were obtained by normalizing the total currents (pA) to the cell capacitance (pF), and subsequently averaged over all cells (error bars represent standard error
mean). B: representative peak current trace (duration 30 ms) on day 53 for hiPSC-SN at —40 mV (black), amplitude —14 nA. The inward current was abolished
by 1 uM tetrodotoxin (red). C: representative trace depicting spontaneous current activity at —70 mV, with inward (unclamped) action currents, and frequent
synaptic currents (shown in magnification, right). D: histogram depicting the distribution of synaptic current amplitudes across all spontaneous current recordings
in 22 hiPSC-SNs (mean 24 * 0.3 pA). E: cumulative probability plot depicting synaptic current amplitudes for spontaneously firing hiPSC-SNs (red, n = 19,
3,425 synaptic currents) and hiPSC-SNs where action potential induction required current injection (black, n = 3, 121 synaptic currents). Mean synaptic current
amplitude was significantly larger in spontaneously firing hiPSC-SNs compared with nonfiring hiPSC-SNs, 24 * 0.3 pA versus 15 = 0.5 pA, **#*P < (0.0001.
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spheres staining positive for neural crest marker PHOX2B, a
key transcription factor for sympathetic neuronal development
(Fig. 2A). Mature hiPSC-SNs showed morphological features
of sympathetic neuronal differentiation, including establish-
ment of extensive processes and the characteristic “shiny beads
on a string” phenotype (Fig. 2B). hiPSC-SNs were positive for
the rate-limiting enzyme in catecholamine synthesis tyrosine
hydroxylase (TH, 86% of nucleated cells) and for peripherin,
an intermediate filament expressed in neurons of the peripheral
nervous system (PRPH, 99% of nucleated cells), both staining
the soma and processes of the hiPSC-SNs (Fig. 2, C-H).
Notably, hiPSC-SNs displayed characteristic punctate TH
staining in the varicosities of the neuronal processes, indicative
of synaptic sites (Fig. 2, C—E) (7, 15). Ionotropic nicotinic
acetylcholine receptors (nAChRs) were present in the hiPSC-
SNs, as evident by punctate staining with a-bungarotoxin, an
nAChR antagonist, known from animal studies to stain post-

A

Fig. 5. Representative examples of action
potentials in human-induced pluripotent
stem cell-derived sympathetic neurons
(hiPSC-SNs). Data were compiled from ex-
periments performed in cultures from five
separate differentiation rounds. A—C: spon-
taneous action potential firing, single (A) or
multiple (B), was noted on days 53-59 for
hiPSC-SNs during gap-free 5-min current
clamp recordings (n = 21 cells). In the same
cells, excitatory postsynaptic potentials were
frequently seen (A, arrowheads). C: sponta-
neously firing hiPSC-SN, exposed to 120
mM potassium (arrowhead), responded with
multiple rapid action potentials and subse-
quent membrane depolarization (9/9 ex-
posed cells responded similarly). D-E: ac-
tion potentials (single or multiple) could be
evoked in all hiPSC-SNs by 100-300 pA
current injection (n = 30). D: example pha-
sic response to a current injection of 200 pA,
duration 200 ms [single-action potential,

50 mV

-62 mV

1000 ms

50 mV
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ganglionic neurons and synaptic densities in sympathetic gan-
glia (Fig. 2, I and J) (37). The nAChR staining colocalized with
TH staining in the soma (84% of nAChR-positive somas) and
synaptic varicosities of the hiPSC-SNs (95% of nAChR-posi-
tive puncta outside of the soma, Fig. 2J, white arrowheads,
with quantification in Fig. 2, K and L).

Characterization of hiPSC-SN physiological maturation in
monoculture. We examined the electrophysiological character-
istics of hiPSC-SNs throughout different periods in monocul-
ture. We noted significant electrophysiological maturation over
time in the hiPSC-SNs, from an immature electrophysiological
phenotype in day 28—41 hiPSC-SNs (n = 10) to a mature
phenotype in day 48—76 hiPSC-SNs (n = 87, Fig. 3). Specif-
ically, increased time in culture from 28—41 days to 48-76
days significantly hyperpolarized the resting membrane poten-
tial (from —46 = 5 to —61 = 0.7 mV). Moreover, increased
time in culture increased the peak action potential amplitude,

seen in 8/30 (27%) of hiPSC-SNs]. E: ex- 62 mV

ample tonic response to a current injection of

100 pA, duration 200 ms [multiple action
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Table 1. Action potential firing characteristics for hiPSC-
SNs after 100-300 pA current injection

n = 30
Mean age, days after hiPSC stage = SE 5914
Resting membrane potential, mV = SE -60 £ 1.9
Membrane capacitance, pF *+ SE 85*+5.1
Firing spontaneously, n (%) 12 (40)
Firing at 100 pA current injection, n (%) 16 (53)
First firing at 200 pA, n (%) 10 (33)
First firing at 300 pA, n (%) 4 (13)
Single (phasic) action-potential firing, n (%) 8 (27)
Multiple (tonic) action-potential firing, n (%) 22 (73)
Action-potential amplitude, mV = SE 93 £39
Max upstroke velocity, pV/ms *+ SE 150 £ 16
Rise time, ms = SE 5.1*+0.5
Decay time 90%, ms = SE 4.1%+03
Action potential half-width, ms = SE 2.8 *+0.2
Action-potential duration 90%, ms = SE 9.2+ 0.6

hiPSC, human-induced pluripotent stem cell; hiPSC-SNs, human-induced
pluripotent stem cell-derived sympathetic neurons.

increased upstroke velocity, decreased the action potential
decay time, and decreased the action potential duration half-
time (all P < 0.0001, Fig. 3), consistent with faster action
potential kinetics of mature neurons.

Functional characterization of mature hiPSC-SNs in
monoculture. To verify that activation of hiPSC-SN-induced
presynaptic release of norepinephrine, we measured the con-
centration of norepinephrine in the tissue culture medium of
mature neurons, averaging 75 days in culture, using an en-
zyme-linked immunosorbent assay. As expected, no release
was detected at baseline; however, in response to 50 mM KClI,
the amount of norepinephrine detected to be released from
stimulated hiPSC-SNs was 6.2 + 2.6 pg/mL (n = 3).

To characterize mature hiPSC-SN electrophysiological
properties, we performed whole cell patch-clamp experiments.
Day 48-76 hiPSC-SNs (n = 87) showed healthy resting
membrane potentials, averaging —61 = 0.7 mV. In voltage-
clamp, hiPSC-SNs exhibited functional voltage-gated chan-
nels, generating substantial inward and outward currents in
response to a voltage step protocol (n = 24, Fig. 4A). Peak and
steady-state currents were measured across the holding poten-
tial range of —80 to +70 mV and standardized to the cell
capacitance to generate current densities (pA/pF). The total
peak current density-voltage relationship, similar to previously
published data from 7 heSC-SNs (32), showed that hiPSC-SNs
exhibited inward current from —50 mV that reached maximum

—30mV (—127 = 11 pA/pF), which reversed at +19 mV to
an outward current with a maximum of +152 * 14 pA/pF at
+70 mV. The inward current was blocked by 1 uM tetrodo-
toxin, supporting that voltage-gated sodium channels contrib-
ute to the inward current in hiPSC-SNs (Fig. 4B).

During gap-free voltage-clamp recordings where the
hiPSC-SN membrane potential was held at —70 mV, sponta-
neous inward currents were frequently noted (n = 22, Fig. 4, C
and D). The spontaneous current activity included action cur-
rents (19/22 hiPSC-SNs, amplitude = 2,082 = 93 pA, fre-
quency = 0.1 = 0.1 Hz) and synaptic currents (22/22 hiPSC-
SNs, amplitude = 24 = 0.3 pA, frequency = 1.1 = 0.4 Hz).
Synaptic current amplitude was significantly higher in sponta-
neously firing hiPSC-SNs, as compared with hiPSC-SNs,
where action potentials were only inducible by current injec-
tion (P < 0.0001, Fig. 4E).
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The hiPSC-SNs’ abilities to fire action potentials, either
spontaneously or after a triggering stimulus, were assessed in
current-clamp mode. All hiPSC-SNs, aged 48—76 days since
pluripotency, fired single or multiple action potentials either
spontaneously (n = 21, Fig. 5, A and B), following local
exposure to 120 mM potassium (n = 9, Fig. 5C), or upon
current injection (100-300 pA; n = 30, Fig. 5, D and E). In
gap-free recordings of spontaneously firing hiPSC-SNs (n =
21), excitatory postsynaptic potentials (EPSPs) were frequently
noted (Fig. 5A, arrowheads).

The characteristics of hiPSC-SN action potential firing in-
duced by current injection (100-300 pA, 200-ms duration) are
summarized in Table 1 (n = 30). The hiPSC-SNs responded
with either a phasic (single action potential, 27% of cells, Fig.
5D) or tonic firing pattern (multiple action potentials, 73% of
cells, Fig. SE).

Afterhyperpolarization (AHP) duration and amplitude were
measured in 12 spontaneously firing hiPSC-SNs (Table 2). All
measured AHPs (n = 36) were of either short duration
(117 = 11 ms, —8.6 = 1.2 mV, 22/36, Fig. 5F) or medium
duration (330 = 20 ms, —9.8 = 1.0 mV, 14/36, Fig. 5G).

Establishment of functionally coupled neurocardiac cocultures.
As well as characterizing hiPSC-SNs in isolation, we success-
fully cocultured hiPSC-SNs with hiPSC-CMs, to generate a
novel human neurocardiac in vitro model (Fig. 6). We were
able to maintain neurocardiac cocultures for over 15 days in
vitro. Coculture of hiPSC-CM/hiPSC-SN for 14 days further
enhanced cocultured hiPSC-SNs’ (n = 15) action potential
kinetics, including increased upstroke velocity (242 * 47
mV/ms vs. 152 = 8 pA/ms, P = 0.001) and decreased decay
time (3.3 = 0.3 vs. 5.7 = 0.4 ms, P = 0.02), as compared with
mature hiPSC-SNs kept in monoculture (Fig. 3, C and D).
Moreover, after 14 days in coculture, the AHPs of the hiPSC-
SNs were shortened as compared with mature hiPSC-SNs in
monoculture (101 £ 5 ms, n = 13 vs. 220 = 20 ms, n = 36).

Qualitative observation of the cocultures showed neurite out-
growth from hiPSC-SNs into troponin T-positive hiPSC-CM
clusters (Fig. 6A). We observed elongated extension of pro-
cesses from hiPSC-SNs reaching directly into hiPSC-derived
cardiomyocyte clusters, with neurites coursing over and
through cardiomyocyte syncytia (Fig. 6B). Punctate staining of
varicosities suggested synaptic connections between the
hiPSC-SNs and the hiPSC-CMs (Fig. 6B, inset).

Table 2. AHP characteristics for spontaneously firing
(hiPSC-SNs) in monoculture

Short AHP Medium AHP
All (<221 ms)  (221-428 ms)
n hiPSC-SNs (AHPs) 12 (36) 9% (22) 5% (14)
Mean age, days after hiPSC 62*+19 60 = 2.0 65 = 3.6
stage = SE
Membrane capacitance, pF = SE 94 *+ 6.5 103 =9.7 80 £5.6
Resting membrane potential, —58*31 —-60*x09 —54=*79
mV * SE
AHP amplitude, mV * SE -91*x08 —-86*x12 -98=%=1.0
AHP duration, ms = SE 220 = 20 117 = 11 330 = 20

AHP, afterhyperpolarization; hiPSC, human-induced pluripotent stem cell;
hiPSC-SNs, human-induced pluripotent stem cell-derived sympathetic neu-
rons. *¥2/12 hiPSC-SNs fired action potentials with both short and medium
AHPs.
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Fig. 6. Coculture and functional connections between human-induced pluripotent stem cell-derived sympathetic neurons (hiPSC-SNs) and human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). A: beating cardiomyocyte syncytcia (red arrowheads) and cluster of sympathetic neurons (black
arrowheads) connected by long neurites (white arrowheads), visualized under X10 magnification infrared-differential interference contrast optics. B:
immunohistochemistry staining of cardiomyocyte syncytia (troponin T, red) with hiPSC-SN neurites coursing over and through (immunolabeled for peripherin,
green). Punctate staining of varicosities suggests synaptic connections between the hiPSC-SNs and the hiPSC-CMs (inset and right). C: in the neurocardiac
cocultures, 1 wM nicotine significantly increased the hiPSC-CM beating rate from 63 = 5.0 to 106 =% 3.8 beats/min (P < 0.0001, n = 6) and caused a beating
rate decrease in hiPSC-CM monocultures (63 = 7.5 to 35 = 6.2 beats/min, P = 0.02, n = 5). D: example of increased hiPSC-CM beating rate (red line, and
top R-R interval as dots) observed following a hiPSC-SN action potential (black line) during paired simultaneous recording. *P < 0.05 and ****P < 0.0001.

To determine whether the hiPSC-SNs were forming func-
tional connections with the hiPSC-CMs and could therefore
modulate their activity, we added 1 wM nicotine to the record-
ing chamber to stimulate sympathetic neurons to release nor-
epinephrine and then examined whether there was any re-
sponse in the hiPSC-CMs as measured by change in the beating
rate. We quantified the beating rate response to nicotine-
induced norepinephrine release in neurocardiac cocultures and
repeated the experiment in hiPSC-CM monocultures, as a
negative control. In coculture, 1 pM nicotine significantly
increased the hiPSC-CM spontaneous beating rate from
63 £ 5.0 to 106 = 3.8 beats/min (P < 0.0001, n = 6, Fig. 6C,
left). In contrast, in hiPSC-CM monocultures, 1 wM nicotine
decreased the beating rate from 63 = 7.5 to 35 * 6.2 beats/min
(P =0.02, n = 5, Fig. 6C, right). Moreover, using simultane-
ous paired recording, an example of increased hiPSC-CM
beating rate observed directly following a hiPSC-SN action
potential can be seen in Fig. 6D.

DISCUSSION

Here, we describe the differentiation of hiPSCs into norepi-
nephrine-secreting cells with morphological, immunohisto-
chemical, and functional electrophysiological properties sup-
porting a sympathetic neuronal fate of the derived cells

(hiPSC-SNs). Importantly, the hiPSC-SNs were able to mod-
ulate the beating rate of cocultured hiPSC-derived cardiomy-
ocytes (hiPSC-CMs). We also present data supporting that time
in monoculture and coculture improves hiPSC-SN maturation.
Implications for generation of physiologically mature
hiPSC-SNs. The main data presented in this paper were derived
from monocultured hiPSC-SNs matured to days 48—76, with a
resting membrane potential of —61 = 0.7 mV (n = 87) and
with documented action potential firing and synaptic activity.
Although Oh et al. (32) performed functional electrophysiological
characterization in day 28 heSC-SNs (n = 10) developed from a
FACS-sorted PHOX2B::GFP* reporter line, our experience was
that a longer maturation time was needed to establish a mature
electrophysiological phenotype in the hiPSC-SNs. This was evi-
dent by a significant decrease in resting membrane potential,
increase in peak amplitude of action potentials, and improvement
of action potential kinetics over the maturation time of the hiPSC-
SNs. Indeed, the day 28 heSC-SNs were more comparable with
our immature hiPSC-SNs, with the heSC-SNs’ relatively depo-
larized resting membrane potential [—46 = 3 mV (n = 10), as
compared with —46 = 5 mV in the day 28—41 hiPSC-SNs (n =
10)] and broad action potentials, indicating slow kinetics (32).
In addition, we observed that the AHP duration was shorter
in our hiPSC-SNs (hiPSC-SNs: 220 + 20 ms, n = 36; heSC-
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SNs: 291 £ 56 ms, n = 3), not surprisingly, as AHP de-
creases with resting membrane hyperpolarization (22). The
hiPSC-SNs’ AHP duration and amplitude measured in our
study were comparable with those of mammalian cervical
and thoracic postganglionic sympathetic neurons (with the
fusion of the lower cervical and the upper thoracic forming
the stellate ganglia that projects to the heart), and none
displayed the long AHPs typical for celiac sympathetic
ganglia neurons (2, 22, 23).

Moreover, after 14 days in coculture, while remaining at a
comparable resting membrane potential, the action potential
kinetics of mature hiPSC-SNs significantly improved, and
AHP shortened, as compared with that of age-matched hiPSC-
SN kept in monoculture. Although this has not been studied in
human-derived cells using electrophysiological techniques be-
fore, functional connections with target tissues are known to
promote neuronal maturation (4, 14), where expression levels
of norepinephrine, nAChRs and sodium and potassium chan-
nels were significantly increased in heSC-SNs cocultured with
neonatal mouse ventricular myocytes (32).

Nicotine-induced norepinephrine release and neurocardiac
coupling. Postganglionic sympathetic neurons express nAChRs
and release norepinephrine in response to agonist application (i.e.,
ACh or nicotine) (37). Importantly, our data show that our
human-derived sympathetic neurons express nAChRs on the
soma and at putative synaptic varicosities. In coculture, nico-
tine exposure precipitated an increase in the hiPSC-CM beating
rate, suggesting depolarizing activity induced by activation of
nicotinic ACh receptors on hiPSC-SNs. The discrete a-bunga-
rotoxin-positive puncta colocalized in TH-positive somas and
synaptic varicosities in hiPSC-SNs support the presence of
postsynaptically localized o7-nAChRs on postganglionic
hiPSC-SNs mediating this effect of nicotine.

In contrast, in hiPSC-CM monocultures, nicotine exposure
was associated with a significant beating rate decrease. This
finding is likely due to the dual response to activation of
nAChR subtypes that are present in cardiomyocytes, i.e., an
initial brief bradycardic response followed by a larger and
persistent beating rate increase, in the presence of norepineph-
rine (21). In the absence of sympathetic neurons, however, the
slowing of the beating rate persisted throughout the nicotine
exposure. The slowing of the hiPSC-CM beating rate in the
absence of sympathetic neurons supports that the increased
beating rate seen in the neurocardiac cocultures was mediated
by hiPSC-SN nicotine-induced norepinephrine release.

Further characterization of the neurocardiac coculture
model, including in-depth characterization using paired simul-
taneous recordings, will be of importance to elucidate mecha-
nisms underlying sympathetic modulation of cardiac function
and arrhythmia susceptibility. It is critical to point out that
determining the sympathetic neuronal contribution to sympa-
thetic cardiovascular disorders requires the examination of
sympathetic neuron-cardiomyocyte interactions rather than as-
sessing responses to sympathomimetics in cardiomyocyte
monoculture. As an example, using a neurocardiac coculture
model, a dominant role for sympathetic neurons in driving the
cardiac phenotype in prohypertensive rats was revealed (28).
Moreover, models including not only sympathetic but also
parasympathetic neurons would be ideal (42). Neurocardiac
modeling in human cells will be key to examining neuronal
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regulation of cardiac function and deciphering the potential
sympathetic neuronal contribution to inherited cardiac disease.

Rationale and implications for our adapted feeder-free
protocol. We have established a feeder-free protocol to pro-
duce SN cultures and neurocardiac cocultures from hiPSCs
without prior gene editing or cell sorting. There are potential
advantages to using hiPSCs as a cell source, compared with
heSCs, as hiPSCs can be obtained from consenting patients and
controls and are associated with less ethical and legal consid-
erations (3). If used for therapeutic implementations, feeder-
free culture conditions prevent transfer of animal pathogens
that could induce an immune response (16). Our methods
enable complete feeder-free generation of patient-derived hu-
man neurocardiac cocultures for disease modeling and future
translational implementations. As the sympathetic nervous sys-
tem is an important therapeutic target for antiarrhythmia ther-
apies, including -blockers and neuromodulatory interventions
(6, 12, 33), this coculture model could enable studies into
neurocardiac regulatory mechanisms, contributors to arrhyth-
mia, and novel neurocardiac treatment strategies.

Conclusions. We have established novel human neurocar-
diac cocultures with norepinephrine-secreting and electro-
physiologically functional hiPSC-derived sympathetic neurons
capable of modulating the beating rate of hiPSC-derived car-
diomyocytes. These cocultures could be used to study neuro-
cardiac modulation under normal and pathological conditions,
including sympathetically triggered arrhythmias.
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