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Abstract

Sympathetic activation is an established trigger of life-threatening cardiac events in long QT syndrome type 1 (LQT1). KCNQ1
loss-of-function variants, which underlie LQT1, have been associated with both cardiac arrhythmia and neuronal hyperactivity
pathologies. However, the LQT1 sympathetic neuronal phenotype is unknown. Here, we aimed to study human induced pluripo-
tent stem cell (hiPSC)-derived sympathetic neurons (SNs) to evaluate neuronal functional phenotype in LQT1. We generated
hiPSC-SNs from two patients with LQT1 with a history of sympathetically triggered arrhythmia and KCNQ1 loss-of-function geno-
types (c.781_782delinsTC and p.S349W/p.R518X). Characterization of hiPSC-SNs was performed using immunohistochemistry,
enzyme-linked immunosorbent assay, and whole cell patch clamp electrophysiology, and functional LQT1 hiPSC-SN phenotypes
compared with healthy control (WT) hiPSC-SNs. hiPSC-SNs stained positive for tyrosine hydroxylase, peripherin, KCNQ1, and
secreted norepinephrine. hiPSC-SNs at 60 ±2.2 days in vitro had healthy resting membrane potentials (�60± 1.3mV), and fired
rapid action potentials with mature kinetics in response to stimulation. Significant hyperactivity in LQT1 hiPSC-SNs was evident
via increased norepinephrine release, increased spontaneous action potential frequency, increased total inward current density,
and reduced afterhyperpolarization, compared with age-matched WT hiPSC-SNs. A significantly higher action potential frequency
upon current injection and larger synaptic current amplitudes in compound heterozygous p.S349W/p.R518X hiPSC-SNs com-
pared with heterozygous c.781_782delinsTC hiPSC-SNs was also observed, suggesting a potential genotype-phenotype correla-
tion. Together, our data reveal increased neurotransmission and excitability in heterozygous and compound heterozygous
patient-derived LQT1 sympathetic neurons, suggesting that the cellular arrhythmogenic potential in LQT1 is not restricted to
cardiomyocytes.

NEW & NOTEWORTHY Here, we present the first study of patient-derived LQT1 sympathetic neurons that are norepinephrine
secreting, and electrophysiologically functional, in vitro. Our data reveal a novel LQT1 sympathetic neuronal phenotype of
increased neurotransmission and excitability. The identified sympathetic neuronal hyperactivity phenotype is of particular rele-
vance as it could contribute to the mechanisms underlying sympathetically triggered arrhythmia in LQT1.

arrhythmia mechanisms; human induced pluripotent stem cells; long QT syndrome; sympathetic hyperactivity; sympathetic
neurons

INTRODUCTION

Sympathetic activity modulates ventricular repolariza-
tion, and its dysregulation or hyperactivity contributes to
the pathophysiology of both primary and secondary cardio-
vascular disease (1, 2). Increased b-adrenergic signaling dur-
ing emotional or physical stress is an established trigger
of life-threatening cardiac events in the familial long QT

syndrome (LQTS), particularly for the most common sub-
type, LQTS type 1 (LQT1) (2–5). LQT1 is caused by loss-of-
function variants in the KCNQ1 gene, which encodes the
alpha-subunit of the tetrameric Kv7.1 voltage-gated potas-
sium channel that is expressed in tissues throughout the
human body (7). In the heart, Kv7.1 generates the slow recti-
fier potassium current (IKs), which increases in the presence
of catecholamines and stabilizes heart rhythm during faster
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beating rates by shortening ventricular repolarization (6–8).
In LQT1, the resultant relative cardiac action potential pro-
longation during sympathetic activation increases the risk
for arrhythmogenic early afterdepolarizations via reactiva-
tion of L-type calcium channels (9). The major preventive
therapeutic options for patients with LQT1 are neuromodula-
tors that target the sympathetic nervous system (b-blockers
and cardiac sympathetic denervation); however, the cellular
mechanisms underlying sympathetic triggering of LQT1 ar-
rhythmia remains incompletely characterized (2, 5).

Importantly, neuronal KCNQ1 expression has been veri-
fied in human neuronal networks, and KCNQ1 loss-of-
function mutations are associated with human neuronal
hyperactivity pathologies, including sudden unexplained
death in epilepsy (10). In a clinical study, 22% of patients
with LQT1 had a clinical seizure phenotype, together sug-
gesting that central neurons can be affected in patients with
LQT1 (10, 11). However, LQT1 sympathetic neuronal pheno-
type has not been studied in human-derived cells (2, 5).

Patient-derived human induced pluripotent stem cells
(hiPSCs) have emerged as a tool to model inherited arrhyth-
mias. Cardiomyocytes differentiated from LQTS hiPSCs
emulate the disease phenotype including ventricular action
potential prolongation and emergence of arrhythmogenic
early afterdepolarizsations in LQT1 hiPSC-cardiomyocytes in
response to sympathomimetics (12–14). Human stem cells
can also be differentiated into sympathetic-like neurons (15,
16), and recently we developed norepinephrine-secreting
sympathetic neurons and functional neuronal-cardiomyo-
cyte cocultures from hiPSCs (17).

Here, we describe the functional and electrophysiological
characterization of LQT1 hiPSC-sympathetic neurons (SNs)
from two patients with LQT1 with a history of sympatheti-
cally triggered events and heterozygous or compound heter-
ozygous KCNQ1 loss-of-function genotype.

METHODS

Participants with LQT1 and Clinical History

The study has been approved by Institutional Review
Boards in Auckland, New Zealand (Health and Disability
Ethics Committees: 17/NTA/226), and in Umeå, Sweden
(Regional Ethical Review Board in Umeå: Dnr 05-127M), and
all participants have provided written informed consent.

The first patient with LQT1 is a young adult female with a
novel KCNQ1 loss-of-function variant (c.781_782delinsTC,
Fig. 1, A and B) (18). She presented with syncope after run-
ning up a flight of stairs at age 15. The QTc of the patient is
530ms [measured on a 12-lead electrocardiogram (ECG) by
an experienced clinician in lead II and corrected for heart
rate using Bazett’s formula], and her two affected sisters
both have a QTc > 500ms (588ms and 521ms, respectively)
(18). The patient’s family history includes four sudden
deaths, three below 40yr of age and one occurring in a 10-yr-
old child during a running race. The patient is treated with
b-blockers and has undergone left cardiac sympathetic de-
nervation. The second patient with LQT1 is a young adult
male with a severe compound heterozygous genotype con-
sisting of two distinct KCNQ1 loss-of-function variants, one
inherited from each parent (p.S349W/p.R518X, c.1046C>G/

c.1552C>T, Fig. 1, C–E) (19). The patient’s clinical cardiac
phenotype includes a prolonged QT interval (QTc 557ms,
measured on a 12-lead ECG by an experienced clinician in
lead II and corrected for heart rate using Bazett’s formula),
an early debut of cardiac symptoms (intrauterine bradycar-
dia and first syncope at 14mo of age), and multiple sympa-
thetically triggered cardiac events, including aborted cardiac
arrests (19, 20). Described triggers include physical activity/
sports, fear/anger, swimming, and falling into water/water
immersion (19). The patient is treated with b-blockers, left
cardiac sympathetic denervation, has an implantable cardi-
overter defibrillator (ICD), and has received appropriate ICD
therapy onmultiple occasions (example of appropriate shock
terminating ventricular fibrillation as presented in Fig. 1E).
In addition to his cardiac phenotype, the patient’s KCNQ1
function loss-related extracardiac phenotype includes partial
(incomplete) sensorineural deafness, mild vestibular dys-
function, and symptoms/signs related to gastrointestinal
dysfunction (19, 21, 22).

Tissue Culture Methods

Peripheral blood mononuclear cells from both patients
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 im-
munostaining for pluripotency markers SSEA4, Oct4, Tra-
1-60, and Sox2.

Generation of hiPSC-SNs was performed using our pub-
lished methods (17). The functional phenotypes of patient-
derived hiPSC-SNs were compared across LQT1 genotypes
and to the functional phenotypes of hiPSC-SNs derived
from healthy control hiPSCs (wildtype, WT), and generated
at the same time as the LQT1 hiPSC-SNs (17). Our detailed
tissue culture protocols are available at https://figshare.
com/articles/online_resource/Functional_Coculture_of_
Sympathetic_Neurons_and_Cardiomyocytes_Derived_from_
Human_Induced_Pluripotent_Stem_Cells/12756239. In brief,
sympathetic neurons were generated from LQT1 and WT
hiPSCs using our optimized neuronal induction and dif-
ferentiation protocol, based on previously published pro-
tocols (15, 23), and modified for feeder-free culture
conditions (17). For LQT1 and WT genotypes, neuronal
differentiation was repeated to ensure phenotypic consis-
tency over multiple differentiation rounds (two times for
c.781_782delinsTC, and �5 times for p.S349W/p.R518X
and WT, respectively). Characterization of cellular phe-
notype, using immunohistochemistry staining, enzyme-
linked immunosorbent assay, and electrophysiological
whole cell patch clamp experiments, was performed in
hiPSC-SNs matured to �48 days since pluripotency, based
on our previous data on age-dependent maturity in
hiPSC-SNs (17).

Immunohistochemistry and Imaging

For immunohistochemistry, cells were fixed in 4% para-
formaldehyde for 20min at room temperature, permeabil-
ized in 0.1% TritonX-100/PBS, and labeled with primary
antibodies for tyrosine hydroxylase (1/500, guinea pig poly-
clonal anti-serum 2, Cat. No. 213 104, Synaptic Systems),
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peripherin (1/100, rabbit polyclonal, ab1530, Chemicon), and
KCNQ1 (1/50, rabbit polyclonal, APC-022, Alomone laborato-
ries), at 4�C for 20–25h. After PBS washes, secondary anti-
bodies (Alexa Fluor 488, 568 and 647, Thermo Fisher; 1:500)
and Hoechst nuclear stain solution (Sigma-Aldrich) were
applied at room temperature for 1h and 20min, respectively.
To validate antibodies for specificity, negative controls with
no antibodies, primary antibodies only, and secondary anti-
bodies only, were included. Cells were mounted in Citifluor
on glass slides, and epifluorescence imaging was performed at
�40 magnification using a ZEISS AXIOPLAN2 Fluorescence

Microscope with a Photometrics camera andMetaMorphs ver-
sion 7.8.3 for acquisition, image processing, and analysis
(Molecular devices). Exposure times were optimized per anti-
body and were kept consistent across all image acquisitions.
Images were generated in ImageJ.

Measurement of Norepinephrine Concentrations

An enzyme-linked immunosorbent assay was used to
measure norepinephrine concentration in the culture me-
dium according to the manufacturer’s instruction [Aviva
Systems Biology Norepinephrine ELISA Kit (OKEH02565)].

Figure 1. Pedigrees depicting familial long QT syndrome type 1 (LQT1) genotypes and clinical data for included probands (arrows). A: family with a history
of multiple sudden cardiac deaths segregating the c.781_782insdelTC splice variant in KCNQ1. The proband is a carrier of the familial variant (heterozy-
gous genotype). B: 12-lead resting electrocardiogram for the c.781_782insdelTC proband, recorded at 25mm/s, 10mm/mV. C: family segregating two
KCNQ1 variants, p.R518X (c.1552C>T, truncating mutation) and p.S349W (c.1046C>G, missense mutation). The proband carries both variants (com-
pound heterozygous genotype). D: 12-lead resting electrocardiogram for the p.S349W/p.R518X proband, recorded at 50mm/s, 10mm/mV, showing limb
leads. E: rhythm strip for the p.S349W/p.R518X proband, recorded at 25mm/s, showing spontaneous ventricular fibrillation (interval<290ms, rate>207
beats/min) triggered while playing land hockey, and successful termination of the arrhythmia by a 34.7 J implantable cardioverter defibrillator (ICD)
shock. QTc in ms is given directly below symbols (square: male, circle: female). N-genotype negative (�/�); half-filled symbol: heterozygous LQT1 geno-
type (þ /�); double filled symbol: compound heterozygous LQT1 genotype (þ /þ ). LCSD, left cardiac sympathetic denervation; SCD, sudden cardiac
death.
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Norepinephrine concentration was measured in fresh me-
dium after a 15-min incubation time, either in HBSS or HBSS
with 1mM tetrodotoxin (TTX). Norepinephrine release in
LQT1 hiPSC-SN cultures was quantified in pg/mL and pre-
sented as means ± SE and fold change (norepinephrine
release normalized to the mean norepinephrine release
measured in WT hiPSC-SN cultures of the same day in vitro,
plated at the same density, and analyzed concurrently with
each assay using its own optical density standards).

Whole Cell Electrophysiology Recordings

Whole cell patch clamp recordings were performed at room
temperature in hiPSC-SN monocultures, grown on 12-mm
Geltrex covered glass coverslips, perfused with extracellular
solution containing (in mM) 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1
Na2HPO4, 1.3 MgSO4, 26.2 NaHCO3, 11 D-(þ )-glucose, adjusted
to pH 7.4 with NaOH (17). The internal solution consisted of
(in mM): 120K gluconate, 40 HEPES, 5 MgCl2, 2 Na-ATP, 0.3
Na-GTP, pH adjusted to 7.2 with KOH (34). Recordings were
acquired with a MultiClamp 700B amplifier, low-pass filtered
at 10kHz, without leak subtraction, and analyzed using
pCLAMP 10.2 software (17). Recordings with an access resist-
ance exceeding 20MXwere discarded (17).

To characterize active and passive membrane properties,
the resting membrane potential (mV), cell capacitance (pF),
and membrane resistance (MΩ) for each hiPSC-SN were
recorded (17). Spontaneous hiPSC-SN action potential fre-
quency was assessed via 5-min gap-free recordings (17). The
hiPSC-derived neurons’ propensity to fire action potentials
upon current injection was characterized by 100pA incre-
mental current steps from 100 to 800pA, with duration of
200ms per step (17). The proportion of hiPSC-SNs with a
phasic versus tonic action potential firing pattern was quan-
tified for each genotype (17). Action potential firing fre-
quency was calculated excluding phasic hiPSC-SNs and
compared across genotypes. Action potential characteristics
(action potential amplitude, in mV ± SE, upstroke velocity,
in mV/ms ± SE, and action potential duration at 50% repola-
rization, in ms ± SE) were measured in the first elicited
action potential induced by current injection (100pA to
300pA), including both phasic and tonic hiPSC-SNs (17).

Total current-voltage (I-V or pA/mV) relations were deter-
mined using a voltage step protocol. hiPSC-SNs were held at
�70mV before stepping to between �80mV and þ 70 mV
for 1 s, with 10mV increment per voltage step. To obtain total
peak current density voltage curves [(pA/pF)/mV], total peak
current measurements (pA) were presented normalized to
the cell membrane capacitance (pF) (17). To capture sponta-
neous hiPSC-SN synaptic current activity, cells were voltage
clamped close to resting membrane potential (�70mV) and
5-min gap-free recordings performed (17). For each cell, 50
consecutive synaptic currents were manually detected while
blinded to genotype, and the amplitudes measured using
MiniAnalysis (Synaptosoft Version 6.0.7). Action currents,
identified by their larger (>1mA) amplitudes and faster
decay kinetics, were not included in the analysis. The col-
lated synaptic current data were presented using cumulative
probability plots and column graphs representingmean pA ±
standard error means. For visual comparison, synaptic cur-
rent amplitude histograms were constructed with bin width

2pA, except for synaptic current amplitudes �100pA that
were binned together (17).

Statistical Analysis

For continuous variables, statistical comparison between
the three separate genotype groups (c.781_782delinsTC, p.
S349W/p.R518X, and WT) was done using analysis of var-
iance (ANOVA), followed by post hoc comparison between
groups when appropriate (Tukey’s multiple comparisons
test). For independent comparison between two separate
groups, Student’s t test was used for continuous variables
and v2 test was used for dichotomous variables/proportions.
A two-tailed value of P < 0.05 was considered statistically
significant. Continuous variables are presented as means ±
SE, and dichotomous variables as n (percent). GraphPad
Prism 8.4.3 for Windows (GraphPad Software, San Diego, CA,
www.graphpad.com) was used for analyses and graphs.
Inkscape Project, 2020 (available at: https://inkscape.org)
was used to generate composite images.

RESULTS

Immunohistochemical Characterization

To verify the sympathetic phenotype, LQT1 and WT
hiPSC-SNs were immunostained for tyrosine hydroxylase
(TH), the rate-limiting enzyme needed for norepinephrine
synthesis, peripherin, an intermediate filament expressed in
neurons of the peripheral nervous system, and KCNQ1, spe-
cifically an extracellular epitope of the KCNQ1-encoded
Kv7.1 potassium channel. Both WT and LQT1 hiPSC-SNs
expressed all three markers, as evident by diffuse TH,
peripherin (PRPH), and KCNQ1 expression in the soma and
dendrites (Fig. 2,A–L).

Enzyme-Linked Immunosorbent Assay of
Norepinephrine Release

To quantify presynaptic release of norepinephrine from
hiPSC-SNs, we measured the concentration of norepinephrine
in the culture medium of LQT1 neuronal cultures, using an
enzyme-linked immunosorbent assay (Fig. 3). Norepinephrine
release was significantly increased in LQT1 hiPSC-SN cultures,
P = 0.041 across the three genotype groups by one-way
ANOVA, Fig. 3A. On average, a fourfold increase in norepi-
nephrine release (fold change 4.1± 1.2) was detected in culture
medium from LQT1 hiPSC-SNs compared with matched WT
cultures [mean norepinephrine concentration 62 ± 23 pg/
mL in LQT1 hiPSC-SN cultures (n = 12) vs. 14 ± 5 pg/mL in
WT hiPSC-SN cultures (n = 8), across all assays]. The re-
spective fold change for each LQT1 genotype was 3.3 ± 1.1
for c.781_782delinsTC (n = 8) and 6.2 ± 2.8 for p.S349W/p.
R518X (n = 4), P = 0.290 between LQT1 genotypes using
Tukey’s multiple comparisons test.

To probe further into the mechanisms of norepinephrine
release in LQT1 hiPSC-SNs, norepinephrine concentrations
were measured in culture medium at baseline and following
sodium channel block by 1mM TTX. Among LQT1 þ /� cul-
tures with a baseline norepinephrine concentration of
38± 5.8pg/mL, n = 6, norepinephrine release was either
reduced (in 1/6; from 42 to 20pg/mL) or abolished (in 5/6) af-
ter exposure to TTX (Fig. 3B).
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Whole Cell Patch-Clamp Electrophysiology
Characterization

As sympathetic neurons are excitable cells, we used whole
cell electrophysiology recordings to characterize neuronal
functional phenotype. During baseline recordings in current
clamp, 73% of LQT1 hiPSC-SNs (35/48) were more likely to
fire action potentials spontaneously (75% or 12/16 for p.
R518X/p.S349W; 72% or 23/32 for c.781_782delinsTC), com-
pared with WT (40% or 12/30; P = 0.004 between LQT1 and
WT, v2 test). A summary of hiPSC-SN characteristics, strati-
fied by genotype and action potential firing pattern, is pre-
sented in Table 1. Days in vitro, resting membrane potential,
membrane capacitance, and membrane resistance was com-
parable between LQT1 (n = 35) and WT (n = 22) hiPSC-SNs,
Table 1. However, LQT1 hiPSC-SNs were more likely to have
a tonic (multiple action potential) firing pattern (100% or 35/
35, p.S349W/p.R518X, n = 16 and 781_782delinsTC, n = 19),
compared with WT (73% or 16/22), and to fire at the lowest
threshold of current injection, 100pA, compared with WT
(97% vs. 36%, P< 0.00001, v2 test, Table 1). When comparing
the action potential firing frequency of LQT1 and WT hiPSC-
SNs with a tonic firing pattern, LQT1 hiPSC-SNs (n = 35) pre-
sented with an increased action potential firing frequency
across a current injection range of 100–800pA compared

with WT (p.S349W/p.R518X, n = 16, c.781_782delinsT, n = 19,
and WT, n = 16 WT, P < 0.0001 across all three groups, two-
way ANOVA, Fig. 4A). Post hoc multiple comparison
between groups, with adjusted P values, showed increased
action potential firing frequency in compound heterozygous
LQT1 hiPSC-SNs (þ /þ ) compared withWT (�/�, P = 0.0008
to P < 0.0001), compound heterozygous LQT1 hiPSC-SNs
(þ /þ ) compared with heterozygous LQT1 hiPSC-SNs (þ /�,
P < 0.05 to p < 0.01), and increased action potential firing
frequency in heterozygous LQT1 hiPSC-SNs (þ /�) compared
withWT (�/�, P< 0.05 to P< 0.01), Fig. 4A).

Afterhyperpolarization (AHP) amplitude was assessed
in spontaneously firing hiPSC-SNs, 14 of each genotype.
The mean amplitude of the AHP was �4.8 ± 1.2mV in
c.781_782delinsTC, �7.9 ± 1.2mV in p.S349W/p.R518X,
and �8.0 ± 1.3mV in WT hiPSC-SNs. Example AHP ampli-
tudes from each genotype are presented in Fig. 4, B–D.
Notably, the AHP was absent in 57% (16/28) of LQT1
hiPSC-SNs, compared with 7% (1/14) in WT hiPSC-SNs,
with a significant difference in the proportion of hiPSC-
SNs with an AHP between LQT1 genotypes and WT (P <
0.05, v2 test). The 57% of LQT1 hiPSC-SNs without AHPs
constituted 14% presenting with action potentials not fol-
lowed by an AHP only, and 43% presenting in combina-
tion with subsequent afterdepolarizations or excitatory

Figure 2. Immunohistochemical staining supporting a sympathetic neuronal fate and KCNQ1 expression in human induced pluripotent stem cell (hiPSC)-
derived cells. A–D: long QT syndrome type 1 (LQT1) and wild-type (WT) hiPSC-sympathetic neurons (SNs) stained positive for sympathetic marker TH
(red), peripheral neuronal marker peripherin (PRPH), and nuclear marker DAPI (blue). A: WT hiPSC-SNs. B: heterozygous LQT1 hiPSC-SNs
(c.781_782delinsTC). C: compound heterozygous LQT1 hiPSC-SN (p.S349W/p.R518X). D: WT hiPSC-SN. E–H: WT hiPSC-SNs stained positive for TH
(red), nuclear marker DAPI (blue), and KCNQ1 extracellular potassium channel marker (green). I–L: LQT1 (p.S349W/p.R518X) hiPSC-SNs stained positive
for TH (red), DAPI (blue), and KCNQ1 (green). All characterization (A–L) was performed in hiPSC-SNs�48days in vitro (24).

NEURONAL HYPERACTIVITY IN LONG QT SYNDROME TYPE 1

AJP-Heart Circ Physiol � doi:10.1152/ajpheart.01002.2020 � www.ajpheart.org H221
Downloaded from journals.physiology.org/journal/ajpheart at Umea Univ (130.239.020.133) on July 7, 2021.

http://www.ajpheart.org


postsynaptic potentials, with or without triggered action
potentials (Fig. 4, C and D).

To assess global conductance across ion channels in the
hiPSC-SNs, cells were initially held at �70mV and then a
voltage step protocol performed from �80mV to þ 70mV
(Fig. 5A). Total current density I-V curves, i.e., total current
corrected for cell capacitance, (pA/pF over mV), were con-
structed, and showed a significant genotype-dependent dif-
ference in total current density (c. 781_782delinsTC, n = 26;
p.S349W/p.R518X, n = 25; WT, n = 23, P< 0.0001 between the
three groups by two-way ANOVA, Fig. 5A). Specifically, LQT1
hiPSC-SNs presented with a significantly larger total inward
current with its maximum density between þ 10mV and
þ 30mV as compared with WT (adjusted P < 0.05 to P <
0.01 by Tukey’s multiple comparisons test, Fig. 5A).

To assess the synaptic input to hiPSC-SNs from other
hiPSC-SNs in vitro, neurons were held at �70mV and the

amplitude of 50 consecutive synaptic currents were meas-
ured per cell. Synaptic current amplitudes were signifi-
cantly larger in LQT1 hiPSC-SNs compared with WT
(c. 781_782delinsTC, n = 12; p.S349W/p.R518X, n = 12; n = 12
WT, P < 0.0001, one-way ANOVA across the three groups,
Fig. 5, B–F), as evidenced by a right shift in the cumulative
probability plots, and amplitude frequency histograms
(Fig. 5, B, D–F). Ad hoc subgroup analysis using Tukey’s
multiple comparisons test showed synaptic current ampli-
tudes were significantly larger in compound heterozygous
LQT1 hiPSC-SNs (p.S349W/p.R518X) as compared with het-
erozygous LQT1 hiPSC-SNs (c. 781_782delinsTC), P = 0.003,
Fig. 5, B, C, and F).

DISCUSSION

Here, we present the first study of human-derived LQT1
sympathetic neurons that are norepinephrine-secreting, and
electrophysiologically functional, in vitro. Our data reveal a
novel LQT1 sympathetic neuronal phenotype of increased
neurotransmission and excitability.

KCNQ1 expression has been reported in multiple regions
of the human brain including the brainstem with RT-PCR
and channel protein localization (10). In our study, hiPSC-
SNs from both WT and patients with LQT1 stained positive
for Kv7.1. The effect of dominant KCNQ1 mutations identi-
fied in patients with LQT1 on neuronal activity and arrhyth-
mia propensity has been studied in freely moving mice
using simultaneous electroencephalogram (EEG) and ECG
recordings, which revealed epileptiform EEG spike dis-
charges and ECG arrhythmias in all heterozygous and homo-
zygous LQT1mutant mice, whereas WT littermates exhibited
no EEG or ECG changes of pathological significance (10).
Moreover, in the LQT1 mice, 62% of ECG abnormalities were
concurrent with EEG epileptiform discharges (10). There is
significant evidence of coincidence between epileptic activ-
ity and cardiac arrhythmias in human patients undergoing
simultaneous EEG and ECG recordings (25–27). Among
patients with LQT1 with confirmed KCNQ1 loss-of-function
mutations, an epileptic phenotype was present in 22% (11).
Taken together, these data strongly support that LQT1 muta-
tions could underlie a neuronal hyperexitability phenotype,

Table 1. Electrophysiological characteristics of WT and LQT1 hiPSC-derived sympathetic neurons in response to cur-
rent injection

WT LQT1

WT Tonic Phasic LQT1 (þ /�) (þ /þ ) P Values�

n 22 16 6 35 19 16 –
Mean age, days after hiPSC stage 60 ±2.2 61 ± 2.4 59 ±5.1 62 ± 1.2 58±0.8 66 ± 1.9 0.545
Resting membrane potential, mV 260±2.0 259 ± 1.4 261 ± 3.8 258 ±0.8 256 ±0.8 260 ± 1.3 0.147
Cell capacitance, pF 81 ± 3.4 77 ± 3.9 88 ±6.2 70 ±4.0 77 ± 5.7 63 ± 5.2 0.097
Membrane resistance, MΩ 122 ± 33 146 ± 42 49 ± 12 138 ± 18 122 ± 22 157 ± 30 0.645
Upstroke velocity, mV/ms 181 ± 18 169 ± 20 219 ± 41 202 ± 11 203 ± 14 202 ± 19 0.301
Action potential duration at 50%, ms 2.5 ±0.2 2.5 ± 0.2 2.5 ± 0.4 2.2 ±0.1 2.7 ± 0.2 1.7 ± 0.1 0.220
Tonic (multiple) firing pattern 16 (73) – – 35 (100) 19 (100) 16 (100) –
Firing at 100pA current injection, n (%) 8 (36) 8 (50) 0 34 (97) 19 (100) 15 (94) <0.00001
First firing at 200pA, n (%) 10 (45) 8 (50) 2 (33) 1 (3) 0 1 (6) –
First firing at 300pA, n (%) 4 (18) 0 4 (67) 0 0 0 –

Values are means ± SE or n (%). hiPSC, human induced pluripotent stem cell; LQT1, long QT syndrome type 1; LQT1 (þ /�),
c.718_782delinsTC; LQT1 (þ /þ )- p.S349W/p.R518X; WT, wild type. �Between all WT (bold) and all LQT1 (bold), as calculated by two-
tailed t test (continuous variables) or v2 test (categorical variables), (�) no testing performed.

Figure 3. Norepinephrine release in long QT syndrome type 1 (LQT1)
human induced pluripotent stem cell (hiPSC)-derived sympathetic neurons
(hiPSC-SN) cultures. A: norepinephrine release was significantly increased
in culture medium from LQT1 hiPSC-SNs compared with matched wild-
type (WT) (�/�) cultures, mean fold change 4.1 ± 1.2 for LQT1 (n = 12),
3.3 ± 1.1 for LQT1 (þ /�) c.781_782delinsTC (n =8), and 6.2 ±2.8 for LQT1
(þ /þ ) p.S349W/p.R518X (n = 4), P = 0.041 across the three genotypes by
one-way ANOVA. B: following sodium channel block with 1mM tetrodo-
toxin (TTX) norepinephrine release was largely abolished in LQT1 (þ /�)
hiPSC-SN cultures (n =6). �P< 0.05.
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and support an association between KCNQ1 function loss,
neuronal hyperactivity, and cardiac arrhythmia in LQT1
(10, 11).

The present study includes two KCNQ1 loss of-of-function
genotypes. The novel heterozygous c.781_782delinsTC loss-
of-function variant affects the splicing of the KCNQ1 gene
transcript of the allele onwhich it resides, leading to skipping
of exon 6, which encodes S5 and part of the pore domain of
the KCNQ1 protein (18). This predicts c.781_782delinsTC to be
an unequivocally pathogenic LQT1 variant, however, it is not
predicted to affect the function of the wild-type allele, and
the functional effect of the heterozygous c.781_782delinsTC
genotype in a cellular model is yet to be determined (18). The
compound heterozygous p.S349W/p.R518X genotype consists
of two mutations, one on each allele. The p.S349W (S6) vari-
ant is a missense mutation with a mild haploinsufficiency
phenotype in cellular expression studies (<50% function
loss), albeit with increased conductance, and the p.R518X
(C-terminal) variant a nonsense mutation with a well-

documented haploinsufficiency phenotype (50% function
loss) (28). The compound heterozygous phenotype (p.S349W/
p.R518X) is expected to result in a close to 90% KCNQ1 func-
tion loss (19). In line with their pathogenic KCNQ1 loss-of-
function genotypes, both patients in our study have a
QTc> 500ms (indicating a high-risk clinical phenotype), a
history of sympathetically triggered cardiac events, and share
the triggers of short “burst” physical activities (running up
the stairs, running for the bus, competing in team sports).
Across all our electrophysiological data, the sympathetic neu-
ronal hyperactivity phenotype is present in hiPSC-SNs from
both patients. A potential genotype-phenotype correlation is
apparent in the neuronal excitability and activity data, with
significantly higher action potential frequency following cur-
rent injection in sympathetic neurons from the compound
heterozygous patient (p.S349W/p.R518X), compared with the
heterozygous patient (c.781_782delinsTC). Moreover, p.S349W/
p.R518X hiPSC-SNs present with significantly larger synaptic
current amplitudes compared with c.781_782delinsTC hiPSC-

Figure 4. Increased action potential firing frequency and reduced afterhyperpolarization amplitude in long QT syndrome type 1 (LQT1) human induced
pluripotent stem cell (hiPSC)-derived sympathetic neurons of heterozygous (þ /�) and compound heterozygous (þ /þ ) KCNQ1 genotype, compared
with wild-type (WT) (�/�). A: in response to current injection (100–800pA), action potential firing frequency was significantly increased in LQT1 hiPSC-
sympathetic neurons (hiPSC-SNs) compared with WT (P < 0.0001, n = 19 c.781_782delinsTC; n = 16 S394W/R518X; n = 16 WT, analyzed by two-way
ANOVA across the three groups). Ad hoc subgroup analysis using Tukey’s multiple comparisons test further showed action potential firing frequency
was significantly increased in LQT1 (þ /þ ) hiPSC-SNs compared with LQT1 (þ /�) hiPSC-SNs, adjusted P < 0.05 to P < 0.01 (red asterisks), and in LQT1
(þ /�) hiPSC-SNs compared with WT hiPSC-SNs (�/�), adjusted P < 0.05 to P < 0.01 (black asterisks). Inset: example action potentials from LQT1 (red)
and WT (black) hiPSC-SNs. B–D: lack of afterhyperpolarization (AHP) following a spontaneous action potential occurred in 57% (16/28) of LQT1 hiPSC-
SNs (9/14 c.781_782delinsTC; 7/14 p.S349W/p.R518X9), compared with 7% (1/14) in WT hiPSC-SNs, P < 0.05. B: representative AHP example from a WT
hiPSC-SN (seen in 13/14 cells). C: example of AHP (left, seen in 5/14 cells) and repolarization/afterdepolarization abnormalities (middle and right, seen in
9/14 cells) in LQT1 þ /� (c.781_782delinsTC) hiPSC-SNs (n = 14). D: example of AHP (left, seen in 7/14 cells) and repolarization/afterdepolarization abnor-
malities (middle and right, seen in 7/14 cells) in LQT1 þ /þ (p.S349W/p.R518X) hiPSC-SNs (n = 14). All characterization (A–D) was performed in hiPSC-SNs
�48days in vitro (24). AP, action potential; EPSP, excitatory postsynaptic potential. �P< 0.05, ��P< 0.01, and ����P< 0.0001.
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SNs, as apparent from the difference in the level of the right-
ward shift in the cumulative probability and the amplitude
frequency graphs. These data support that the compound het-
erozygous LQT1 genotype might induce a higher magnitude
increase in sympathetic neuron current transfer, suggesting
that specific genotypes may have stronger cellular neuronal
phenotypes. Such a genotype-phenotype correlation, corre-
sponding to level of KCNQ1 function loss and resultant effects
on cellular and tissue function, is consistent with previous
findings in patients with LQT1 with regards to cardiac and ex-
tracardiac phenotype presentations (19–22, 29). With regards
to LQT1 cardiac phenotype from fetal life onward, clinical
findings including intrauterine bradycardia, QT interval pro-
longation, and arrhythmia propensity are consistently more
severe in patients with more pronounced KCNQ1 function loss
(homozygous/compound heterozygous genotype vs. heterozy-
gous genotype, and, heterozygous dominant mutations vs.
heterozygous haploinsufficiency mutations) (19, 20, 29). In
addition to being expressed in the heart and neuronal
networks, KCNQ1-encoded Kv7.1 potassium channels are
expressed in the inner ear hair cells that are the sensory recep-
tors of both the auditory system and the vestibular system, as

well as in the kidneys, lungs, placenta, intestine, and stomach
(7, 10). Previous studies have shown that patients with LQT1
with homozygous or compound heterozygous KCNQ1 loss-of-
function genotype also have extracardiac manifestations,
including sensorineural deafness and vestibular dysfunction
(19, 21). The conundrum by which the same KCNQ1 loss-of-
function mutations can cause a cardiac phenotype in the ma-
jority of carriers and sensorineural deafness in a select fewwas
addressed in a publication with the poetic name “IKs in Heart
and Hearing, the Ear Can Do with Less than the Heart,” dem-
onstrating that only a >90% KCNQ1 function loss led to total
sensorineural hearing loss (30). Further genotype-phenotype
extracardiac manifestations of KCNQ1 function loss include
clinical symptoms from the gastrointestinal tract secondary to
hypochlorhydria, resultant elevated gastrin levels, and iron-
deficiency anemia in patients with homozygous/compound
heterozygous LQT1, but not in patients with heterozygous
LQT1 (22, 31). Taking our functional cellular data and previ-
ously published clinical data into consideration (19–22, 29),
the neuronal LQT1 hiPSC-SN phenotype resembles the cardiac
LQT1 phenotype in the way that a single pathogenic KCNQ1
mutationmay be sufficient for the phenotype tomanifest (and

Figure 5. Total current density and synaptic current amplitudes in long QT syndrome type 1 (LQT1) human induced pluripotent stem cell (hiPSC)-derived
sympathetic neurons of heterozygous (þ /�) and compound heterozygous (þ /þ ) KCNQ1 genotype, compared with wild-type (WT) (�/�). A: total cur-
rent density curves (with voltage protocol depicted to the left) revealed significant differences across LQT1 and WT genotypes (P < 0.0001, n =26
c.781_782delinsTC; n =25 p.S349W/p.R518X; n =23 WT, analyzed by two-way ANOVA across the three groups). Specifically, total inward current den-
sities were larger in LQT1 hiPSC-sympathetic neurons (hiPSC-SNs), with maximum current density between þ 10mV and þ30mV (adjusted P < 0.001
to P < 0.0001, analyzed by ad hoc comparison using Tukey’s multiple comparisons test, black asterisks). Significant differences between LQT1 (þ /�) and
LQT1 (þ /þ ) genotypes were seen at �40mV and þ30mV (adjusted P < 0.0001, red asterisks). Error bars represent standard error mean. B–F: synaptic
current amplitudes recorded in voltage-clamp mode (�70mV; 50 consecutive synaptic currents per cell), were significantly larger in LQT1 hiPSC-SNs (P <
0.0001, n= 12 c.781_782delinsTC; n= 12 p.S349W/p.R518X; n= 12 WT hiPSC-SNs, analyzed by one-way ANOVA across the three groups). B: cumulative
probability plot. C: ad hoc subgroup analysis using Tukey’s multiple comparisons test showed that both heterozygous LQT1 (þ /�) and compound hetero-
zygous LQT1 (þ /þ ) hiPSC-SNs registered larger synaptic current amplitudes thanWT hiPSC-SNs (P< 0.0001), and that synaptic currents were significantly
larger in LQT1 (þ /þ , dark red) hiPSC-SNs compared with LQT1 (þ /�, bright red) hiPSC-SNs, P = 0.0038. Error bars represent standard error mean.
Amplitude frequency histograms depiciting the distribution of all measured synaptic current amplitudes, n=600 per genotype, using 2pA bins, synaptic
currents�100pA binned together, (D) LQT1 (þ /�, bright red) vs. WT (�/�, gray); (E) LQT1 (þ /þ , dark red) vs. WT (�/�, gray); (F) LQT1 (þ /�, bright red) vs.
LQT1 (þ /þ , dark red). All characterization (A–F) was performed in hiPSC-SNs�48days in vitro (17). ��P< 0.01, ���P< 0.001, and ����P< 0.0001.
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that the neuronal phenotype may be aggravated by further
KCNQ1 function loss), as compared with the auditory and gas-
trointestinal phenotypes that only manifest in patients with
near-complete KCNQ1 function loss. Characterization of the
neuronal phenotype in a range of KCNQ1 genotypes is needed
to confirm a genotype-phenotype correlation and whether
neuronal hyperactivity is common in LQT1.

Focusing on the LQT1 neuronal phenotype, we observed
that LQT1 hiPSC-SN cultures released higher levels of norepi-
nephrine, in line with our findings that LQT1 hiPSC-SNs
were more likely to fire spontaneous action potentials, and
exhibited larger synaptic current amplitudes, compared with
WT hiPSC-SNs. In our study, norepinephrine release was
reduced or abolished following sodium channel block with
1mM TTX, showing the source of norepinephrine release in
these cells is largely in response to evoked Naþ -channel-de-
pendent action potentials. Similar results were seen in an
early study on mechanisms of norepinephrine release in the
isolated rat kidney, where 0.3mM TTX abolished the effect of
nerve stimulation on norepinephrine release (32). Early stud-
ies on mechanisms of norepinephrine release in rat sympa-
thetic neurons have shown that increased ganglionic
transmission via activation of nicotinic receptors increases
the activity of tyrosine hydroxylase, the enzyme that cata-
lyzes the rate-limiting step in catecholamine biosynthesis
(33). The increase in enzyme activity is of two types, an acute
increase and a delayed and long-lasting increase, supporting
that periods of increased synaptic stimulation can alter the
protein composition of sympathetic neurons, increasing ty-
rosine hydroxylase activity and thus norepinephrine biosyn-
thesis (33). The increase in norepinephrine release observed
in our neurons from patients with LQT1 could therefore
cause a consequent increase in tyrosine hydroxylase to result
in a perpetuating increase in noradrenergic synaptic trans-
mission in LQT1. Further studies are needed to elucidate the
mechanisms of changes in synaptic strength occurring in
LQT1 SNs, including examination of SNs forming synaptic
connections not only with CMs but also with other SNs in
vivo, as occurs in our hiPSC-SNs in vitro (17), providing a
mechanism for titrating neuronal output to the heart.

Increased release of norepinephrine has been reported in
several disease states associated with sympathetic dysauto-
nomia, where increased neurotransmitter release regulates
further presynaptic transmitter release via a positive feed-
back pathway (1, 2, 34). Norepinephrine increases calcium
ion influx and secondary calcium release via L-type calcium
channels in cardiomyocytes and N-type calcium channels in
neurons (1, 2, 34). This norepinephrine-related increase in
calcium influx is consistent with our finding of an increased
total inward current between þ 10mV to þ 30mV in LQT1
hiPSC-SNs of both heterozygous and compound heterozy-
gous genotypes (1, 2, 34). In the setting of LQT1, increased
norepinephrine secretion and resultant increased calcium
influx in neurons and cardiomyocytes would further aggra-
vate the pre-existing arrhythmia propensity (1, 2, 24, 34–36).

The mechanisms underpinning how Kv7.1-related altera-
tions in sympathetic neuron excitability could contribute to
LQT1 is of significant interest. We know from previous stud-
ies that loss-of-function in Kv7.2 and Kv7.3 subunits are both
associated with neuronal hyperactivity and epilepsy (37).
Kv7.2 and Kv7.3 subunits underlie the neuronal M-current

(IKM), and inhibition of these channels facilitates repetitive
discharges and conversion from phasic to tonic firing pattern
in sympathetic neurons (37). Blocking IKM with XE991 in rat
sympathetic neurons reduces the outward current, sup-
presses the slow deactivation relaxation, and promotes re-
petitive spike discharges by a relative lowering of the
threshold for subsequent spikes (37). The resultant increased
spike frequency increases calcium influx via N-type calcium
channels and further increases spike frequency, via the
mechanisms discussed (1, 2, 34, 37). In our electrophysiologi-
cal data, the finding that all LQT1 hiPSC-SNs presented with
a tonic firing pattern, including a higher frequency of spike
discharges compared with WT tonic hiPSC-SNs, in conjunc-
tion with the increased levels of norepinephrine secretion
and increased total inward current between þ 10mV to
þ 30mV, suggests a similar mechanism could underlie the
findings in human-derived sympathetic neurons with Kv7.1
loss-of-function. Indeed, one hypothesis relates to the
observed changes in LQT1 hiPSC-SN afterhyperpolarization
kinetics. A sympathetic neuronal action potential is nor-
mally followed by an inactivating AHP with a short to me-
dium duration of up to 428ms (1, 15, 17, 34, 37). However,
we noted a significant lack of AHP in 57% of LQT1 hiPSC-
SNs, and a propensity for excitatory postsynaptic poten-
tials and triggered activity following LQT1 spontaneous
spike discharges, suggesting that failed neuronal inactiva-
tion via hyperpolarization might contribute to the
increased LQT1 hiPSC-SNs activity. As such, decreased
outward current, decreased threshold for subsequent spike
discharge, and resultant neuronal hyperactivity could
potentially represent a mechanistic link between KCNQ1
loss-of-function and neuronal hyperactivity in LQT1
hiPSC-SNs.

Although this is the first report of an electrophysiological
disease phenotype in LQTS sympathetic neurons, low-grade
inflammation of the stellate ganglia of patients with LQTS has
been previously described in postmortem findings and stel-
lectomy specimens, albeit of unclear significance (38–40).
There is moreover a strong neurocardiac connection in LQTS
with regards to the neuronal nitric oxide synthase adaptive
protein NOS1AP (2). NOS1AP is expressed in both sympathetic
neurons and ventricular cardiomyocytes, and NOS1AP loss-
of-function variants are associated with both sympathetic
neuronal hyperactivity, driven by increased activity in N-type
calcium channels, and loss of inhibition of L-type calcium
channels in ventricular cardiomyocytes, leading to reduced
repolarization and increased arrhythmia propensity (2, 34).
This illustrates how sympathetic hyperactivity and compro-
mised cardiac repolarization can be intrinsically linked in
inducing LQTS arrhythmia (2). Therefore, in addition to the
cellular effects of KCNQ1-associated LQT1mutations on cardi-
omyocyte repolarization previously described (12–14), our
data identify an additional neuronal phenotype for LQT1 sug-
gesting that these phenotypes in the two cell types compound
in sympathetically triggered LQT1 arrhythmia. Our data also
highlight that identifying sympathetic neuronal contribu-
tions to LQT1 and other sympathetic cardiovascular disor-
ders requires the examination of both sympathetic
neurons and neuro-cardiomyocyte interactions (41), rather
than assessing responses to sympathomimetics in cardio-
myocyte monoculture.
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Conclusions

We have established human LQT1 norepinephrine-secret-
ing and electrophysiologically functional hiPSC-derived
sympathetic neurons. By studying LQT1 hiPSC-derived sym-
pathetic neurons in monoculture we have identified a novel
LQT1 phenotype of increased neurotransmission and neuro-
nal hyperactivity that could contribute to the mechanisms
underlying sympathetically triggered arrhythmia.
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