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Summary Statement
Sleep bruxism patient-specific iPSC-derived neurons with the HTR2A variant show altered
electrophysiological characteristics, providing the foremost narration of sleep bruxism

neurological phenotypes in vitro from any species.


https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254
https://doi.org/10.1101/2021.01.26.428254

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.26.428254; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

Sleep bruxism (SB) is a sleep-related movement disorder characterized by grinding and
clenching of the teeth during sleep. We previously found a significant association between SB
and a single nucleotide polymorphism (SNP), rs6313, in the neuronal serotonin 2A receptor
gene (HTR2A), and established human induced pluripotent stem cell (hiPSC)-derived neurons
from SB patients with a genetic variant. To elucidate the electrophysiological characteristics
of SB iPSC-derived neural cells bearing a SB-related genetic variant, we generated ventral
hindbrain neurons from two SB patients and two unaffected controls and explored the intrinsic
membrane properties of these neurons by patch-clamp technique. We found that the
electrophysiological properties of the iPSC-derived neurons from the control line mature in a
time-dependent manner in long-term cultures. In the early stage of neurogenesis, neurons from
two SB lines tended to display shorter action potential (AP) half durations, which led to an
increased cell capability of evoked firing. This is the first in vitro modelling of SB using
disease-specific hiPSCs. The revealed electrophysiological characteristics may serve as a

benchmark for further investigation of pathogenic mechanisms underlying SB.
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Introduction

Sleep bruxism (SB) is defined as a sleep-related movement disorder characterized by
grinding and clenching of the teeth during sleep (Sateia, 2014; Lobbezoo et al., 2013). SB is
responsible for a variety of pain and dysfunctional conditions in the orofacial region, such as
temporomandibular disorders, abnormal tooth attrition, fracture of teeth or roots, and
aggravation of periodontal diseases, which seriously compromise a patient’s quality of life
(Beddis et al., 2018).

It is well documented that SB-related masticatory muscle activities occur as part of the
partial arousal phenomena, which is associated with transient elevations of central and
sympathetic nervous system activity during sleep (Kato et al., 2003; Lavigne et al., 2008),
suggesting the possible involvement of central neurotransmitters in the pathogenesis of SB.
Several studies reported an association between SB and centrally acting drugs, such as selective
serotonin reuptake inhibitor (Ellison and Stanzianin, 1993; Gerber and Lynd, 1998), serotonin
1 A receptor agonist (Bostwick and Jaffee, 1999), or alpha-2 adrenergic receptor agonist (Carra
et al., 2010) in both positive and negative manners.

Besides, we previously found a significant association of neuronal serotonin 2A
receptor gene (HTR2A) single nucleotide polymorphism (SNP) rs6313 with SB (Abe et al.,
2012). Serotonin is a neurotransmitter involved in many physiological functions in the brain
(Guiard and Giovanni, 2015; Lee and Goto, 2018). The serotonin 2A receptor (5-HT2AR) is a
serotonin receptor subtype encoded by HTR2A. Mutations in this gene have been associated
with susceptibility to a variety of neurological diseases. Indeed, rs6313 has been associated
with schizophrenia (Inayama et al., 1996; Williams et al., 1997), psychotic symptoms in
Alzheimer’s disease (Holmes et al., 1998), certain features of depression (Arias et al., 2001),
and sleep breathing disorders (Xu et al., 2014).

Understanding the functional consequences of genetic variants is a critical first step
toward appreciating their disease development roles; however, effects of rs6313 on disease
pathogenesis have not been elucidated in detail, mainly because of the limited accessibility of
the brain. /n vitro modeling of human diseases using disease-specific hiPSCs can potentially
yield dramatic progress in elucidating neurological disease pathogenic mechanisms (Andoh-
Noda et al., 2015; Higurashi et al., 2013; Imaizumi et al., 2012).

To construct an in vitro disease model using hiPSCs for SB, we previously established
a protocol to efficiently induce HTR2A-expressing neurons from hiPSCs (Hoashi et al., 2017).
Here, we investigated electrophysiological properties of hiPSC-derived neurons, established

from two SB patients with the risk allele (C) of HTR24 SNP rs6313 (C/C genotype) and two
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control individuals without the risk allele (T/T genotype), following our previously established
protocol (Hoashi et al., 2017). The hiPSCs-derived neurons in the control line exhibited an
expected time-dependent maturation of intrinsic membrane properties, as determined through
electrophysiological analysis. In the early stage of neurogenesis, the neurons derived from two
SB cell lines tended to exhibit altered AP half duration and firing frequency compared to
controls. Additionally, the firing frequency and the injected current gain (slope) was 2-fold
higher in SB neurons. These results suggest that the excitability of SB hiPSC-derived ventral
hindbrain neurons is increased in the early stage of neurogenesis.

To the best of our knowledge, this is the first report of an in vitro, cell-level
electrophysiological characterization of SB-specific neurons, which may serve as a benchmark
for further investigations of pathogenic mechanisms underlying SB. Our newly established SB-
specific hiPSCs disease model is expected to be a promising method to elucidate the SB

pathological mechanism associated with the genetic variations of 5-HT2AR.

Results
hiPSC differentiated neurons exhibit neuronal characteristics

The hiPSC lines were cultured in a Dulbecco’s modified Eagle’s medium (DMEM) to
induce a chemically provoked transitional embryoid-body-like state (Fujimori et al., 2017).
Since 5-HT2AR neurons are expressed in the raphe nucleus located on the ventral hindbrain
(Guiard and Giovanni, 2015); therefore, we generated neurons with the characteristics of the
ventral hindbrain region from hiPSCs using previously portrayed differentiation paradigm
(Hoashi et al., 2017) with slight modifications (Fig. 1A). To investigate the regional identity
of hiPSC-derived neurons, the expression of NKX2.2 (a ventral brain marker), EN/ (a midbrain
and anterior hindbrain marker), and HOXC4 (a posterior hindbrain and a spinal cord marker)
were analyzed in hiPSCs (C2 line) at days in vitro (DIV) 7 (Fig. 1B). Samples treated with 1
uM retinoic acid (RA), in the absence of sonic hedgehog (Shh) and purmorphamine (PM)
treatment, were used as controls. Although cells expressed significantly higher levels of
NKX2.2 and EN1, compared to the control, they expressed significantly lower levels of HOXC4,
suggesting that they had successfully acquired ventral hindbrain identity.

To follow the generation of hiPSC-derived neurons, RT-qPCR analyses were
performed on DIV7 and 41 of differentiation. At DIV7, cells expressed significantly higher

levels of Nestin, suggesting the successful neural patterning of hiPSCs (Fig. 1C). In contrast,
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PlI-tubulin and HTR2A4 expression levels considerably increased at DIV41, indicating the
successful neuronal differentiation of hiPSCs expressing 5S-HT2AR (Fig. 1C).

Time-dependent maturation of the intrinsic membrane properties of hiPSC-derived
ventral hindbrain neurons in long-term cultures

Whole-cell patch-clamp recordings were performed on control (C2) iPSC-derived
ventral hindbrain neurons at DIV 31-51, 52-71, 72-91, and 92-111 in current-clamp mode to
trace the functional maturity of their intrinsic membrane properties over the course of
neurogenesis for the expected electrophysiological maturation of differentiated neurons (Fig.
2A).

To determine both electrophysiological maturity and heterogeneity between different
time points, we started by quantifying and comparing the passive membrane properties of
differentiated cells. Passive properties, including membrane resistance (Rn), time constant (tm),
and membrane capacitance (Cn), were obtained from voltage responses to small
hyperpolarizing current pulses applied around the resting membrane potential (RMP) (Fig. 2B).
Firstly, over the course of neurogenesis, the RMP became dynamically more hyperpolarized
(RMP, DIV31-51 =52.2 £ 1.4 mV, n=46; DIV52-71 -54.4 £ 1.0 mV, n=59; DIV72-91 -57.6
+2.0mV, n=16; DIV92-111 —63.9 + 1.5 mV, n=16; p=0.0001; Kruskal-Wallis test; Fig. 2C).
Secondly, there was a 74% decrease in the Ri, from DIV31-51 to DIV92—-111, highlighting the
progressive addition of ion channels to the plasma membrane (Rm, DIV31-51 1692.2 + 98.4
MQ, n=46; DIV52-71 1071.1 £ 72.6 MQ, n=59; DIV72-91 722.2 £ 57.6 MQ, n=16; DIV92—
111 442.6 + 41.9 MQ, n=16; p<0.0001; Kruskal-Wallis test; Fig. 2D). Another passive
property of the membrane, the tm, also markedly reduced by DIV92-111 (tm, DIV31-51 64.5
+ 4.3 ms, n=46; DIV52-71 54.2 £ 2.8 ms, n=59; DIV72-91 52.0 £ 5.9 ms, n=16; DIV92-111
35.3 £4.1 ms, n=16; p=0.001; Kruskal-Wallis test; Fig. 2E). Thirdly, the Cy, sharply increased,
— almost 2-fold — between DIV31-51 and DIV92-111 (Cn, DIV31-51 40.8 + 2.4 pF, n=46;
DIV52-71 58.7 + 3.8 pF, n=59; DIV72-91 78.1 £ 8.5 pF, n=16; DIV92—-111 87.4 £ 12.0 pF,
n=16; p<0.0001; Kruskal-Wallis test; Fig. 2F).

The more negative RMP, lower Rn, shorter tm, and larger Ci, over DIV111 reflected
the general trends documented during neuronal maturation (Kang et al., 2017; Kopach et al.,
2018; Lam et al., 2017; Pré et al., 2014; Weick, 2016). Collectively, these four parameters were

determinant of hiPSC-derived neuronal maturation in long-term cultures.
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Next, we assessed the active membrane properties of generated neurons. Differentiated
neurons could generate spontaneous and evoked action potentials (APs) during extended
periods of neurogenesis (Fig. 3A,C). The proportion of neurons firing spontaneous APs tended
to increase during maturation (DIV31-51 54.2%, 13/24; DIV52-71 60%, 24/40; DIV72-91
63.6%, 7/11; DIV92-111 85.7%, 6/7; p=0.460; Chi-squared test; Fig. 3B). Consistent with the
increased proportion of spontaneous AP firing, neurons evolved their capability to high-
frequency discharge in response to an injection of a series of depolarizing current pulses (Fig.
3C). To further assess neuronal maturity, we utilized a ranking framework classifying neurons
into three types depending on their overshooting amplitude of APs and firing frequency (Fig.
3D; see Materials and Methods). This analysis revealed that the proportion of Type 3 neurons
which fired APs above 0 mV at a maximal frequency of 10 Hz or more, sharply increased over
time (DIV31-51 63.0%, 29/46; DIV52-71 83.0%, 49/59; DIV72-91 93.8%, 15/16; DIV92—
111 100%, 16/16; p=0.003; Chi-squared test; Fig. 3E). To illustrate the developmental
evolution of AP shape, we measured four properties from the first evoked AP in response to
minimum current injection: AP rheobase (Rn), AP threshold, AP amplitude, and AP half
duration (Fig. 4A). Both the Ry (Rn, DIV31-51 19.3 £ 1.9 pA, n=46; DIV52-71 24.9 £ 2.1 pA,
n=59; DIV72-91 28.7 £ 3.5 pA, n=16; DIV92-111 46.9 £ 7.5 pA, n=16; p<0.0001; Kruskal—
Wallis test; Fig. 4B) and amplitude (amplitude, DIV31-51 80.9 £ 2.6 mV, n=46; DIV52-71
89.0 £ 2.0 mV, n=59; DIV72-91 93.5 + 3.9 mV, n=16; DIV92-111 110.0 + 2.3 mV, n=16;
p<0.0001; Kruskal-Wallis test; Fig. 4C) remarkably increased during neuronal development.
Thirdly, the AP threshold (threshold, DIV31-51 —46.0 £ 0.8 mV, n=46; DIV52-71 —-47.9+ 0.5
mV, n=59; DIV72-91 —49.6 £ 1.4 mV, n=16; DIV92—-111 -53.8 £ 1.0 mV, n=16; p<0.0001;
Kruskal-Wallis test; Fig. 4D) became more hyperpolarized over time. Furthermore, AP half
duration (half duration, DIV31-51 5.9 £ 0.6 ms, n=46; DIV52—71 4.5 £ 0.4 ms, n=59; DIV72—
91 2.9 £ 0.2 ms, n=16; DIV92—-111 1.8 £ 0.1 ms, n=16; p<0.0001; Kruskal-Wallis test; Fig.
4E) shortened significantly at DIV92—111 after differentiation was induced.

Altogether, long-term cultures of hiPSC-derived neurons showed clear signs of
functional maturation over the course of DIVI111, including a higher proportion of
spontaneously active, and type 3 neurons, an increased AP Ry, a greater AP amplitude, a
hyperpolarized AP threshold, and a shorter AP half duration; each of which are key aspects

enabling differentiated neurons to be able to form neural communication (Lam et al., 2017).

SB iPSC-derived neurons show altered intrinsic membrane properties
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As the intrinsic membrane properties of control (C2) neurons mature over time, we
obtained patch-clamp recordings from iPSC-derived neurons of two SB patients (SB1 and SB2)
and a different unaffected control (C1) individual at DIV31-51, to determine whether there
were alterations in SB neurons. Firstly, we found no significant difference in the RMP of iPSC-
derived neurons from the two SB lines, as compared to the two age-matched control lines (C1,
-57.2 £ 3.1 mV, n=8; C2, -=52.2 £ 1.4 mV, n=46; SB1, —=56.6 £ 2.8 mV, n=12; SB2, -56.0 =
1.9 mV, n=20, p=0.188; Kruskal-Wallis test; Fig. 5SA). Secondly, one of the other passive
membrane properties, Rm, was also not substantially different in neurons between SB and the
age-matched controls (C1, 1850.6 £ 277.6 MQ, n=8; C2, 1692.2 + 98.4 MQ, n=46; SB1, 1280.4
+ 135.5 MQ, n=12; SB2, 1343.7 £ 145.7 MQ, n=20; p=0.061; Kruskal-Wallis test; Fig. 5B).
Thirdly, there was no noticeable distinction observed in tm between SB and control neurons
(C1, 69.2 £ 8.1 ms, n=8; C2, 64.5 £ 6.8 ms, n=46; SB1, 60.1 + 8.2 ms, n=12; SB2, 54.2 £ 5.3
ms, n=20; p=0.374; Kruskal-Wallis test; Fig. 5C). In addition, the Cy,in SB neurons was not
different from those in control neurons (C1, 39.3 £ 2.6 pF, n=8; C2, 40.8 £ 2.4 pF, n=46; SBI,
47.0 £ 3.4 pF, n=12; SB2, 45.8 £ 4.8 pF, n=20; p=0.377; Kruskal-Wallis test; Fig. 5D).

Next, we examined AP firing at a holding voltage of —60 mV in response to a 300 ms-
long current stimulus. Firstly, SB neurons showed a significantly larger proportion of cells
expressing Type 3 firing (C1, 50%, 4/8; C2, 63%, 29/46; SB1, 91.7%, 11/12; SB2, 95%, 19/20;
p=0.010; Chi-squared test; Fig. 6A). In addition, current steps of the same intensity generated
a higher number of spikes in SB, compared to age-matched control neurons (Fig. 6B,C). The
increased firing frequency of SB neurons was statistically significant for current steps of 50,
60, 70, and 80 pA (Fig. 6C and Table 1). Next, frequency-current intensity data from C1 and
C2, and SB1 and SB2 were pooled as control and SB, respectively, and fitted to a linear
regression (Fig. 6D). As shown in Fig. 6D, upon increasing stimulus intensity, neurons from
pooled control cell lines reached a firing plateau with stimuli > 60 pA; for this reason, data
were fitted to a linear regression up to 60 pA. Both control and SB neurons exhibited good fit
(>0.9); the SB cell group showed a significantly higher gain than the control (0.14 + 0.02,
n=54 in control, versus 0.30 = 0.03, n=32 in SB; p=0.0001; Kruskal-Wallis test; Fig. 6E,F).
The mean gain in SB neurons was 2-fold higher than in control neurons. Secondly, the AP
rheobase did not differ between controls and SB neurons (C1, 13.7 £ 2.6 pA, n=8; C2, 19.3 £
1.9 pA, n=46; SB1, 15.0 £ 3.4 pA, n=12 and SB2, 18.0 £ 2.1 pA, n=20; p=0.237; Kruskal—
Wallis test; Fig. 7A). In addition, the APs amplitudes in SB neurons did not different from
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those in control neurons (C1, 82.1 + 3.6 mV, n=8; C2, 80.9 £ 2.6 mV, n=46; SB1, 84.7 + 3.2
mV, n=12 and SB2, 86.0 £ 3.8 mV, n=20; p=0.671; one-way ANOVA test; Fig. 7B).
Thresholds, another active membrane property of membranes, were not fundamentally
different between neurons from SB and control lines; however, SB2 displayed a significantly
depolarized threshold in compared to C1 neurons (C1, —50.7 £ 0.8 mV, n=8 vs. SB1, —48.3 £
1.0 mV, n=12; p=0.123 vs. SB2, —48.2 £ 0.6 mV, n=20, p=0.022 and C2, —-46.0 £ 0.8 mV,
n=46 vs. SB1,-48.3+ 1.0 mV, n=12, p=0.120 vs. SB2, —-48.2 £ 0.6 mV, n=20, p=0.070; Mann—
Whitney U test; Fig. 7C). Furthermore, AP half durations were significantly shorter in the two
SB cell lines, compared with the two control lines (5.9 £ 0.5 ms, n=8 in C1 vs. 3.3 £ 0.4 ms,
n=12 in SB1; p=0.003 vs. 3.8 £ 0.4 ms, n=20 in SB2; p=0.003 and 5.9 £+ 0.6 ms, n=46 in C2
vs. 3.3+ 0.4 ms, n=12 in SB1; p=0.016 vs. 3.8 £ 0.4 ms, n=20 in SB2; p=0.038; Mann—Whitney
U test; Fig. 7D,E).

Altogether, comprehensive electrophysiological analyses indicate that SB iPSC-
derived cells exhibited functional neuronal properties. Intriguingly, two intrinsic membrane
parameters, AP frequencies and half durations, differed between SB and control neurons. In
addition, the gain of the relationship between AP frequency and injected current stimulus was

2-fold greater in the SB cell groups than in the control groups.

Discussion

The excessive involuntary trigeminal motor activity of SB can lead to a broad range of
clinical complications in oro-dental regions. Our previous study found an association between
the genetic variant of HTR24 and SB (Abe et al., 2012). The use of hiPSCs derived from
patients with a specific neurological disease allows the preparation of brain cells that contain
the actual genetic information of the patients themselves (Bellin et al., 2012; Park et al., 2008;
Richard and Maragakis, 2015; Robinton and Daley, 2012; Saporta et al., 2011). This strategy
is a notable feature given that such cells have been technologically and ethically difficult to
obtain in the past (Imaizumi and Okano, 2014). In this study, SB and control hiPSCs were
directly differentiated toward ventral hindbrain neurons, with slight modifications from the
previously reported differentiation method, to elucidate neurological phenotypes associated
with SB. We performed simultaneous differentiations of all four lines with triplicate wells and
characterized control (C2) cell line utilizing RT-qPCR following a time-dependent course.

Electrophysiological recordings were performed to assess the functional state of hiPSCs in
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long-term cultures, and to determine functional differences between SB and control neurons in
the early stage of neurogenesis. We found that neurons obtained from C2 cell line mature in a
time-dependent manner, similar to those of human brain neurons. In the early stage of
neurogenesis, SB iPSC-derived neurons displayed alterations in AP frequency, half duration,

and gain of the firing frequency-current intensity relationship.

Electrophysiological maturation of hiPSC-derived neurons in vitro

Intrinsic membrane properties are an interpreting key perspective of neuronal
maturation. Numerous neuronal intrinsic membrane parameters show critical alterations in
neurogenesis (Kang et al., 2017; Kopach et al., 2018; Lam et al., 2017; Pr¢ et al., 2014; Weick,
2016). The RMP of C2 iPSC-derived neurons shifted towards a more negative potential
throughout neurogenesis, settling at approximately —63.9 mV, which is comparable to that of
an adult human brain neuron (Testa-Silva et al., 2014). Similar to developing rodent neurons
(Zhang, 2004), the RMP of generated neurons was depolarized (approximately —52.2 mV) at
DIV31-51, steadily decreasing to approximately —63.9 mV in C2 neurons at DIV92—-111. As
a consequence of higher ion channel density and more complex cell morphology, Rm also
decreased during neurogenesis (Kang et al., 2017; Kopach et al., 2018; Lam et al., 2017; Pr¢
et al., 2014; Weick, 2016). Identical to the neurons from human brain tissue (Moore et al.,
2009; Testa-Silva et al., 2014), Ry of long-term cultured neurons was higher, approximately
1692.2 MQ at DIV31-51, dynamically decreasing to approximately 442.6 MQ at DIV92-111.
The tm also declined over time, matching to that of previously reported hiPSC-derived neurons
(Pre et al., 2014). In line with previous observations, the Cn, of generated neurons increased
during neuronal maturation (Kang et al., 2017; Kopach et al., 2018; Kopach et al., 2020; Lam
et al., 2017; Weick, 2016). Furthermore, during maturation, the AP threshold of differentiated
neurons gradually hyperpolarized with the AP waveform displaying broader amplitudes with
shorter half durations; as comparable to previously reported conventions (Lam et al., 2017;
Testa-Silva et al., 2014; Zhang, 2004).

Taken together, quantitative comparisons of intrinsic membrane parameters clearly
showed that hiPSC-derived neurons obtained from C2 line mature to a constitutive

neurophysiological level in long-term cultures.

Increased excitability of SB iPSC-derived neurons
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This study documents the increased excitability of SB iPSC-derived neurons at the early
stage of neurogenesis. Previous case-control studies of neurological disorders have shown
increased neuronal excitability of the mutant in both animal models and hiPSC-derived neurons,
including increased AP firing and a narrower AP half duration in neurons of transgenic
Alzheimer’s disease (Ghatak et al., 2019) and Fragile X syndrome mouse models (Luque et al.,
2017; Routh et al., 2017), as well as in hiPSCs of Alzheimer’s disease (Ghatak et al., 2019). In
conjunction with increased spikes, elicited as a result of current injection, the spike rate gain
was also found to be increased in Fragile X syndrome and autism spectrum disorder mice
(Luque et al., 2017; Zhang et al., 2014). hiPSC-derived neurons in SB showed a higher number
of APs for current steps of 50, 60, 70, and 80 pA, with slope of the firing frequency-current
injection relationship increasing 2-fold. Moreover, this increase in APs was accompanied by
shorter AP half-duration, leading to increased neuronal excitability in SB patients in the early
stage of neurogenesis. Alterations in AP firing frequency and half duration indicate that the
neuronal input-output function is modified in SB neurons.

Nevertheless, we acknowledge that a major limitation of this study is variability in
culturing conditions between cell lines and the limited number of the subjects investigated,
which were only compared at the early stage of neurodevelopment. Whether found neuronal
excitability is indeed the phenotype-specific to SB iPSC-derived neurons remains to be
determined. Further studies, of neural cells derived from a larger number of case and control
subjects at later stages of neurodevelopment should be conducted to validate the results.

Another limitation of this study was that we did not collect information on the induced
neuronal populations. While we have observed that a certain proportion of neurons expressed
HTR24 by RT-qPCR, we did not evaluate the electrophysiological status corresponding to 5-
HT2ARs. Besides, several neurological diseases might be associated with specific neuronal
population, such as GABAergic neurons (Berretta et al., 2015; Kelley et al., 2008; Fan et al.,
2017). Therefore, it is desirable to develop a tool that can label specific types of neurons. Such
a strategy should also be developed in the future.

Within the limitation mentioned above of this study, our findings suggest that increased
excitability of SB iPSC-derived neurons might be associated with the pathological mechanisms
of SB. To the best of our knowledge, this study is the first to report the phenotypes of SB
patient-derived neurons. Furthermore, this study provides a quantitative framework for
considering the heterogeneity of various electrophysiological parameters for iPSC-based

disease modeling.
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Materials and Methods
Ethics statement

The following protocol was approved by the Showa University Ethics Committee for
Genome Research (approval no. 179) and the Juntendo University School of Medicine Ethics
Committee (approval no. 2016117). The study protocol was in accordance with the 1964
Declaration of Helsinki and its later amendments or comparable ethical standards. Formal

informed consent was obtained from each individual.

hiPSC derivation and neuronal differentiation

The hiPSCs of two SB patients with the risk allele (C) of HTR24 SNP rs6313 (SB1 and
SB2) and two unaffected controls without the risk allele (C1 and C2) established in the previous
study (Hoashi et al., 2017) were used. Neuronal differentiation was performed as previously
described (Hoashi et al., 2017) but with minor modifications. hiPSC lines were dissociated to
form embryoid bodies and cultured on mitomycin C-treated SNL murine fibroblast feeder cells
in standard human embryonic stem cell culture (hESC) medium (DMEM/F12; Sigma Aldrich,
St. Louis, MO, USA) containing 20% knockout serum replacement (Thermo Fisher Scientific,
Waltham, MA, USA), 2 mM L-glutamine, 0.1 mM non-essential amino acids (Sigma Aldrich),
0.1 mM 2-mercaptoethanol (Sigma Aldrich), 0.5% penicillin/streptomycin, and 4 ng/mL
fibroblast growth factor 2 (FGF-2; PeproTech, Rocky Hill, NJ, USA) in an atmosphere
containing 3% CO»; the medium was changed every other day. hiPSCs were pretreated for 5
days with 3 uM SB431542 (Tocris, Bristol, UK), 3 uM dorsomorphin (Sigma Aldrich), and 3
uM CHIR99021 (ReproCELL, Kanagawa, Japan). Embryoid bodies were seeded at a density
of 10 cells/uL in KBM Neural Stem Cell medium (Kohjin-Bio, Saitama, Japan) with
specifically selected growth factors and inhibitors at 4% O, and 5% CO;; growth factors and
inhibitors included 1x B-27 supplement (Thermo Fisher Scientific), 0.5%
penicillin/streptomycin, 20 ng/mL FGF-2, 2 uM SB431542, and 3 uM CHIR99021. The
neurosphere culture was started on DIVO; neurospheres were passaged at a density of 50
cells/uL on DIV7 and DIV14. The neurosphere culture medium contained the following
additives: 10 uM Y-27632 (Fujifilm, Tokyo, Japan) on DIV0-7, and 100 ng/mL Shh-C24I1
(R&D Systems, Minneapolis, MN, USA) and 1 pM purmorphamine (Millipore, Burlington,
MA, USA) on DIV1-21. On DIV21, neurospheres were replated on dishes coated with a poly-
L-lysine solution and fibronectin and cultured in 5% CO; at a density of 40 x 10* cells/well in
a 48-well plate, 150 x 10* cells/well in a 12-well plate, or 300 x 10* cells/well in a 6-well plate.

The medium was changed to Neurobasal Plus Medium (Thermo Fisher Scientific)
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supplemented with 1x B-27 Plus supplement (Thermo Fisher Scientific), 0.5%
penicillin/streptomycin, 20 ng/mL brain-derived neurotrophic factor (BDNF; BioLegend, San
Diego, CA, USA), 20 ng/mL glial cell-derived neurotrophic factor (GDNF; Alomone Labs,
Jerusalem BioPark, Israel), 0.2 mM ascorbic acid (Sigma Aldrich), 0.5 mM dbcAMP (Nacalai
Tesque, Kyoto, Japan), 1 ng/mL transforming growth factor-f (TGF-f; BioLegend), 10 pM
DAPT (Sigma Aldrich), and 3 pM CHIR99021. Half of the medium volume was replaced with
fresh medium (including all supplements except CHIR99021) every 3 or 4 days.

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated with trizol reagent (15596026; Thermo Fisher Scientific).
cDNA was prepared using SuperScript First-Standard (Thermo Fisher Scientific) or the
TagMan Fast Advanced Master Mix (Thermo Fisher Scientific). qRT-PCR analyses were
performed on a QuantStudio 7 Flex (Thermo Fisher Scientific). Reactions were carried out in
duplicate, and data were analyzed using the comparative (ddCt) method. Custom primers for
the GAPDH gene (PN4331182; Thermo Fisher Scientific), NKX2.2 gene (PN4331182; Thermo
Fisher Scientific), ENI gene (PN4331182; Thermo Fisher Scientific), HOXC4 gene
(PN4331182; Thermo Fisher Scientific), Nestin gene (PN4331182; Thermo Fisher Scientific),
PlI-tubulin gene (PN4331182; Thermo Fisher Scientific) and HTR2A4 gene (PN4331182;

Thermo Fisher Scientific) were used in the TagMan assay.

Patch-clamp recordings in cultured cells

For whole-cell patch-clamp recordings, individual coverslips with hiPSC-derived
neurons from two SB patients and two unaffected controls were transferred in a recording
chamber attached to the stage of an Olympus BX51WI upright microscope (Tokyo, Japan)
equipped with an infrared DIC imaging system. Recordings were performed in a normal bath
solution at a speed of 1-2 mL/min, maintained at room temperature (23-27°C). The normal
bath solution contained 130 mM NaCl, 26 mM NaHCOs3, 10 mM glucose, 3 mM KCI, 2 mM
CaClz, 2 mM MgCl,, and 1.25 mM NaH2POs. The solution was oxygenated with a mixture of
95% Oz and 5% CO, to establish a pH of 7.4. Neurons with a compact cell body, typically two
or more extended processes, were selected. Patch pipettes were made from borosilicate glass
capillaries (GD-1.5; Narishige, Tokyo, Japan) using a P-97 puller (Sutter, Atlanta, GA). The
internal solution of the pipette contained 10 mM KCl, 130 mM K-gluconate, mM HEPES, 0.4


https://doi.org/10.1101/2021.01.26.428254

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.26.428254; this version posted January 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

mM EGTA, 2 mM MgCl,, 0.3 mM Na,-GTP, and 2 mM Mg-ATP, with a pH of 7.25 and 285—
300 mOsm. Pipette resistance ranged from 2.5 to 5.0 MQ when the electrodes were filled.
Electrophysiological signals were recorded using a MultiClamp 700B amplifier
(Molecular Devices, Sunnyvale, CA, USA), filtered at 10 kHz, and sampled at 20 kHz using a
Digidata 1440A digitizer (Molecular Devices). Access resistance was monitored continuously
throughout the experiments. Data were analyzed on a personal computer using pCLAMP 10.7
software (Molecular Devices), Origin 2019 (OriginLab, Northampton, MA, USA), and

Microsoft Excel.

Electrophysiological recording protocol

Following whole-cell attainment, the passive membrane properties of hiPSC-derived
neurons were recorded. In all recorded cells, RMP was assessed immediately after membrane
breakthrough. Calculated liquid junctional potentials between the pipette and bath solutions
were —12 mV, with all data corrected accordingly. Rm, Tm (the time for the neuron membrane
potential to reach 63% of its resting value), and C, were measured using the —10 mV
hyperpolarizing current step. For current-clamp recordings, voltage responses were evoked
from a holding potential of —-60 mV using 300 ms-long steps ranging from —60 pA to +150 pA
in 10 pA intervals delivered at 0.5 Hz. Rheobase (Ry), and the threshold, were calculated from
the first evoked AP in response to a depolarizing current. AP amplitudes were determined from
the RMP to the peak of the AP, while the AP half duration was defined as the time required to
reach an AP at the half level.

Neuronal AP type classification

‘Type 0 neurons’ did not fire APs and were excluded from this study. ‘Type 1 neurons’
fired one AP above 0 mV, followed by a plateau. As the reversal potential of cations, the
absolute limit of 0 mV was chosen, with mature APs generally reaching and overshooting this
reversal potential. ‘“Type 2 neurons’ fired more than one AP above 0 mV at a maximal frequency
below 10 Hz, while ‘Type 3 neurons’ fired APs above 0 mV at a maximal frequency of 10 Hz
or more. Our ranking framework for functional types of neurons adopted a spectrum that
corresponding to the neuronal maturation stage; thus, Type 1 neurons were termed as least

mature, while Type 3 neurons were considered to be more mature and functionally active.

Statistical analysis
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Data are expressed as the mean + s.e.m. unless specified otherwise, with » referring to
the number of cells examined. Shapiro—Wilk test was used to analyze whether experimental
data sets follow a normal distribution. If the data were normally distributed and the variances
were equal, we used one-way ANOVA followed by a Tukey’s post-hoc test for pairwise
comparisons. If data point did not pass these criteria, we used nonparametric Kruskal-Wallis
one-way analysis of variance on ranks, followed by Mann—Whitney U test for pairwise
comparisons. Correlation between variables was assessed using the Pearson’s correlation
coefficient (r). Categorical variables were assessed using Chi-squared test. A p value less than

0.05 was considered statistically significant. Statistical analyses were performed with IBM

SPSS Statistics 27 (IBM, Armonk, NY, USA) software.
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Table 1. hiPSC-derived neurons exhibit AP potential firing at the early stage of

neurogenesis
Firing frequency [Hz] p-value

Injected Clvs. Clvs. C2vs. C2vs.
current Cl C2 SBI1 SB2 SBI sg SBI SB

10pA  6.7+18(8)  3.6+07(46)  3.3+07(12) 4.5+1.3(20) 0.129 0331 0371  0.602
20pA  9.6+20(8)  73+£08(46) 10.6+1.7(12) 9.0+ 1.8(20) 0.781  0.816 0.135  0.580
30pA 10413 (®) 8.6+09(46) 147£23(12) 137+19(0) 0135 0518 0.010 0.030
40pA  113+11(®) 103+1.0(46) 167+2.6(12) 162+1.9(20)  0.101 0256  0.022  0.009
50pA  104+£12@®) 115£11(46) 183£26(12) 17.7+18(20)  0.046 0.016 0.017  0.004
60pA  104+£13(®) 11.7£11(46) 20.6+3.0(12) 187+1.8(20)  0.017 0.005 0.006  0.001
70pA  104+1.6@8) 112+1.046) 22.5+35(12) 19.0£2.0(20)  0.016  0.013  0.002  0.001
80pA  100£13(®) 10.1£09(46) 239+3.7(12) 202+24(20)  0.005 0.007 <0.001 <0.001

Data are expressed as mean + s.e.m. (number of the cells recorded). AP firing frequencies were
evoked using 300 ms-long square depolarizing current pulses at 10, 20, 30, 40, 50, 60, 70, and
80 pA; APs were measured per second. Statistical analysis was performed using ANOVA with

Tukey’s post-hoc test and nonparametric Mann—Whitney U test for pairwise comparisons.
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Figure 1. Differentiated neurons from hiPSCs exhibited neuronal characteristics.

(A) Schematic overview of the differentiation protocol, including time points for RT-qPCR

and electrophysiological analyses.

(B) Statistical summary of NKX2.2 (a ventral brain marker), EN/ (a midbrain and anterior

hindbrain marker), and HOXC4 (a posterior hindbrain and a spinal cord marker) gene

expression in hiPSCs at DIV7. Number of samples assessed: +Shh+PM; n=5 and control; n=4.

(C) Gene expression summary of the neural progenitor cell marker, Nestin, and neuronal

markers, pllI-tubulin, and HTR2A, in hiPSCs at DIV7 and 41 (n=5).

Data are expressed as mean + s.e.m. *p<0.05 (nonparametric Kruskal-Wallis test).
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properties in a time-dependent manner in the unaffected control (C2) cell line.

(A) DIC image depicting a typical hiPSC-derived neuron being approached by a patching
pipette during electrophysiological recordings at 31-51 days in vitro (DIV) of neurogenesis.

(B) Parameters extracted to interpret the passive membrane properties of hiPSC-derived
neurons. The membrane resistance (Rm), the time constant (tm) and the membrane capacitance

(Cm) were calculated based on the voltage response (top trace) of the cell to a small step of

hyperpolarizing current (bottom trace).



(C-F) Boxplot and whisker plots containing raw data and distribution curves show a statistical
overview of (C) the resting membrane potential (RMP), (D) the membrane resistance (Rm), (E)
the time constant (tm), and (F) the membrane capacitance (Cn) of differentiated neurons at the
time points of DIV31-51, DIV52-71, DIV72-91, and DIV92—-111 time points of neurogenesis.
Color coding: DIV31-51, orange; DIV52-71, olive; DIV72-91, blue; DIV92—-111, purple.
Sample size: n=46 at DIV31-51, n=59 at DIV52-71, n=16 at DIV72-91, and n=16 at
DIV92-111. Boxes represent the 25-75 percentile of data distribution. Squares inside the
boxes and whiskers indicate mean values and standard deviations, respectively. *p<0.05,

*%p<0.01, and ***p<0.001 (nonparametric Mann—Whitney U test for pairwise comparisons).
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Figure 3. AP firing of human cells in the control (C2) line mature over time.

(A) Example traces of spontaneous APs from a spontaneously active hiPSC-derived neuron.
(B) Proportion of neurons firing spontaneous APs at DIV31-51, DIV52-71, DIV72-91, and
DIV92-111 of neurogenesis. Number of total cells analyzed: n=24 at DIV31-51, n=40 at
DIV52-71, n=11 at DIV72-91, and n=7 at DIV92—-111. Chi-squared test. ns = nonsignificant.
(C) Representative examples of the typically evoked firing (upper panel) of neurons at

DIV31-51, 52-71, 72-91, and 92—-111 in response to 300 ms-long consecutive steps of square



current pulses (lower panel). Membrane potential was held at —60 mV. Note the high-frequency
discharge evoked by a current of greater stimulating intensity in neurons at DIV52-71, 72-91,
and 92—-111, compared to the single AP spike elicited at DIV31-51 (gray traces).

(B,C) Color coding: DIV31-51, orange; DIV52-71, olive; DIV72-91, blue; DIV92—-111,
purple.

(D) Representative traces of typical heterogeneous neuronal responses to optimal depolarizing

current pulses for 300 ms (membrane potential clamped at —60 mV). Depending on the
overshooting (0 mV) amplitude of APs and the firing frequency, the heterogeneous states of
generated neurons were categorized into a spectrum of three AP types.
(E) Diagram representing the proportion of neuronal maturity classes at DIV31-51, DIV52-71,
DIV72-91, and DIV92-111 of neurogenesis. Number of total cells assessed: n=46 at
DIV31-51, n=59 at DIV52-71, n=16 at DIV72-91, and n=16 at DIV92—-111. ##p<0.01 (Chi-
squared test).

(D,E) Color coding: Type 1 neurons, royal; Type 2 neurons, dark yellow; Type 3 neurons, rose.
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Figure 4. AP characteristics of control (C2) hiPSC-derived neurons evolved during

maturation.

(A) Example traces of a typical voltage recording in response to a minimum depolarizing
current step depicting the parameters calculated to characterize the APs in human cells. Four

parameters were calculated, including rheobase (Ry) (left) and threshold, amplitude, and half

duration (right).
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(B-E) Box and whisker plots showing the statistical summary of (B) the Ry, (C) the threshold
(D) the amplitude, and (E) the half duration in hiPSC-derived neurons at DIV31-51, DIV52-71,
DIV72-91, and DIV92-111 of neurogenesis.

Color coding: DIV31-51, orange; DIV52-71, olive; DIV72-91, blue; DIV92—-111, purple.
Sample size: n=46 at DIV31-51, n=59 at DIV52-71, n=16 at DIV72-91, and n=16 at
DIV92-111. Boxes represent the 25-75 percentile of data distribution. Squares inside the
boxes and whiskers indicate mean values and standard deviations, respectively. *p<0.05,

*%p<0.01, and **%p<0.001 (nonparametric Mann—Whitney U test for pairwise comparisons).
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Figure 5. Passive membrane properties of hiPSC-derived neurons in SB cell lines were
similar to control cell lines at DIV31-51.
(A-D) Scatter plots containing raw data demonstrate the statistical summary of (A) the resting

membrane potential (RMP), (B) the membrane resistance (Rum), (C) the time constant (tm), and



(D) the membrane capacitance (Cm) of hiPSC-derived neurons in unaffected control (C1 and
C2) and two SB patient (SB1, SB2) cell lines at DIV31-51.

Color and symbol coding: C1, green diamond; C2, violet circle; SB1, red square and SB2, wine
down-pointing triangle. Sample size: n=8 in C1, n=46 in C2, n=12 in SB1 and #=20 in SB2.
Lines and whiskers represent mean values and the 5-95 percentile, respectively.

Nonparametric Kruskal-Wallis test, ns = nonsignificant.
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Figure 6. SB iPSC-derived neurons showed altered firing patterns in the early stage of

neurogenesis.



(A) Proportion of cells belonging to AP type classifications for neurons derived from two
control (C1 and C2) and two SB patient (SB1 and SB2) hiPSC lines. Note that nearly all
neurons from SB lines exhibited Type 3 APs (overshooting 0 mV at a maximal frequency of
10 Hz or more) at DIV31-51. Color coding: Type 1 neurons, Royal; Type 2 neurons, dark
yellow; Type 3 neurons, rose. *p<0.05 (Chi-squared test).

(B) Examples of APs in response to an 80 pA depolarizing current injection applied for 300
ms (bottom panel) in C1 (left, green), C2 (right, violet) (top panel), SB1 (left, red) and SB2
(right, wine) (middle panel) neurons.

(C) Firing frequency-current plot for C1 (n=8, green), C2 (n=46, violet), SB1 (n=12, red), and
SB2 (n=20, wine) hiPSC-derived neurons. Data are presented as mean * s.e.m. Statistical
analysis was performed using a nonparametric Mann—Whitney U test for pairwise comparisons.
* indicates significant differences between C1, SBI, and SB2; # indicates significant
differences between C2, SB1, and SB2. Detailed data for each group are presented in Table 1.
(D) Plot of the frequency versus injected current relationship for pooled data from control
neurons (green) and SB neurons (red). The gain corresponds to a linear regression. Control:
Pearson’s r=0.94, p=0.006, R?>=0.85. SB: Pearson’s r=0.96, p=0.002, R?=0.90.

(E,F) Linear relationships between injected current and firing frequency for pooled (E) control
(green) and (F) SB (red) groups of hiPSC-derived neurons. Black lines correspond to the mean
fit for each group.
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Figure 7. The AP half duration differed between control and SB cell lines.

(A,B) Scatter plots containing raw data present a statistical summary of (A) the rheobase (Rn)
and (B) the amplitude of hiPSC-derived neurons in two control (C1 and C2), and two SB (SB1
and SB2) cell lines. Nonparametric Kruskal-Wallis test. ns = nonsignificant.

(C) Threshold of hiPSC-derived neurons in two control and two SB lines. #p<0.05
(nonparametric Mann—Whitney U test for pairwise comparisons). ns = nonsignificant.

(D) Examples of the first individual APs, as evoked in response to minimal current injection,
from the hiPSC-derived neurons in C1 (green), C2 (violet), SB1 (red), and SB2 (wine). Dotted

lines represent AP half durations.



(E) Scatter plots showing a statistical overview of the half duration in controls (C1 and C2) and
patients (SB1 and SB2). #p<0.05 and **p<0.01 (nonparametric Mann—Whitney U test for
pairwise comparisons).

Color and symbol coding: C1, green diamond; C2, violet circle; SB1, red square; SB2, wine
down-pointing triangle. Sample size: n=8 in C1, n=46 in C2, n=12 in SB1, and »=20 in SB2.

Lines and whiskers represent mean values and the 5-95 percentile, respectively.



