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ABSTRACT

Induced pluripotent stem cell (iPSC)-derived motor neurons provide a powerful platform for
studying motor neuron diseases. These cells enable human-specific modeling of disease mechan-
isms and high-throughput drug screening. While commercially available iPSC-derived motor
neurons offer a convenient alternative to time-intensive differentiation protocols, their electro-
physiological properties and maturation require comprehensive evaluation to validate their utility
for research and therapeutic applications. In this study, we characterized the electrophysiological
properties of commercially available iPSC-derived motor neurons. Immunofluorescence confirmed
the expression of motor neuron-specific biomarkers, indicating successful differentiation and
maturation. Electrophysiological recordings revealed stable passive membrane properties, matura-
tion-dependent improvements in action potential kinetics, and progressive increases in repetitive
firing. Voltage-clamp analyses confirmed the functional expression of key ion channels, including
high- and low-voltage-activated calcium channels, TTX-sensitive and TTX-insensitive sodium
channels, and voltage-gated potassium channels. While the neurons exhibited hallmark features
of motor neuron physiology, high input resistance, depolarized resting membrane potentials, and
limited firing capacity suggest incomplete electrical maturation. Altogether, these findings under-
score the potential of commercially available iPSC-derived motor neurons as a practical resource
for MND research, while highlighting the need for optimized protocols to support prolonged
culture and full maturation.
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Introduction . I . . .
identification of potential therapeutic candidates

[4-7]. However, generating in-house human
motor neurons is an arduous process requiring

Induced pluripotent stem cells (iPSCs) have revo-
lutionized  biomedical  research, providing

a versatile platform for modeling human diseases,
particularly neurological disorders. iPSC-derived
motor neurons are of particular interest for study-
ing the pathophysiology of motor neuron diseases
(MNDs) such as amyotrophic lateral sclerosis
(ALS) and spinal muscular atrophy (SMA) [1-3].
These cells offer a unique opportunity to investi-
gate human-specific cellular and molecular
mechanisms, providing insights that may be unat-
tainable through animal models due to species-
specific differences. Furthermore, iPSC-derived
motor neurons serve as an invaluable tool for
high-throughput drug screening, enabling the

the reprogramming somatic cells, rigorous valida-
tion of pluripotency, and the optimization of dif-
ferentiation protocols to reliably yield motor
neuron populations. This is followed by an
extended maturation period, all of which demand
weeks to months of work, and highly specialized
expertise to ensure reproducibility and reliability
[8-10]. As an alternative, commercially available
human iPSC-derived motor neurons have emerged
as a practical and time-efficient option, providing
ready-to-use, pre-differentiated motor neuron
populations [11-13]. These pre-validated cells
bypass the need for time-intensive differentiation
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protocols, making them an appealing choice for
disease modeling and drug discovery workflows.

MNDs are characterized by the progressive
degeneration of motor neurons, often accompanied
by alterations in their intrinsic excitability proper-
ties and ion channel function [14-16]. The dysfunc-
tion of ion channels, in particular, is thought to
contribute to pathological changes in neuronal
excitability and degeneration, underscoring the
need for electrophysiological studies to understand
these mechanisms. Therefore, the comprehensive
characterization of the electrophysiological proper-
ties of iPSC-derived motor neurons in critical to
validate their physiological relevance and to estab-
lish their suitability as models for MND research.

In this study, we aimed to characterize the elec-
trophysiological properties of commercially avail-
able human iPSC-derived motor neurons. Using
whole-cell patch clamp recordings, we assessed
their passive membrane properties, action potential
kinetics, and repetitive firing patterns, as well as the
functional expression of voltage-gated calcium,
sodium, and potassium channels. By providing
a detailed electrophysiological profile of these cells,
our study contributes to deeper understanding of
their functional maturity and utility in MND mod-
eling and therapeutic screening applications.

Materials and methods
Culture of iPSC-derived motor neurons

Human iPSC-derived motor neurons were obtained
from Applied StemCell Inc., USA (ASE-9701, starter
kit, African-American male line). The cells were cul-
tured following the manufacturer’s protocol. Briefly,
frozen cells were thawed and plated onto coverslips
pre-coated as per the protocol. They were grown in
motor neuron basal culture medium supplemented
with motor neuron culture media supplement A, both
provided by the manufacturer. Cells were maintained
at 37°C in a humidified atmosphere with 5% CO,. To
ensure optimal growth conditions, 50% of the culture
medium was replaced every 2-3 days.

Immunostaining and confocal imaging

Differentiated motor neurons cultured on cover-
slips were fixed in ice-cold methanol immediately

after electrophysiological recordings. Cells were
immunostained at developmental stages DIV 2,
DIV 10, and DIV 15 for late-stage motor neuron
markers MNX1/HB9 (motor neuron and pancreas
homeobox 1/homeobox HB9) and Tujl (class III
B-tubulin) using rabbit monoclonal anti-MNX1
/HB9 (Sigma #ABN174) and mouse monoclonal
anti-Tujl (R&D Systems #MABI1195) antibodies,
respectively. Cells were also stained at DIV 5, DIV
10, and DIV 14 for mature motor neuron markers
CHAT (choline acetyltransferase) and MAP2
(microtubule-associated protein 2) using goat
polyclonal anti-CHAT (R&D Systems #AF3447)
and mouse monoclonal anti-MAP2 (Sigma
#M4403) antibodies, respectively. Primary antibo-
dies were prepared in 5% bovine serum albumin
(BSA) with the following dilutions: HB9 (1:1000),
Tujl (1:500), CHAT (1:300), and MAP2 (1:1000).
Coverslips were incubated with the primary anti-
bodies for 1 hour at room temperature (RT),
washed with PBS containing 0.05% Tween 20,
and incubated with the following secondary anti-
bodies: anti-rabbit Alexa 594 (Invitrogen
#A-21207) for MNX1/HB9, anti-mouse Alexa 488
(Invitrogen # A-11001) for TuJl, anti-goat Alexa
488 (Abcam # abl150129) for CHAT, and anti-
mouse Alexa 546 (Invitrogen # A-11003) for
MAP2, at a 1:1000 dilution for 1 hour in the
dark at RT. Coverslips were mounted using
Fluoroshield (Sigma) and analyzed by fluorescence
microscopy. Photomicrographs were captured
with a Leica SP8 DMi8 fluorescence microscope
equipped with a 63x oil-immersion objective.
Fluorescence images were acquired using a Leica
DFC340 FX digital camera and processed with
Leica Advanced Fluorescence software. Image ana-
lysis (quantification and merging) was performed
with the open-source software Image]. The fluor-
escence intensity of each cell was quantified as
Ifiuorescence = integrated density - (area x mean
background fluorescence).

Electrophysiological recordings

Electrophysiological recordings of action potentials
(APs) were performed from day 5 in vitro (DIV 5)
to DIV 15, while whole-cell current recordings were
conducted at DIV 10. Recordings were carried out
using a HEKA-10 amplifier controlled by



Patchmaster software v90.2 (HEKA Electronics,
Germany). Patch pipettes with a resistance of
2.3-3.0 MQ were used, and only cells with a series
resistance below 5 MQ were included in the analy-
sis. Cell capacitance and series resistance were mon-
itored after membrane rupture and compensated
online by up to 70% using the built-in circuitry of
the EPC-10 amplifier. Linear capacitance and leak
currents were subtracted using the P/4 protocol. All
recordings were performed at room temperature
(22-25 °C).

For AP recordings, the extracellular solution
contained (in mM): 125 NaCl, 3 KCI, 1.2 CaCl,,
1 MgSOs4, 25 NaHCOs, 1.25 NaH,PO,, 10 glucose,
3 myo-inositol, 3 Na-pyruvate, and 0.5 L-ascorbic
acid, adjusted to pH 7.4 with 5% 0,/95% CO,. The
pipette solution contained (in mM): 120
K-gluconate, 20 KCI, 2 MgCl,, 2 Na-ATP, 0.25 Na-
GTP, and 10 hEPES, adjusted to pH 7.4 with
KOH. Recordings were performed in current-
clamp mode using the whole-cell configuration,
with the holding current adjusted to maintain
a resting membrane potential of approximately
-70 mV. Single APs were elicited by 5-ms depo-
larizing current pulses ranging from —60pA to
+300 pA in 20-pA increments. For repetitive firing
analysis, 500-ms depolarizing current pulses were
applied. Input resistance was assessed using
a series of six 250-ms hyperpolarizing current
pulses, starting at 0 pA and decreasing in 25-pA
increments.

For voltage-activated calcium current record-
ings, the extracellular solution contained (in
mM): 140 TEA-Cl, 10 CaCl,, and 10 hEPES,
adjusted to pH 7.4 with CsOH. The pipette solu-
tion contained (in mM): 130 CsCH3SOs3, 10 TEA-
Cl, 5 MgCl,, 10 EGTA, 5 Na-ATP, and 10 hEPES,
adjusted to pH 7.4 with KOH. Recordings of high-
voltage-activated (HVA) calcium currents were
conducted from a holding potential of -80 mV,
while low-voltage-activated (LVA) calcium cur-
rents were recorded from a holding potential of
—-100 mV. The current-voltage (I/V) relationship
for HVA currents was assessed using 150-ms
depolarizing pulses ranging from =70 mV to +60
mV in 10-mV increments. LVA currents were
evaluated using similar pulses ranging from —100
to 0 mV. Specific blockers were used to identify
individual HVA conductances: Nifedipine (10 uM)
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for L-type channels, w-Conotoxin GVIA (2 uM)
for N-type channels, w-Agatoxin IVA (600 nM)
for P/Q-type channels, and SNX-482 (200 nM)
for R-type channels. Stock solutions of blockers
were prepared and diluted to the final concentra-
tions in the external solution immediately before
experiments. The effects of calcium channel block-
ers were assessed by applying 150-ms depolarizing
pulses to the voltage eliciting the maximal current
amplitude.

For voltage-activated sodium current record-
ings, the extracellular solution contained (in
mM): 105 NaCl, 2 CaCl,, 0.5 MgCl,, 10 hEPES,
25 TEA-Cl, and 10 glucose, adjusted to pH 7.4
with NaOH. The pipette solution contained (in
mM): 135 CsCl, 10 EGTA, 1 MgCl,, 3 NaCl, 0.5
CaCl,, 4 Na-ATP, 0.3 Na-GTP, and 10 hEPES,
adjusted to pH 7.4 with CsOH. Recordings were
performed from a holding potential of —100 mV.
The I/V relationship was determined using 20-ms
depolarizing pulses ranging from -70 mV to +50
mV in 10-mV increments. To confirm the TTX
sensitivity of sodium currents, recordings were
repeated in the presence of 1 uM TTX. TTX was
prepared as a 1 mm stock solution and diluted to
the final concentration in the external solution
before use.

For voltage-activated potassium current record-
ings, the extracellular solution contained (in mM):
130 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10 hEPES, and
10 glucose, adjusted to pH 7.4 with NaOH. The
pipette solution contained (in mM): 120
K-gluconate, 20 KCI, 2 MgCl,, 2 Na-ATP, 0.25 Na-
GTP, and 10 hEPES, adjusted to pH 7.4 with
KOH. Recordings were conducted from a holding
potential of -60 mV. The I/V relationship were
measured using 400-ms depolarizing pulses ran-
ging from -40mV to +80mV in 10-mV
increments.

Electrophysiological analysis

Analysis of action potential recordings (input
resistance, single action potential properties,
and repetitive firing) was performed offline
using Easy Electrophysiology software (Easy
Electrophysiology ~ Software LtD, England).
Analysis of ion current was performed offline
by HEKA Fitmaster v2x91(HEKA Electronics,
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Germany), OriginPro 2024b software (OriginLab
Company, USA) and GraphPad Prism (GraphPad
Software Inc., USA). The current-voltage relation-
ship (I/V) curves were fitted with the following mod-
ified Boltzmann Equation (1):

V-V
I(V) = Gmax%
1+ exp—7mp—"

with I(V) being the peak current amplitude at
the command potential V, G, the maximum
conductance, V., the reversal potential, V5
the half-activation potential, and k the slope
factor.

The voltage-dependence of the whole-cell con-
ductance was calculated using the following mod-
ified Boltzmann Equation (2):

Gmax

1+ exp 7(\/0‘2—\/)

G(V) = Gmax
with G(V) being the conductance at the command
potential V.

In part of experiments with calcium current
blockers, the raw recordings were corrected for
run-down  according to  the  following
Equation (3):

Icorrected = Imeasured

(e (o= meon(2)))

with Ioecteq being the corrected current ampli-
tude, I,eqsureq the current amplitude measured
during the experiment, I,,,, the maximal current
amplitude measured at the beginning of the
recording, y, the steady-state current amplitude
to which the current amplitude converged during
run-down, A; the amplitude of the mono-
exponential curve at t+ =0, 7 the time constant
and ¢t the time.

Statistics

Data values are presented as mean+S.E.M for
n measurements. Unpaired Student’s t test (unless
stated otherwise) was carried out to test for statis-
tical significance and data sets were considered
different for p < 0.05.

Results

Confirmation of motor neuron identity in
iPSC-derived cultures

To confirm the motor neuron identity of the
human iPSC-derived cells used for electrophysio-
logical analyses, we performed immunofluores-
cence staining to assess the expression of motor
neuron-specific markers at various developmental
stages in vitro (DIV). The iPSC-derived motor
neurons expressed late-stage precursor markers,
including MNX1/HB9 and Tujl, from DIV 2 to
DIV 15 (Figure 1(a)). The expression of MNX1/
HB9 significantly decreased from DIV 2 to DIV 10
and DIV 15 (Figure 1(b)) indicating differentiation
toward a mature motor neuron phenotype, con-
sistent with previous reports [17]. Additionally,
these cells exhibited expression of mature motor
neuron markers such as CHAT and MAP2 from
DIV 5 to DIV 15 (Figure 1(c,d)), confirming the
maturation of the motor neurons. The co-
expression of these markers across multiple time
points further supports the successful differentia-
tion of the iPSCs into motor neurons. These
results demonstrate that the iPSC-derived cells
undergo appropriate differentiation into both pre-
cursor and mature motor neuron stages, providing
a reliable model for subsequent electrophysiologi-
cal investigations.

Passive membrane properties of iPSC-derived
motor neurons

To evaluate the passive membrane properties of
iPSC-derived motor neurons, we performed patch-
clamp recordings across two time periods: 5-8 days
(DIV 5-8) and 9-15days (DIV 9-15) post-plating.
The resting membrane potential (RMP) was consis-
tent between the two groups (p =0.8796) with an
average of —34.9+ 1.8 mV (n=35) at DIV 5-8 and
—34.5+1.3mV (n=35) at DIV 9-15 (Figure 2(a)).
The input resistance was evaluated by injecting small
hyperpolarizing currents and fitting the resulting lin-
ear subthreshold I/V relationship (Figure 2(b)). The
input resistance values were also comparable between
the two groups (p = 0.7637), with an average of 772.8
+40.7 MQ (n =35) at DIV 5-8 and 754.0 + 46.1 MQ
(n=35) at DIV 9-15 (Figure 2(c)). These results
indicate that the passive membrane properties of
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Figure 1. Immunostaining of iPSC-derived motor neurons for neuronal markers. (a) Confocal images of cryopreserved motor neurons
stained for motor neuron late-stage precursor markers, Tuj1 (green) and MNX1/HB9 (red) at DIV 2 (top panels), DIV 10 (middle
panels), and DIV 14 (bottom panels). (b) Corresponding fluorescence intensity quantification. (c) The cells were also stained for
mature motor neuron markers, CHAT (green) and pan-neuronal maker MAP2 (red) at DIV 5 (top panels), DIV 10 (middle panels), and
DIV 14 (bottom panels). (d) Corresponding fluorescence intensity quantification. Scale applies to both panels. Statistical analysis was
conducted using ANOVA followed by Tukey's multiple comparison test.

the iPSC-derived motor neurons remain stable
throughout the observed culture period. It is worth
noting that recordings were performed daily from
DIV 5 to DIV 15 and day-to-day comparisons with
each group (DIV 5-8 and DIV 9-15) revealed no

significant differences (ANOVA, data not shown).
Altogether, the consistency in resting membrane
potential and input resistance suggests that these
properties are largely maintained as the neurons
develop within this timeframe.
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Figure 2. Passive membrane properties of iPSC-derived motor neurons. (a) Resting membrane potential values at two develop-
mental stages: DIV 5-8 (black circles) and DIV 9-15 (blue circles). (b) Representative voltage traces in response to hyperpolarizing
current injections and corresponding //V relationship used to assess the input resistance. (c) Corresponding input resistance values of

iPSC-derived motor neurons.

Single action potential properties of iPSC-derived
motor neurons

We next investigated the action potential prop-
erties of iPSC-derived motor neurons. Single
action potentials were evoked using brief 5-ms
depolarizing current injections of 280 pA, as this
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condition produced the highest proportion of
neurons with well-isolated, fully developed
action potentials (Figure 3(a)). A significant dif-
ference (p<0.0001) of the action potential
threshold was observed between the two groups.
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Figure 3. Single action potential analysis of iPSC-derived motor neurons. (a) Representative voltage traces of single action potentials
recorded at two developmental stages: DIV 5-8 (black circles) and DIV 9-15 (blue circles). Actions potentials were elicited by 5-ms
depolarizing current pulses of 280 pA, applied from a holding current adjusted to maintain a resting membrane potential of
approximately —70 mV. Corresponding (b) Threshold potential values, (c) Peak amplitude values, (d) Rise time values, (e) Spike time

values, (f) Half-width values, and (g) Decay time values.



potential threshold of —-19.0+0.9mV (n=28),
whereas neurons at DIV 9-15 displayed
a significantly lower threshold at -27.0+1.3
mV (n=35) (Figure 3(b)). We also observed
small but significant differences in the rise time
and half-width of action potentials between the
two groups. Neurons at DIV 9-15 exhibited
a faster (p=0.0092) rise time (0.95+0.03 ms, n
=35) compared to DIV 5-8 neurons (1.06+*
0.03ms, n=28) (Figure 3(d)). Similarly, the
half-width of action potentials was shorter (p =
0.0043) in DIV 9-15 neurons (1.97 +0.08 ms, n
=35) compared to DIV 5-8 neurons (2.31+
0.08 ms, n=28) (Figure 3(f)). In contrast, no
significant differences were detected in the
peak amplitude (41.1 +2.3 mV at DIV 5-8 ver-
sus 40.7+1.6mV at DIV 9-15, Figure 3(c)),
spike time (9.5+0.1 ms at DIV 5-8 versus 9.5
+0.2ms at DIV 9-15, Figure 3(e)), and decay
time (2.00+0.02ms at DIV 5-8 versus 2.00 +
0.02ms at DIV 9-15, Figure 3(g)). These find-
ings suggest that while neurons undergo modest
maturation-related changes in certain para-
meters, such as threshold, rise time, and half-
width, other properties, including action poten-
tial amplitude and decay dynamics, remain
stable during the examined culture period.
Collectively, these results indicate that iPSC-
derived motor neurons exhibit limited matura-
tion in action potential kinetics from 5 to 15
days post-plating.

Repetitive firing properties of iPSC-derived motor
neurons

We next investigated the excitability of iPSC-
derived motor neurons in response to sustained
membrane depolarization. Action potentials were
evoked using 500-ms depolarizing current injec-
tions of 20 pA, as this condition produced the
highest number of action potentials during the
depolarizing step. Only fully fledged action poten-
tials that exceeded a rise rate above 15mV/ms
(assessed from phase plots) were included in our
analysis. Our results revealed a significant trend
toward increased neuronal firing from DIV 5-8 to
DIV 9-15 (Chi-square test, p < 0.0001). Indeed, the
neurons displayed four distinct firing patterns:
non-firing neurons, which accounted for 59% of
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cells at DIV 5-8 and 22% at DIV 9-15; neurons
eliciting a single action potential, representing 30%
of cells at DIV 5-8 and 48% at DIV 9-15; neurons
generating 2-3 action potentials, which comprised
8% of cells at DIV 5-8 and 22% at DIV 9-15; and
neurons firing 4-9 action potentials, which
accounted for 3% of cells at DIV 5-8 and 8% at
DIV 9-15 (Figure 4(a—c)). The shift in firing pat-
terns over time suggests a maturation of electro-
physiological properties as the neurons develop in
culture. However, due to the low proportion of
neurons firing 4-9 action potentials, we were
unable to reliably extract additional metrics such
as interspike intervals or perform more detailed
analyses of action potential properties within this
subset. Overall, these results highlight both the
developmental progression and variability in the
repetitive firing behavior of iPSC-derived motor
neurons during the assessed culture period.

Voltage-gated ion channels in iPSC-derived
motor neurons

To further characterize the -electrophysiological
properties of iPSC-derived motor neurons, we con-
ducted voltage-clamp recordings to assess the pre-
sence and functionality of voltage-gated calcium,
sodium, and potassium channels. Recordings were
performed at DIV 10, at a time point were the cells
exhibited the highest level of electrophysiological
maturation and optimal health. Whole-cell patch
clamp recordings revealed robust high-voltage-
activated (HVA) calcium currents (Figure 5(a,b))
and comparatively smaller low-voltage-activated
(LVA) T-type calcium currents (Figure 5(c,d)). The
maximal macroscopic conductance for HVA cal-
cium currents was 0.59 = 0.06 nS/pF (n = 30), com-
pared to 0.03 + 0.01 nS/pF (n = 10) for LVA calcium
currents (Figure 5(e)). The mean half-activation
potential of HVA currents was+7.8+1.2mV (n=
30), while LVA calcium currents exhibited a more
hyperpolarized voltage dependence with a half-
activation potential of -28.6+13mV (n=10)
(Figure 5(f,g)). These findings are consistent with
the expected voltage dependence of HVA and LVA
channels, respectively. To further dissect the contri-
butions of various HVA channel subtypes to the total
HVA current, we conducted a pharmacological ana-
lysis using selective blockers for specific HVA
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Figure 4. Repetitive firing analysis of iPSC-derived motor neurons. A Representative voltage traces recorded from iPSC-derived motor
neurons at development stage DIV 5-8 (left panels), elicited by 500-ms depolarizing current pulses of 20 pA. The holding current
adjusted to maintain a resting membrane potential was approximately —70 mV. The traces demonstrate different firing patterns: 1
AP (purple), 2-3 APs (orange), and > 4 APs (brown). Corresponding phase plots are shown in the right panels. B same as (A), but for
iPSC-derived motor neurons at development stage DIV 9-15. C corresponding percentage of cells exhibiting different firing patterns:
no response (black), 1 AP (purple), 2-3 APs (orange), and >4 APs (brown).

calcium channels. Application of nifedipine (L-type
current), w-Conotoxin GVIA (N-type current), w-
Agatoxin IVA (P/Q-type current), and SNX-482
(R-type current) reduced the total HVA calcium
current by 36%, 29%, 15%, and 20% respectively
(Figure 5(h,i)). Next, we assessed voltage-gated
sodium currents. We observed robust voltage-

activated sodium currents that were partially blocked
by 1mm TTX (Figure 6(a,b)). For instance, TTX
reduced the maximal conductance by 65% (paired
Student’s t test, p < 0.0001) from 0.60 + 0.06 nS/pF to
0.21 +0.03 nS/pF (n =15) (Figure 6(c)). The partial
block observed with TTX suggests that iPSC-derived
motor neurons express both TTX-sensitive and
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Figure 5. Voltage-activated calcium current analysis of iPSC-derived motor neurons. A Representative high-voltage activated (HVA)
calcium current traces recorded from iPSC-derived motor neurons at DIV 10. Currents were elicited by 150-ms depolarizing steps
ranging from —70 mV to +60 mV, applied from a holding potential of —80 mV. B corresponding mean 1/V relationship for HVA
calcium currents. C Representative voltage-activated calcium current traces recorded in the presence of a cocktail of HVA channel
blockers (2 uM w-conotoxin GVIA, 600 nM w-agatoxin IVA, 200 nM SNX-482, and 10 uM nifedipine) to isolate low-voltage-activated
(LVA, T-type) calcium currents. Currents were recorded from a holding membrane potential of —100 mV. A representative LVA
current trace recorded at —30 mV is shown in blue. D corresponding mean I/V relationship for LVA currents (blue). Grey dots
correspond to the remaining HVA conductance that was not fully blocked by the cocktail of HVA channel inhibitors. E mean maximal
macroscopic conductance values (Gpa,) for HVA (black circles) and LVA (blue circles) currents, obtained by fitting the I/V curves with
a modified Boltzmann equation (eq. 1). F mean normalized voltage-dependence of activation for HVA and LVA currents. G mean
half-activation potential values obtained from the activation curve fits using a modified Boltzmann equation (eq. 2).
H Representative time course of HVA calcium current amplitude in response to sequential application of various HVA channel
blockers. The inset shows representative HVA calcium current traces in response to the various blockers. | mean maximal inhibition
of HVA calcium currents by each blocker.

TTX-insensitive voltage-activated sodium chan-  developing potential novel therapeutics. In this
nels. This finding is consistent with previous stu-  study, we characterized the electrophysiological
dies that have reported the presence of Na,1.3 and  properties of commercially available iPSC-derived
Na,1.6 channels in human spinal motor neurons  motor neurons to evaluate their maturation and
[18,19]. Additionally, we confirmed the functional = functional relevance. Our findings highlight their

expression of voltage-activated potassium chan-  potential while also identifying areas for further
nels (Figure 6 (d,e)). While we did not identify = optimization.
the exact molecular composition of these channels, The iPSC-derived motor neurons expressed key

our findings align with previous studies in human  protein biomarkers such as MNX1/HB9, Tujl,
spinal motor neurons, which reported mRNA  CHAT, and MAP2 which are essential for con-
expression of KCNQ2, KCNAI, and KCNA2, firming their identity as motor neurons [21].
encoding K,7.2, K,1.1, and K,1.2 channels, respec- =~ Moreover, these markers indicate that the cells
tively [20]. are on a development trajectory consistent with
mature motor neurons. However, additional ana-
lysis of the expression of other motor neuron
specific markers such as SMI-32 [22], combined
Human induced pluripotent stem cell (iPSC)-  with more advanced morphological assessments
derived motor neurons represent a valuable tool  [23] could provide a more comprehensive picture
for investigating disease mechanisms and  of their level of maturity.

Discussion
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Figure 6. Voltage-activated sodium and potassium current analysis of iPSC-derived motor neurons. A Representative voltage-
activated sodium current traces recorded from iPSC-derived motor neurons at DIV 10. Currents were elicited by 20-ms depolarizing
steps ranging from —70 mV to +50 mV, applied from a holding potential of —100 mV. Traces are shown before (black) and after
(blue) application of T mm TTX. B corresponding mean I/V relationships for sodium currents, with and without TTX. C corresponding
mean maximal macroscopic conductance values (G,,q) for Nav currents before (black circles) and after TTX application.
D Representative voltage-activated potassium current traces recorded from iPSC-derived motor neurons at DIV 10. Currents were
elicited by 400-ms depolarizing steps ranging from —40 mV to +80 mV, applied from a holding membrane potential of —60 mV.

E corresponding mean I/V relationship for potassium currents.

Electrophysiological recordings revealed some
limitations in the passive membrane properties of
these neurons. The input resistance of the iPSC-
derived motor neurons was significantly higher
than that reported for primary motor neurons
[24,25]. However, similar findings were reported
in mouse neonatal sympathetic preganglionic
neurons where the input resistance ranged from
260 MQ to 2600 mQ with an average of 1140 MQ
[26]. In this study, a high input resistance was
associated with lower repetitive firing frequencies
which appears to be consistent with our findings
on motor neurons where repetitive firing was not
pronounced. This observation suggests that these
neurons may not have fully matured electrically,
as the input resistance typically decreases during
development. Additionally, the resting membrane
potential (RMP) was more depolarized than
expected for mature motor neurons [27], which
could further indicate a degree of immaturity.

While an increase in firing rates from DIV 5-8 to
DIV 9-15 suggests continued maturation, the cul-
tures showed signs of deterioration after DIV 12.
For instance, we observed an increase in dying cells,
a reduced number of neurites, and signs of plasma
membrane damage. Electrophysiologically, the cells
were challenging to seal, exhibited increased leak
current, and showed unstable recordings. This
observation aligns with the manufacturer’s recom-
mendation to use these neurons only up to DIV 10.
Extending the culture period to achieve greater
maturation, as seen in other studies using iPSC-
derived motor neurons, was not feasible under the
provided conditions. This limitation highlights the
need to refine the current protocols and media to
support longer-term cultures as achieved in pre-
vious studies [28-30]. Nonetheless, the firing pat-
terns observed in our study were consistent with
those reported for other iPSC-derived motor neu-
ron models, including those cultured in motor



neuron-specific or co-culture media [29-31]. This
similarity suggests that the -electrophysiological
properties of these commercially available neurons
are comparable to more established systems, offer-
ing a convenient alternative for research. We note
that our study was conducted across three batches
of iPSCs, with no noticeable differences between
them. This consistency is expected, as all three
batches originated from the same initial preparation
and were cultured under identical conditions.
However, the limited availability of data on the
electrophysiological properties of other commer-
cially available iPSC-derived motor neurons makes
direct comparisons challenging. Of the few studies
that have assessed such neurons, detailed patch-
clamp data remain sparse, underscoring the need
for further characterization.

The presence of high-voltage-activated calcium
currents including L-type, N-type, P/Q-type and
R-type channels was confirmed and consistent with
previous studies [32]. Moreover, we observed the pre-
sence of small low-voltage-activated T-type currents.
While these currents were comparatively very small
compared to HVA calcium currents, it is interesting to
note that previous studies have suggested their impli-
cation in the development of rare cases of ALS [33,34].
Finally, we confirmed the presence of voltage-
activated potassium currents, as well as the presence
of both TTX-sensitive and TTX-insensitive voltage-
gated sodium channels. TTX-sensitive sodium chan-
nels are typically associated with fast, transient sodium
currents that contribute to the upstroke of action
potentials, while TTX-insensitive channels, such as
Na,1.5, Na,1.8, or Na,1.9, are less common in motor
neurons but may play a role in sustained excitability or
specialized signaling functions [16].

While this study provides valuable insights, addi-
tional validation is necessary to fully realize the poten-
tial of these neurons. Co-culture systems
incorporating astrocytes and muscle fibers should be
explored to promote full maturation and functional
integration [2,28,29,35]. Furthermore, extending the
culture period under optimized conditions could
enable these neurons to achieve electrophysiological
properties more comparable to primary motor neu-
rons or other mature iPSC-derived motor neuron
models. Another avenue for future research involves
assessing synaptic connectivity and network activity,
which are critical for modeling motor neuron function

CHANNELS 11

in vivo. Investigating how these neurons respond to
disease-specific conditions or pharmacological inter-
ventions could also provide insights into their utility in
drug discovery and therapeutic development.

In conclusion, this study highlights the electro-
physiological potential of commercially available
iPSC-derived motor neurons as a promising plat-
form for modeling motor neuron function and
disease states. These neurons exhibit several hall-
mark features of motor neuron physiology, includ-
ing the expression of key ion channels and
maturation-associated changes in excitability.
However, limitations in culture longevity and full
maturation underscore the need for protocol
refinement and co-culture strategies. With further
validation and optimization, these neurons could
provide a valuable resource for bypassing tradi-
tional differentiation protocols, accelerating drug
discovery, and advancing our understanding of
motor neuron disorders.
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