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Abstract 

Background  Although peripheral administration of pregnenolone sulfate (PS) has been reported to produce 
pronociceptive effects, the mechanisms by which PS modulates the excitability of nociceptive neurons are poorly 
understood. Here, we report on the excitatory role of PS in peripheral nociceptive neurons, focusing on its effects 
on tetrodotoxin-resistant (TTX-R) Na+ channels.

Methods  TTX-R Na+ current (INa) mediated by NaV1.8 was recorded from acutely isolated small-sized dural afferent 
neurons of rats, identified with the retrograde fluorescent dye DiI, using a whole-cell patch-clamp technique.

Results  Transcripts for enzymes and transporters involved in PS biosynthesis were detected in the ophthalmic 
branch of the trigeminal ganglia. In voltage-clamp mode, PS preferentially potentiated the TTX-R persistent INa, 
a small non-inactivating current during sustained depolarization. PS shifted the voltage-inactivation relationship 
toward a depolarizing range. PS also delayed the onset of inactivation and accelerated the recovery from inactivation 
of TTX-R Na+ channels. Additionally, PS decreased the extent of use-dependent inhibition of TTX-R Na+ channels. In 
current-clamp mode, PS hyperpolarized dural afferent neurons by increasing the leak K+ conductance. Nevertheless, 
PS decreased the rheobase current—the minimum current required to generate action potentials—and increased 
the number of action potentials elicited by depolarizing current stimuli.

Conclusion  We have shown that the excitatory neurosteroid PS preferentially potentiates TTX-R persistent INa 
and reduces the inactivation of TTX-R Na+ channels, resulting in increased excitability of dural afferent neurons. The 
potential role of endogenous PS in migraine pathology warrants further investigation.

Introduction
Neurosteroids are endogenous steroid-related substances 
that affect neuronal functions by modulating various 
receptors and ion channels [1]. They are either synthe-
sized directly within the central and peripheral nerv-
ous systems or transported to nervous tissues through 
the bloodstream after synthesis in endocrine glands [1]. 
Neurosteroids are largely classified into inhibitory—
such as allopregnanolone and tetrahydrodeoxycorticos-
terone—and excitatory, including pregnenolone sulfate 
(PS), dehydroepiandrosterone (DHEA), and DHEA sul-
fate (DHEAS) [2, 3]. Of these, PS has been implicated 
in several pathological conditions related to excessive 
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neuronal excitability, including epilepsy [4], because it 
exerts excitatory effects in central neurons via inhibi-
tion of inhibitory GABAA receptors [5, 6], potentiation 
of excitatory NMDA receptors [7, 8], and enhancement 
of glutamatergic synaptic transmission [9–11]. PS is also 
closely involved in nociceptive transmission in peripheral 
tissues. For example, the intradermal application of PS 
stimulates nociceptor endings to elicit nociceptive flexor 
responses in mice via activation of σ1 receptors [12]. 
Additionally, intraplantar injection of PS into the skin 
of the hind paw evokes nocifensive responses by activat-
ing transient receptor potential melastatin 3 (TRPM3), a 
non-selective cation channel [13]. Furthermore, PS, via 
activation of TRPM3, increases the release of calcitonin 
gene-related peptide, which is a key molecule involved in 
migraine pathology through the induction of neurogenic 
inflammation in the trigeminovascular system of the dura 
mater [14–16].

Of the nine subtypes of voltage-gated Na+ channels 
(NaV1.1 to NaV1.9), the tetrodotoxin (TTX)-sensitive 
NaV1.7 and TTX-resistant (TTX-R) NaV1.8 and NaV1.9 
are specifically expressed in nociceptive sensory neurons 
[17]. In particular, NaV1.8 has been implicated in inflam-
matory hyperalgesia [18], since the representative inflam-
matory mediator prostaglandin E2 sensitizes nociceptive 
neurons by potentiating NaV1.8-mediated current [19, 
20]. NaV1.8 and the persistent Na+ current (INaP), which 
is the non-inactivating current during sustained mem-
brane depolarization, mediated by this channel subtype 
have been suggested as potential pharmacological targets 
for treating migraine headaches because (1) both pro-
pranolol, a β-blocker, and amitriptyline, a non-selective 
serotonin and norepinephrine reuptake inhibitor, which 
are frequently used for migraine prevention, preferen-
tially inhibit TTX-R INaP [21, 22], and (2) the density of 
TTX-R INaP is increased in dural afferent neurons treated 
with a mixture of inflammatory mediators [23]. Further-
more, a recent study has shown that the selective INaP 
inhibitor GS-967 reduces pain behavior in an animal 
model of migraine headache [24].

In the present study, we explored a possible relation-
ship between migraine pathology and neurosteroids by 
examining the modulation of TTX-R Na+ channels by 
neurosteroids. Key enzymes involved in steroidogenesis 
are expressed in various tissues involved in nociceptive 
signal transduction [25–27], suggesting that locally gen-
erated neurosteroids may affect the excitability of central 
as well as peripheral neurons. To the best of our knowl-
edge, this is the first study showing that the neurosteroid 
PS positively modulates TTX-R Na+ channels, particu-
larly TTX-R INaP, to increase the excitability of dural 

afferent neurons identified with the retrograde fluores-
cent dye DiI.

Materials and methods
Preparation
All experiments were conducted in accordance with ani-
mal protocols approved by the Animal Care Committee 
of Kyungpook National University (Approval No. KNU-
2023-0212). Animal studies are reported in compliance 
with the ARRIVE guidelines [28], and every effort was 
made to minimize both the number of animals used and 
their suffering.

Neurons within the trigeminal ganglia (TG) innervat-
ing the dura were identified after application of the retro-
grade tracer DiI to the dura, as previously described [29, 
30]. Briefly, male Sprague–Dawley rats (3–4 weeks old; 
Samtako, Osan, Republic of Korea) were intraperitoneally 
anesthetized with a mixture of ketamine (20 mg/kg) and 
xylazine (10 mg/kg). The cranial bone overlying the supe-
rior sagittal sinus was gently removed using a dental drill 
in a careful craniotomy procedure, exposing the dura. 
Ten microliters of DiI solution—prepared by diluting 
100 mg/mL DiI in DMSO (dimethyl sulfoxide) 1:10 (v/v) 
with saline—was applied to the dura. One minute after 
applying the DiI solution, dental resin was placed on the 
exposed dura to replace the removed cranial bone. The 
incision was closed with sutures, and the rats received 
intramuscular injections of penicillin G (100,000 U/kg) 
and naproxen (10 mg/kg) to reduce postoperative infec-
tion and pain. At 7–10 days after the DiI application, the 
rats were decapitated under ketamine anesthesia (50 mg/
kg, intraperitoneally). Pairs of ophthalmic branch of the 
TG were dissected and treated with a standard external 
solution [in mM: 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 
glucose, and 10 HEPES (pH 7.4 with Tris-base)] con-
taining 0.3% collagenase (type I) and 0.3% trypsin (type 
I) for 40–60 min at 37 °C. Thereafter, TG neurons were 
mechanically dissociated using trituration with fire-pol-
ished Pasteur pipettes in a culture dish (Primaria 3801; 
Becton Dickinson, Rutherford, NJ, USA). The isolated 
neurons were used for electrophysiological recordings 
2–6 h after preparation.

Electrical measurements
All electrical measurements were performed using con-
ventional whole-cell patch-clamp recordings and a stand-
ard patch-clamp amplifier (MultiClamp 700B; Molecular 
Devices, Union City, CA, USA). Neurons were voltage-
clamped at a holding potential of − 80 mV, except where 
indicated. Patch pipettes were made from borosilicate 
capillary glass (G-1.5; Narishige, Tokyo, Japan) using a 
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pipette puller (P-97; Sutter Instrument Co., Novato, CA, 
USA). The resistance of the recording pipettes filled with 
the internal solution was 0.7–1.0 MΩ. Membrane poten-
tials were corrected for the liquid junction potential, and 
pipette capacitance and series resistance (40–80%) were 
compensated. DiI-positive TG neurons were viewed under 
phase contrast or fluorescence on an inverted microscope 
(Ti; Nikon, Tokyo, Japan). Membrane currents were fil-
tered at 3–10 kHz, digitized at 20–50 kHz (except where 
indicated), and stored on a computer equipped with 
pCLAMP software (version 10.7, Molecular Devices).

In voltage-clamp experiments, TTX-R Na+ current 
(INa) was isolated using a bath solution composed of the 
following (in mM): 130 NaCl, 20 tetraethylammonium-
Cl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 0.0003 TTX, 
and 0.1 CdCl2 (pH 7.4 with Tris-base). The pipette solu-
tion contained (in mM): 140 CsF, 10 CsCl, 2 EGTA, 2 
ATP-Na2, and 10 HEPES (pH 7.2 with Tris-base). To 
record voltage-gated K+ current (IK), the bath solution 
contained (in mM): 150 N-methyl-D-glucamine-Cl, 20 
CsCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 0.0003 
TTX, and 0.1 CdCl2 (pH 7.4 with Tris-base), and the 
pipette solution contained (in mM): 153 KCl, 2 CaCl2, 
1 MgCl2, 10 HEPES, and 10 glucose (pH 7.2 with Tris-
base). Capacitance and leak currents were subtracted 
using the P/4 subtraction protocol (pCLAMP 10.7) to 
record TTX-R INa and voltage-gated IK. In current-clamp 
experiments, the bath solution was composed of (in 
mM): 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 
glucose, and 0.0003 TTX (pH 7.4 with Tris-base), except 
where indicated, and the pipette solution contained 

(in mM): 140 KF, 10 KCl, 2 EGTA, 2 ATP-Na2, and 10 
HEPES (pH 7.2 with Tris-base).

RT‑PCR
Sprague–Dawley rats (4 weeks old) were decapitated 
under ketamine anesthesia (100 mg/kg, i.p.), and the 
ophthalmic branch of TG, liver, testis, and adrenal 
gland were dissected. The tissues were homogenized 
using a Taco™Prep Bead Beater (GeneReach Biotech-
nology Corp., Taipei, Taiwan). Total RNA was extracted 
from these tissues using Takara MiniBEST Universal 
RNA Extraction Kit (Takara, Tokyo, Japan) and reverse 

transcription (RT) was performed by RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). Subsequently, PCR was performed 
using the obtained cDNA samples in a PCR thermal 
cycler (TP350; Takara). The primers used for PCR were 
as follows: P450scc (164 bp); 5’-gcacacaacttgaaggtacag-
gag-3’/ 5’-tacctctgcaaggtcacagagatg-3’, P450c17 (136 bp); 
5’-gtcgtcaatctctgggcact-3’/ 5’-cagctccgaagggcaagtaa-3’, 
3β-HSD (176 bp); 5’-tctggatgcccagtacctga-3’/ 5/’-agatgaa-
ggctggcacactg-3’, SULT2A1 (168 bp); 5’-aaggaccacgact-
catgacc-3’/ 5’-ccagtgagtctggcttcttca-3’, SULT2B1 (130 bp); 
5’-cacctaccccaaatcaggca-3’/ 5’-acttatggtggtctcgcacc-3’ 
STS (187 bp); 5’-ctatggcaaccgcacactca-3’/ 5’-tgccgagaaca-
ggaatacacc-3’, OTS-α (181 bp); 5’-attacagcatctcccctgcc-3’/ 
5’-ttcttgatggggcaaagggt-3’, TSPO (192 bp); 5’-ggaggc-
tatggttcccttg-3’/ 5’-taaggatacagcaagcgggc-3’. The PCR 
products were visualized on a 1.5% agarose gel, to which 
RedSafeTM Nucleic Acid Staining Solution had been 
added, and the gels subsequently photographed.

Data analysis
In voltage-clamp experiments, the peak amplitude of 
transient TTX-R INa was measured by subtracting the 
baseline from the peak amplitude using Clampfit soft-
ware (version 10.7, Molecular Devices). The amplitude 
of the steady-state component of transient TTX-R INa 
was measured by subtracting the baseline from the mean 
amplitude at 90–95 ms. The decay phase of TTX-R INa 
was best fitted to a triple exponential function using the 
following equation:

where I(t) is the amplitude of TTX-R INa at time t, 
and Afast, Aintermediate, and Aslow are the amplitude frac-
tion of fast, intermediate, and slow time constants (τfast, 
τintermediate, and τslow), respectively. To investigate the volt-
age-activation relationship, the amplitude of TTX-R INa 
was transformed into conductance (G) using the follow-
ing equation:

where ENa is the Na+ equilibrium potential calculated 
using the Nernst equation. The voltage–activation and 
voltage–inactivation relationships of TTX-R Na+ chan-
nels were fitted to Boltzmann equations:

I(t) = A0 + Afast × [1 − exp(−t/τfast)] + Aintermediate × [1− exp(−t/τintermediate)] + Aslow × [1 − exp(−t/τslow)],

G = I/(V-ENa),

G/Gmax = 1/ 1+ exp [(V50,activation − V)/k] and I/Imax = 1−1/ 1 + exp [(V50,inactivation − V)/k] ,
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where Gmax and Imax are the maximum conductance 
and current amplitude, respectively; V50,activation and 
V50,inactivation are the half-maximal voltages for activa-
tion and fast inactivation, respectively; and k is the slope 
factor. 

The kinetic data for the development of inactivation 
were best fitted to a double exponential function:

where R(t) is the amplitude ratio of two TTX-R INa at 
time t, and Afast and Aslow are the amplitude fractions of 
τfast and τslow, respectively. The kinetic data for the recov-
ery from inactivation were best fitted to a triple exponen-
tial function using the following equation:

where R(t) is the amplitude ratio of two TTX-R INa at 
time t, and Afast, Aintermediate, and Aslow are the amplitude 
fraction of τfast, τintermediate, and τslow, respectively. The 
weighted time constants (τweighted) for inactivation and 
recovery kinetics were calculated using:

or

In current-clamp experiments, the rheobase current—
the minimal threshold current to trigger action poten-
tials in patched neurons—was determined by successive 
depolarizing current stimuli (10 pA increments, 500 ms 
duration). The number of action potentials elicited by 
four successive depolarizing current stimuli [multiples of 
the threshold (T) current (1T to 4T), 1 s duration] was 
counted in the absence and presence of PS or DHEA. 
Numerical values are provided as the mean ± standard 
error of the mean (SEM) using values normalized to the 
control. Significant differences in the mean amplitudes 
were tested using Student’s paired two-tailed t-test or 
ANOVA with absolute values rather than normalized val-
ues. The statistical test method is defined in the relevant 
figure legends. Values of p < 0.05 were considered statisti-
cally significant.

R(t) = A0+Afast×[1− exp (−t/τfast)]+Aintermediate×[1− exp(−t/τintermediate)]+Aslow×[1− exp(−t/τslow)],

R(t) = A0 + Afast × [exp(−t/τfast)]+ Aslow × [exp(−t/τslow)],

R(t) = A0+Afast×[1− exp (−t/τfast)]+Aintermediate×[1− exp(−t/τintermediate)]+Aslow×[1− exp(−t/τslow)],

τweighted = [(τfast × Afast)+ (τintermediate × Aintermediate)+ (τslow × Aslow)]/(Afast + Aintermediate + Aslow)

[(τfast × Afast) + (τslow × Aslow)] / (Afast × Aslow).

Drugs
The following drugs were used in this study: preg-
nenolone, PS, DHEA, DHEAS, riluzole, collagenase, 
trypsin, TTX, ononetin, BD-1047, γ-cyclodextrin (γ-CD), 
capsaicin (Sigma, St. Louis, MO, USA); A-1899 (Tocris, 

Bristol, England); apamin (MedChemExpress, Mon-
mouth Junction, NJ, USA). All extracellular solutions 
were applied using the ‘Y-tube system’ for rapid solution 
exchange [31]. Neurosteroids were dissolved in dimethyl 
sulfoxide (DMSO) to give a stock solution of 10 to 300 
mM, and the final concentration of DMSO applied to the 
external solution was ≤ 0.1% v/v. Application of DMSO 
alone (0.1% v/v) had no effect of TTX-R INa (data not 
shown). It was noted that neurosteroids used in this study 
have limited solubility in aqueous solutions. For example, 
pregnenolone, PS, DHEA, and DHEAS were insoluble at 

final concentrations of ≥ 100 µM, ≥ 1 mM, ≥ 300 µM, and 
≥ 1 mM, respectively. Since the primary focus of the pre-
sent study was to investigate how PS affects TTX-R Na+ 
channels and neuronal excitability, PS was used at con-
centrations between 10 and 100 µM in most experiments. 

This concentration range was chosen based on estimates 
of endogenous PS concentrations found in hippocampal 
tissue [32].

Results
Expression of enzymes involved in the neurosteroid 
synthesis in dural afferent neurons
In the neurosteroidergic pathway, cholesterol is 
firstly metabolized into pregnenolone by the enzyme 
cytochrome P450 side-chain cleavage (P450scc). Preg-
nenolone is further metabolized into DHEA and pro-
gesterone by steroid 17α-hydroxylase (P450c17) and 
3β-hydroxysteroid dehydrogenase (3β-HSD), respectively 
(Fig.  1A). Pregnenolone and DHEA are further sulfated 
by sulfotransferases (SULTs), such as the SULT2A1 and 
SULT2B1 subtypes (Fig.  1A). Before investigating the 
effects of neurosteroids on TTX-R Na+ channels, we 
examined whether key enzymes involved in the neuro-
steroidergic pathway are expressed within the ophthal-
mic branch of the TG using an RT-PCR analysis. We 
found that all the enzymes involved in the synthesis of 
PS, DHEA, and DHEAS—such as P450scc, P450c17, and 
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SULT2B1—were detected in the ophthalmic region of the 
TG, except for 3β-HSD and SULT2A1 (Fig.  1B). Tran-
scripts for 3β-HSD and SULT2A1 were clearly detected 
in the adrenal gland and liver, respectively (Fig. S1). The 
transcript for steroid sulfatase (STS), which hydrolyzes 
PS and DHEAS to pregnenolone and DHEA, respectively, 
was also detected (Fig. 1B). These results suggest that PS, 
DHEA, and DHEAS can be locally synthesized within 
the ophthalmic branch of the TG. Additionally, both the 
translocator protein (18 kDa), which is involved in the 
translocation of cholesterol from the plasma membrane 
into mitochondria [33], and organic solute transporter-α, 
a subunit involved in the transport of hydrophilic sul-
fated neurosteroids across the plasma membrane [34], 
were detected in the ophthalmic branch of TG (Fig. 1B).

Effect of PS on TTX‑R INa in dural afferent neurons
In small-sized DiI-positive neurons (20–30 μm in diam-
eter; Fig. S2A), the NaV1.8-mediated TTX-R INa was 
recorded at a holding potential of − 80 mV using volt-
age step stimulation (up to − 10 mV, 100 ms duration, 
every 5 s) in the presence of both 300 nM TTX and 100 
µM Cd2+ (Fig. S2B). To ensure complete rundown of 
the NaV1.9-mediated current, all recordings were made 

at least 5 min after establishing whole-cell configura-
tion using the F−-based internal solution [35]. In 33 of 
35 small-sized DiI-positive neurons exhibiting TTX-R 
INa, capsaicin (500 nM), a transient receptor potential 
vanilloid 1 (TRPV1) agonist, induced an inward current 
(943.9 ± 101.2 pA, n = 33; Fig. S2C). As TRPV1 is consid-
ered as a representative marker for C-type neurons [36], 
most of the small-sized DiI-positive neurons used in the 
present study belong to C-type nociceptive neurons, as 
shown in our previous study [30].

Under these conditions, we examined the effects of 
various neurosteroids on the transient and persistent 
components of TTX-R INa (INaT and INaP, respectively; 
Fig.  2A). The most effective neurosteroids altering the 
TTX-R INa were PS and DHEA, where PS (100 µM) sig-
nificantly increased the amplitudes of TTX-R INaT and 
INaP (INaT: 112.5 ± 3.0% of the control, n = 8, p < 0.01, 
and INaP: 129.4 ± 4.3% of the control, n = 8, p < 0.01; 
Fig.  2B, C). The effect of PS on TTX-R INaT and INaP 
was concentration-dependent; even at a concentration 
of 10 µM, PS significantly increased the amplitudes 
of TTX-R INaT and INaP (INaT: 102.2 ± 0.8% of the con-
trol, n = 8, p < 0.01; and INaP: 105.2 ± 1.4% of the con-
trol, n = 8, p < 0.01; Fig. 2D). The decay phase of TTX-R 

Fig. 1  Expression of enzymes involved in the biosynthesis of neurosteroids in the trigeminal ganglia. A, Neurosteroidogenic pathway 
illustrating the biosynthesis of pregnenolone, pregnenolone sulfate (PS), dehydroepiandrosterone (DHEA), and DHEA sulfate (DHEAS). 
P450scc, cytochrome P450 side-chain cleavage; SULT, sulfotransferase; STS, steroid sulfatase; P450c17, steroid 17α-hydroxylase; 3β-HSD, 
3β-hydroxysteroid dehydrogenase. B, Expression of enzymes involved in the biosynthesis and membrane transport of PS. Total RNA was extracted 
from the ophthalmic branch of the trigeminal ganglion, and RT-PCR was performed. Transcripts for P450scc, P450c17, SULT2B1, and STS were clearly 
detected, whereas those for 3β-hydroxysteroid dehydrogenase and SULT2A1 were not detected. Transcripts for organic solute transporter-α (OST-α), 
a subunit involved in the transport of hydrophilic sulfated neurosteroids across the plasma membrane, and translocator protein (18 kDa; TSPO), 
which is involved in the translocation of cholesterol from the plasma membrane into mitochondria, were also detected in the ophthalmic branch 
of the trigeminal ganglion
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INa was well fitted to a triple exponential function. We 
examined the resultant three kinetic parameters—
fast (τfast), intermediate (τintermediate), and slow (τslow) 
time constants—obtained in the absence and presence 
of 100 µM PS. While PS decreased the τfast value to 
89.0 ± 2.4% of the control (1.1 ± 0.1 ms for the control 
and 0.9 ± 0.1 ms for PS, n = 10, p < 0.05), it increased the 
τslow value to 130.5 ± 7.6% of the control (25.8 ± 1.8 ms 
for the control and 32.7 ± 1.5 ms for PS, n = 10, p < 0.01; 
Fig. S2A, B). The weighted time constant (τweighted) of 
TTX-R INa was decreased to 81.4% ± 2.2% of the con-
trol (n = 10, p < 0.01) in the presence of PS (Fig. S2A, 
B). The effect of PS on TTX-R INaT and INaP was not 
affected by adding either BD-1047 (100 nM), a selective 

σ1 receptor antagonist (IC50 = 0.9 nM; [37]), or onon-
etin (10 µM), a selective TRPM3 antagonist (IC50 = 0.3 
µM; [38]) (Fig. 2E, F), suggesting that both σ1 receptor 
and TRPM3 are not involved in the PS-potentiation of 
TTX-R INa.

Conversely, while pregnenolone (50 µM) and DHEAS 
(100 µM) had no notable effect on either TTX-R INaT or 
INaP, DHEA (100 µM) significantly decreased the ampli-
tudes of TTX-R INaT and INaP (INaT: 91.9 ± 2.3% of the 
control, n = 7, p < 0.01; and INaP: 84.2 ± 2.3% of the con-
trol, n = 7, p < 0.01; Fig. 2B, C). DHEA (100 µM) had no 
significant effect on the decay time constants of TTX-R 
INaT (Fig. S1C, D). The inhibitory effect of DHEA on 
TTX-R INaT and INaP was also concentration-dependent 

Fig. 2  Effects of neurosteroids on TTX-R INa in small-sized DiI-positive neurons. A, A typical TTX-R INa elicited by depolarizing step pulses (up to − 10 
mV, 100 ms duration) at a holding potential of − 80 mV in the presence of 300 nM TTX and 100 µM Cd2+. Insets show transient (INaT) and persistent 
(INaP) components of TTX-R INa with expanded time and amplitude scales. B, a, A typical time course of the relative amplitude of TTX-R INaT (black) 
and INaP (vermillion) recorded before, during, and after the application of pregnenolone (Preg; 50 µM), PS (100 µM), DHEA (100 µM), and DHEAS 
(100 µM). Each point was normalized to the amplitude of the first 10 recordings of TTX-R INaT or INaP. b, Representative traces of TTX-R INaT and INaP 
in the absence and presence of PS (left) and DHEA (right) at the numbered regions shown in Ba. C, Neurosteroid-induced changes in the amplitude 
of TTX-R INaT (a) and INaP (b). Open circles represent the individual results [pregnenolone (50 µM), n = 8; PS (100 µM), n = 8; DHEA (100 µM), n = 8; 
DHEAS (100 µM), n = 8], whereas columns and error bars indicate the mean and SEM. **p < 0.01; n.s., not significant (paired t-test). D, Concentration–
response relationships of PS and DHEA against TTX-R INaT (a) and INaP (b). Each point and error bar reflect the mean and SEM from eight (PS) 
and seven (DHEA) neurons. E, Typical TTX-R INaT and INaP obtained before and after the application of 100 µM PS in the presence of 100 nM 
BD-1047, a selective σ1 receptor antagonist. F, Changes induced by 100 µM PS in the amplitude of TTX-R INaT (left) and INaP (right) in the absence 
and presence of 100 nM BD-1047 (a) or 10 µM ononetin, a TRPM3 antagonist (b). Open circles connected by lines represent the individual results 
(n = 8), whereas closed circles and error bars indicate the mean and SEM. n.s., not significant (paired t-test)
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(Fig. 2D) and was not affected by either BD-1047 (100 
nM) or ononetin (10 µM) (Fig. S3A, B).

Since the INaP can also be elicited by slow voltage-ramp 
stimuli [39, 40], we examined the effects of neurosteroids 
on slow voltage-ramp–induced currents (IRamp) (− 80 mV 
to + 10 mV, 6 s duration, every 20 s) in small-sized DiI-
positive neurons (Fig. 3A). As with the effects on TTX-R 
INaP shown in Fig. 2B, PS and DHEA had opposite effects 
on TTX-R IRamp (100 µM PS: 176.5 ± 11.8% of the con-
trol, n = 8, p < 0.01; and 100 µM DHEA: 57.2 ± 4.9% of 
the control, n = 7, p < 0.01; Fig. 3B, C). However, neither 
pregnenolone (50 µM) nor DHEAS (100 µM) altered the 
TTX-R IRamp (Fig. 3C). Even at a concentration of 10 µM, 
PS significantly increased the amplitudes of TTX-R IRamp 
(109.9 ± 1.4% of the control, n = 8, p < 0.01; Fig. 3D). The 
modulation of TTX-R IRamp by PS or DHEA was concen-
tration-dependent (Fig. 3D). The effects of PS and DHEA 
on TTX-R IRamp were not affected by either BD-1047 (1 
µM) or ononetin (10 µM) (Fig. 3E, Fig. S3C).

The PS-induced potentiation of TTX-R INaT, INaP, and 
IRamp was not affected by adding 100 µM intracellular 
PS (Fig. S4A, B), suggesting that PS acts extracellularly 

to potentiate TTX-R INa. We also examined whether 
endogenous PS modulates TTX-R INa in small-sized 
DiI-positive neurons by evaluating the effect of γ-CD, 
which is known to trap several kinds of neurosteroids, 
including PS [41]. Application of γ-CD (500 µM) alone 
had no effect on the basal amplitudes of TTX-R INaT, 
INaP, and IRamp (Fig. S4C, D), suggesting that the role of 
endogenous PS in the basal modulation of TTX-R Na+ 
channels may be negligible under the present experi-
mental conditions, such as in isolated single neurons.

In another set of experiments, we examined whether 
PS and DHEA affect the current mediated by NaV1.9, 
another TTX-R Na+ channel subtype expressed in 
nociceptive sensory neurons [17]. The NaV1.9-mediated 
current was recorded by depolarizing step pulses from a 
holding potential of − 120 mV (Fig. S5A). PS also signif-
icantly increased the amplitude of the NaV1.9-mediated 
current in a concentration-dependent manner (Fig. 
S5B–D). In contrast, DHEA potently decreased the 
amplitude of the NaV1.9-mediated current, with an IC50 
value of 49.2 µM (Fig. S5B–D).

Fig. 3  Effects of neurosteroids on slow voltage-ramp-induced TTX-R INa. A, Typical raw traces of TTX-R IRamp elicited by slow voltage-ramp 
stimulation (− 80 mV to + 10 mV at 15 mV/s, every 20 s) in the absence (Na+-free) and presence of extracellular Na+. Subtracting the two traces 
yielded TTX-R IRamp (lower panel). B, a, A typical time course of the relative amplitude of TTX-R IRamp recorded before, during, and after the 
application of pregnenolone (Preg; 50 µM), PS (100 µM), DHEA (100 µM), and DHEAS (100 µM). Each point was normalized to the amplitude 
of the first five recordings of TTX-R IRamp. b, Representative traces of TTX-R IRamp in the absence and presence of PS (left) and DHEA (right) 
at the numbered regions shown in Ba. C, Neurosteroid-induced changes in the amplitude of TTX-R IRamp. Open circles represent the individual 
results [pregnenolone (50 µM), n = 8; PS (100 µM), n = 8; DHEA (100 µM), n = 8; DHEAS (100 µM), n = 8], whereas columns and error bars indicate 
the mean and SEM. **p < 0.01; n.s., not significant (paired t-test). D, Concentration–response relationships of PS and DHEA against TTX-R IRamp. 
Each point and error bar reflect the mean and SEM from eight (PS) and seven (DHEA) neurons. E, a, Typical TTX-R IRamp obtained before and after 
the application of 100 µM PS in the presence of 10 µM ononetin, a TRPM3 antagonist. b, Changes induced by 100 µM PS in the amplitude of TTX-R 
IRamp in the absence and presence of 100 nM BD-1047 (left) or 10 µM ononetin (right). Open circles connected by lines represent individual results 
(n = 8), whereas closed circles and error bars indicate the mean and SEM. n.s., not significant (paired t-test)
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Effect of PS on voltage‑dependence of TTX‑R Na+ channels 
in dural afferent neurons
To investigate the effect of PS on the voltage-activation 
relationship of TTX-R Na+ channels, TTX-R INa was elic-
ited by depolarizing test pulses (100 ms duration, up to 
+ 20 mV in 10 mV increments; Fig. 4A). Conductances in 

the absence and presence of PS were then calculated and 
fitted to the Boltzmann function (Fig.  4Ba). PS shifted 
the midpoint voltage for activation (V50,activation) toward a 
hyperpolarized range in a dose-dependent manner. At a 
concentration of 100 µM, PS shifted the V50,activation value 
by − 5.5 ± 0.6 mV (from − 24.5 ± 1.3 mV for the control 

Fig. 4  Effect of PS on the voltage dependence of TTX-R Na+ channels. A, a, Schematic illustration of voltage step pulses used to assess 
the voltage-activation relationship of TTX-R Na+ channels. TTX-R INa was induced by 100 ms depolarizing pulses in 10 mV increments from a holding 
potential of − 80 mV. b, Representative raw traces of TTX-R INa elicited by voltage step pulses in the absence (left) and presence (right) of 100 µM 
PS. B, a, Voltage-activation relationships of TTX-R Na+ channels in the absence (black circles) and presence (red circles) of 100 µM PS. Continuous 
lines represent the best fits to the Boltzmann function. Each point and error bar represent the mean and SEM from 10 neurons. b, Changes induced 
by 100 µM PS in the midpoint voltage for activation (V50, activation) of TTX-R Na+ channels. Open circles connected by lines represent the individual 
results (n = 10), while closed circles and error bars indicate the mean and SEM. **p < 0.01 (paired t-test). c, Concentration-response relationship of PS 
on V50, activation. Open circles represent the individual results (n = 10 for each concentration); columns and error bars indicate the mean and SEM. 
**p < 0.01; n.s., not significant (paired t-test). C, a, Schematic illustration of voltage step pulses used to assess the steady-state fast inactivation 
of TTX-R Na+ channels. TTX-R INa was induced by 50 ms depolarizing pulses from − 120 to − 10 mV in 10 mV increments from a holding potential 
of − 80 mV. b, Representative raw traces of TTX-R INa elicited by voltage step pulses in the absence (left) and presence (right) of 100 µM PS. D, a, 
Steady-state fast inactivation relationships of TTX-R Na+ channels in the absence (black circles) and presence (red circles) of 100 µM PS. Continuous 
lines represent the best fits to the Boltzmann function. Each point and error bar represent the mean and SEM from 12 neurons. b, Changes 
induced by 100 µM PS in the midpoint voltage for inactivation (V50, inactivation) of TTX-R Na+ channels. Open circles connected by lines represent 
the individual results (n = 12); closed circles and error bars indicate the mean and SEM. **p < 0.01 (paired t-test). c, Concentration-response 
relationship of PS on V50, inactivation. Open circles represent the individual results (n = 12 for each concentration); columns and error bars indicate 
the mean and SEM. **p < 0.01; n.s., not significant (paired t-test). E, a, Schematic illustration of voltage step pulses used to assess slow inactivation 
of TTX-R Na+ channels. Conditioning prepulses (5 s duration) from − 100 mV to − 10 mV in 10 mV increments were followed by test pulses (50 ms 
duration) to − 10 mV, with an interval of 20 ms, from a holding potential of − 80 mV. b, Representative raw traces of TTX-R INa elicited by voltage step 
pulses in the absence (left) and presence (right) of 100 µM PS. F, a, Voltage dependence of slow inactivation of TTX-R Na+ channels in the absence 
(black circles) and presence (red circles) of 100 µM PS. Continuous lines represent the best fits to the Boltzmann function. Each point and error 
bar represent the mean and SEM from 10 neurons. b, Changes induced by 100 µM PS in the midpoint voltage for slow inactivation (V50,inactivation) 
of TTX-R Na+ channels. Open circles connected by lines represent individual results (n = 10); closed circles and error bars indicate the mean and SEM. 
**p < 0.01 (paired t-test). c, Concentration–response relationship of PS on V50,inactivation. Open circles represent individual results (n = 10 for each 
concentration); columns and error bars indicate the mean and SEM. **p < 0.01; n.s., not significant (paired t-test)
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to − 30.0 ± 1.3 mV with PS, n = 10, p < 0.01; Fig. 4B). The 
slope factor k was not affected by PS (4.8 ± 0.3 for the con-
trol and 5.0 ± 0.2 for the PS condition, n = 10, p = 0.36).

Next, to assess the effect of PS on the steady-state fast 
inactivation relationship of TTX-R Na+ channels, the 
TTX-R INa was elicited by depolarizing test pulses (100 
ms duration, up to − 10 mV) after 500 ms prepulses from 
− 120 mV to − 10 mV in 10 mV increments (Fig.  4C). 
The normalized TTX-R INa in the absence and pres-
ence of PS was calculated and fitted to the Boltzmann 
function (Fig.  4Da). PS shifted the midpoint voltage for 
inactivation (V50,inactivation) toward a depolarized range 
in a dose-dependent manner. At 100 µM, PS shifted the 
V50,inactivation value by + 3.8 ± 0.7 mV (from − 45.7 ± 1.4 mV 
for the control to − 41.9 ± 1.7 mV with PS, n = 12, p < 0.01; 
Fig. 4D). The slope factor k was unaffected by PS (4.4 ± 0.1 
for the control and 4.3 ± 0.1 for the PS condition, n = 12, 
p = 0.24).

We also examined whether PS affects the voltage 
dependence of slow inactivation of TTX-R Na+ channels. 
The TTX-R INa was elicited by depolarizing test pulses 
(100 ms duration, up to − 10 mV) after 5 s prepulses from 
− 100 mV to − 10 mV in 10 mV increments, with a 20 ms 

interpulse interval (Fig.  4E). The normalized TTX-R INa 
recorded in the absence and presence of PS was calcu-
lated and fitted to the Boltzmann function (Fig. 4Fa). PS 
shifted the V50, inactivation toward a depolarized range in a 
dose-dependent manner. At a concentration of 100 µM, 
PS shifted the V50,inactivation value by + 3.8 ± 1.1 mV (from 
− 57.6 ± 0.8 mV for the control to − 53.8 ± 1.1 mV with PS, 
n = 10, p < 0.01; Fig. 4Fb, c). In contrast to PS, DHEA had 
minor effects on the voltage dependence of TTX-R Na+ 
channels (Fig. S6).

Effect of PS on the use‑dependent inhibition of TTX‑R Na+ 
channels in dural afferent neurons
We examined the effect of PS on the use-dependent inhi-
bition of TTX-R Na+ channels. TTX-R INa was elicited by 
a 20 s series of 40 (2 Hz), 100 (5 Hz), and 200 (10 Hz) 
depolarizing test pulses (10 ms duration, up to − 10 mV) 
in the absence and presence of 100 µM PS (Fig. 5A). Each 
TTX-R INa recorded in the absence and presence of 100 
µM PS was normalized to the first TTX-R INa and plot-
ted (Fig.  5B). PS (100 µM) significantly increased the 
amplitude ratio of the last TTX-R INa (P40, P100, and P200 
for 2 Hz, 5 Hz, and 10 Hz, respectively) relative to the 

Fig. 5  Effect of PS on the use-dependent inhibition of TTX-R Na+ channels. A, a, Schematic illustration of voltage step pulses used to assess 
the use-dependent inhibition of TTX-R Na+ channels. TTX-R INa was elicited by successive voltage step pulses from − 80 mV to − 10 mV (10 ms 
duration) for 20 s at frequencies of 2 Hz (40 pulses), 5 Hz (100 pulses), and 10 Hz (200 pulses). b, Representative raw traces of TTX-R INa elicited 
by voltage step pulses at 10 Hz in the absence (left) and presence (right) of 100 µM PS. B, Time courses of the peak amplitude of TTX-R INa 
during trains of pulses at 2 Hz (40 pulses, a), 5 Hz (100 pulses, b), and 10 Hz (200 pulses, c), in the absence (black circles) and presence (red circles) 
of 100 µM PS. The peak amplitudes of all TTX-R INa (Pn) were normalized to that of the first pulse (P1). Each point and error bar represent the mean 
and SEM from 8 (2 Hz), 9 (5 Hz), and 10 (10 Hz) neurons. C, Changes induced by 100 µM PS in the ratio of the last peak amplitude (P40, P100, or P200) 
to the first (P1) for 2 Hz (a), 5 Hz (b), and 10 Hz (c). Open circles connected by lines represent individual results (n = 8 for 2 Hz, n = 9 for 5 Hz, n = 10 
for 10 Hz); closed circles and error bars indicate the mean and SEM. **p < 0.01 (paired t-test). D, a, Changes induced by 100 µM PS in the Plast/
P1 ratios for different frequencies. Open circles represent individual results (n = 8 for 2 Hz, n = 9 for 5 Hz, n = 10 for 10 Hz); columns and error bars 
indicate the mean and SEM. **p < 0.01 (paired t-test). b, Concentration–response relationships of PS on the use-dependent inhibition at 10 Hz. 
Open circles represent individual results (n = 7 for 10 µM, n = 7 for 30 µM, n = 10 for 100 µM); columns and error bars indicate the mean and SEM. 
*p < 0.05; **p < 0.01 (paired t-test)
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first TTX-R INa (P1). Specifically, PS increased the P200/
P1 ratio to 127.9 ± 1.9% of the control (from 0.57 ± 0.02 for 
the control to 0.70 ± 0.02 with PS, n = 10, p < 0.01; Fig. 5C, 
Da). PS (100 µM) also increased the P40/P1 and P100/P1 
ratios (to 107.0% ± 1.9% for the P40/P1, n = 8, p < 0.01, and 
118.1% ± 1.8% for the P100/P1, n = 9, p < 0.01; Fig. 5C, Da). 
Additionally, the PS-induced potentiation of the P200/P1 
ratio was concentration-dependent (Fig.  5Db). In con-
trast, DHEA had no effect on the use-dependent inhibi-
tion of TTX-R Na+ channels (Fig. S7).

Effect of PS on inactivation and recovery kinetics of TTX‑R 
Na+ channels in dural afferent neurons
We investigated the effect of PS on the onset of inacti-
vation of TTX-R Na+ channels. TTX-R INa was elicited 
using a two-pulse protocol, where the first conditioning 
pulse (P1; 2–8000 ms duration, up to − 10 mV) was fol-
lowed by a second test pulse (P2; 50 ms duration, up to 
− 10 mV) with a 20 ms interpulse interval, in the absence 

and presence of 100 µM PS (Fig. 6A). The amplitude ratio 
of the two TTX-R INa (P2/P1) was plotted against the 
duration of the first pulse, and the P2/P1 ratios observed 
in the absence and presence of PS were fitted to a dou-
ble exponential function (Fig.  6B), yielding two kinetic 
parameters: fast (τfast) and slow (τslow) time constants. 
PS significantly delayed the onset of inactivation in a 
concentration-dependent manner (Fig.  6C). At 100 µM, 
PS increased the τfast value to 243.9 ± 18.6% of the control 
(from 140.1 ± 10.9 ms for the control to 345.0 ± 38.8 ms 
with PS, n = 11, p < 0.01; Fig. 6C, Fig. S8Aa). PS (100 µM) 
also affected other kinetic parameters, such as τslow, Afast, 
and Aslow values (Fig. S8A). In contrast, DHEA at 100 µM 
slightly but significantly decreased the τfast value for the 
development of inactivation (Fig. S9A–D).

Next, we examined the effect of PS on the recovery 
from inactivation of TTX-R Na+ channels. TTX-R INa 
was elicited using a two-pulse protocol, where the first 
conditioning pulse (P1; 500 ms duration, up to − 10 mV) 

Fig. 6  Effect of PS on the inactivation and recovery kinetics of TTX-R Na+ channels. A, a, Schematic illustration of voltage step pulses used to study 
the development of inactivation of TTX-R Na+ channels. TTX-R INa was induced using a two-pulse protocol, where the first conditioning pulses (P1; 
depolarization to − 10 mV, 2–8000 ms duration) were followed by second test pulses (P2; depolarization to − 10 mV, 50 ms duration). The second 
TTX-R INa was recorded after an interpulse interval of 20 ms at a holding potential of − 80 mV. b, Representative raw traces of the second TTX-R 
INa (P2) elicited by voltage step pulses in the absence (left) and presence (right) of 100 µM PS. Dotted lines represent the first TTX-R INa (P1). B, 
Kinetics of the development of TTX-R Na+ channel inactivation in the absence (black circles) and presence (red circles) of 100 µM PS. The P2/P1 ratio 
was plotted against the duration of the prepulse. Continuous lines represent the best fit to a double exponential function. Each point and error 
bar represent the mean and SEM from 11 neurons. C, Concentration–response relationship of PS on the fast time constant (τfast) of inactivation 
kinetics. Open circles represent individual results (n = 11 for each concentration); columns and error bars indicate the mean and SEM. *p < 0.05; 
**p < 0.01 (paired t-test). D, a, Schematic illustration of voltage step pulses used to study recovery from TTX-R Na+ channel inactivation. TTX-R 
INa was induced using a two-pulse protocol, where the first conditioning pulses (P1; depolarization to − 10 mV, 500 ms duration) were followed 
by second test pulses (P2; depolarization to − 10 mV, 50 ms duration). The second TTX-R INa was recorded after interpulse intervals ranging from 1 
to 5000 ms at a holding potential of − 80 mV. b, Representative raw traces of the second TTX-R INa (P2) elicited by voltage step pulses in the absence 
(left) and presence (right) of 100 µM PS. Dotted lines represent the first TTX-R INa (P1). E, Kinetics of recovery from TTX-R Na+ channel inactivation 
in the absence (black circles) and presence (red circles) of 100 µM PS. The P2/P1 ratio was plotted against the recovery time. Continuous lines 
represent the best fit to a triple exponential function. Each point and error bar represent the mean and SEM from 10 neurons. F, Concentration–
response relationship of PS on the fast time constant (τfast) of recovery kinetics. Open circles represent individual results (n = 10 for each 
concentration); columns and error bars indicate the mean and SEM. *p < 0.05; **p < 0.01 (paired t-test)
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was followed by a second test pulse (P2; 50 ms duration, 
up to − 10 mV) with interpulse intervals of 1–5000 ms, 
in the absence and presence of 100 µM PS (Fig. 6D). The 
P2/P1 ratios observed in the absence and presence of PS 
were plotted against the recovery time and fitted to a tri-
ple exponential function (Fig. 6E), yielding three kinetic 
parameters: fast (τfast), intermediate (τintermediate), and 
slow (τslow) time constants. PS significantly accelerated 
the recovery from inactivation of TTX-R Na+ channels in 
a concentration-dependent manner (Fig. 6F). At 100 µM, 
PS decreased the τfast value to 29.2 ± 6.3% of the control 
(from 17.9 ± 3.4 ms for the control to 3.6 ± 0.3 ms with 
PS, n = 10, p < 0.01; Fig. 6F, Fig. S8Ba). PS (100 µM) also 
affected the τintermediate, Afast, and Aintermediate values with-
out affecting the τslow and Aslow values (Fig. S8B). In con-
trast, DHEA at 100 µM slightly but significantly increased 
the τfast value of recovery from inactivation (Fig. S9E–H).

Effect of PS on the excitability of dural afferent neurons
First, we examined whether PS affects the basal excitabil-
ity of dural afferent neurons under current-clamp condi-
tions. All subsequent current-clamp experiments were 
conducted in the presence of 300 nM TTX to examine 
the effect of PS on TTX-R Na+ channels in nocicep-
tive neurons. In the majority of small-sized DiI-positive 
neurons tested (42 of 45 neurons, 93%), PS caused a 
concentration-dependent hyperpolarization of the mem-
brane potential (for 100 µM PS, − 5.3 ± 0.7 mV, n = 11, 
p < 0.01; Fig.  7A). In voltage-clamp recordings, PS (100 
µM) induced an outward membrane current at a hold-
ing potential of − 20 mV in the same DiI-positive neurons 
(71.3 ± 7.2 pA, n = 8; Fig.  7B). This outward current was 
accompanied by a decrease in input resistance (to 75.9% 
± 2.3% of the control, n = 8, p < 0.01; Fig. 7B), indicating 
that PS increased ionic conductance. The reversal poten-
tial of the PS-induced current was similar to the equilib-
rium potential of K+ (Fig. S10A). The PS-induced current 
was not affected by adding 100 nM BD-1047 (Fig. S10B), 
consistent with the lack of involvement of the G-protein-
coupled σ1 receptor in the PS-induced membrane cur-
rent. The PS-induced current was greatly decreased in 
the presence of either acidic extracellular solution (pH 
6.0) or A-1899 (1 µM), a TASK-1/TASK-3 inhibitor [42] 
(Fig. S10C, D). Taken together, these results suggest that 
the PS-induced membrane hyperpolarization is likely due 
to increased leak K+ conductance through acid-sensitive 
two-pore domain K+ (K2P) channel subtypes.

Under current-clamp conditions, a subset of small-
sized DiI-positive neurons (8 of 45 neurons, 18%) exhib-
ited spontaneous action potentials at rest (Fig.  7C). In 
these neurons, PS (100 µM) increased the mean fre-
quency of action potentials in a concentration-dependent 
manner (for 100 µM PS, 181.1% ± 13.6% of the control, 

n = 8, p < 0.05; Fig.  7D). The PS-induced increase in the 
frequency of spontaneous action potentials was promi-
nent immediately after the application of PS (Fig. 7Cb′). 
In contrast, spontaneous action potentials were greatly 
reduced immediately after the washout of PS (Fig. 7Ac′), 
suggesting that PS had dual effects on spontaneous action 
potentials. Considering that INaP is known to regulate the 
generation of spontaneous action potentials in several 
brain regions [43–45], and given that PS increased the 
TTX-R INaP as shown above, the PS-induced potentia-
tion of TTX-R INaP might be responsible for the observed 
increase in spontaneous action potential frequency. This 
was supported by the finding that riluzole (10 µM), a 
specific INaP inhibitor [46] (see also Fig.  8F), potently 
decreased the frequency of spontaneous action potentials 
with an IC50 value of 1.8 µM in small-sized DiI-positive 
neurons (Fig.  7E). PS (100 µM) did not generate any 
spontaneous action potentials in the presence of 10 µM 
riluzole (Fig. 7F). However, riluzole (10 µM) had a minor 
effect on TTX-R INa (96.4% ± 0.9% of the control, n = 8, 
p < 0.01; Fig. 7F inset). On the other hand, DHEA had no 
effect on the membrane potentials and the frequency of 
spontaneous action potentials (Fig. S11A).

Next, we examined whether PS affects the threshold for 
action potential generation. When depolarizing current 
stimuli were applied to small-sized DiI-positive neurons, 
PS decreased the rheobase current in a concentration-
dependent manner (Fig.  8A, B). Although PS (100 µM) 
hyperpolarized these neurons (Fig.  8A), it decreased 
the rheobase current to 77.8% ± 3.8% of the control 
(139.1 ± 13.2 pA for the control and 110.9 ± 13.8 pA for 
PS, n = 11, p < 0.01; Fig.  8A, Ba). When hyperpolarizing 
current stimuli (DC; −40 to − 50 pA) were injected into 
DiI-positive neurons, the membrane potential hyperpo-
larized by − 5.0 ± 0.3 mV (n = 6), similar to the hyperpo-
larization induced by 100 µM PS. Unlike the PS effect on 
the rheobase current, the hyperpolarizing DC current 
increased the rheobase current to 112.6% ± 3.2% of the 
control (131.7 ± 13.0 pA for the control and 148.3 ± 15.6 
pA for DC injection, n = 6, p < 0.05; Fig. 8Bc). This indi-
cates that PS decreased the threshold for action potential 
generation independent of membrane hyperpolarization. 
In contrast, DHEA had no effect on the threshold for 
action potential generation (Fig. S11B, C).

We also examined whether PS affects the number of 
action potentials elicited by depolarizing current stim-
uli. When depolarizing current stimuli [multiples of the 
threshold (T) current (1T–4T)] were applied to small-
sized DiI-positive neurons, we observed phasic (34 of 54 
neurons tested), tonic (14 of 54 neurons tested), and sin-
gle (6 of 54 neurons tested) firing patterns in response to 
3T current stimuli. This proportion was largely similar to 
that reported in our previous study [30]. Data obtained 
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from small-sized DiI-positive neurons exhibiting the 
single firing pattern were not included in this analysis, 
as changes in the number of action potentials cannot be 
evaluated in these cells. Figure  8C shows typical action 
potentials in response to 1T–4T current stimuli in the 
absence and presence of 100 µM PS in small-sized DiI-
positive neurons exhibiting the phasic firing pattern. PS 
significantly increased the number of action potentials 

elicited by depolarizing current stimuli in a concentra-
tion-dependent manner (Fig.  8Db). At a concentration 
of 100 µM, PS increased the number of action poten-
tials elicited by 4T stimuli to 286.7% ± 53.9% of the con-
trol (4.6 ± 0.8 for the control and 11.3 ± 1.6 for PS, n = 11, 
p < 0.01; Fig. 8D). In contrast, DHEA at 100 µM slightly 
decreased the number of action potentials elicited by 
depolarizing current stimuli (Fig. S11D, E).

Fig. 7  Effect of PS on the basal excitability of small sized DiI-positive neurons.A, a, Typical raw trace recorded before, during, and after the 
application of 100 µM PS under current-clamp conditions. The resting membrane potential of this neuron was − 54 mV. b, Changes induced by 100 
µM PS in resting membrane potential. Open circles represent individual results (n = 11); closed circles and error bars indicate the mean and standard 
error of the mean (SEM). **p < 0.01 (paired t-test). c, Concentration–response relationship of PS on the membrane potentials of DiI-positive neurons. 
Open circles represent individual results (n = 11 for each concentration); columns and error bars indicate the mean and SEM. *p < 0.05; **p < 0.01; n.s., 
not significant (paired t-test). B, a, Typical raw trace recorded before, during, and after the application of 100 µM PS at a holding potential of − 20 
mV under voltage-clamp conditions. Hyperpolarizing step pulses (− 10 mV, 300 ms duration) were applied to patched neurons every 10 s. Insets 
represent the current responses to hyperpolarizing step pulses in the absence (black trace, a′) and presence (red trace, b′) of 100 µM PS. b, Changes 
induced by 100 µM PS in input resistance (Rinput). Open circles represent individual results (n = 8); closed circles and error bars indicate the mean 
and SEM. **p < 0.01 (paired t-test). C, Typical raw trace exhibiting spontaneous action potentials recorded before, during, and after the application 
of 100 µM PS under current-clamp conditions. Note that spontaneous action potentials increased immediately after application (b′) and decreased 
after washout (c′) of 100 µM PS. D, a, Changes induced by 100 µM PS in action potential (AP) frequency. Open circles represent individual results 
(n = 8); closed circles and error bars indicate the mean and SEM. *p < 0.05 (paired t-test). b, Concentration–response relationship of PS on AP 
frequency. Open circles represent individual results (n = 8 for each concentration); columns and error bars indicate the mean and SEM. *p < 0.05; 
n.s., not significant (paired t-test). E, a, Typical raw trace exhibiting spontaneous action potentials recorded before, during, and after the application 
of riluzole (3 µM and 10 µM), a specific INaP inhibitor. b, Concentration–response relationship of riluzole on action potential frequency. A continuous 
line represents the best fit using least squares fitting; the IC50 was 1.8 µM. Each point and error bar indicate the mean and SEM from six neurons. 
F, Typical raw trace exhibiting spontaneous action potentials recorded before, during, and after the application of 100 µM PS in the presence 
of 10 µM riluzole. Inset shows typical raw traces of TTX-R INa elicited by depolarizing step pulses (up to − 10 mV, 100 ms duration) at a holding 
potential of − 80 mV in the absence (black) and presence (cyan) of 10 µM riluzole. Note that PS did not elicit any spontaneous action potentials 
in the presence of 10 µM riluzole
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Given that TTX-R INaP is directly involved in the repeti-
tive generation of action potentials in dural afferent neu-
rons [23], we further examined the effect of riluzole on the 
PS-induced increase in the number of action potentials. 
Application of riluzole (10 µM) greatly decreased the num-
ber of action potentials elicited by depolarizing current 
stimuli (2T) (Fig. 8E), indicating that the riluzole-sensitive 
TTX-R INaP is also involved in the generation of action 
potentials elicited by depolarizing stimuli (see also [23]). 
Riluzole (10 µM) also significantly reduced the PS-induced 
increase in the number of action potentials to 16.7% ± 1.7% 

of the PS condition (11.8 ± 1.5 for PS alone and 2.1 ± 0.4 for 
PS plus riluzole, n = 10, p < 0.01; Fig. 8E). In another set of 
experiments, we also found that riluzole greatly decreased 
the PS-induced increase in TTX-R IRamp in small-sized DiI-
positive neurons (Fig. 8F).

Effect of PS on the shape of action potentials in dural 
afferent neurons
Finally, we examined whether PS affects the shape of 
single action potentials in small-sized DiI-positive 
neurons. Although PS (100 µM) hyperpolarized the 

Fig. 8  Effect of PS on action potentials in response to depolarizing stimuli.A, Typical raw traces recorded in response to successive depolarizing 
current stimuli (20 pA increments, 500 ms duration) in the absence (left panel) and presence (right panel) of 100 µM PS. The rheobase current—the 
minimum current required to generate action potentials—was 140 pA without PS and 80 pA with 100 µM PS. B, a, Changes in rheobase current 
induced by 100 µM PS. Open circles represent individual results (n = 11); closed circles and error bars indicate the mean and SEM. **p < 0.01 (paired 
t-test). b, Concentration–response relationship of PS on rheobase current. Open circles represent individual results (n = 11 for 10 µM, n = 11 for 30 
µM, n = 11 for 100 µM); bars indicate the mean and SEM. *p < 0.05; n.s., not significant (paired t-test). c, Changes in rheobase current induced 
by hyperpolarizing direct current (DC). In all neurons tested, hyperpolarizing DC caused membrane hyperpolarization by − 4.1 mV to − 5.9 mV 
(5.0 ± 0.3 mV, n = 6). Unlike PS, hyperpolarizing DC increased the rheobase current. Open circles represent individual results (n = 6); closed circles 
and error bars indicate the mean and SEM. **p < 0.01 (paired t-test). C, Typical raw traces recorded in response to four successive depolarizing 
current stimuli at multiples of the threshold (T) current (1T–4T; 1T = 110 pA, 1 s duration) in the absence (left panel) and presence (right panel) 
of 100 µM PS. D, a, Changes in the number of action potentials elicited by depolarizing current stimuli induced by 100 µM PS. Each point and error 
bar represent the mean and SEM from 11 neurons. *p < 0.05; **p < 0.01 (paired t-test). b, Concentration–response relationship of PS on the number 
of action potentials elicited by depolarizing current stimuli (4T). Open circles represent individual results (n = 11 for each concentration); bars 
indicate the mean and SEM. *p < 0.05; **p < 0.01; n.s., not significant (paired t-test). E, a, Typical raw traces recorded in response to depolarizing 
current stimuli [2T (300 pA), 1 s duration] before and during the application of 100 µM PS, both in the absence and presence of 10 µM riluzole. 
b, Changes in the number of action potentials elicited by depolarizing current stimuli (2T) induced by 100 µM PS in the absence and presence 
of 10 µM riluzole. Each bar and error bar represent the mean and SEM from 10 neurons. **p < 0.01 (paired t-test). F, Typical raw traces of TTX-R 
IRamp elicited by slow voltage-ramp stimulation (− 80 mV to + 10 mV at 15 mV/s, every 20 s) before and during the application of 100 µM PS, 
both without and with 10 µM riluzole



Page 14 of 22Jang and Nakamura ﻿The Journal of Headache and Pain           (2025) 26:42 

membrane potential (Fig.  9Aa), it slightly but signifi-
cantly increased the amplitude of action potentials to 
104.6% ± 1.1% of the control (n = 11, p < 0.01; Fig. 9Ab, 
Ca). Adjusting membrane potentials by adding depolar-
izing DC current did not affect the PS-induced increase 
in action potential amplitude (Fig. 8Ab, Bb), suggesting 
that the direct potentiation of TTX-R Na + channels by 
PS may underlie this effect. However, PS (100 µM) had 
no notable effect on the half-width of action potentials 
(Fig.  9Cb). PS (100 µM) also increased the amplitude 
of afterhyperpolarization to 124.3% ± 4.7% of the con-
trol (n = 11, p < 0.01; Fig. 9Ac, Cc). Adjusting membrane 
potentials by adding depolarizing DC current did not 
affect the PS-induced increase in the amplitude of afte-
rhyperpolarization (Fig.  9Ac, Bb). Voltage-gated K+ 
channels might be involved in the PS-induced increase 
in the amplitude of afterhyperpolarization because PS 
(100 µM) slightly but significantly increased voltage-
gated IK, such as the rapidly inactivating A-type and 
the slowly inactivating delayed rectifier IK (Fig. S12A–
D). PS (100 µM) also increased the decay time constant 
(τdecay) of afterhyperpolarization to 158.9% ± 13.3% of 
the control (n = 11, p < 0.01; Fig.  9Ad, Cd). Adjusting 
membrane potentials by depolarizing DC current did 

not affect the τdecay of afterhyperpolarization (Fig. 9Ad, 
Bc). Several ion channels, such as hyperpolarization-
activated and cyclic nucleotide–gated cation (HCN) 
channels and small-conductance Ca2+-activated K+ 
(SK) channels, can be involved in the depolarizing 
phase following hyperpolarization [47, 48]. However, 
we found that PS had no effect on the sag potential—
which is mediated by activation of HCN channels—or 
on the time constant of the depolarizing phase follow-
ing hyperpolarization (Fig. S13A, B). Additionally, PS 
still increased the τdecay of afterhyperpolarization 
even in the presence of 100 nM apamin, a selective SK 
channel blocker [49] (Fig. S13C, D), suggesting that 
the involvement of HCN and SK channels in the PS-
induced change in the shape of afterhyperpolarization 
is negligible. On the other hand, DHEA (100 µM) had 
no effect on the shape of action potentials (Fig. S11F) 
and several types of voltage-gated IK (Fig. S12E, F).

Discussion
PS modulation of TTX‑R Na+ channels in dural afferent 
neurons
In the present study, we found that PS slightly but sig-
nificantly increased the amplitude of TTX-R INaT in a 

Fig. 9  Effect of PS on the shape of single action potentials. A, Typical time courses showing the resting membrane potential (RMP; a), action 
potential (AP) amplitude (b), amplitude of afterhyperpolarization (AHP; c), and decay time constant (τdecay) of afterhyperpolarization (d) before, 
during, and after the application of 100 µM PS. The PS-induced membrane hyperpolarization was reversed by applying depolarizing direct current 
(+ 50 pA, cyan trace). Action potentials were elicited by strong and brief depolarizing current stimuli (600 pA, 1 ms duration). B, a, Typical raw traces 
of single action potentials elicited by brief depolarizing current stimuli in the absence (a′) and presence (b′) of 100 µM PS, and in the presence 
of 100 µM PS plus depolarizing DC current (c′), as indicated by arrowheads in A. b, Typical raw traces of afterhyperpolarization elicited by brief 
depolarizing current stimuli in the absence (black trace) and in the presence of 100 µM PS plus depolarizing DC current (cyan trace). C, Changes 
induced by 100 µM PS in the amplitude (a) and half-width (b) of action potentials, the amplitude of afterhyperpolarization (c), and the decay time 
constant of afterhyperpolarization (d). Open circles represent individual results (n = 11); bars indicate the mean and standard error of the mean. 
**p < 0.01; n.s., not significant (paired t-test)
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concentration-dependent manner. To the best of our 
knowledge, this is the first evidence demonstrating the 
positive modulation of TTX-R INaT by the excitatory neu-
rosteroid PS, as a previous study showed that PS inhib-
its the INa mediated by recombinant NaV1.2 expressed in 
Xenopus oocytes [50]. Since pregnanolone sulfate, which 
is structurally similar to PS, is reported to increase the INa 
mediated by recombinant NaV1.8 but decrease currents 
through NaV1.2, NaV1.6, and NaV1.7 [51], the modulation 
of voltage-gated Na+ channels by PS appears to depend 
on the Na+ channel subtype.

In addition to its effect on TTX-R INaT, PS further 
potentiated TTX-R INaP and IRamp in a concentration-
dependent manner. The potentiation of TTX-R INaP 
by PS may be due to impaired channel inactivation, as 
PS increased τslow and decreased Aslow of TTX-R INaT, 
respectively. In central neurons, INaP is implicated in the 
subthreshold generation of action potentials as well as 
in their regular and repetitive firing [43–45]. Our recent 
study has also demonstrated that TTX-R INaP contrib-
utes to the repetitive generation of action potentials in 
dural afferent neurons [23]. Pathologically, INaP is closely 
associated with several neurological disorders involving 
excessive neuronal excitability, such as epilepsy and pain 
[52, 53]. INaP is likely involved in migraine headaches, as 
suggested by a recent study showing that GS-967, a spe-
cific late INa inhibitor, reduced spreading depression–
evoked allodynia in a mouse model of migraine with aura 
[24]. Moreover, GS-967 has been shown to inhibit the 
elevated INaP found in type 3 familial hemiplegic migraine 
with NaV1.1 mutations [54]. In this context, we have pre-
viously shown that propranolol (a β-blocker) and ami-
triptyline (a tricyclic antidepressant) preferentially inhibit 
TTX-R INaP, thereby decreasing the excitability of dural 
afferent neurons [21, 22], indicating that TTX-R INaP 
may be a potential pharmacological target for migraine 
treatment. Considering that the density of TTX-R INaP 
is increased by inflammatory mediators [23] and that PS 
potentiated TTX-R INaP in dural afferent neurons, PS may 
exert a pronociceptive effect in migraine headaches by 
enhancing TTX-R INaP.

The PS-induced increase in TTX-R INaP may result in 
changes in channel properties and thus neuronal excit-
ability, as the density of TTX-R INaP is correlated with 
various properties of TTX-R Na+ channels, such as volt-
age-inactivation relationships, use-dependent inhibition, 
and inactivation and recovery kinetics [23]. Indeed, we 
found that PS shifted the voltage-activation and voltage-
inactivation relationships to hyperpolarized and depo-
larized ranges, respectively, indicating that TTX-R Na+ 
channels are activated by lower voltage stimulation and 
are less inactivated even at more depolarized membrane 
potentials. We also found that PS increased the τfast 

value for inactivation kinetics and decreased it for recov-
ery kinetics. These results indicate that PS retarded the 
onset of inactivation during sustained membrane depo-
larization and accelerated recovery after channel inacti-
vation. All of these findings may support the PS-induced 
decrease in the extent of use-dependent inhibition of 
TTX-R Na+ channels. Taken together, our results suggest 
that PS acts as an excitatory neuromodulator of TTX-R 
Na+ channels and increases the excitability of dural affer-
ent neurons.

On the other hand, we found that PS potentiated the 
current mediated by NaV1.9, another TTX-R Na+ chan-
nel subtype expressed in nociceptive sensory neurons 
[17]. NaV1.9 has also been implicated in inflammatory 
hyperalgesia, as inflammatory mediators, including pros-
taglandin E2, potentiate the NaV1.9-mediated current 
[55, 56]. Given that a recent study has shown the possible 
involvement of NaV1.9 in triptan-overuse headache [57], 
it would be of great interest to investigate whether the PS 
potentiation of NaV1.9 is involved, at least in part, in the 
pronociceptive effect on migraine headaches.

It should also be noted that DHEA, in contrast to PS, 
decreased TTX-R INa in a concentration-dependent man-
ner. As shown in Fig. 1A, PS and DHEA differ from preg-
nenolone at positions 3 and 17, respectively, and thus 
changes at position 3 (sulfation by sulfotransferase) lead 
to an increase in TTX-R INa, whereas changes at position 
17 (oxidation by P450c17) lead to a decrease in TTX-R 
INa. This speculation may be further supported by our 
finding that DHEAS, which differ from pregnenolone at 
positions both 3 and 17, had little effect on TTX-R INa, 
suggesting that DHEAS may have both positive and neg-
ative effects on TTX-R Na+ channels.

PS‑induced changes in the excitability of dural afferent 
neurons
It is well known that PS acts as an excitatory neuromod-
ulator in the central nervous system [4]. These effects 
are mainly attributed to the potentiation of excitatory 
NMDA receptors or inhibition of inhibitory GABAA 
receptors [5, 7]. However, little is known about the roles 
of PS in the excitability of nociceptive sensory neurons. 
Our present results suggest that PS has a complex effect 
on the excitability of small-sized nociceptive neurons. 
First, PS directly hyperpolarized small-sized dural affer-
ent neurons in a concentration-dependent manner. The 
PS-induced membrane hyperpolarization was accom-
panied by a decrease in input resistance, consistent with 
the existence of a PS-induced membrane conductance. 
Voltage-clamp experiments revealed that the equilibrium 
potential of the PS-induced current was very close to the 
theoretical K+ equilibrium potential, indicating that PS 
hyperpolarized dural afferent neurons by increasing leak 
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K+ conductance, which may be mediated by acid-sensi-
tive K2P channel subtypes, such as TASK-1 and TASK-
3. Since multiple types of K2P channels are functionally 
expressed in nociceptive sensory neurons [58], it would 
be of great interest to investigate whether PS modulates 
other K2P channel subtypes involved in determining 
resting membrane potentials.

Second, PS significantly decreased the amplitude 
of rheobase current, consistent with a decrease in the 
threshold for action potential generation. Since PS-
induced membrane hyperpolarization and decreased 
input resistance are generally expected to increase the 
threshold for action potential generation, other coun-
teracting effects must be responsible for the PS-induced 
decrease in rheobase current amplitude. The potentiation 
of TTX-R Na+ channels could explain the PS-induced 
decrease in rheobase current amplitude, as PS increased 
the amplitude of single action potentials. Although the 
mechanisms are not fully elucidated, the PS-induced 
decrease in the threshold for action potential genera-
tion could contribute to the generation of pain signals in 
response to sub-nociceptive stimuli, a hallmark of allo-
dynia [59].

Third, PS increased the number of action potentials 
elicited by depolarizing current stimuli above thresh-
old. Our present results suggest that TTX-R INaP was 
critically responsible for the PS-induced increase in the 
number of action potentials. Similarly, INaP is involved in 
repetitive and regular firing of action potentials in a num-
ber of central neurons [44, 60, 61]. Given that PS greatly 
potentiated INaP and affected the kinetics of inactivation 
and recovery of TTX-R Na+ channels, it is highly plau-
sible that the PS-mediated potentiation of TTX-R INaP is 
responsible for the increased excitability of dural afferent 
neurons. Therefore, the PS-induced increase in the num-
ber of action potentials suggests that PS might contribute 
to hyperalgesia in response to suprathreshold nociceptive 
stimuli [59]. Other ion channels, such as voltage-gated 
K+ channels and HCN channels, may be involved in the 
PS-induced increase in the number of action potentials, 
as these channels contribute to the frequency of action 
potentials in nociceptive neurons [62, 63]. However, we 
found that PS had a minor effect on the fast-inactivating 
A-type IK and non-inactivating delayed rectifier IK medi-
ated by several voltage-gated K+ channel subtypes, and it 
had no effect on sag potential mediated by HCN chan-
nels. Taken together, these results show that PS exerts 
complex effects on the excitability of dural afferent neu-
rons by acting on a range of ion channels, involving both 
inhibitory and excitatory mechanisms.

Possible association of neurosteroids with migraine 
pathology
PS may be involved in migraine pathology because it 
activates TRPM3 to release calcitonin gene-related 
peptide [16], which is a key molecule known to induce 
neurogenic inflammation in migraine pathology [64]. 
Furthermore, a recent study has shown that PS acts on 
mechanosensitive TRPM3 to increase the activity of 
TG nerves innervating the meninges [65]. Our present 
results provide additional evidence that PS has a prono-
ciceptive effect on migraine headaches by increasing the 
excitability of dural afferent neurons through the potenti-
ation of TTX-R Na+ channels. In this regard, it should be 
noted that plasma levels of PS range from submicromolar 
to low micromolar concentrations in humans [66], indi-
cating that plasma concentrations of PS may not be suf-
ficient to modulate TTX-R Na+ channels. Additionally, 
a recent study has shown that serum levels of PS were 
significantly lower in the menstruation-related migraine 
group than in controls [67]. Nevertheless, the actual 
concentration of local PS around the trigeminovascular 
system involved in the nociceptive pathway of migraine 
headaches remains unknown. In fact, the concentration 
of endogenous PS-like neurosteroid released from depo-
larized rat hippocampal CA1 neurons has been reported 
to be equivalent to 17 µM of exogenously applied PS [32]. 
At equivalent concentrations (10–30 µM), PS could mod-
ulate TTX-R Na+ channels and neuronal excitability, as 
shown in the present study. Further studies are needed 
to determine the local concentration of PS within the 
trigeminovascular system, including the dura mater and 
dural afferent neurons.

In the present study, we found that transcripts for all 
enzymes involved in the synthesis and transport of neu-
rosteroids acting on TTX-R Na+ channels were detected 
in the ophthalmic branch of the TG, suggesting that both 
PS and DHEA can be locally synthesized within this 
region. In this context, it is noteworthy that DHEA, but 
not pregnenolone, significantly decreased both TTX-R 
INaT and INaP mediated by NaV1.8. DHEA also potently 
inhibited the NaV1.9-mediated current. These results 
suggest that locally generated PS and DHEA, if present, 
could regulate the excitability of dural afferent neurons 
via the opposite modulation of TTX-R Na+ channels. As 
a previous study has shown that DHEA levels are reduced 
in patients with chronic migraine [68], it would also be 
of great interest to investigate whether the functional 
expression of SULT2B1, P450c17, and STS—involved 
in the biosynthesis and hydrolysis of PS and DHEA—is 
associated with migraine pathology.
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Limitation of the present study
Although the present study has demonstrated the effects 
of neurosteroids on the excitability of dural afferent neu-
rons, there are several limitations to the translation of our 
findings to clinical aspects. First, although we have dem-
onstrated the expression of several enzymes involved in 
neurosteroidogenesis in the ophthalmic branch of the 
trigeminal ganglia, the actual neurosteroid concentrations 
in the dural mater and trigeminal ganglia are still unknown. 
In this context, further studies are needed to determine 
the levels of neurosteroids, particularly PS and DHEA, in 
human tissues involved in migraine pathology. It would 
also be interesting to examine whether PS and DHEA lev-
els change with migraine attack and severity. This informa-
tion may help to develop new biomarkers or therapeutic 
targets for migraine treatment. Second, although our study 
showed that endogenous PS did not modulate TTX-R Na+ 
channels, this may be due to our experimental conditions, 
such as in isolated single neurons. It would be interest-
ing to determine whether endogenous neurosteroids can 
modulate TTX-R Na+ channels under more intact condi-
tions, such as in tissue slice preparations or in  vivo con-
ditions. Finally, we have demonstrated the effects of PS 
and DHEA on TTX-R Na+ channels, but the role of other 
ion channels modulated by neurosteroids in dural affer-
ent neurons should be further investigated. For example, 
NaV1.7, which is specifically expressed in nociceptive neu-
rons [17], and other TTX-sensitive Na+ channel subtypes 
may be potential targets for the neurosteroid modulation. 
Additionally, since GABAA, NMDA, σ1 receptors, and 
TRPM3 are also expressed in nociceptive sensory neurons 
[17, 69–71], the neurosteroid modulation of these recep-
tors and ion channels may affect the excitability of dural 
afferent neurons. These findings highlight the need for fur-
ther research to fully understand the role of neurosteroids 
in migraine pathophysiology and to explore their potential 
as therapeutic targets.

Conclusion
In the present study, we have demonstrated that the 
excitatory neurosteroid PS preferentially potentiated 
TTX-R INaP and modulated TTX-R Na+ channels to 
reduce their inactivation, resulting in increased excitabil-
ity of dural afferent neurons. The inhibitory neurosteroid 
DHEA had opposite effects on TTX-R Na+ channels and 
neuronal excitability in these neurons. Since all tran-
scripts for enzymes and transporters involved in the 
biosynthesis and membrane transport of PS and DHEA 
were detected in the ophthalmic branch of the TG, these 
findings suggest that neurosteroids, particularly PS and 
DHEA, play crucial roles in regulating the excitability of 
dural afferent neurons and may be involved in migraine 
pathophysiology.
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Supplementary Material 1: Figure S1. Expression of 3β-HSD and SULT2A1 
in the liver, testis, and adrenal gland. Total RNA was extracted from each 
tissue. 3β-HSD and SULT2A1 were clearly detected in the adrenal gland 
and liver, respectively, confirming the effectiveness of the primers used to 
detect these enzymes. Figure S2. Property of small-sized DiI-positive 
neurons. A, Typical phase contrast (Ph) and fluorescence (DiI) images of 
small-sized DiI-positive neurons. B, Typical raw traces of voltage-gated Na+ 
currents observed from small-sized DiI-positive neurons in the absence 
and presence of 300 nM TTX. Voltage-gated Na+ currents were elicited by 
brief voltage step pulses (100 ms duration, −80 mV to −10 mV) in the 
presence of 100 μM Cd2+. C, a, A typical raw trace observed from 
small-sized DiI-positive neurons before, during, and after the application 
of 500 nM capsaicin at a holding potential of −80 mV. b, The proportion of 
capsaicin-positive small-sized DiI-positive neurons. DiI-positive neurons 
eliciting a capsaicin-induced membrane current of ≥100 pA were 
considered capsaicin-positive neurons. The brackets represent the 
number of capsaicin-positive neurons and all neurons tested. Figure S3. 
Effects of PS and DHEA on the decay phase of TTX-R INaT. A, a, Typical raw 
traces of TTX-R INa recorded in the absence (black trace) and presence (red 
trace) of 100 μM PS. TTX-R INa was elicited by brief voltage step pulses (100 
ms duration, −80 mV to −10 mV). Insets show INa with expanded time (i) 
and amplitude (ii) scales. b, PS-induced changes in the weighted decay 
time constant (τweighted). Open circles represent individual results (n = 10); 
closed circles and error bars indicate the mean and standard error of the 
mean (SEM). **p < 0.01 (paired t-test). B, PS-induced changes in τfast (a), 
τintermediate (b), τslow (c), Afast (d), Aintermediate (e), and Aslow (f ). Open circles 
represent individual results (n = 10); closed circles and error bars indicate 
the mean and SEM. *p < 0.05; **p < 0.01; n.s., not significant (paired t-test). 
C, a, Typical raw traces of TTX-R INa recorded in the absence (black trace) 
and presence (cyan trace) of 100 μM DHEA. TTX-R INa was elicited by brief 
voltage step pulses (100 ms duration, −80 mV to −10 mV). Insets show INa 
with expanded time (i) and amplitude (ii) scales. b, DHEA-induced 
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changes in the weighted decay time constant (τweighted). Open circles 
represent individual results (n = 10); closed circles and error bars indicate 
the mean and SEM. n.s., not significant (paired t-test). D, DHEA-induced 
changes in τfast (a), τintermediate (b), τslow (c), Afast (d), Aintermediate (e), and Aslow 
(f ). Open circles represent individual results (n = 10); closed circles and 
error bars indicate the mean and SEM. n.s., not significant (paired t-test). 
Figure S4. Effects of BD-1047 and ononetin on DHEA-induced changes in 
the amplitude of TTX-R INaT, INaP, and IRamp. A, Representative traces of 
TTX-R INaT and INaP obtained before and after the application of 100 μM 
DHEA in the presence of 100 nM BD-1047, a selective σ1 receptor 
antagonist. TTX-R INa was elicited by brief voltage step pulses (100 ms 
duration, −80 mV to −10 mV). B, DHEA (100 μM)–induced changes in the 
amplitude of TTX-R INaT (left) and INaP (right) in the absence and presence 
of 100 nM BD-1047 (a) or 10 μM ononetin, a TRPM3 antagonist (b). Open 
circles represent individual results (n = 8); closed circles and error bars 
indicate the mean and SEM. n.s., not significant (paired t-test). C, a, 
Representative traces of TTX-R IRamp obtained before and after the 
application of 100 μM DHEA in the presence of 10 μM ononetin. TTX-R 
IRamp was elicited by slow voltage-ramp stimulation (−80 mV to +10 mV at 
15 mV/s, every 20 s). b, DHEA (100 μM)–induced changes in the amplitude 
of TTX-R IRamp in the absence and presence of 100 nM BD-1047 (left) or 10 
μM ononetin (right). Open circles represent individual results (n = 8); 
closed circles and error bars indicate the mean and standard error of the 
mean. n.s., not significant (paired t-test). Figure S5. Effects of intracellular 
PS or γ-cyclodextrin on PS-induced changes in the amplitude of TTX-R 
INaT, INaP, and IRamp. A, a, Schematic illustration for testing the effect of 
intracellular application of PS. In this experiment, PS (100 μM) was added 
into the pipette solution. b, Representative traces of TTX-R INaT and INaP 
obtained before and after the application of 100 μM PS in the presence of 
intracellular PS (100 μM). TTX-R INa was elicited by brief voltage step pulses 
(100 ms duration, −80 mV to −10 mV). c, Extracellular PS (100 μM)–
induced changes in the amplitude of TTX-R INaT (left) and INaP (right) in the 
absence and presence of intracellular PS (100 μM). Open circles represent 
individual results (n = 8); columns and error bars indicate the mean and 
SEM. n.s., not significant (unpaired t-test). B, a, Representative traces of 
TTX-R IRamp obtained before and after the application of 100 μM PS in the 
presence of intracellular PS (100 μM). TTX-R IRamp was elicited by slow 
voltage-ramp stimulation (−80 mV to +10 mV at 15 mV/s, every 20 s). b, 
Extracellular PS (100 μM)–induced changes in the amplitude of TTX-R IRamp 
in the absence and presence of intracellular PS (100 μM). Open circles 
represent individual results (n = 8); columns and error bars indicate the 
mean and SEM. n.s., not significant (unpaired t-test). C, a, Representative 
traces of TTX-R INaT and INaP obtained before and after the application of 
500 μM γ-cyclodextrin (γ-CD), a sequestrator of PS. TTX-R INa was elicited 
by brief voltage step pulses (100 ms duration, −80 mV to −10 mV). b, γ-CD 
(500 μM)–induced changes in the amplitude of TTX-R INaT (left) and INaP 
(right). Open circles represent individual results (n = 8); closed circles and 
error bars indicate the mean and SEM. n.s., not significant (paired t-test). D, 
a, Representative traces of TTX-R IRamp obtained before and after the 
application of 500 μM γ-CD. TTX-R IRamp was elicited by slow voltage-ramp 
stimulation (−80 mV to +10 mV at 15 mV/s, every 20 s). b, γ-CD (500 
μM)–induced changes in the amplitude of TTX-R IRamp. Open circles 
represent individual results (n = 8); closed circles and error bars indicate 
the mean and SEM. n.s., not significant (paired t-test). Figure S6. Effects of 
PS and DHEA on NaV1.9-mediated current. A, a, Representative traces of 
TTX- R INa elicited by depolarizing step pulses (up to −50 mV, 5 mV 
increments, 100 ms duration) at a holding potential (VH) of −80 mV (left) 
or −120 mV (right) in the presence of 300 nM TTX and 100 μM Cd2+. Note 
that the NaV1.9-mediated current reappeared when VH was adjusted to 
−120 mV. b, Voltage-activation relationship of TTX- R INa at VH of −80 mV 
or −120 mV. Each circle and error bar represent the mean and SEM from 
eight neurons. B, Typical time course of the amplitude of NaV1.9-mediated 
current recorded before, during, and after the application of PS (100 μM) 
and DHEA (100 μM). C, a, Representative traces of NaV1.9-mediated 
current in the absence and presence of 100 μM PS (left) and 100 μM DHEA 
(right). The NaV1.9-mediated current was elicited by depolarizing step 
pulses (up to −60 mV, 100 ms duration) at a VH of −120 mV in the 
presence of 300 nM TTX and 100 μM Cd2+. b, Changes induced by 100 μM 
PS (left) or 100 μM DHEA (right) in the amplitude of NaV1.9-mediated 
current. Open circles represent individual results (n = 7 for PS, n = 7 for 

DHEA); closed circles and error bars indicate the mean and SEM. **p< 0.01 
(paired t-test). D, Concentration–response relationships of PS and DHEA 
on NaV1.9-mediated current elicited by depolarizing step pulses (−120 mV 
to −60 mV, 100 ms duration). Each point and error bar represent the mean 
and SEM from seven neurons for both PS and DHEA. The IC50 value of 
DHEA was 49.2 μM. Figure S7. Effect of DHEA on the voltage dependence 
of TTX-R Na+ channels. A, Representative traces of TTX-R INa elicited by 
voltage step pulses in the absence (left trace) and presence (right trace) of 
100 μM DHEA. TTX-R INa was induced by 100 ms depolarizing pulses in 10 
mV increments from a holding potential of −80 mV. B, a, Voltage-activa-
tion relationship of TTX-R Na+ channels in the absence (black circles) and 
presence (red circles) of 100 μM DHEA. Continuous lines represent the 
best fit to the Boltzmann function. Each point and error bar represent the 
mean and standard error of the mean (SEM) from 10 neurons. b, Changes 
induced by 100 μM DHEA in the midpoint voltage for activation 
(V50,activation) of TTX-R Na+ channels. Open circles connected by lines 
represent individual results (n = 10), whereas closed circles and error bars 
indicate the mean and SEM. **p < 0.01 (paired t-test). c, Concentration–
response relationship of DHEA on V50,activation. Open circles represent 
individual results (n = 10 for each concentration); columns and error bars 
indicate the mean and SEM. **p < 0.01; n.s., not significant (paired t-test). 
C, Representative raw traces of TTX-R INa elicited by voltage step pulses in 
the absence (left trace) and presence (right trace) of 100 μM DHEA. TTX-R 
INa was induced by 50 ms depolarizing pulses from −120 mV to−10 mV in 
10 mV increments from a holding potential of −80 mV. D, a, Steady-state 
fast inactivation relationship of TTX-R Na+ channels in the absence (black 
circles) and presence (red circles) of 100 μM DHEA. Continuous lines 
represent the best fit to the Boltzmann function. Each point and error bar 
represent the mean and SEM from 10 neurons. b, Changes induced by 100 
μM DHEA in the midpoint voltage for inactivation (V50,inactivation) of TTX-R 
Na+ channels. Open circles connected by lines represent individual results 
(n = 10), whereas closed circles and error bars indicate the mean and SEM. 
**p < 0.01 (paired t-test). c, Concentration–response relationship of DHEA 
on V50,inactivation. Open circles represent individual results (n = 10 for each 
concentration); columns and error bars indicate the mean and SEM. **p < 
0.01; n.s., not significant (paired t-test). E, Representative raw traces of 
TTX-R INa elicited by voltage step pulses for slow inactivation of TTX-R Na+ 
channels in the absence (left trace) and presence (right trace) of 100 μM 
DHEA. TTX-R INa was induced by conditioning prepulses (5 s duration, 
−100 mV to −10 mV, 10 mV increments) followed by 50 ms test pulses 
(−80 mV to −10 mV) with an interval of 20 ms. F, a, Slow inactivation 
relationship of TTX-R Na+ channels in the absence (black circles) and 
presence (red circles) of 100 μM DHEA. Continuous lines represent the 
best fit to the Boltzmann function. Each point and error bar represent the 
mean and SEM from 10 neurons. b, Changes induced by 100 μM DHEA in 
the midpoint voltage for slow inactivation (V50,inactivation) of TTX-R Na+ 
channels. Open circles connected by lines represent individual results (n = 
10), whereas closed circles and error bars indicate the mean and SEM. 
**p< 0.01 (paired t-test). c, Concentration–response relationship of DHEA 
on V50,inactivation. Open circles represent individual results (n= 10 for each 
concentration); columns and error bars indicate the mean and SEM. n.s., 
not significant (paired t-test). Figure S8. Effect of DHEA on the use-
dependent inhibition of TTX-R Na+ channels. A, Representative raw traces 
of TTX-R INa elicited by voltage step pulses at 10 Hz in the absence (left 
trace) and presence (right trace) of 100 μM DHEA. Each pulse sequence 
consisted of depolarizing steps from −80 mV to −10 mV with a 10 ms 
duration, applied continuously for 20 s. B, Time courses of the TTX-R INa 
peak amplitude during a train of 40 pulses at 2 Hz (a), 100 pulses at 5 Hz 
(b), and 200 pulses at 10 Hz (c), in the absence and presence of 100 μM 
DHEA. The peak amplitudes of all TTX-R INa pulses (Pn) were normalized to 
that of the first pulse (P1). Each point and error bar represent the mean 
and standard error of the mean (SEM) from eight neurons (2 Hz), nine 
neurons (5 Hz), and 10 neurons (10 Hz). C, DHEA (100 μM)–induced 
changes in the P40/P1 (2 Hz, a), P100/P1 (5 Hz, b), and P200/P1 (10 Hz, c) ratios 
of TTX-R Na+ channels. Open circles connected by lines represent the 
individual results (n = 8 for 2 Hz, n = 9 for 5 Hz, n = 10 for 10 Hz), whereas 
closed circles and error bars indicate the mean and SEM. n.s, not 
significant (paired t-test). D, DHEA (100 μM)–induced changes in the Plast/
P1 ratios. Open circles represent individual results (n= 8 for 2 Hz, n = 9 for 
5 Hz, n = 10 for 10 Hz), whereas columns and error bars indicate the mean 
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and SEM. n.s., not significant (paired t-test). b, Concentration-response 
relationships of DHEA against the use-dependent inhibition of TTX-R Na+ 
channels (10 Hz). Open circles represent individual results (n = 7 for 10 
μM, n = 7 for 30 μM, and n = 10 for 100 μM), with columns and error bars 
indicating the mean and SEM. n.s., not significant (paired t-test). Figure S9. 
Effect of PS on parameters for inactivation and recovery kinetics of TTX-R 
Na+ channels. A, PS (100 μM)–induced changes in the kinetic parameters 
for the development of inactivation of TTX-R Na+ channels: a; τfast, b; τslow, 
c; Afast, d; Aslow. Open circles represent the individual results (n = 11); 
closed circles and error bars indicate the mean and SEM. **p < 0.01 (paired 
t-test). B, PS (100 μM)–induced changes in the kinetic parameters for the 
recovery from inactivation of TTX-R Na+ channels: a; τfast, b; τintermediate, c; 
τslow, d; Afast, e; Aintermediate, f; Aslow. Open circles represent the individual 
results (n = 10); closed circles and error bars indicate the mean and SEM. 
**p < 0.01 (paired t-test); n.s., not significant (paired t-test). Figure S10. 
Effect of DHEA on the inactivation and recovery kinetics of TTX-R Na+ 
channels. A, a, Schematic illustration of voltage step pulses used to study 
the development of inactivation of TTX-R Na+ channels. b, Representative 
raw traces of the second TTX-R INa (P2) elicited by voltage step pulses in 
the absence (left trace) and presence (right trace) of 100 μM DHEA. Dotted 
lines represent the first TTX-R INa (P1). B, Kinetics of the development of 
TTX-R Na+ channel inactivation in the absence (black circles) and 
presence (red circles) of 100 μM DHEA. The P2/P1 ratio was plotted against 
prepulse duration. Continuous lines represent the best fit to a double 
exponential function. Each point and error bar represent the mean and 
SEM from nine neurons. C, Concentration-response relationship of DHEA 
against the τfast of inactivation kinetics. Open circles represent the 
individual results (n = 9 for each concentration), whereas columns and 
error bars indicate the mean and SEM. *p < 0.05; n.s, not significant (paired 
t-test). D, Concentration–response relationship of DHEA on the fast time 
constant (τfast) of inactivation kinetics. Open circles represent individual 
results (n= 9 for each concentration); columns and error bars indicate the 
mean and SEM. *p < 0.05; n.s., not significant (paired t-test). E, a, Schematic 
illustration of voltage step pulses used to study recovery from TTX-R Na+ 
channel inactivation. b, Representative raw traces of the second TTX-R INa 
(P2) elicited by voltage step pulses in the absence (left trace) and presence 
(right trace) of 100 μM DHEA. Dotted lines represent the first TTX-R INa (P1). 
F, Kinetics of recovery from TTX-R Na+ channel inactivation in the absence 
(black circles) and presence (red circles) of 100 μM DHEA. The P2/P1 ratio 
was plotted against the duration of the recovery interval. Continuous lines 
represent the best fit to a triple exponential function. Each point and error 
bar represent the mean and SEM from nine neurons. G, Concentration–
response relationship of DHEA on the fast time constant (τfast) of recovery 
kinetics. Open circles represent individual results (n = 9 for each 
concentration); columns and error bars indicate the mean and SEM. **p < 
0.01 (paired t-test); n.s., not significant (paired t-test). H, DHEA (100 
μM)–induced changes in the kinetic parameters for the recovery from 
inactivation of TTX-R Na+ channels: a; τfast, b; τintermediate, c; τslow, d; Afast, e; 
Aintermediate, f; Aslow. Open circles represent individual results (n= 9); closed 
circles and error bars indicate the mean and SEM. **p < 0.01; n.s., not 
significant (paired t-test). Figure S11. Effect of PS on the membrane 
current of small-sized DiI-positive neurons. A, a, Typical current traces 
recorded before, during, and after the application of 100 μM PS at various 
holding potentials (VH; −120 mV to +40 mV). The intracellular and 
extracellular K+ concentrations ([K+]i and [K+]o) were 150 mM and 153 
mM, respectively. b, Current–voltage relationships of the PS-induced 
current. The K+ equilibrium potential (EK; indicated by arrows) was −85.7 
mV for [K+]o= 5 mM (vermilion) and +0.5 mV for [K+]o = 153 mM (cyan), as 
calculated using the Nernst equation. Points and error bars represent the 
mean and standard error of the mean (SEM) from six neurons for each 
[K+]o condition. B, a, A typical current trace recorded before, during, and 
after the application of 100 μM PS in the absence (black trace) and 
presence (red trace) of 100 nM BD-1047, a selective σ1 receptor 
antagonist. b, BD-1047–induced changes in the PS-induced current (IPS). 
Open circles connected by lines represent individual results (n= 7); closed 
circles and error bars indicate the mean and SEM. n.s., not significant 
(paired t-test). C, a, A typical current trace recorded before, during, and 
after the application of 100 μM PS in the absence and presence of an 
acidic extracellular solution (pH 6.0; indicated by a horizontal bar). b, 
Acidic pH (pH 6.0)–induced changes in the IPS. Open circles connected by 

lines represent individual results (n = 7); closed circles and error bars 
indicate the mean and SEM. **p < 0.01 (paired t-test). D, a, A typical 
current trace recorded before, during, and after the application of 100 
μM PS in the absence and presence of 1 μM A-1899, a TASK-1/TASK-3 
inhibitor. b, A-1899 (1 μM)–induced changes in the IPS. Open circles 
connected by lines represent individual results (n = 7); closed circles 
and error bars indicate the mean and SEM. **p < 0.01 (paired t-test). 
Figure S12. Effect of DHEA on the excitability of small-sized DiI-positive 
neurons. A, a, A typical raw trace exhibiting spontaneous action 
potentials recorded before, during, and after the application of 100 μM 
DHEA under current-clamp conditions. b, Changes induced by 100 μM 
DHEA in action potential (AP) frequency. Open circles represent 
individual results (n = 8); closed circles and error bars indicate the mean 
and standard error of the mean (SEM). n.s., not significant (paired t-test). 
c, Concentration–response relationship of DHEA on AP frequency. 
Open circles represent individual results (n = 8 for each concentration); 
columns and error bars indicate the mean and SEM. n.s., not significant 
(paired t-test). B, Representative raw traces recorded in response to four 
successive depolarizing current stimuli (40 pA increments, 500 ms 
duration) in the absence (left trace) and presence (right trace) of 100 
μM DHEA. C, a, Changes induced by 100 μM DHEA in rheobase current. 
Open circles represent individual results (n = 10); closed circles and 
error bars indicate the mean and SEM. n.s., not significant (paired t-test). 
b, Concentration–response relationship of DHEA on rheobase current. 
Open circles represent individual results (n = 10 for each concentra-
tion); columns and error bars indicate the mean and SEM. n.s., not 
significant (paired t-test). c, Concentration–response relationship of 
DHEA on the membrane potentials of small-sized DiI-positive neurons. 
Open circles represent individual results (n= 10 for each concentration); 
columns and error bars indicate the mean and SEM. n.s., not significant 
(paired t-test). D, Representative raw traces recorded in response to four 
successive depolarizing current stimuli (1T–4T; 1T = 110 pA, 1 s 
duration) in the absence (left trace) and presence (right trace) of 100 
μM DHEA. E, a, Changes induced by 100 μM DHEA in the number of 
action potentials elicited by depolarizing current stimuli. Open circles 
represent individual results (n= 10); closed circles and error bars 
indicate the mean and SEM. *p < 0.05 (paired t-test). b, Concentration–
response relationship of DHEA on the number of action potentials 
elicited by depolarizing current stimuli (4T). Open circles represent 
individual results (n = 10 for each concentration); columns and error 
bars indicate the mean and SEM. *p < 0.05; n.s., not significant (paired 
t-test). F, Representative raw traces of single action potentials elicited by 
brief depolarizing current stimuli in the absence (black trace) and 
presence (cyan trace) of 100 μM DHEA. Action potentials were elicited 
by strong and brief depolarizing current stimuli (600 pA, 1 ms duration). 
Figure S13. Effects of PS and DHEA on voltage-gated IK. A, a, Typical 
current traces recorded in response to depolarizing voltage steps (−120 
mV to +60 mV, 1 s duration) in the absence (left trace) and presence 
(right trace) of 100 μM PS. b, Superimposed current traces scaled to the 
peak amplitude. B, a, PS (100 μM)–induced changes in voltage-gated IK. 
Open circles represent individual results (n = 8), whereas closed circles 
and error bars indicate the mean and SEM. **p< 0.01 (paired t-test). b, 
PS (100 μM)–induced changes in the weighted decay time constant 
(τweighted) of the voltage-gated K+ current. Open circles represent 
individual results (n= 8); closed circles and error bars indicate the mean 
and SEM. **p < 0.01; n.s., not significant (paired t-test). C, a, Separation 
of fast-inactivating A-type (IA) and non-inactivating delayed rectifier 
(IDR) IK using two voltage step pulses (lower panel). Depolarizing 
voltage step pulses (−120 mV to+60 mV, 1 s duration) were applied to 
patched neurons with (b′) or without (a′) a prepulse (−20 mV, 1 s 
duration) at an interval of 20 s. Subtraction of the two current traces 
(middle panel; a′–b′) yielded the IA component (red trace). b, Typical 
current traces of IDR (left) and IA (right) in the absence and presence of 
100 μM PS. D, PS (100 μM)–induced changes in the amplitude of IDR (a) 
and IA (b). Each point reflects the mean and SEM from seven neurons. 
Open circles represent individual results (n = 8), whereas closed circles 
and error bars indicate the mean and SEM. *p < 0.05; **p < 0.01 (paired 
t-test). E, Typical traces of IK (a), IDR (b), and IA (c) in the absence and 
presence of 100 μM DHEA. F, DHEA (100 μM)–induced changes in the 
amplitude of IK (a), IDR (b), and IA (c). Open circles represent individual 
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results (n= 8), whereas closed circles and error bars indicate the mean and 
SEM. n.s., not significant (paired t-test). Figure S14. Effects of PS on sag 
potential or afterhyperpolarization of single action potentials. A, a, 
Schematic depiction of five sequential hyperpolarizing current stimuli 
(−20 pA increments, 1 s duration) used to elicit sag potentials. b, 
Representative traces of sag potentials in response to hyperpolarizing 
current stimuli (up to −100 pA, −20 pA increments, 1 s duration), with the 
sag potential indicated by an arrow. c, A typical trace elicited by a 
hyperpolarizing current stimulus (−100 pA, 1 s duration), showing the sag 
potential’s amplitude (arrow) and decay phase (highlighted in cyan). The 
decay phase of the sag potential was fitted to a single-exponential 
function. B, a, Representative traces elicited by hyperpolarizing current 
stimuli (−100 pA, 1 s duration) in the absence and presence of 100 μM PS. 
b, PS (100 μM)–induced changes in the amplitude of the sag potential. 
Open circles represent individual data points (n = 8), with closed circles 
and error bars indicating the mean and SEM. n.s., not significant (paired 
t-test). c, PS (100 μM)–induced changes in the decay time constant (τdecay) 
of the sag potential. Open circles indicate individual results (n = 8), with 
closed circles and error bars representing the mean and SEM. n.s., not 
significant (paired t-test). C, a, Representative traces of afterhyperpolariza-
tion (AHP) elicited by brief depolarizing current stimuli (600 pA, 1 ms 
duration) in the absence and presence of 100 nM apamin, a selective SK 
channel inhibitor. The depolarizing component of the AP was truncated. 
The right panel shows two traces scaled to the peak amplitude of the AHP. 
b, Representative traces of AHPs elicited by brief depolarizing stimuli (600 
pA, 1 ms duration) obtained before and after the application of 100 μM PS 
in the presence of 100 nM apamin. The right panel shows the traces 
scaled to the peak amplitude of the AHP. D, a, PS (100 μM)–induced 
changes in AHP amplitude in the presence of 100 nM apamin. Open 
circles denote individual results (n= 6), with closed circles and error bars 
indicating the mean and SEM. **p < 0.01 (paired t-test). b, PS (100 
μM)–induced changes in the decay time constant (τdecay) of AHP in the 
presence of 100 nM apamin. Open circles represent individual results (n = 
6), and closed circles and error bars represent the mean and SEM. **p< 
0.01 (paired t-test).
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