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ARTICLE INFO ABSTRACT

Keywords: The promotion of neurogenesis is considered to be an effective therapeutic strategy for neuropsychiatric dis-
Neural stem cell orders because impairment of neurogenesis is associated with the onset and progression of these disorders. We
Neuronal differentiation have previously demonstrated that orally ingested ergothioneine (ERGO), a naturally occurring antioxidant and
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Tropomyosin receptor kinase B
P70 ribosomal protein S6 kinase 1
Ergothioneine

hydrophilic amino acid, promotes neurogenesis in the hippocampal dentate gyrus (DG) with its abundant neural
stem cells (NSCs) and exerts antidepressant-like effects in mice. Independent of its antioxidant activities, ERGO
induces in cultured NSCs this differentiation through induction of the basic helix-loop-helix transcription factor
Math1. However, the upstream signaling of Math1 in the mechanisms underlying ERGO-induced neuronal dif-
ferentiation remains unclear. The purpose of the present study was to elucidate the upstream signaling with the
aim of discovering novel targets for the treatment of neuropsychiatric disorders. We focused on neurotrophic
factor signaling, as it is important for the promotion of neurogenesis and the induction of antidepressant effects.
We also focused on the signaling of the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), a known
amino acid sensor, and the members of this signaling pathway, mTOR and p70 ribosomal protein S6 kinase 1
(S6K1). Exposure of cultured NSCs to ERGO significantly increased the expression of phosphorylated S6K1 (p-
S6K1) at Thr389 in only 1 h, of phosphorylated mTOR (p-mTOR) in 6 h, and of the gene product of neurotrophin
4/5 (NT5) which activates tropomyosin receptor kinase B (TrkB) in 24 h. ERGO increased the population of BIII-
tubulin-positive neurons, and this effect was suppressed by the inhibitors of S6K1 (PF4708671), mTORC1 (ra-
pamycin), and TrkB (GNF5837). Oral administration of ERGO to mice significantly increased in the DG the
expression of p-S6K1 at Thr389, the gene product of NT5, and phosphorylated TrkB but not that of p-mTOR.
Thus, neuronal differentiation of NSCs induced by ERGO is mediated, at least in part, through phosphorylation of
S6K1 at Thr389 and subsequent activation of TrkB signaling through the induction of NT5. Thus, S6K1 and NT5
might be promising target molecules for the treatment of neuropsychiatric disorders.
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1. Introduction

Neural stem cells (NSCs) have self-renewal ability as well as plur-
ipotentiality to differentiate into neurons, astrocytes, and oligoden-
drocytes [1,2]. New neurons are generated from NSCs in the hippo-
campus, subventricular zone, and olfactory bulb throughout the
lifetime of the mammalian brain [3-6]. Because severely damaged
neurons cannot regenerate in mammals [7,8], including humans, neu-
rogenesis is essential for sustaining normal brain functions. Suppression
of neurogenesis leads to the onset and progression of neuropsychiatric
disorders, and this suppression, in conjunction with environmental
stressors, causes major depression and dementia [6,9,10]. Amelioration
of suppressed neurogenesis improves depression symptoms [11,12] and
age-dependent decline of learning and memory [13]. Promotion of
neurogenesis is important for the efficacy of clinically used anti-
depressants [14-16]. Hence, the promotion of neurogenesis would be
an effective therapeutic strategy for neuropsychiatric disorders [17,18],
and the discovery of compounds promoting neurogenesis without ad-
verse effects and the elucidation of their mechanisms of action is de-
sired.

Ergothioneine (ERGO) is a naturally occurring, food-derived, hy-
drophilic amino acid and antioxidant. It is found in many foods, in-
cluding edible mushrooms. ERGO is highly distributed to the brain via
the carnitine/organic cation transporter 1 (OCTN1) after oral ingestion,
and it has been shown to promote neurogenesis in the hippocampal
dentate gyrus (DG) of mice [19]. In mice, oral intake of ERGO exerts
antidepressant-like effects [19] and improves the impairment of
learning and memory caused by administration of D-galactose [20].
Little is known about hydrophilic compounds, like ERGO, that promote
neurogenesis via oral administration, because the compounds that are
reported to promote neurogenesis are mostly hydrophobic in nature
[21,22]. For example, resveratrol and curcumin are known to promote
neurogenesis and are both hydrophobic compounds. However, their
brain distribution after oral administration is limited, owing to their
low oral bioavailability and permeability across the blood-brain barrier
(BBB) [23]. An overdose of these compounds is necessary to induce an
improvement of brain functions; however, long-term overdoses of re-
sveratrol and curcumin can cause adverse effects, such as liver injury
[24,25]. In contrast, ERGO is hydrophilic and its disposition is highly
controlled by the ERGO-specific transporter OCTN1/SLC22A4. There-
fore, ERGO can be expected to safely improve brain functions, even
with long-term use [26]. In fact, ERGO is highly distributed to the brain
across the BBB after oral ingestion and exhibits antidepressant-like ef-
fects at relatively low doses [19]. We have previously demonstrated
that ERGO promotes neuronal differentiation through induction of the
basic helix-loop-helix (bHLH) transcription factor Mathl via uni-
dentified mechanisms that are distinct from its antioxidant activities in
NSCs [27]. The mechanisms underlying ERGO-induced neuronal dif-
ferentiation, however, remain unclear. The identification of the me-
chanisms that drive ERGO-induced neuronal differentiation could lead
to the discovery of novel therapeutic targets for neuropsychiatric dis-
orders, so we tried to elucidate those mechanisms in the present study.

Differentiation of NSCs is regulated by multiple extracellular and
intracellular factors, including neurotransmitters, neurotrophic factors,
kinases, and transcription factors [28,29]. Activation of neurotrophic
factor signaling is associated with the amelioration of depression
[14,30,31], and ERGO is known to have antidepressant-like properties
[19]. Brain-derived neurotrophic factor (BDNF) promotes neuronal
differentiation of NSCs via induction of Mathl in a manner similar to
ERGO [27,32]. Therefore, we examined the involvement of BDNF and
other neurotrophic factors, nerve growth factor (NGF), neurotrophin 3
(NT3), and neurotrophin 4/5 (NT5), in the mechanisms that underlie
ERGO-induced neuronal differentiation. In addition, we also in-
vestigated the involvement of mammalian target of rapamycin (mTOR)
complex 1 (mTORC1) signaling in this process. mTORC1 is a known
sensor for intracellular amino acids [33,34] and is a master growth
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controller [34]. It regulates differentiation of NSCs [35-38] and pro-
motes secretion of BDNF [39]. Since ERGO is an amino acid and is
transported into the intracellular space by OCTN1, ERGO-induced ac-
tivation of mMTORCI1 may be involved in neuronal differentiation. Thus,
in the present study, we examined whether ERGO activates mTORC1
and neurotrophic factor signaling to clarify the mechanisms underlying
ERGO-induced neuronal differentiation.

2. Materials and methods
2.1. Materials

Anti-mTOR, phosphorylated mTOR (p-mTOR) at Ser2448, p70 ri-
bosomal protein S6 kinase 1 (S6K1), phosphorylated S6K1 (p-S6K1) at
Thr371, p-S6K1 at Thr389, eukaryotic initiation factor 4E-binding
protein 1 (4EBP1), phosphorylated 4EBP1 (p-4EBP1) at Thr37/46, and
tropomyosin receptor kinase B (TrkB) antibodies, and anti-rabbit IgG
antibody conjugated with peroxidase were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-phosphorylated TrkB
(p-TrkB) at Tyr816 antibody was purchased from Merck Millipore
(Darmstadt, Germany). Block Ace™ was provided by DS Pharma
Biomedical (Suita, Japan). Dulbecco's modified Eagle's medium
(DMEM), DMEM/Nutrient Mixture F-12 Ham (DMEM/F12), poly-1-ly-
sine, and monoclonal antibodies against BIII-tubulin and glial fibrillary
acidic protein (GFAP) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Fetal bovine serum (FBS) was supplied by Biowest (Nuaillé,
France). GNF5837 was purchased from SYNkinase Pty (Melbourne,
Australia). ISOGEN was purchased from Nippon Gene (Tokyo, Japan).
MultiScribe™ reverse transcriptase was obtained from Applied
Biosystems (Foster City, CA, USA). NeuroCult Chemical Dissociation Kit
was purchased from Stem Cell Technologies Inc. (Cambridge, UK).
Neurotrophin 4/5 and BDNF Rapid™ enzyme-linked immunosorbent
assay (ELISA) Kits were purchased from Biosensis (Thebarton,
Australia). Rapamycin was purchased from AdipoGen Life Sciences (San
Diego, CA, USA). Recombinant human basic fibroblast growth factor
(bFGF) and recombinant human epidermal growth factor (EGF) were
provided by PeproTech Inc. (Rocky Hill, NJ, USA). Recombinant mouse
neurotrophin 4/5 was purchased from GenScript (Piscataway, NJ,
USA). Secondary antibodies conjugated with the Alexa Fluor series
were provided by Invitrogen (San Diego, CA, USA). THUNDERBIRD™
SYBR qPCR Mix and Can Get Signal™ were purchased from TOYOBO
(Osaka, Japan). All other chemicals and reagents were of the highest
purity available and were purchased from commercial sources.

2.2. Animals

ICR mice were purchased from Japan SLC (Hamamatsu, Japan).
octnl-deficient mice (octnl ™/~ -mice) were established in a previous
paper [26] and backcrossed to a C57BL/6 J strain [27]. The mice were
kept in a temperature- and light-controlled environment with standard
food and tap water provided ad libitum. This study was carried out in
strict accordance with the guidelines outlined in the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. The pro-
tocol was approved by the Committee on the Ethics of Animal Experi-
ments of the University of Kanazawa (Permit Number: AP-132875) with
an effort to minimize the number of animals used and their suffering.

2.3. Preparation of NSCs

Cortical NSC culture was carried out according to the method of
Ishimoto et al. [27] with minor modifications. In brief, cerebral cortices
from 15-day-old embryonic mice were dissected and incubated at 37 °C
for 20min with 0.25% trypsin in phosphate-buffered saline (PBS)
containing 28 mM glucose. Cells were mechanically dissociated, using a
1000 pL. pipette tip, in culture medium and plated at a density of
1 x 10° cells/2mL/well on 0.2% agarose-coated 6-well dishes for
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culture, under floating conditions. First, cortical NSCs were cultured in
the growth medium DMEM/F12 supplemented with 100 U/mL peni-
cillin, 100 pg/mL streptomycin, 100 ug/mL apo-transferrin, 20 nM
progesterone, 5.2 ng/mL sodium selenite, 60 uM putrescine, 10 ng/mL
EGF, and 10 ng/mL bFGF at 37 °C in a humidified incubator with 5%
CO,. These primary NSC cultures were kept for 6 days in this growth
medium with half its volume changed on day 3. Neurospheres were
formed from clusters of proliferating cells under floating culture con-
ditions in a culture period-dependent manner and were transferred to
uncoated 6-well dishes at day 3. On the sixth day in culture, primary
neurosphere cultures were dispersed by using a NeuroCult Chemical
Dissociation Kit, and then replated at a density of 2 x 10° cells/2 mL/
well and 5 x 10* cells/0.5 mL/well into 6- and 24-well dishes, re-
spectively, as secondary cultures. The cells were kept in the growth
medium for various times, for 3, 6, or 9 days, under the same conditions
as the primary cultures. Half of the secondary culture medium was
changed every 3 days. Experiments in the present study were performed
using NSCs obtained from these secondary cultures. The cells in the
secondary cultures were cultured in either the absence or presence of
ERGO for 1, 3, or 9days. The secondary ERGO-treated cultures were
also treated with either several inhibitors or a vehicle. Cultured NSCs
were exposed to ERGO at 500 uM. We have clarified that 500 uM is an
appropriate concentration to evaluate the effect of ERGO on cellular
differentiation of cultured NSCs in our previous study [27].

In order to evaluate differentiation of NSCs, neurospheres cultured
for 3, 6, or 9days in secondary cultures were dispersed by using a
NeuroCult Chemical Dissociation Kit, followed by seeding them at a
density of 7.9 x 10 cells/cm? into 4-well dishes coated with poly-1-
lysine for culture under adhesion conditions. The subsequent culture
was conducted in the absence of growth factors for an additional 3 days
in DMEM media supplemented with 5% FBS, 100 U/mL penicillin,
100 ug/mL streptomycin, 28 mM glucose, 2mM glutamine, 5mM
HEPES, 25 ug/mL apo-transferrin, 250 ng/mL insulin, 0.5 pM p-estra-
diol, 1.5nM triiodothyronine, 10 nM progesterone, 4 ng/mL sodium
selenite, and 50 uM putrescine. Removal of growth factors led to the
complete abolition of nestin immunoreactivity along with a drastic
increase in the number of cells immunoreactive for either BIII-tubulin
or GFAP on day 3 [27].

2.4. Administration of ERGO to mice

Five-week-old mice were purchased, and ERGO, dissolved in auto-
claved pure water, was orally administered at 0 or 50 mg/kg on ex-
perimental day 0, 2, 4, 7, 9, and 11 by gavage. We have clarified that
50 mg/kg is an appropriate dose to evaluate the effect of ERGO on
activation of mTOR signaling in mice in our preliminary study. The
mice were then decapitated 4h after the administration on experi-
mental day 2 or on experimental day 19. The hippocampal DG and
cortex were collected in accordance with the method of Hagihara et al.
[40]. The tissue samples were weighed, homogenized, and used for

Table 1
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western blot analysis and enzyme immunoassays.

2.5. Western blot analysis

Western blot analysis was carried out according to the method of
Ishimoto et al. with minor modifications [27]. In brief, samples, in-
cluding cultured NSCs, DG, and cortex, were washed twice with ice-cold
PBS, followed by centrifugation at 4 °C for 5min at 15,000 X g. Pellets
thus obtained were suspended and sonicated in 20 mM Tris-HCl buffer
(pH7.5) containing 1 mM EDTA, 1mM EGTA, protease inhibitors
(0.1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride,
1 pg/mL leupeptin, 1pg/mL antipain, and 0.5mM benzamidine hy-
drochloride hydrate), and phosphatase inhibitors (10 mM sodium
fluoride, 10 mM f-glycerophosphate disodium salt hydrate, 10 mM so-
dium pyrophosphate decahydrate, and 1 mM sodium orthovanadate),
followed by protein concentration measurements with a Bio-Rad Pro-
tein Assay Kit. Solubilized lysates were added at a volume ratio of 4:1 to
10 mM Tris-HCI buffer (pH 6.8) containing 10% glycerol, 2% sodium
dodecyl sulfate, 0.01% bromophenol blue, and 5% 2-mercaptoethanol.
Each aliquot of five micrograms of protein was loaded on a 10%
polyacrylamide gel for electrophoresis at a constant current of 21 mA/
plate for 30 min at room temperature using a compact-slab size PAGE
system (ATTO, Tokyo, Japan), followed by blotting to a polyvinylidene
fluoride membrane previously treated with 100% methanol. After
blocking with 4% (w/v) Block Ace solution, the membrane was probed
with antibodies against mTOR, p-mTOR at Ser2448, S6K1, p-S6K1 at
Thr371, p-S6K1 at Thr389, 4EBP1, p-4EBP1 at Thr37/46, TrkB, -actin
(all 1: 1000), and p-TrkB at Tyr816 (1: 00) diluted with Can Get Signal,
followed by probing with a secondary anti-rabbit IgG antibody con-
jugated with peroxidase (1: 2000) or anti-mouse IgG antibody con-
jugated with peroxidase (1: 10,000). Proteins that reacted with those
antibodies were detected with the aid of ECL™ detection reagents, using
a lumino image analyzer (LAS-4000; FUJIFILM, Tokyo, Japan). Densi-
tometric analysis of the western blots was performed using ImageJ
software.

2.6. Quantitative reverse transcription polymerase chain reaction

Total RNA was extracted from cultured cells according to the
standard ISOGEN procedure. ¢cDNA was synthesized with oligo
(dT)12.18 primers, deoxynucleotide triphosphate mix, RT buffer, and
MultiScribe™ Reverse Transcriptase and was amplified using Mx3005P
(Agilent Technologies, Santa Clara, CA, USA) in a reaction mixture that
contained cDNA with relevant sense and antisense primers (Table 1)
and THUNDERBIRD SYBR gqPCR Mix. PCR reactions were initiated by
template denaturation at 95°C for 15min, followed by 40 cycles of
amplification (denaturation at 95 °C for 10 s and primer annealing and
extension at 60 °C for 30s. The expression levels of mRNA were nor-
malized by an internal standard, acidic ribosomal phosphoprotein PO
(36B4).

Primers used for real-time polymerase chain reaction analysis in the present study.

Genes Sense primers (5’-3") Antisense primers (3’-5")

NGF TCTATACTGGCCGCAGTGAG GGACATTGCTATCTGTGTACGG
BDNF GCGGCAGATAAAAAGACTGC TCAGTTGGCCTTTGGATACC
NT3 GGAGGAAACGCTATGCAGAA GTCACCCACAGGCTCTCACT
NT5 CCCAAGTTGAGGGAAAACAA TCCTCCGGGAGAACTCCTAT
bFGF CGGCTCTACTGCAAGAACG TGCTTGGAGTTGTAGTTTGACG
EGF CCATCCATTGGCAAAACC AACCTTCACGACACAAACACC
vEGF AAAAACGAAAGCGCAAGAAA TTTCTCCGCTCTGAACAAGG
CNTF CTGGAACAGAAGGTCCCTGA AAGCCCCACAGCTTCTTCTC
Haptoglobin GAGAGGTCCACGATGAGAGC ACTCCACAGCAAAAAGCTGAC
SCF CAGAACAGCTAAACGGAGTCG TTTGTGTCTTCTTCATAAGGAAAGG
Mathl ACATCTCCCAGATCCCACAG GGGCATTTGGTTGTCTCAGT
36B4 ACTGGTCTAGGACCCGAGAAG TCCCACCTTGTCTCCAGTCT
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2.7. Engyme immunoassays

Enzyme immunoassays were performed according to the re-
commended protocol of the Neurotrophin 4/5 and BDNF Rapid™ ELISA
Kits. In brief, samples, including cultured NSCs, DG, and cortex, were
washed twice with ice-cold PBS, followed by centrifugation at 4 °C for
5min at 15,000 X g. The cellular pellets and tissues were then homo-
genized by a tip sonicator (TOMY SEIKO, Tokyo, Japan) in nine vo-
lumes of distilled water containing the same protease inhibitors and
phosphatase inhibitors as was used for western blotting, followed by
centrifugation at 4 °C for 5 min at 15,000 X g. The protein concentration
of the supernatant was measured with the Bio-Rad Protein Assay Kit,
and the protein expression of NT5 and BDNF was examined by their
respective ELISA kit. The absorbance of each sample was measured with
a microplate reader (Molecular Devices, Sunnyvale, CA, USA) at a test
wavelength of 450 nm. Each obtained value was normalized by the
protein concentration of the respective sample.

2.8. Immunocytochemical analysis

Neural cells derived from cultured NSCs were washed with PBS,
then fixed with 4% paraformaldehyde (PA) for 20 min at 25°C, and
incubated for 30 min in a blocking solution (PBS containing 3% bovine
serum albumin and 0.2% Triton X-100) at 25 °C. They were then in-
cubated overnight at 4 °C in a 10-times-diluted blocking solution con-
taining antibody against BIII-tubulin (1: 1000) or GFAP (1: 1000), fol-
lowed by washing with PBS and then probing with secondary
antibodies conjugated with Alexa Fluor dyes (1:1000) for 1 h at 25 °C.
The cells were rinsed again with PBS, treated with mounting medium
that contained 2-(4-amidinophenyl)-1H-indole-6-carboxamidine
(DAPI), and were observed under an LSM710 confocal laser scanning
microscope (Carl Zeiss, Jena, Germany). The neuronal marker pIII-tu-
bulin and the astrocyte marker GFAP were visualized in green and red,
respectively. Quantification was performed by counting the number of
the cells immunoreactive for either BIII-tubulin or GFAP in a double
immunocytochemical analysis, followed by calculation of the in-
dividual percentages versus the total number of cells stained with DAPIL.

2.9. Statistical analysis

All experiments were performed at least three times. Data are ex-
pressed as the mean + S.E.M. The statistical significance of differences
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Fig. 1. Effects of ERGO on the cellular differentiation
in cultured WT- and octnl~/~-NSCs. WT- and
octnl ~/~-NSCs derived from C57BL/6 J mouse em-
bryonic cortex were exposed to vehicle or ERGO
(500 uM) for 9days, and then induced to differ-
entiate by adhesion culture for an additional 3 days.
(A, B) The cells were fixed with 4% PA, followed by
immunocytochemical detection of the neuronal
marker BIII-tubulin (green), the astroglial marker
GFAP (red), and nuclei (blue). Scale bar: 50 um. (C,
D) The number of cells positive for each marker was
counted by using ImageJ and normalized by the
number of the nuclear marker DAPI-positive cells to
calculate the population of cells positive for each
marker. White columns show NSCs treated with ve-
hicle, and black columns show NSCs treated with
ERGO. Each value represents the mean = S.E.M.
(n =6). *p < .05, significant difference from the
control value obtained in NSCs treated with vehicle.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

GFAP

was determined by means of Student's t-test or one-way ANOVA with
the Bonferroni/Dunn or Dunnett test, and p < .05 denoted a sig-
nificant difference.

3. Results
3.1. OCTNI is essential for ERGO-induced neuronal differentiation in NSCs

It has already been demonstrated that exposure to ERGO promotes
neuronal differentiation in a primary NSC culture [27], although an
involvement of the ERGO uptake transporter OCTN1 in this differ-
entiation process remains unclear. We first compared the effects of
ERGO on neuronal differentiation in NSCs derived from wild-type mice
(WT-NSCs) or octnl ™/~ -mice (octnl~/~-NSCs), which minimally in-
corporate ERGO [27]. Exposure to ERGO appeared to increase the
number of BIII-tubulin-positive cells in WT-NSCs (Fig. 1A) but not in
octnl ~/~-NSCs (Fig. 1B). Quantitative analysis showed that the popu-
lation of BIII-tubulin-positive cells was significantly increased by ERGO
exposure, whereas ERGO decreased that of GFAP-positive cells in WT-
NSCs (Fig. 1C). On the other hand, the population of BIII-tubulin- and
GFAP-positive cells were minimally affected by ERGO exposure in
octnl ~/~-NSCs (Fig. 1D). We also examined the effects of ERGO on
cellular proliferation in WT-NSCs and octnl ~/~-NSCs. Exposure to
ERGO significantly decreased the area of neurospheres in WT-NSCs
(Fig. S1A) but not in octnl ~/~_NSCs (Fig. S1B). These results indicate
that OCTN1 is essential for both the promotion of neuronal differ-
entiation and the suppression of cellular proliferation by ERGO in NSCs.
These data also suggest that ERGO acts in the intracellular space after
incorporation by OCTN1 to promote neuronal differentiation.

3.2. Exposure of NSCs to ERGO for 1 day promotes neuronal differentiation

Next, we determined the NSC culture time and the ERGO exposure
time that are required for the promotion of neuronal differentiation by
ERGO in cultured NSCs derived from ICR mice (ICR-NSCs). NSCs cul-
tured for 3, 6, or 9 days were exposed to ERGO during the last 1 or
3days and were evaluated for cellular differentiation (Fig. 2A). The
population of PIII-tubulin-positive cells gradually decreased (Fig. 2B),
whereas that of GFAP-positive cells gradually increased (Fig. 2C), in a
culture period-dependent manner. These results are comparable with a
previous study, in that NSCs gradually lose their ability to differentiate
into neurons the longer they are in culture [41]. Exposure to ERGO for
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Fig. 2. Effects of culture period and exposure time to
ERGO on the cellular differentiation of NSCs. (A)
Schematic representation of experimental schedule.
(B, C) ICR-NSCs were cultured for 3, 6, or 9 days in
either the absence (white symbols) or presence of
500 pM ERGO during the last 1 day (gray symbols) or
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the last 1 or 3 days of culture increased the population of BIII-tubulin-
positive cells and decreased GFAP-positive cells to similar extents in
NSCs cultured for either 6 or 9 days (Fig. 2B, C), whereas the effects of
ERGO were marginal in NSCs cultured for 3 days (Fig. 2B, C). This may
be attributed to a change in the expression of OCTN1 in cultured NSCs.
The expression of the OCTN1 gene product in NSCs cultured for 3 days
is lower than that of NSCs cultured for 6 and 9 days [27]. These results
indicate that ERGO promotes neuronal differentiation in cultured NSCs
in as little as 1 day of exposure.

3.3. Exposure of NSCs to ERGO selectively induces NT5 among
neurotrophins

The effects of ERGO on the induction of neurotrophins were ex-
amined as a possible mechanism underlying the ERGO-induced neu-
ronal differentiation in NSCs. With reference to the studies by Ito et al.
[32] and Mosher et al. [42], we examined expression of the following
neurotrophins: NGF, BDNF, NT3, NT5, bFGF, EGF, vascular endothelial
growth factor (VEGF), ciliary neurotrophic factor (CNTF), Haptoglobin,
and stem cell factor (SCF). Exposure of WT-NSCs to ERGO for 9 days
significantly increased the mRNA expression of the bHLH transcription
factor Mathl, a neuronal differentiation activator, and the neurotrophic
factor NT5 (Fig. 3A), whereas exposure of octn1 ~/~-NSCs to ERGO only
minimally affected the mRNA expression of any neurotrophin (data not
shown). Exposure of ICR-NSCs to ERGO for 9days also remarkably
increased the mRNA expression of NT5 and Math1 (Fig. S2), indicating
that there is no difference in the ERGO-induced expression of the
neurotrophic factor or the bHLH transcription factor between the two
mouse strains C57BL/6 J and ICR. We next investigated in cultured ICR-
NSCs the time profile of the mRNA expression of the neurotrophic
factors after the addition of ERGO. ERGO increased the gene expression
of NT5 at 6h and significantly increased the NT5 expression after
treatment for 12 or 24 h (Fig. 3B). ERGO increased the gene expression
of Mathl at 12h and significantly increased the Mathl expression at

24 h (Fig. 3B). Furthermore, exposure to ERGO for 24 h significantly
increased the expression of the gene product of NT5 but not BDNF in
cultured NSCs (Fig. 3C). These results suggest that, in cultured NSCs,
exposure to ERGO induced the neurotrophic factor NT5 within several
hours, and that the ERGO-induced elevation of Math1 expression could
be mediated through the induction of NT5.

3.4. ERGO-induced neuronal differentiation is mediated through activation
of TrkB by NT5

We next examined whether an inhibitor of TrkB which is a receptor
for NT5 prevents the promotion of neuronal differentiation and in-
duction of Math1 by ERGO. ICR-NSCs were exposed to ERGO in either
the absence or presence of the TrkB inhibitor GNF5837, followed by an
evaluation of the cellular differentiation and the expression of p-TrkB
and Mathl mRNA. Exposure to ERGO or NT5 significantly increased the
population of PIII-tubulin-positive cells and decreased that of GFAP-
positive cells in cultured ICR-NSCs (Fig. 4A-C). Simultaneous treatment
with GNF5837 prevented these changes by ERGO or NT5 exposure in
the cellular population (Fig. 4A-C). On the other hand, GNF5837 alone
did not significantly affect the population of pIII-tubulin- and GFAP-
positive cells (Fig. 4A-C). In addition, exposure of cultured NSCs to
ERGO elevated the expression of p-TrkB, and this elevation by ERGO
was suppressed to the control level by GNF5837 treatment (Fig. 4D).
GNF5837 treatment also markedly inhibited the induction of Mathl
mRNA by ERGO exposure in cultured NSCs (Fig. 4E). These results
suggest that ERGO may promote neuronal differentiation, at least in
part, through activation of TrkB by NT5 and subsequent induction of
Math1 in NSCs.

3.5. Exposure of NSCs to ERGO activates mTORC]1 signaling

To clarify the upstream signaling of ERGO-induced NT5 upregula-
tion, a possible involvement of mMTORC1 known as an amino acid sensor
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Fig. 3. Effects of ERGO on the expression of neurotrophins in cultured NSCs.
(A) WT-NSCs were exposed to vehicle or ERGO (500 uM) for 9 days, and total
RNA was extracted for quantitative reverse transcription polymerase chain re-
action (RT-PCR) analysis. mRNA expression of neurotrophins and Mathl were
determined and normalized by that of 36B4. Each value represents the
mean * S.EM. (n = 3-6). *p < .05, significant difference from the control
value obtained in NSCs treated with vehicle. (B) ICR-NSCs were cultured for
6 days and exposed to ERGO (500 uM) during the last 0, 3, 6, 12, or 24h in
culture. Total RNA was then extracted for quantitative RT-PCR analysis. mRNA
expression of NGF (A\), BDNF ([]), NT3 (M), NT5 (O), and Mathl (@) was
determined and normalized by that of 36B4. Each value represents the
mean * S.EM. (n = 4-6). *p < .05, significant difference from the corre-
sponding control value obtained in NSCs not treated with ERGO. (C) ICR-NSCs
were cultured for 6 days and exposed to vehicle or ERGO (500 uM) during the
last 24 h in culture. Expression of NT5 and BDNF at the protein level was de-
termined by enzyme immunoassay. Each value represents the mean *+ S.E.M.
(n = 3-6). *p < .05, significant difference from the control value obtained in
NSCs treated with vehicle.

was examined. mTOR is a catalytic component of mTORC1, down-
stream effectors of mTORC1 are S6K1 and 4EBP1, and rapamycin is an
inhibitor of mTORC1 signaling. Exposure of cultured NSCs to ERGO for
3days significantly increased the expression of p-mTOR, p-S6K1 at
Thr389, and p-S6K1 at Thr371, whereas simultaneous addition of ra-
pamycin remarkably suppressed this increase in p-mTOR, p-S6K1 at
Thr389, and p-S6K1 at Thr371 provoked by ERGO (Fig. 5A, B). On the
other hand, ERGO minimally affected the expression of total mTOR and
S6K1 (Fig. 5A, C) as well as p-4EBP1 and total 4EBP1 (Fig. 5A-C). In
rodents, three isoforms of 4EBP1 are detected: a is the least phos-
phorylated form, B is an intermediate form, and y is a hyperpho-
sphorylated isoform [43]. Treatment with rapamycin alone sig-
nificantly decreased 3 and y forms of p-4EBP1 and tended to increase
the a form of p-4EBP1 (Fig. 5A, B), which is in agreement with previous
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Fig. 4. Effects of a TrkB inhibitor on the neuronal differentiation provoked by
ERGO or NT5 in cultured NSCs. (A-C) ICR-NSCs were cultured for 6 days and
exposed to vehicle (C; control), ERGO (E; 500 uM), or NT5 (N; 100 ng/mL) in
either the absence or presence of the TrkB inhibitor GNF5837 (G; 100 nM)
during the last 3 days in culture. The NSCs were then induced to differentiate by
adhesion culture for an additional 3 days. (A) The cells were fixed with 4% PA,
followed by immunocytochemical detection of the neuronal marker BIII-tubulin
(green), the astroglial marker GFAP (red), and nuclei (blue). Scale bar: 50 pm.
(B, C) The number of cells positive for each marker was counted using ImageJ
and normalized by the number of the nuclear marker DAPI-positive cells. Each
value represents the mean + S.E.M. (n = 10-20). (D) Phosphorylation of TrkB
was examined by western blot after incubation with vehicle or ERGO in either
the absence or presence of GNF5837 during the last 3days in culture. Each
value is normalized by the protein level of P-actin and represents the
mean * S.E.M. (n = 3-4). (E) Expression of Mathl mRNA was also determined
by quantitative RT-PCR after incubation with vehicle or ERGO in either the
absence or presence of GNF5837 during the last 3 days in culture. Each value is
normalized by the expression level of 36B4 mRNA and represents the
mean * S.E.M. (n = 3-6). *p < .05, significant difference from the control
value obtained in NSCs treated with vehicle. *p < .05, significant difference
from the value obtained in NSCs treated with ERGO alone. 'p < .05, significant
difference from the value obtained in NSCs treated with NT5 alone. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

studies [43,44]. Time profiles of the expression of mTORCI signaling-
related proteins during ERGO exposure were also examined in cultured
NSCs. ERGO significantly increased the expression of p-S6K1 at Thr389
at just 1 h after the start of the exposure, and the expression of p-mTOR
tended to be increased at 3 h and significantly increased at 6 h (Fig. 5D,
E). Thus, the increase in expression of p-S6K1 and p-mTOR occurred in
a shorter time than the induction of NT5 observed at 12 h (Fig. 3B). The
expression of 3 and y forms of p-4EBP1 was also increased within 6 h,
but these increases were not statistically significant (Fig. 5D, E). These
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Fig. 5. Effects of ERGO on the activation of mTORC1
20,

signaling in cultured NSCs. (A-C) ICR-NSCs were
cultured for 6 days and exposed to vehicle (C; con-
trol) or ERGO (E; 500 uM) in either the absence or
presence of the mTORCI inhibitor rapamycin (R;
100nM) during the last 3days in culture.
Phosphorylation of mTORC1 signaling-related pro-
teins (mTOR, S6K1, and 4EBP1) was examined by
western blot. Typical examples of western blotting of
phosphorylated and total proteins are shown in
panel (A). Intensity of each band is normalized by
that of p-actin. Each value represents the
mean * SEM. (n=3-4). *p < .05, significant
difference from the control value obtained in NSCs
treated with vehicle. #p < .05, significant differ-
ence from the value obtained in NSCs treated with
ERGO alone. (D, E) ICR-NSCs were cultured for
6 days and then exposed to ERGO (500 uM) during
the last 0, 1, 3, or 6 h in culture. Phosphorylation of
the mTORC1 signaling-related proteins was ex-
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results suggest that in NSCs ERGO may activate mTORCI signaling in a

relatively short time, followed by induction of NT5.

3.6. ERGO-induced neuronal differentiation is mediated through activation
of mTORC1 signaling and subsequent activation of TrkB

A possible involvement of mTORC1 signaling in the ERGO-induced
neuronal differentiation of NSCs was examined using several inhibitors.

275

o -

GSK2334470 is an inhibitor of 3-phosphoinositide-dependent protein
kinase 1 (PDK1), which is one of the upstream kinases that can phos-
phorylate S6K1, while PF4708671 directly inhibits S6K1. All of the
inhibitors rapamycin, GSK2334470, and PF4708671 suppressed the
increase in the population of BIII-tubulin-positive cells (Fig. 6A, B) and
the decrease in the number of GFAP-positive cells (Fig. 6A, C) provoked
by ERGO in cultured NSCs. Rapamycin or PF4708671 alone minimally
affected the population of BIII-tubulin- or GFAP-positive cells, but
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Fig. 6. Effects of mTORCI signaling inhibitors on
ERGO-induced neuronal differentiation and activa-
tion of TrkB in cultured NSCs. ICR-NSCs were cul-
tured for 6 days and exposed to vehicle (C; control)
or ERGO (E; 500 uM) in either the absence or pre-
sence of rapamycin (R; 100 nM), the PDK1 inhibitor
GSK2334470 (GSK; 5uM), or the S6K1 inhibitor
PF4708671 (PF; 1 uM) during the last 3 days in cul-
ture. The NSCs were then induced to differentiate by
adhesion culture for an additional 3 days. (A) The
cells were fixed with 4% PA, followed by im-
munocytochemical detection of the neuronal marker
PBII-tubulin (green), the astroglial marker GFAP
(red), and nuclei (blue). Scale bar: 50 um. (B, C) The
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GSK2334470 alone decreased the population of BIII-tubulin-positive
cells and increased that of GFAP-positive cells (data not shown). These
results suggest that ERGO may promote neuronal differentiation
through activation of mTORC1 and S6K1 in cultured NSCs.
GSK2334470 seemed to suppress spontaneous neuronal differentiation
in NSCs (Fig. 6B), and the inhibitory effects may be caused by the in-
hibition of Akt signaling because PDK1 activates not only S6K1 but also
Akt signaling which is important for neuronal differentiation [45].

Effects of mTORC1 signaling inhibitors on phosphorylation of TrkB
were examined to clarify that in NSCs exposed to ERGO mTORC1 sig-
naling is upstream of TrkB phosphorylation. In cultured NSCs, exposure
to ERGO significantly increased the expression of p-TrkB and p-S6K1 at
Thr389, whereas ERGO minimally affected the expression of total
protein of TrkB and S6K1 (Fig. 6D, E). All of the inhibitors rapamycin,
GSK2334470, and PF4708671 suppressed the ERGO-induced phos-
phorylation of TrkB and S6K1 at Thr389 (Fig. 6D, E). These results
suggest that ERGO-induced neuronal differentiation may be mediated,
at least in part, through activation of mTORC1 signaling and sub-
sequent activation of TrkB in NSCs.

3.7. Oral administration of ERGO activates S6K1 and NT5-TrkB signaling
in the hippocampal DG

Finally, it was examined whether oral administration of ERGO ac-
tivates mTORC1 and NT5-TrkB signaling in mice. Oral administration
of ERGO three times per week for 2 weeks to ICR mice significantly
increased the expression of p-TrkB and p-S6 K1 at Thr389 in the hip-
pocampal DG (Fig. 7A, C) but not in the cortex (Fig. 7B, D). In contrast
to the present in vitro results, the oral administration of ERGO did not
increase the expression of p-mTOR in the DG and the cortex
(Fig. 7A-D). Minimal effects on total protein of TrkB and S6K1 after
oral ERGO administration were observed in the DG and cortex (Fig. 7A,
B). The oral ERGO administration also increased the gene product of
NT5 in the DG but not in the cortex (Fig. 7E). These changes in TrkB
and S6K1 phosphorylation and NT5 expression may be attributed to
NSCs. NSCs are abundantly present in the DG but not in the cortex, and
OCTN1 is highly expressed in NSCs [27]. On the other hand, oral ad-
ministration of ERGO twice for 2days to ICR mice significantly in-
creased the protein expression of p-S6K1 at Thr389 but not p-TrkB in
the DG (Fig. S3), supporting the hypothesis that phosphorylation of
TrkB occurs downstream of that of S6K1 with regard to activation of
cellular signaling by ERGO. These in vivo results are comparable with
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Fig. 7. Effects of 2-week oral administration of
ERGO on the activation of mTORC1 and NT5-TrkB
signaling in the hippocampal DG and the cortex of
mice. Mice were orally administered with 0 or
50mg/kg ERGO on day O, 2, 4, 7, 9, and 11.
Hippocampal DG and cortex were collected on day
19. (A-D) Phosphorylation of TrkB and mTORC1
signaling-related proteins (mTOR, S6K1, and 4EBP1)
was examined by western blot. Typical examples of
western blotting of DG and cortex samples are shown
in panel (A) and (B), respectively. Intensity of each
band is normalized by that of B-actin in DG (C) and
cortex (D). Each  value represents the
mean * S.E.M. (n = 3). (E) The amount of the gene
product of NT5 in DG and cortex samples was de-
termined by enzyme immunoassay. Each value is
normalized by the protein concentration and re-
presents the mean * SEM. (n=3). *p < .05,
significant difference from the control value ob-
tained in mice administered with vehicle.

Fig. 8. Mechanisms underlying the neuronal differ-
entiation provoked by ERGO in NSCs. Intracellular
ERGO incorporated by OCTN1 phosphorylates S6K1
at Thr389 and/or mTORC1, followed by induction of
NTS5, activation of the TrkB signaling pathway, and
subsequent promotion of neuronal differentiation of
NSCs. Solid and dot arrows represent demonstrated
results and hypothesis, respectively. Gray characters
stand for inhibitors.
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the present in vitro findings using cultured NSCs. phosphorylation of S6K1 at Thr389 and subsequent activation of NT5-
TrkB signaling (Figs. 3-6, 8). This study is also the first to show that
4. Discussion oral administration of ERGO to mice phosphorylates S6K1 at Thr389,
which then activates NT5-TrkB signaling in the hippocampal DG, a
The present study is the first to demonstrate that in cultured NSCs, brain region with NSC abundancy (Fig. 7, Fig. S3). Our previous study
ERGO-induced neuronal differentiation is mediated through showed that orally ingested ERGO promotes neurogenesis in the DG of
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mice [19]. Therefore, ingestion of ERGO may promote neurogenesis
through phosphorylation of S6K1 at Thr389 and activation of NT5-TrkB
signaling in the DG. Promotion of neurogenesis alleviates the symptoms
of neuropsychiatric disorders, such as depression [11-13], and several
drugs used for the treatment of these psychiatric disorders can induce
neurogenesis [14-16]. The mechanisms underlying the induction of
neuronal differentiation by ERGO are different from those by the
clinically used drugs: ERGO promotes neuronal differentiation through
activation of S6K1 by phosphorylation at Thr389 and induction of NT5,
whereas the conventional drugs induce differentiation through the ac-
tivation of mTORC1 and BDNF [30,31,46]. Thus, p-S6K1 at Thr389,
NT5, and their signaling pathways could be novel targets for the
treatment of neuropsychiatric disorders. Drugs currently used to treat
neuropsychiatric disorders cause several problems, e.g., severe adverse
effects, such as serotonin syndrome, delayed onset of therapeutic ef-
fects, among others. These problems could be solved by using com-
pounds such as ERGO, which could induce neuronal differentiation via
mechanisms of action that are different from conventional drugs.

In cultured NSCs, exposure to ERGO selectively induced NT5 ex-
pression and phosphorylated TrkB, which is a receptor for NT5 (Figs. 3,
5D, E). Oral administration of ERGO also increased the expression of
the gene product of NT5 and p-TrkB in the DG of mice (Fig. 7). Both
ERGO and NT5 increased the population of BIII-tubulin-positive cells,
and this increase was inhibited by the TrkB inhibitor GNF5837 (Fig. 4).
Nakamichi et al. reported that dietary ingestion of ERGO causes anti-
depressant-like effects via the promotion of hippocampal neurogenesis
in mice [19]. Like BDNF, NT5 promotes neuronal differentiation
through activation of TrkB [16,32,47]. NT5 has been suggested as a
clinical marker of depression [30], because its plasma level decreases
with the worsening of depressive symptoms [48,49]. TrkB signaling is
involved in the alleviation of depressive symptoms via the promotion of
neurogenesis, spine formation, and synaptic transmission [14,31] and
can affect the patient's sensitivity to antidepressants via regulation of
hippocampal neurogenesis [14-16]. Taken together, ERGO may pro-
mote neuronal differentiation and exert antidepressant effects, at least
in part through induction of NT5 and subsequent activation of TrkB in
NSCs.

The therapeutic effects of increased cerebral concentrations of TrkB
ligands, such as BDNF, on depression are well studied [50-52]. Because
it is difficult for peripherally administered neurotrophins to cross the
BBB, this route of administration is unlikely to cause sufficient anti-
depressant effects [53]. In contrast, oral administration of ERGO could
be useful for the treatment of neuropsychiatric disorders because orally
ingested ERGO is absorbed from the gastrointestinal tract and is highly
distributed to the brain across the BBB [19]. In addition, orally ad-
ministered ERGO increased the expression of NT5 and activated TrkB in
the DG (Fig. 7). Compounds that can induce NT5 in the brain have not
been reported yet. Therefore, ERGO, with the characteristics of a cer-
ebral NT5 inducer, can be considered as an interesting seed compound
for the development of new therapeutic drugs for neuropsychiatric
disorders. In particular, ERGO would be useful for the treatment of
depression in BDNF Met allele carriers, because ERGO induced NT5 but
not BDNF in NSCs (Fig. 3) and the DG (Fig. 7E). BDNF Met allele car-
riers show resistance to treatments with selective serotonin reuptake
inhibitors (SSRIs) [54], due to the decrease in secretion of BDNF [55].
Additionally, plasma concentrations of ERGO in patients with Parkin-
son's disease or mild cognitive impairment are significantly lower than
those in healthy people [56,57]. Reduction of the promotive effects on
neuronal differentiation and/or the protective effects against neuro-
toxicity by ERGO may, in part, be involved in the onset and develop-
ment of some neuropsychiatric disorders [58].

ERGO-induced neuronal differentiation was in NSCs suppressed by
the inhibitors of mTORC1, S6K1, and TrkB (Figs. 4, 6). Exposure of
NSCs to ERGO (Figs. 3B, 5D, E) and oral administration of ERGO to
mice (Fig. 7, Fig. S3) first increased the expression of p-S6K1 at Thr389
and then via induction of NT5 that of p-TrkB. These results suggest that
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the mechanisms underlying ERGO-induced neuronal differentiation
involve the upstream activation of S6K1 and that S6K1 activation is the
signal for the induction of NT5 and subsequent activation of TrkB
(Fig. 8). Unexpectedly, phosphorylation of S6K1 at Thr389, which is a
downstream signal of mTOR phosphorylation in an mTORC1 signaling
pathway [59], was induced by ERGO in a shorter time, compared to the
phosphorylation of mTOR (Fig. 5D, E). ERGO may induce phosphor-
ylation of S6K1 at Thr389 in an mTOR-independent manner, in addition
to an mTOR-dependent manner (Fig. 8). GSK2334470, an inhibitor of
PDK1 that phosphorylates S6K1 suppressed the ERGO-induced phos-
phorylation of S6K1 at Thr389 and TrkB and the promotion of neuronal
differentiation (Fig. 6). Taken together, intracellular ERGO may acti-
vate S6K1 signaling via the activation of PDK1 as well as mTOR and/or
via unidentified molecules, and spontaneous neuronal differentiation of
NSCs may be regulated through activation of S6K1 by PDK1 (Fig. 8).
Further studies are required to elucidate more details of this process.

Intriguingly, ERGO activated mTORC1 and NT5-TrkB signaling and
promoted neuronal differentiation in a relatively short time. Exposure
to ERGO increased in NSCs the expression of p-S6K1 at Thr389 in only
1 h and that of p-mTOR in 6 h (Fig. 5D, E), and exposure to ERGO for
24 h increased the population of BIII-tubulin-positive cells (comparison
between white and gray symbols in Fig. 2B). Fast incorporation of
ERGO into NSCs via OCTN1 [27] may rapidly activate intracellular
signaling, such as mTORC1 signaling that is able to promote neuronal
differentiation. Like ERGO, SSRIs also phosphorylate mTOR and S6K1
and promote neuronal differentiation [60-64]. While the SSRI parox-
etine is able to phosphorylate mTOR and S6K1 and to promote neuronal
differentiation, it requires much longer time compared to that of ERGO.
Exposure to paroxetine requires about 7 days to promote neuronal
differentiation in cultured NSCs [64] and about 4 days to increase the
expression of p-mTOR and p-S6K1 in cultured neurons [60]. The slow
induction of neuronal differentiation by SSRIs is considered to be one of
the reasons for their delayed onset of antidepressant effects. In fact, it
has been recently reported that rapid activation of mTORC1 and pro-
motion of neurogenesis are essential for a rapid onset of antidepressant
effects [16,39,61,65-67]. Ketamine shows rapid antidepressant effects
within hours of the administration through activation of mTORCI1,
whereas the clinically used antidepressants like paroxetine take several
weeks to exert antidepressant effects [39,65-67]. In cultured NSCs,
ketamine activates mTORC1 signaling 1 h after the treatment [68], and
ERGO also activated S6K1, the downstream molecule of p-mTOR in
mTORCL1 signaling, in only 1h (Fig. 5D, E). Therefore, ERGO is ex-
pected to show rapid antidepressant effects through the activation of
mTORC1 signaling, including mTOR and S6K1. Oral administration of
ERGO phosphorylated in the DG S6K1 at Thr389 after 2 days (Fig. S3)
as well as TrkB and S6K1 at Thr389 after 19 days (Fig. 7A, C). Oral
ingestion of ERGO for 2 weeks promotes hippocampal neurogenesis and
exhibits antidepressant-like effects in mice [19]. Further studies are
required to elucidate the administration periods and doses of ERGO
necessary to promote hippocampal neurogenesis and to exert anti-
depressant effects.

5. Conclusions

Intracellular ERGO incorporated by OCTN1 promotes in NSCs
neuronal differentiation, at least in part, through phosphorylation of
S6K1 at Thr389 and subsequent activation of TrkB signaling by in-
duction of NT5 (Fig. 8). S6K1 and NT5 are possible targets for the
treatment of neuropsychiatric disorders, and ERGO is a promising
candidate as a seed compound in the discovery of drugs for these dis-
orders.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.10.012.
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