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Oral Administration of Gintonin Attenuates Cholinergic
Impairments by Scopolamine, Amyloid-3 Protein, and
Mouse Model of Alzheimer’s Disease

Hyeon-Joong Kim"®, Eun-Joo Shin*®, Byung-Hwan Lee’, Sun-Hye Choi', Seok-Won Jung®, Ik-Hyun Cho®,
Sung-Hee Hwang*, Joon Yong Kim', Jung-Soo Han®, ChiHye Chung®, Choon-Gon Jang’, Hyewon Rhin’,

Hyoung-Chun Kim?*, and Seung-Yeol Nah"*

Gintonin is a novel ginseng-derived lysophosphatidic acid
(LPA) receptor ligand. Oral administration of gintonin ame-
liorates learning and memory dysfunctions in Alzheimer’s
disease (AD) animal models. The brain cholinergic system
plays a key role in cognitive functions. The brains of AD
patients show a reduction in acetylcholine concentration
caused by cholinergic system impairments. However, little
is known about the role of LPA in the cholinergic system.
In this study, we used gintonin to investigate the effect of
LPA receptor activation on the cholinergic system in vitro
and in vivo using wild-type and AD animal models. Gintonin
induced [Ca™], transient in cultured mouse hippocampal
neural progenitor cells (NPCs). Gintonin-mediated [Ca®],
transients were linked to stimulation of acetylcholine release
through LPA receptor activation. Oral administration of gin-
tonin-enriched fraction (25, 50, or 100 mg/kg, 3 weeks) sig-
nificantly attenuated scopolamine-induced memory im-
pairment. Oral administration of gintonin (25 or 50 mg/kg,

2 weeks) also significantly attenuated amyloid-B protein
(AB)-induced cholinergic dysfunctions, such as decreased
acetylcholine concentration, decreased choline acetyltran-
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sferase (ChAT) activity and immunoreactivity, and in-
creased acetylcholine esterase (AChE) activity. In a trans-
genic AD mouse model, long-term oral administration of
gintonin (25 or 50 mg/kg, 3 months) also attenuated AD-
related cholinergic impairments. In this study, we showed
that activation of G protein-coupled LPA receptors by gin-
tonin is coupled to the regulation of cholinergic functions.
Furthermore, this study showed that gintonin could be a
novel agent for the restoration of cholinergic system dam-
ages due to AP and could be utilized for AD prevention or
therapy.

INTRODUCTION

Alzheimer’s disease (AD) is the most common age-associated
neurodegenerative disease (Alzheimer, 1907). It is characte-
rized clinically by progressive memory impairment and deteri-
oration of other cognitive functions (Van Der Flier et al., 2002).
Neuropathological hallmarks of AD include senile plaques and
neurofibrillary tangles in neocortical and limbic brain lesions,
which are coupled with neuronal loss or dysfunction (Braak et
al., 1986). The formation of senile plaques and neurofibrillary
tangles are well characterized in AD neuropathy. Senile pla-
ques contain amyloid-B protein (AB) (Yankner, 1996). AB is
produced from the amyloid-B protein precursor (ABPP) via amy-
loidogenic proteolytic cleavage pathways (Vassar et al., 1999).
Another important phenomenon in AD is the dysfunction of the
cholinergic system by amyloid plaques in several brain areas
such as the basal forebrain, cortical regions, and the hippo-
campus. The loss of cholinergic neurons in the brain is closely
associated with the reduction of acetylcholine synthesis; this is
known as the cholinergic hypothesis of AD (Bartus et al., 1982).

Ginseng and ginkgo or ginseng extracts increased acetylcho-
line release (Liu et al., 2004; Su et al., 2007) and enhanced
cognitive performance in human and AD patients (Heo et al.,
2008; Kennedy and Scholey, 2003; Lee et al., 2008). However,
relatively little is known about the active ingredient of ginseng
and its signaling mechanisms. In our previous work, we
showed that ginseng contains a novel G protein-coupled lyso-
phosphatidic acid (LPA) receptor ligand, gintonin (Hwang et al.,
2012a; Pyo et al., 2011). Gintonin enhanced synaptic tran-
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smission in hippocampal slices through LPA receptor signaling
pathways (Park et al., 2015). We showed that gintonin is the
active component of ginseng to attenuate AD-related neuropa-
thies via activation of non-amyloidogenic pathways; gintonin
significantly improved AB-induced cognitive dysfunctions in mice.
In addition, long-term oral administration of gintonin attenuated
amyloid plaque deposition in the hippocampus as well as short-
and long-term memory impairment in a transgenic AD mouse
model (Hwang et al., 2012b).

LPA receptors play an important role in learing and memory
functions in aged animals. For example, LPAR1-null mice exhi-
bited impaired performances in hippocampus-mediated spatial
memory and cognitive tests (Castilla-Ortega et al., 2010; 2011;
2012; Dash et al., 2004). LPAR1-null mice also showed im-
paired fear extinction (Pedraza et al., 2014). Thus, although the
previous reports showed that ginseng extract could induce
acetylcholine release and improve cognitive functions in human
and AD patients (Heo et al., 2008; Kennedy and Scholey, 2003;
Lee et al., 2008; Liu et al., 2004; Su et al., 2007) and that LPA
treatment to embryonic neural stem cells cultured stimulates
the differentiation to cholinergic neurons (Cui and Qiao, 2006),
it was not shown whether gintonin affects the cholinergic sys-
tem through LPA receptors or whether activation of the LPA
receptor by gintonin exhibits ameliorating effects on the choli-
nergic system impaired by scopolamine, by AB-infusion into the
brain, and in a transgenic AD mouse model (Pakaski and
Kalman, 2008).

Here, we report that gintonin stimulates acetylcholine release in
cells expressing endogenous LPA receptor. In addition, oral ad-
ministration of gintonin restored scopolamine-induced memory
dysfunctions, blocked AB-induced reductions of acetylcholine
concentration and choline acetyltransferase (ChAT) activity, and
also reduced acetylcholinesterase (AChE) activity in the mouse
hippocampus. Furthermore, in a transgenic AD mouse model,
long-term treatment of gintonin blocked amyloid plaque-induced
reductions of acetylcholine concentration and ChAT activity and
reduced AChE activity in the mouse hippocampus. We discuss
how gintonin-mediated LPA receptor activation is coupled to the
reinforcement of the cholinergic system that was damaged by a
cholinergic blocker, by AB-infusion into the brain, and in the
transgenic AD mouse model. We propose that gintonin could be
utiized as an agent for restoration of the cholinergic system
damaged by Ap.

MATERIALS AND METHODS

Materials

Gintonin was prepared from Panax ginseng according to a
previous method (Pyo et al. 2011). Because of gintonin’s
scarcity in animal experiments, we used a gintonin-enriched

fraction. The gintonin-enriched fraction was prepared as follows.

One kilogram of 4-year-old ginseng was ground into small
pieces (> 3 mm) and refluxed with 70% fermented ethanol eight
times for 8 h at 80°C each. The extracts (150 g) were
concentrated, dissolved in distilled, cold water at a ratio of 1 to
10, and stored at 4°C for 24-96 h. The supernatant and
precipitate of water fractionation after ethanol extraction of
ginseng were separated by centrifugation (3000 rpm, 20 min).
The precipitate after centrifugation was lyophilized. This fraction
was designated the gintonin-enriched fraction, since this
fraction contains most of the gintonin (Choi et al., 2015a). For in
vitro study, gintonin was dissolved in dimethyl sulfoxide
(DMSQ) and then diluted with bath medium before use. The
final DMSO concentration was less than 0.01%. For in vivo
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studies, the gintonin-enriched fraction was dissolved in saline.
The Amplex® Red Acetylcholine/Acetylcholinesterase Assay Kit
(A-12217) was purchased from Invitrogen (USA). The primary
antibody against choline acetyltransferase was purchased from
Millipore (Bedford, MA, USA). All other reagents were purchased
from Sigma-Aldrich (USA).

Animals

Male ICR or C57BL/6 mice (4- or 8-weeks-old) were purchased
from Koatech Co., Ltd. (Pyongtaek, Korea). Breeding pairs of
double Tg mice expressing the mutant swe-ABPP (ABPPswe)
gene and the mutant presenilin-1 (PSEN-1) gene (deletion of exon
9) [ABPPswe/PSEN-1 double Tg mice; B6C3-Tg (ABPPswe/
PSEN1dE9) 85Dbo/J, The Jackson Laboratory, Bar Harbor, ME,
USA] were bred and housed in an approved animal facility at
Kangwon National University (Korea). Six-month-old ABPPswe/
PSEN1dE9 double Tg mice were treated with gintonin (25 or 50
mg/kg, p.o. administration) or donepezil (DPZ) (1 mg/kg, i.p.
injection) thrice a week (Monday, Wednesday, and Friday) for 3
months. The immunohistochemistry for choline acetyltransferase
commenced when the mice were 9-months-old. The animals
were housed five per cage, allowed access to water and food
ad libitum, and maintained under a constant temperature (23 £
1°C) and humidity (55 + 5%) under a 12 h light/dark cycle
(lights on 07:00 to 19:00 h). All experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care and Use Committees
of the Kangwon (Permit Number: 13-156) and Konkuk (Permit
Number: 14-956) Universities. All surgeries were performed
under sodium pentobarbital anesthesia, and all efforts were
made to minimize suffering.

Drug treatment

B-Amyloid (AB)s-1 and ABi4o (American Peptide Co., USA)
were dissolved in 0.1 M phosphate-buffered saline (PBS) (pH
7.4), and aliquots were stored at -20°C. Each aliquot was ag-
gregated by incubation in sterile distilled water at 37°C for 4
days. Two month-old C57BL/6 mice were administered AB4o-1 or
AB140 [400 pmol, ic.v. injection] according to the procedure
established by Hwang et al. (2012b). Each mouse was injected
consciously at the bregma with a 10-ul microsyringe (Hamilton,
USA) fitted with a 26-gauge needle that was inserted to a depth
of 2.4 mm. The injection volume was 5 pl. The injection place-
ment or needle track was visible and was verified at the time of
dissection.

Hippocampal Neural Progenitor Cell (NPC) Culture

Hippocampal neural progenitor cultures were prepared accord-
ing to the method described by Kim et al. (2011). Briefly, on
embryonic day 14.5 (E14.5), embryos were dissected from
adult, female, pregnant C57BL/6 mice. The hippocampal re-
gions of embryonic brains were isolated in calcium/magnesium-
free Hank’s balanced salt solution (HBSS). The cells were
plated at 2.5 x 104 cells/cm? on 10-cm-diameter dishes coated
with 15 ug/ml poly-L-ornithine and 1 pg/ml fibronectin (Invitro-
gen). The cells were placed in N2 media supplemented with
B27 (Invitrogen) at 37°C in a 95% air/5% CO; gas incubator.
Basic fibroblast growth factor (bFGF, 20 ng/ml, R&D Systems)
and epidermal growth factor (EGF, 20 ng/ml, R&D Systems)
were required daily in order to expand the population of neural
precursors, and the medium was changed every other day.
Cells at 80% confluency were passaged and maintained at 6 x
104 cellsicm?in B27-supplemented N2 media containing bFGF
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and EGF. These sub-cultured progenitors were induced to
differentiate by withdrawing bFGF and EGF and kept in diffe-
rentiation media (Neurobasal medium supplemented with B27)
for 3 to 5 days.

Measurement of acetylcholine (ACh) level

Mice were sacrificed one day after the behavioral study. The
hippocampal tissues were homogenated in ice-cold 20 mM
sodium phosphate buffer (pH 7.4), and tissue homogenates
were centrifuged at 12,000 x g for 30 min at 4°C. The superna-
tant was assayed for ACh levels using an Amplex® Red Acetyl-
choline/Acetylcholinesterase Assay Kit (A-12217; Invitrogen,
USA). According to the manufacturer’s instructions, reactions
were initiated by adding 100 pl of the working solution, contain-
ing 400 uM Amplex Red reagent, 2 U/ml horseradish perox-
idase (HRP), 0.2 U/ml choline oxidase, and 1 U/ml acetylcho-
linesterase, to each microplate well containing 100 ul of the
standard or test sample. Each reaction was incubated for 1 h at
room temperature with plate agitation and protection from light.
Absorbance was then measured using a microplate reader
(Molecular Devices, USA) at a wavelength of 563 nm. Hippo-
campal acetylcholine levels were calculated from a standard
curve and expressed as nmol/mg protein (Jin et al., 2009).
Protein concentrations were determined using a Quant-iT™
Protein assay kit (Invitrogen).

Acetylcholinesterase (AChE) and choline acetyltransferase
(ChAT) activity

AChE activity was also measured using an Amplex® Red Ace-
tylcholine/Acetylcholinesterase Assay Kit (A-12217; Invitrogen).
A working solution, containing 400 uM Amplex Red reagent, 2
U/ml HRP, 0.2 U/ml choline oxidase, and 100 uM acetylcholine,
was used for AChE activity measurement. For ChAT activity,
5% tissue homogenates were prepared in ice-cold 20 mM so-
dium phosphate buffer (pH 7.4) and kept frozen overnight at
-20°C. They were thawed on the following day and centrifuged
at 12,000 x g for 1 h at 4°C. The supernatant was assayed for
ChAT activity according to the method of Chao and Wolfgram
(Chao and Wolfgram, 1972). Each reaction mixture (0.4 ml),
containing 25 mM sodium phosphate buffer (pH 7.2), 0.31 mM
acetyl-CoA, 50 mM choline chloride, 38 uM neostigmine sulfate,
0.15 M NaCl, and 55 uM EDTA, was preincubated in centrifuge
tubes in a water bath at 37°C for 5 min. One-hundred microli-
ters of the homogenate was then added to the reaction mixture,
and the tubes were kept at 37°C for an additional 20 min. The
reaction was stopped by boiling for 2 min, and 1 ml of oxygen-
free distilled water was added to the tubes. The denatured pro-
tein was removed by centrifugation. One milliliter of supernatant
was added to a tube containing 30 ul of 1 mM 4,4'-dithiopyridine.
After a 15-min incubation, the absorbance was measured at
324 nm with a spectrophotometer. One unit of enzyme activity
was defined as 1 umol of reduced coenzyme formed/min-mg
protein. Protein was assayed as mentioned above.

Immunocytochemistry

Mice were first perfused transcardially with a 50-mL syringe
containing ice-cold PBS (10 ml/10 g body weight) and then
followed by 4% paraformaldehyde (20 ml/10 g body weight) for
immunocytochemical analysis (Hooijmans et al., 2007; Jung et
al., 2010). The brains were collected and stored in 4% parafor-
maldehyde overnight. To quench endogenous peroxidase ac-
tivity, sections were pre-incubated with 0.3% hydrogen perox-
ide in PBS for 30 min and then incubated in PBS containing
0.4% Triton X-100 for 20 min and 1% normal serum for 20 min.

798 Mol. Cells

Sections were incubated for 48 h with the primary antibody
against AChE (1:100, Millipore, Millipore, USA) or ChAT (1:100,
Millipore, Millipore, USA), and were further incubated with the
secondary biotinylated antisera (1:1000, Vector Laboratories,
USA) for 1 h. Then, sections were immersed in a solution con-
taining an avidin-biotin-peroxidase complex (Vector Laborato-
ries) for 1 h, and 3,3'-diaminobenzidine was used as the chro-
mogen. Digital images were acquired on an Olympus micro-
scope (BX51, Olympus®, Tokyo, Japan) using an attached
digital microscope camera (DP72, Olympus®) and IBM PC.
Region of interest (ROI) was created by Optimas® version 6.51
(Media Cybernetics, Inc. USA). Subsequent quantification was
performed using ImagedJ version 1.47 software (National Insti-
tutes of Health, USA) as described previously (Wang et al.,
2012). Briefly, background was subtracted using the rolling balll
“Subtract Background” command to correct uneven back-
ground. ChAT-immunopositive neurites were selected by ad-
justing threshold values for hue (0-255), saturation (0-255), and
brightness (0-240) in the “Adjust Color Threshold” dialog box,
and then the integrated density was measured. The results are
expressed as the percentage of control mice.

Passive avoidance test

The passive avoidance test was performed as previously de-
scribed using a Gemini Avoidance System (San Diego Instru-
ments, USA) (Kim et al., 2013). Briefly, during the acquisition
trial, each mouse was first placed into a dark compartment as
the start chamber. After 20 s, this chamber was illuminated,
and the door was opened to allow the mouse to freely move
into the second dark chamber. After the mouse had entered the
dark chamber, the door was immediately closed. One unavoid-
able and scrambled electric shock (0.8 mA, 2 s) was given
through the floor grid. The mouse was then returned to its
home cage. Each mouse was placed in the start chamber
again 24 h later. The interval between the placement in the
iluminated chamber and entry into the dark chamber was
measured as the step-through latency in both the acquisition
and the retention trials up to 300 s. Mice were daily treated with
gintonin-enriched fraction (control vehicle, 25, 50, or 100 mg/kg)
for three weeks by oral administration. Acquisition trial was
performed one hour after the last treatment with gintonin-
enriched fraction. Thirty minutes before the acquisition trial (i.e.,
30 min after the last treatment with gintonin-enriched fraction),
memory impairment was induced by administering scopola-
mine (0.5 mg/kg, ip.). The control group has been received
saline rather than gintonin-enriched fraction.

Morris water-maze test

A rounded pool (97 cm in diameter and 60 cm in height) was
used for Morris water maze test according to the previous pro-
cedure with slight modifications (Kim et al., 2013). Briefly, the
circular pool was filled to a depth height of 30 cm with clouded
water (20 £ 1°C) with powdered milk. The top of the platform
(6 cm in diameter and 29 cm in height) was 1cm below the
water surface in the center of one quadrant of the maze. The
first day of the experiment was performed for swimming training
for 60 s in the absence of the platform. From the next day, the
mice were received trial sessions for four days. In each daily
training session, the mice were subjected to four successive
training trials. During each trial, the escape latency of each
mouse was measured using a stopwatch. This parameter was
averaged for each session of trials and for each mouse. Once
the mouse located the platform, the mouse was allowed to stay
on it for 10 s. If the mouse did not locate the platform within
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60 s, the mouse was placed on the platform for 10 s. The time
interval between each trial was 30 s. On the last day of training,
mice were given a probe trial session, in which the platform
from the pool was removed and mice were allowed to swim in
search of it for 60 s. The swimming time was recorded in the
pool quadrant, where the platform had previously been placed
was maintained. Mice were also daily treated with gintonin-
enriched fraction (control vehicle, 25, 50, or 100 mg/kg) for
three weeks by oral administration including the last four days
of the training sessions. During the training sessions, gintonin-
enriched fraction was administered one hour before each train-
ing session. Thirty minutes later, mice were treated with scopo-
lamine (0.5 mg/kg, i.p.) to induce memory impairment.

Statistical analysis

Statistical comparisons between controls and treated experi-
mental groups were made using Student’s t-test unless other-
wise stated. Statistical analyses were performed using one-way
analysis of variance (ANOVA) or repeated measures one-way
ANOVA. A post-hoc Fisher's protected least significant differ-
ence (PLSD) test followed. Data are expressed as the mean *
SEM. A P value < 0.05 was accepted as statistically significant.

RESULTS

Effect of gintonin on [Ca”], Transients in hippocampal neural
progenitor cells (NPCs) and its signal transduction pathway
In previous reports, we showed that gintonin derived from gin-
seng is a novel ligand for LPA receptors (Hwang et al., 2012a).
Since LPA receptors are well expressed during the develop-
mental stages of the brain (Hecht et al., 1996) and LPA pro-
motes differentiation of rat embryonic neural stem cells to choli-
nergic neurons (Cui and Qiao, 2006), we examined the effects
of gintonin on the coupling of [Ca®']; transients to acetylcholine
release using cultured hippocampal NPCs, which mainly ex-
press the LPA1 receptor (Sun et al., 2010). We first examined
the effects of gintonin on [Ca®'] transients in hippocampal
NPCs. As shown in Figs. 1A and 1B, gintonin treatment in-
duced a transient rise of [Ca®']; in NPCs in a reversible and
concentration-dependent manner. The ECs, was 0.21 + 0.03
ug/ml. Gintonin-induced [Ca®'}; transients were initiated without
a detectable lag and reached peak values within a few seconds,
and [Ca*"] gradually decreased and returned to basal level. We
observed that treatment of NPC12 cells with LPA Cig4 also
induced a [Ca?'; transient, similar to gintonin (data not shown).
We examined the effects of gintonin on [Ca®']; transients in the
absence or presence of the LPA1/3 receptor antagonist Ki16425.
As shown in Figs. 1C and 1E, the presence of Ki16425 signifi-
cantly attenuated the gintonin-mediated [Ca®']; transient. The
active phospholipase C inhibitor U73122, the inositol 1,4,5-
triphosphate receptor antagonist 2-APB, and the intracellular
Ca®" chelator BAPTA-AM all blocked gintonin-mediated [Ca®"];
transients in NPCs (Figs. 1D and 1E). These results show that
gintonin, via activation of the LPA receptor-phospholipase C-
intracellular IP; receptor signaling transduction pathway, elicits
the release of Ca®* from intracellular stores to increase [Ca?'];.

Effects of gintonin on acetylcholine release in hippocampal
NPCs

Since the induction of depolarization by elevation of extracellu-
lar K" or receptor ligands that induce a [Ca®']; transient is
coupled to neurotransmitter release, we next examined the
effects of gintonin on acetylcholine release in hippocampal
NPCs. As shown in Fig. 1F, gintonin stimulated acetylcholine
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Fig. 1. Effects of gintonin (GT) on [Ca®'] transients in neural proge-
nitor cells (NPCs) and its signal transduction. (A) A representative
trace obtained after gintonin treatment in NPCs. Gintonin treatment
(0.03-3 pg/ml) induces a [Ca® transient. (B) Concentration-
response relationship curve for gintonin-induced [Ca2+]i transients in
NPCs. Each point represents the mean £ S.E.M. (n = 3-4). (C-E)
Representative traces of gintonin-mediated [Ca”]i transients in the
absence or presence of various antagonists. The arrows indicate
the application of gintonin (1 png/ml). An LPA1/3 receptor antagonist
(Ki16425, 10 uM), PLC inhibitor (U73122, 5 uM), or Ca** chelator
(BAPTA-AM, 50 uM) was added before gintonin application. (F)
Histograms representing net increases of gintonin-mediated [Ca®"];
transients calculated from traces obtained in the absence or pres-
ence of various pharmacological agents. Effect of gintonin (0, 0.3, 1,
3, 10, and 30 ug/ml) and BAPTA-AM (B), a calcium chelator, (50
uM) on acetylcholine release in the NPCs, determined using an
Amplex Red Acetylcholine/Acetylcholinesterase Assay Kit (Invitro-
gen, #A12217). Ki16425 (Ki) also significantly attenuated gintonin-
mediated acetylcholine release. NPCs were pretreated with BAPTA
or Ki16425 for 1 h before gintonin treatment and then treated with
gintonin or each ginsenoside for 16 h. Each value is the mean +
S.EM. (n = 5). *P < 0.05 vs. control; *P < 0.05 or #P < 0.01 vs. GT

(3 png/mi).

release in a concentration-dependent manner. The maximal
gintonin-induced acetylcholine release increase was 2-fold with
a concentration of 3 pug/ml; higher concentrations of gintonin
had no additional effect (Fig. 1F). LPA1/3 receptor antagonist
Ki16425 blocked gintonin-induced acetylcholine release.
Treatment with an intracellular calcium chelator, BAPTA-AM,
abolished the gintonin action, indicating that the gintonin effect
on acetylcholine release is LPA receptor- and calcium-
dependent (Fig. 1F). The representative ginsenoside such as
ginsenoside Rby had no effect, but ginsenoside Rgs inhibited
acetylcholine release (Fig. 1F). These results indicate that
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Fig. 2. Effects of gintonin-enriched fraction (GEF) on scopolamine-
induced memory deficit in the passive avoidance (A) and Morris
water maze tests (B, C). (A) GEF (25, 50, and 100 mg/kg, p.0.) was
daily administered through oral administration for three weeks.
Memory impairment was induced by treatment with scopolamine
(0.5 mg/kg, i.p.). Values are expressed as means + SEM (n = 10).
*P < 0.01 vs. control vehicle group). *P < 0.05 vs. scopolamine-
treated control group. (B, C) The first trial session was performed 30
min after treatment with scopolamine. The training trial and the
probe trial sessions were performed for 4 days as described in the
Materials and Methods. Values are expressed as means + SEM (n
= 10). Mice were treated with GEF for 3 weeks by oral administra-
tion. *P < 0.01 vs. control vehicle group. *P < 0.05 vs. scopolamine-
treated group.

gintonin, but not ginsenosides, stimulates acetylcholine release
through LPA receptor activation and its signal transduction
pathway.

Effects of gintonin on choline acetyltransferase (ChAT)
expression in hippocampal NPCs and in the adult mouse
hippocampus

Since ChAT is a key enzyme for acetylcholine synthesis, we
further examined whether gintonin treatment to hippocampal
NPCs affects on the expression level of ChAT. We found that
gintonin increased ChAT expression through immunostaining and
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immunoblotting (Supplementary Figs. S1A and S1B). To explore
if oral administration of gintonin could also increase ChAT ex-
pression in the brain, we examined the effect of gintonin on in
vivo ChAT immunoreactivity in wild-type adult mouse hippocam-
pal neurons. As shown in Supplementary Fig. 2, saline adminis-
tration did not show much ChAT immunoreactivity in hippocampal
regions but oral administration of gintonin for 3 weeks significantly
increased ChAT immunoreactivity of the hippocampal regions.
Interestingly, in ChAT immunoreactivity of the hippocampal re-
gions, gintonin treatment (50 and 100 mg/kg) showed stronger
ChAT immunoreactivity at the CA1 and dentate gyrus (DG) com-
pared to the CA3 area (Supplementary Fig. S2). These results
indicate that gintonin might have cholinergic stimulating or up-
regulating effects mediated by the increase of expression of
ChAT in neurons during the developmental stage of the hippo-
campus as well as in the adult mouse hippocampus.

Gintonin-enriched fraction ameliorates memory impairment
induced by scopolamine, a cholinergic blocker

Next, we examined whether oral administration of gintonin-
enriched fraction could ameliorate scopolamine-induced memory
dysfunction. As shown in Fig. 2A, the effect of gintonin on
memory function was first examined in a passive avoidance
test. Treatment with scopolamine alone decreased the step-
through latency time (Fig. 2A, *P < 0.01, compared with control
vehicle), whereas the gintonin-enriched fraction treatment
groups (25, 50, and 100 mg/kg, p.o.) demonstrated significantly
improved latency times in a dose-dependent manner compared
with the control group (Fig. 2A, *P < 0.05, compared with con-
trol). In addition, we also measured the effects of gintonin-
enriched fraction using the Morris water maze task (Figs. 2B
and 2C). The scopolamine-treated group exhibited longer es-
cape latencies throughout the training days than the control
vehicle group (P < 0.01). The gintonin-enriched fraction signifi-
cantly shortened the escape latencies prolonged by treatment
with scopolamine on the last day of the training trial sessions in
a dose-dependent manner (*P < 0.05, compared with scopola-
mine treatment group) (Fig. 2B). On the day following the final
day of the training trial sessions, swimming times within the
platform quadrant for the scopolamine-treated group were sig-
nificantly lower than those of the control vehicle group (*P <
0.01). However, treatment with gintonin-enriched fraction signif-
icantly increased the swimming time shortened by scopolamine
(*P < 0.05) (Fig. 2C). These results indicate that oral adminis-
tration of gintonin-enriched fraction ameliorates scopolamine-
induced memory dysfunctions.

Gintonin attenuates A (1-40)-induced changes in
acetylcholine level and AChE and ChAT activities in the
hippocampus

Ap-induced cholinergic dysfunctions are considered the main
causes of memory impairments in patients with AD or in AD
animal models (Bales et al., 2006; Maurice et al., 1996). In our
previous study, we showed that oral administration of gintonin
ameliorated A (1-40)-induced memory impairment (Hwang et
al., 2012a). However, it remains unknown whether the ameli-
orating effects of gintonin against memory impairment caused
by AB (1-40) are achieved via improvement of the cholinergic
system. In this study, since we showed that gintonin stimulates
acetylcholine release and attenuates scopolamine-induced
memory impairment (Figs. 1 and 2), we further investigated
whether gintonin also protects against AB-induced cholinergic
system disturbances including acetylcholine concentration and
AChE or ChAT activity. We first examined the effects of gintonin
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Fig. 3. Effect of gintonin (GT; 25 or 50 mg/kg, p.o.) on the AB (1-
40)-induced changes in cholinergic system. (A) Experimental sche-
dule to evaluate acute gintonin effect in A (1-40)-induced choliner-
gic system impairment. Donepezil (DPZ; 1 mg/kg, i.p.) was used as
a reference drug. Gintonin or DPZ administration started 3 days
before the AB i.c.v. injection, and the drug administration was con-
tinued once a day for consecutive 14 days. Mice were sacrificed at
1 day after the final treatment with gintonin or DPZ. (B) Acetylcho-
line level. (C) Acetylcholinesterase activity and choline acetyltrans-
ferase activity in the hippocampus of the mouse. Sal = saline. Each
value is the mean = S.E.M of eight mice. *P < 0.01 vs. Sal + AB (40-
1), *P < 0.05, P < 0.01 vs. Sal + AB (1-40) (one-way ANOVA fol-
lowed by Fisher's PLSD test).

on AB-induced cholinergic system dysfunction according to the
procedure described in Fig. 3A. We observed that the hippo-
campal acetylcholine levels significantly decreased in the AB (1-
40)-infused mice [*P < 0.01 vs. Sal + AB (40-1)] (Fig. 3B), and
treatment with gintonin significantly attenuated this effect [25 or
50 mg/kg gintonin + AP (1-40) vs. Sal + AB (1-40), *P < 0.05 or
#p < 0.01] (Fig. 3B). In addition, AB (1-40) significantly in-
creased AChE activity [*P < 0.01 vs. Sal + AB (40-1)], but signif-
icantly decreased ChAT activity [P < 0.01 vs. Sal + AB (40-1)]
in the mouse hippocampus; these results are consistent with
previous reports of AB-induced cholinergic dysfunction (Bales et
al., 2006; Maurice et al., 1996). However, oral administration of
gintonin 3 days before AB (1-40) infusion significantly atte-
nuated the changes in AChE and ChAT activities [both AChE
and ChAT activity: 25 or 50 mg/kg gintonin + AB (1-40) vs. Sal +
AB (1-40), *P < 0.05 or #P < 0.01] (Fig. 3C). The effect of ginto-
nin on AP (1-40)-induced cholinergic dysfunction was compara-
ble to that of donepezil (1 mg/kg) (Figs. 3B and 3C). These
results indicate that gintonin significantly protects the choliner-
gic system from AB-induced cholinergic dysfunction in the
mouse hippocampus.

Gintonin attenuates AB (1-40)-induced decrease in ChAT
immunoreactivity in the hippocampus

Since it was reported that central injection of AB (1-40) could
induce direct axonal toxicity of septohippocampal cholinergic
neurons (Colom et al., 2011), the effects of AB on ChAT-
immunoreactivity (ChAT-IR) in the mouse hippocampus were
examined next. Our results were in line with previous study,
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Fig. 4. Effect of gintonin (GT; 25 or 50 mg/kg, p.o.) on the AB (1-
40)-induced decrease in choline acetyltransferase-immunoreactivity
(ChAT-IR) in the hippocampus of the mouse. Donepezil (DPZ; 1
mg/kg, i.p.) was used as a reference drug. Each value is the mean
+ S.E.M of five mice. *P < 0.05, **P < 0.01 vs. Sal + AB (40-1), *P <
0.05, #P < 0.01 vs. Sal + AB (1-40) (one-way ANOVA followed by
Fisher's PLSD test). Scale bar = 200 um.

showing that injection of Af (1-40) resulted in a significant de-
crease in ChAT-IR in the hippocampus [CA1: *P < 0.05 vs.
Saline + AB (40-1); CA3: **P < 0.01 vs. Saline + AB (40-1)] (Fig.
4, upper panel). Oral administration of gintonin significantly
attenuated the AP (1-40)-induced decrease in ChAT-IR [CA1:
25 or 50 mg/kg gintonin + AB (1-40) vs. Saline + AB (1-40), *P <
0.05 or #P < 0.01; CA3: 25 or 50 mg/kg gintonin + AB (1-40) vs.
Saline + AB (1-40), *P < 0.01; dentate gyrus (DG): 50 mg/kg
gintonin + AB (1-40) vs. Saline + AB (1-40), *P < 0.05] (Fig. 4,
lower panel), and these effects were comparable to those of
donepezil (1 mg/kg) (Fig. 4). These results are consistent with the
results of above-mentioned biochemical analyses on gintonin-
mediated protection of cholinergic systems against AB.

Long-term oral administration of gintonin improves
cholinergic function in APPswe/PSEN-1 double Tg mice
The long-term effects of gintonin on the level of acetylcholine
and activities of AChE and ChAT in the APPswe/PSEN-1
double Tg mice were examined according to the procedure
described in Fig. 5A. Chronic treatment with gintonin (25 or 50
mg/kg, p.o., thrice a week for 3 months) significantly increased
acetylcholine levels (25 or 50 mg/kg gintonin vs. Sal, *P < 0.05
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Fig. 5. Effect of gintonin (GT; 25 or 50 mg/kg, p.o.) on cholinergic
system changes. (A) Experimental schedule to evaluate the long-
term effect of gintonin on cholinergic system impairment in the
APPswe/PSEN-1 double Tg mouse. (B) Acetylcholine level, (C)
acetylcholinesterase activity, and choline acetyltransferase activity
in the hippocampus of the APPswe/PSEN-1 double Tg mouse.
Donepezil (DPZ; 1 mg/kg, i.p.) was used as a reference drug. Sal =
saline. Each value is the mean + S.E.M of four mice. *P < 0.05, #P
< 0.01 vs. Sal (one-way ANOVA followed by Fisher's PLSD test).

or #pP < 0.01) (Fig. 5B) and ChAT activity (25 or 50 mg/kg gin-
tonin vs. Sal, *P < 0.05 or #P < 0.01), but significantly de-
creased AChE activity in the hippocampus of the APPswe/
PSEN-1 double Tg mice (25 or 50 mg/kg gintonin vs. Sal, P <
0.05 or #P < 0.01) (Fig. 5C), indicating that gintonin improves
the hippocampal cholinergic function in the AD model mice. The
effect of gintonin on the hippocampal cholinergic function of
APPswe/PSEN-1 double Tg mice was comparable to that of
donepezil (1 mg/kg, thrice a week for 3 months), and these
results are in accordance with those observed in the acute AB
(1-40)-treated mice (Fig. 5).

Long-term oral administration of gintonin attenuates the
decrease in ChAT-IR in the hippocampus of APPswe/
PSEN-1 double Tg mice

Accumulating evidences showed that dystrophy and reorgani-
zation of cholinergic terminals are observed in the hippocam-
pus and cortex of APPswe/PSEN-1 double Tg mice without
significant change in cholinergic neuronal bodies of basal fore-
brain system, including medial septum and nucleus basalis
(Jaffar et al., 2001; Perez et al., 2007; Wong et al., 1999). In
these studies, cholinergic axonal dystrophy in the hippocampus
could be observed as early as 2-3 months of age, that is prior to
the formation of amyloid deposition, while there was no signifi-
cant change in cholinergic neuronal bodies in the medial sep-
tum and nucleus basalis of 10-16-month-old APPswe/PSEN-1
double Tg mice with extensive amyloid deposition. Thus, we
have focused on the changes in ChAT-IR in the hippocampus.
Hippocampal ChAT-IR was significantly lower in the APPswe/
PSEN-1 double Tg mice than that in the non-Tg mice (CA1 and
CA3: **P < 0.01 vs. non-Tg mice treated with saline; DG: *P <
0.05 vs. non-Tg mice treated with saline) (Fig. 6, upper panel).
Long-term treatment with gintonin (25 or 50 mg/kg, p.o., thrice a
week for 3 months) significantly increased hippocampal ChAT-
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Fig. 6. Effect of gintonin (GT; 25 or 50 mg/kg, p.o.) on the decrease
in ChAT-IR in the hippocampus of APPswe/PSEN-1 double Tg
mice. Donepezil (DPZ; 1 mg/kg, i.p.) was used as a reference drug.
Each value is the mean + S.E.M for five mice. *P < 0.05, **P < 0.01
vs. Saline-treated non-Tg mice, *p < 0.05, P < 0.01 vs. Saline-
treated APPswe/PSEN-1 double Tg mice (one-way ANOVA fol-
lowed by Fisher's PLSD test). Scale bar = 200 um.

IR [CA1 and CA3: 25 or 50 mg/kg gintonin vs. Saline, #P < 0.01;
DG: 50 mg/kg gintonin vs. Saline, *P < 0.05] in the APPswe/
PSEN-1 double Tg mice, and these effects were comparable to
those of donepezil (1 mg/kg) (Fig. 6, lower panel). These results
are consistent with the results above-mentioned biochemical
analyses on gintonin-mediated protection of cholinergic systems
in the APPswe/PSEN-1 double Tg mice.

DISCUSSION

Human AD is a progressive neurodegenerative disease asso-
ciated with age (Alzheimer, 1907). As the most common form of
dementia, the number of AD patients is increasing almost ex-
ponentially with the aged population (Yankner, 1996). Two im-
portant characteristics of AD are the formation of senile plaques
containing AB and dysfunctions of the cholinergic system in the
brain (Vassar et al., 1999). Accumulating evidence shows that
AP causes imbalances of the cholinergic system by increasing
AChE and decreasing ChAT activity and by subsequently
showing selective toxicity to cholinergic neurons (Bales et al.,
2006; Bartus et al., 1982; Maurice et al., 1996). Therefore,
AChE inhibitors, agents or drugs acting on the cholinergic sys-
tem, or muscarinic agonists, which target the m1 muscarinic
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receptor, are being investigated for AD prevention and thera-
peutics (Davie et al., 2013). However, little is known about
whether activation of the G protein-coupled LPA receptor could
also modulate the cholinergic system and further ameliorate
scopolamine-induced or acute or long-term Ap-induced dys-
functions of the cholinergic system.

In this study, we examined whether gintonin affects in vitro
and in vivo cholinergic functions in mouse hippocampal NPCs,
scopolamine-treated mice, AB-infused mice, and a transgenic
AD mouse model. We could obtain three major findings that
gintonin-mediated activation of LPA receptors could be asso-
ciated with the cholinergic system regulations. First, gintonin-
mediated [Ca?"]; transient is coupled to acetylcholine release in
cultured hippocampal NPCs (Fig. 1) and also increased the
expression of ChAT in hippocampal NPCs as well as in the
wild-type mouse hippocampus (Supplementary Figs. S1 and
S2). Second, gintonin-enriched fraction significantly attenuates
scopolamine-induced cognitive dysfunctions (Fig. 2). Third,
gintonin has a protective effect on the cholinergic system
against the dysfunction induced by A-infusion and in the
transgenic AD mouse model (Figs. 3-6). Thus, short-term oral
administration of gintonin attenuated AB-induced dysfunctions
of the hippocampal cholinergic system by inhibiting AChE and
by increasing ChAT and acetylcholine concentrations (Figs. 3
and 4). Long-term oral administration of gintonin also atte-
nuated hippocampal cholinergic dysfunctions in the AD mouse
model (Figs. 5 and 6). These results indicate that activation of
G protein-coupled LPA receptors by gintonin could induce
beneficial effects on the cholinergic system in hippocampus
under infusion of AB and in the transgenic AD mouse model.

There could be a question what are the molecular mechan-
isms underlying the gintonin-mediated protective effects on the
cholinergic system against scopolamine-induced memory im-
pairments and Ap-infused cholinergic dysfunction in wild-type
mice and in the long-term transgenic AD mouse model. Ginto-
nin could act in three ways in this study. Firstly, previous reports
showed that acute treatment of cortical neuroblast cells with
LPA induces an increased conductance that consists of non-
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2012). In this study, we found that gin-
tonin stimulates the cholinergic systems
by acetylcholine release and the in-
crease of ChAT expression and protec-
tive effects against acute AB-induced
and long-term cholinergic dysfunctions
in the transgenic AD animal model.
Gintonin-mediated activation of LPA
receptors could be coupled to anti-AD
effects via dual actions of the non-
amyloidogenic pathway and modulations
of the cholinergic system in the brain
according to the described pathways.

selective cation currents (Dubin et al., 1999) and that LPA also
induces dopamine and glutamate release in PC12 cells and
hippocampal glutamatergic neurons, respectively (Shiono et al.,
1993; Trimbuch et al., 2009). Thus, gintonin might also act as a
neurotransmitter, and acute gintonin treatment could increase
neurotransmitter release and enhance synaptic transmission in
the hippocampus via N-methyl-D-aspartate (NMDA) receptor
activation (Hwang et al., 2015; Park et al., 2015; Shin et al.,
2012). In present study, we further demonstrated that gintonin
stimulates acetylcholine release in an intracellular Ca®*-
sensitive manner through the LPA receptor in NPCs and also
increased brain acetylcholine concentration under AB infusion
and in transgenic AD mouse models. Thus, the additional gin-
tonin-mediated regulations of cholinergic system might contri-
bute to restorations from cholinergic dysfunctions by scopola-
mine-induced memory impairments and AB-infused cholinergic
dysfunction in wild-type mice.

Secondly, LPA is a phospholipid growth factor and affects di-
verse cell functions via LPA receptors (Tabuchi et al., 2000).
Gintonin, as an exogenous LPA receptor ligand, could exert its
effect to increase of ChAT expression and the gintonin-induced
ChAT expression might be coupled to the increase of acetyl-
choline synthesis and might help to ameliorate hippocampal
cholinergic dysfunctions under AB infusion and in transgenic AD
mouse models. In addition, it is known that sAPPo. exhibits the
neuroprotective and neurotrophic effects (Hasebe et al., 2013).
In previous report we demonstrated that gintonin stimulates
sAPPa release, while gintonin inhibits AR formation via non-
amyloidogenic pathway (Hwang et al., 2012b). Activation of m1
muscarinic receptor by acetylcholine is also coupled to sAPPa
release (Kim et al., 2006). Acetylcholine that is released by
gintonin via LPA receptor activation might also indirectly contri-
bute to sSAPPa« release rather than A formation (Fig. 1F). Thus,
direct gintonin-mediated increase of ChAT expression and
sAPPa release and indirect sAPPa. release via m1 muscarinic
receptor by acetylcholine might be together coupled to protec-
tion of the cholinergic system induced by AB insult and in the
transgenic AD mouse model.
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The last possibility is that gintonin-mediated LPA receptor ac-
tivation is coupled to dual signaling pathways. Gintonin-
mediated activations of LPA receptor could induce acetylcholine
release and increase acetylcholine synthesis as role of a lipid-
derived neurotransmitter and/or tropic factor. Gintonin-mediated
activations of LPA receptor could be also coupled to the stimu-
lation of neurotrophic and neuroprotective sAPPa. release in the
hippocampus. Therefore, both gintonin-mediated maintenance
of acetylcholine levels by restoring cholinergic systems under
AB or scopolamine insult and gintonin-mediated beneficial
sAPPq formation in nervous system might contribute to con-
serve cholinergic systems against AB and in the transgenic AD
mouse model. Figure 7 shows a schematic diagram of how
gintonin-mediated LPA receptor activations are coupled to anti-
AD actions via stimulations of cholinergic systems and sAPPo
formation.

Gintonin is a unique form of herbal-medicine LPA, as it con-
sists of LPAs-ginseng protein complexes. Recent study showed
how GLP151 protein as a protein component of gintonin binds
to LPA through the elucidation of three-dimensional structure of
GLP151. The phosphate group of LPA binds to the imidazole
ring of histidine residues at C-terminal of GLP151 with hydro-
gen bonds and acyl-chain of LPA interacts with other amino
acids though hydrophobic interactions of GLP151 (Choi et al.,
2015b). GLP151 protein was identified as a first plant-derived
carrier or transporter of LPA, and deliver LPA to cognitive LPA
receptors (Choi et al., 2015b). Ginsenoside is also another
component of ginseng with various effects in biological system.
However, the representative ginsenosides such as Rby or Rgy
had no effects on [Ca?*}; transients in hippocampal NPCs (data
not shown) and ginsenoside Rg; did not induce acetylcholine
release and ginsenoside Rb, rather inhibited acetylcholine re-
lease in hippocampal NPCs (Fig. 1F). Thus, we provide addi-
tional information that gintonin but not ginsenosides is the main
active ingredient of ginseng for acetylcholine release in hippo-
campal NPCs.

In conclusion, we showed that gintonin increases acetylcho-
line release and ChAT expression in hippocampal NPCs
through LPA receptors. We also showed that gintonin atte-
nuates scopolamine-induced memory impairment and A-
induced cholinergic impairments in wild type and transgenic AD
mouse models. Finally, we suggest that, in addition to gintonin-
mediated non-amyloidogenic pathway activation, the anti-AD
effect of gintonin might be achieved via its boosting effects on
the cholinergic system. These actions of gintonin might be an
additional molecular basis for the neuroprotective effects of
ginseng on AD-related neuropathies.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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