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Gintonin, a Ginseng-Derived Novel Ingredient,
Evokes Long-Term Potentiation through
N-methyl-D-aspartic Acid Receptor Activation:
Involvement of LPA Receptors

Tae-Joon Shin"’, Hyeon-Joong Kim'’, Byeong-Jae Kwon?, Sun-Hye Choi', Hyun-Bum Kim?,
Sung-Hee Hwang', Byung-Hwan Lee', Sang-Mok Lee', R. Suzanne Zukin®, Ji-Ho Park?,
Hyoung-Chun Kim*, Hyewhon Rhim®, Joon-Hee Lee®, and Seung-Yeol Nah'*

Ginseng has been shown to have memory-improving ef-
fects in human. However, little is known about the active
components and the molecular mechanisms underlying its
effects. Recently, we isolated novel lysophosphatidic ac-
ids (LPAs)-ginseng protein complex derived from ginseng,
gintonin. Gintonin activates G protein-coupled LPA recep-
tors with high affinity. Gintonin activated Ca®*-activated CI
channels in Xenopus oocytes through the activation of
endogenous LPA receptor. In the present study, we inves-
tigated whether the activation of LPA receptor by gintonin
is coupled to the regulation of N-methyl-D-aspartic acid
(NMDA) receptor channel activity in Xenopus oocytes ex-
pressing rat NMDA receptors. The NMDA receptor-media-
ted ion current (Ilwwps) Was measured using the two-elec-
trode voltage-clamp technique. In oocytes injected with
cRNAs encoding NMDA receptor subunits, gintonin en-
hanced Iwmpa in @ concentration-dependent manner. Gin-
tonin-mediated /yupa enhancement was blocked by Ki16425,
an LPA1/3 receptor antagonist. Gintonin action was
blocked by a PLC inhibitor, IP; receptor antagonist, Ca*
chelator, and a tyrosine kinase inhibitor. The site-directed
mutation of Ser1308 of the NMDA receptor, which is phos-
phorylated by protein kinase C (PKC), to an Ala residue, or
co-expression of receptor protein tyrosine phosphatase
with the NMDA receptor attenuated gintonin action. More-
over, gintonin treatment elicited a transient elevation of
[Ca*]; in cultured hippocampal neurons and elevated long-
term potentiation (LTP) in both concentration-dependent
manners in rat hippocampal slices. Gintonin-mediated LTP
induction was abolished by Ki16425. These results indi-
cate that gintonin-mediated /wupa potentiation and LTP

induction in the hippocampus via the activation of LPA
receptor might be responsible for ginseng-mediated im-
provement of memory-related brain functions.

INTRODUCTION

Glutamate is one of major excitatory neurotransmitters in the
central nervous system (CNS) (Morisyoshi et al., 1991). Gluta-
mate not only interacts with GTP-binding protein coupled
receptors (i.e., metabotropic glutamate receptor subtypes) but
also binds to various ionotropic ligand-gated glutamate recep-
tors, which include o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA), kainic acid, and N-methyl-D-aspartic
acid (NMDA) receptors (Hollmann and Heinemann, 1994; Mo-
riyoshi et al., 1991). NMDA receptors play an important role in
the regulation of synaptic functions in the central nervous sys-
tem (Carroll and Zukin., 2002). In the hippocampus, the activa-
tion of NMDA receptors induces long-term potentiation (LTP),
which is a key contribution for learning and memory (Lisman et
al., 2012). Thus, NMDA receptors have important roles in phy-
siological functions in learning and memory. Currently, NMDA
receptors are one of the target proteins for drug development
for clinical applications related to learning and memory (Ti-
mofeeva and Levin, 2011).

Ginseng, the root of Panax ginseng C.A. Meyer, has been
used as a general tonic against stress, fatigue, and various
diseases, including cancer (Nah, 1997). Recent studies have
shown that the ginseng extract has memory-improving effects
in humans (Kennedy et al., 2004; Persson et al., 2004). For
example, Kennedy et al. (2004) and Persson et al. (2004) de-
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monstrated that the total ginseng extract enhanced associative
and working memory. In addition, Heo et al. (2008) and Lee et
al. (2008) also demonstrated that ginseng extract has cogni-
tion-enhancing effects in Alzheimer's disease (AD) patients,
indicating that ginseng might have a beneficial function in learn-
ing and memory in both normal and dysfunctional brains. How-
ever, the active ingredients and the underlying mechanisms by
which ginseng extract exerts its learning- and memory-related
effects are not fully understood. Recently, we isolated a unique
lysophosphatidic acid (LPA)-ginseng protein complexes, namely,
gintonin (Hwang et al., 2012a). We also demonstrated that
gintonin activates LPA receptors with high affinity via pertussis
toxin (PTX)-sensitive and PTX-insensitive G proteins in cells
expressing LPA receptors endogenously or heterologously (Hwang
et al., 2012a). In addition, gintonin attenuates AD-related neu-
ropathies through the stimulation of non-amyloidogenic proc-
esses (Hwang et al., 2012b). LPA receptor expression in the
brain has a crucial role in the maintenance of memory functions,
since LPA receptor knockout mice showed impairment of
memory functions (Castilla-Ortega et al., 2011). However, rela-
tively much is unknown about the molecular mechanisms by
which LPA receptors are involved in memory functions.

In the present study, we first investigated whether the activa-
tion of LPA receptor by gintonin is coupled to modulation of the
activity of NMDA receptor channel. Here, we report that gin-
tonin enhances Iuupa through the signal transduction pathways
of the activation of LPA receptor. Furthermore, gintonin-me-
diated Invpa enhancement involves the phosphorylation of
NMDA receptor by PKC. In addition, gintonin induced a tran-
sient elevation of [Ca®*}; in hippocampal cells and long-term
potentiation (LTP) in rat hippocampal slices via the activation of
LPA receptor. We discuss the signal transduction pathways
involved in the gintonin-mediated stimulation of Iyupaand LTP
induction. Finally, gintonin-mediated LTP induction by NMDA
receptor modulation might be the molecular basis for the bene-
ficial effects of ginseng on learning and memory.

MATERIALS AND METHODS

Materials

Gintonin was isolated from P. ginseng as previously described
(Pyo et al., 2011), and in the present study, we used the crude
gintonin fraction, which contains about 9.5% LPAs, the major
LPA component of which is LPA Cis» (Hwang et al., 2012a).
The crude gintonin fraction was used without isolating the indi-
vidual glycolipoproteins because of their scarcity and because
of the similar EDs values of the crude gintonin fraction in Ca*-
activated CI' channel activation (Pyo et al., 2011). All other
reagents were purchased from Sigma-Aldrich (USA). All animal
experiments were conducted in strict accordance with the rec-
ommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The experimental
protocol was approved by the Institutional Animal Care and
Use Committee of Konkuk University, KIST, or Kyung Hee Uni-
versity. All surgeries were performed under Zoletil-and-Rumpun
combination anesthesia, and every effort was taken to minimize
the suffering.

Preparation of Xenopus oocytes and microinjection

X. laevis frogs were purchased from Xenopus | (USA). To iso-
late the oocytes, frogs were anesthetized with an aerated solu-
tion of 3-amino benzoic acid ethyl ester, and the ovarian folli-
cles were removed. The oocytes were separated by treatment
with collagenase followed by agitation for 2 h in Ca**-free OR2
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medium containing 82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,, 2.5
mM sodium pyruvate, 100 units/ml penicillin, and 100 pg/ml
streptomycin, 5 mM HEPES (pH 7.5). Stage V-VI oocytes were
collected and stored in ND96 medium (96 mM NaCl, 2 mM KCl,
1 mM MgCl,, 1.8 mM CaCl,, and 5 mM HEPES, pH 7.5) sup-
plemented with 50 pg/ml gentamicin. The oocyte-containing
solution was maintained at 18°C with continuous gentle shak-
ing and was changed daily. Electrophysiological experiments
were performed 3-5 days after oocyte isolation. For the NMDA
receptor experiments, NMDA receptor subunit-encoding
cRNAs (40 nl) were injected into the animal or vegetal pole of
each oocyte 1 day after isolation with a 10-ul microdispenser
(VWR Scientific, USA) fitted with a tapered glass pipette tip (15-
20 um in diameter) (Pyo et al., 2011).

Data recordings

A custom-made Plexiglas net chamber was used for 2-elec-
trode voltage-clamp recordings, as previously reported (Pyo et
al., 2011). A single oocyte was constantly superfused during
recording with a recording solution (96 mM NaCl, 2 mM KClI,
0.3 mM CaCl,, and 5 mM HEPES, pH 7.6) in the presence or
absence of NMDA or ginsenoside metabolites. The microelec-
trodes were filled with 3 M KCI and had a resistance of 0.2-0.7
MQ. Two-electrode voltage-clamp recordings were obtained at
room temperature with an oocyte clamp (OC-725C; Warner
Instrument, USA), and were digitized using Digidata 1200A
(Molecular Devices, USA). Stimulation and data acquisition were
controlled using the pClamp 8 software (Molecular Devices).
For most electrophysiological data, the oocytes were clamped
at a holding potential of -60 mV. To determine the current and
voltage (I-V) relationship, voltage ramps were applied from -100
to +50 mV for 1 s. In the different membrane-holding potential
experiments, the oocytes were clamped at the indicated hold-
ing potentials. The linear leak and capacitance currents were
corrected by the leak subtraction procedure.

Primary cultures of hippocampal neurons

Rat hippocampal neuronal cultures were prepared using a
modified version of technique by Kim et al. (2005). Briefly, hip-
pocampi were isolated from 16- to 18-day-old fetal Sprague-
Dawley rats and incubated with 0.25% trypsin in Leibovitz L-15
medium at 37°C for 20 min. Cells were then mechanically dis-
sociated by trituration with fire-polished Pasteur pipettes and
were plated on poly-L-lysine coated coverslips in 35-mm culture
dishes or on 24-well plates. The cells were maintained in MEM
culture medium containing 10% NU-serum, 2% B-27 supple-
ment, 20 mM D-glucose, 26.2 mM sodium bicarbonate, 100
U/ml penicillin, and 100 pg/ml streptomycin in a humidified at-
mosphere of 95% air and 5% CO, at 37°C. After 1 day in vitro,
the culture medium was exchanged, and the cultures were
treated with cytosine B-arabinofuranoside (1 uM). Experiments
were carried out on neurons after 10-15 days in vitro.

Measurement of intracellular Ca** levels

We examined intracellular Ca®* levels in hippocampal neurons
exposed to gintonin. Hippocampal neurons from each group
were incubated for 40-60 min at room temperature with 5 pM
Fura-2/AM (Molecular Probes, USA) and 0.001% pluronic F-
127 (Molecular Probes) in a HEPES-buffered solution com-
posed of the following: 150 mM NaCl, 5 mM KCI, 1 mM MgCl,,
2 mM CaCl,, 10 mM HEPES, and 10 mM glucose, with the pH
adjusted to 7.4 with NaOH. Cells were illuminated using a xe-
non arc lamp, and the excitation wavelengths (340 and 380
nm) were selected by a computer-controlled filter wheel (Sutter

http://molcells.org



A nwpa GT NMDA
-
=
G.L
2min
B .
N TN N ST n NGy
-
=2
o
< 2min
C ]
120
=
S 1004
=
S 80
=
E
T 401
{ 204
04

0.1 1 10

Gintonin (pg/ml)

Fig. 1. Effects of gintonin on Iwupa. (A) A representative trace of
gintonin (1 pg/ml) (GT)-mediated potentiation of /uwpa in oocytes
expressing the rat NMDA receptor. The trace represents 6 separate
oocytes. (B) Concentration-dependent effect of gintonin on Iywpa
potentiation. The trace represents 6 separate oocytes. Application
of NMDA (300 uM) and glycine (10 uM) elicited Ixmpa. Gintonin
application after NMDA (300 puM) and glycine (10 uM) potentiated
Invpa. (C) Concentration-dependent potentiating effects of gintonin
on Iwupa- Oocytes were voltage-clamped at a holding potential of
-60 mV. Each point represents the mean + SEM (n = 4-5/group).

Instruments, USA). The emitted fluorescence was reflected
through a 515-nm long-pass filter to a frame transfer-cooled
CCD camera (Olympus, Japan), and the ratios of the emitted
fluorescence were calculated using a digital fluorescence ana-
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Fig. 2. Effects of an LPA 1/3 receptor antagonist on gintonin-
mediated potentiation of lyupa. (A) Representative traces of gintonin
(1 pg/ml) (GT)-mediated potentiation of /yupa in the absence (upper)
or presence (lower) of Ki16425. Treatment with Ki16425 attenuated
gintonin-mediated potentiation of lwupa as well as the Ca**-activated
CI' current. (B) Summary of the percent potentiation induced by
gintonin in the absence or presence of Ki16425. Oocytes were
voltage-clamped at a holding potential of -60 mV. Data represent
the mean + SEM. (n = 6-7/group).

lyzer and converted to intracellular free Ca®* concentrations
[Ca®*}. All imaging data were collected and analyzed using the
Universal Imaging software (USA) as previously described (Kim
et al., 2005).

Preparation of acute hippocampal slices

Experiments were carried out with young Sprague-Dawley
male rats (3-5 weeks old) (USA). The rats were killed by fast
decapitation, without anesthesia (Steidl et al., 2006). The whole
brain was quickly removed by taking away the splitting bones
by using a rongeur (Fine Science Tools Inc., USA) and imme-
diately put into an ice-cold, oxygenated (95% O,, 5% CO,)
artificial cerebrospinal fluid (aCSF, which contains 114 mM
NaCl, 26 mM NaHCOs, 10 mM glucose, 3 mM KCl, 2 mM CaCl,,
1 mM MgCl,, 20 mM HEPES, pH 7.4). NaOH was used for pH
adjustment. Hippocampal slices (400 um) were cut with a vibra-
tom (Camden Instruments, UK). The slices were stabilized at
room temperature for at least 1 h in artificial cerebrospinal fluid
before use.

Preparation of organotypic hippocampal slice culture

Organotypic hippocampal slice cultures (OHSCs) were pre-
pared from hippocampi of 6-7-day-old Sprague-Dawley rats by
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the method of Stoppini et al. (1991). Briefly, hippocampi were
isolated and placed immediately in cold Gey’s balanced salt
solution supplemented with glucose (6.5 mg/ml; Amresco, USA).
Slices (350-um thick) were cut in parallel with the transverse
axis of the hippocampus by using a Mcllwain tissue chopper
(Mickle Laboratory Engineering, UK). Each slice was placed on
a membrane insert (polytetrafluorethylene membrane, 0.4 um,
Millicell-CM, Millipore Co., USA), which was set into a 6-well
plate filled with 1 ml of culture medium containing 50% MEM
medium (LM 007-01, JBI, Korea), 25% horse serum (S 104-01,
JBI, Korea), 25% Hank’s balanced salt solution, 6 g/L D-glu-
cose, 1 mM L-glutamine, 20 mM HEPES, and 1% penicillin-
streptomycin. The pH was adjusted to 7.1, and the medium
was changed every other day. Slices were cultured in an incu-
bator at 36°C with 5% CO. and used after 14 days.

Preparation of hippocampal slices on MEA probes

The hippocampal slices were removed from the membrane
inserts and then placed on a multielectrode array (MEA, 8 x 8
array; interelectrode distance, 100 um; electrode diameter, 10
um). Each slice was positioned, and the surrounding solution
was removed using a pipette, which had been precoated with
0.01% polyethylenimine. The MEA systems (Multi Channel
Systems, Germany) were composed of an array, stimulator,
amplifier, temperature control unit, and data acquisition hard-
ware and software. The slice was stabilized in aCSF (which
contained 114 mM NaCl, 256 mM NaHCOQOgs, 25 mM glucose, 3
mM KCI, 2 mM CaCl,, 1.3 mM MgCl,, 20 mM HEPES, pH 7.4)
for 1 h at 33°C with 95% O, and 5% CO, gas aeration. The
MEA containing the hippocampal slice was transferred to an
MEA1060 amplifier interface. The solution in the array was
grounded using an Ag/AgCl pellet. Then aCSF was allowed to
flow over the slices at 3 ml/min. Data were sampled from every
channel at 25 kHz and recorded using Recorder-Rack software
(Multi Channel Systems GmbH, Germany). The stimulating
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channel was disconnected during stimulation. A baseline stimu-
lation pulse of an intensity that gave 40-65% of the maximum
response was delivered at a frequency of 0.033 Hz for the re-
mainder of the experiment. The neuronal synaptic propagation
was expressed in terms of the activated area by using an 8 x 8
heatmap image matrix on the hippocampus (Moon, 2009).

Induction of LTP in acute slices in the absence or
presence of gintonin

Bipolar constant current pulses were produced using the data
acquisition software through a digital stimulator with a built-in
isolator (Multi Channel Systems GmbH, Germany). To collect
typical responses, one of the electrodes in the Schaffer collat-
eral fibers area was selected as a stimulating electrode position
while another one in the stratum radiatum of the Cornu ammo-
nis (CA)1 was selected as a recording electrode position (Shi-
mono et al., 2002). LTP was induced using standard protocols,
which had a 100-Hz theta burst stimulation (Fig. 6Aa) or a tet-
anic train stimulation containing 3 bursts of 1 s at 100 Hz with 5-
min intervals between each burst (Fig. 6Ab). Field potential (FP)
recordings after LTP induction were performed for an additional
60-80 min period every 30 s to record the LTP condition (Figs.
7A and 7B). Stimulation and recording were carried out using
the Recorder-Rack software (Multi Channel Systems GmbH,
Germany). During stimulation, the stimulating channel was
disconnected.

Induction of LTP by gintonin in the absence or presence of
Ki16425 in OHSC

For the LTP experiment using gintonin in the presence of
Ki16425, the normal LTP-inducing stimuli repertoire could not
produce a stable LTP. The triple tetanic burst program was the
most successful (Fig. 6Ab). Three or four slices were used in
each experimental group. A bipolar electrical stimulation was
applied to the stratum radiatum of the CA2 region to stimulate
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the Schaffer collateral (SC)/commissural pathway. Baseline
synaptic responses were evoked by stimulation at 0.033 Hz
(120-ps pulse width) and were recorded for 10-20 min after at
least 30 min of stabilization. LTP was then induced by a triple
tetanic burst stimulation, which consists of a train of 3 x 100 Hz
bursts (burst duration, 1 s; interburst interval, 5 min). After the
conditioning stimulation, fEPSPs (field excitatory postsynaptic
potentials) were recorded in whole sites in the hippocampus.

Data analysis

To obtain the concentration-response curve for the effect of
gintonin on the inward peak (Invpa) mediated by the NMDA
receptor, the Invpa peak was plotted at different concentrations
of gintonin. Origin software version 8.0 (OriginLab Corp., USA)
was used to fit the plot to the Hill equation: Vma = 1/[1 +
(ECso/[A])™], where Inax is the maximal current obtained from
the EDs value of the NMDA receptor, ECs is the concentration
of gintonin required to increase the response by 50%, [A] is the
concentration of gintonin, and nH is the Hill coefficient. All val-
ues were presented as the mean + SEM. The differences be-
tween the control and treatment data were determined using
the paired Student’s ttest. A p-value of less than 0.05 was
considered statistically significant. In gintonin-mediated LTP
induction experiments, MC Rack (v.3.2.1.0, Multi Channel Sys-
tems) and an analyzing program (with aid from Dr. Tae-Sung
Kim, department of medical-engineering Kyung-Hee University)
using MatLab (v.7.0.1, The Mathworks inc.) was used to ana-
lyze the data (Moon et al., 2009). This program automatically
provided the integral area of a field potential trajectory (Fig. 2). It
is a better way to reveal the value of field potential than just
measuring the amplitude or angle for an action potential. In one
experiment with a slice, the value in an untreated sample evoked
a response without TBS and was converted to % value, while
the other values were converted to % value against an initial
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tyrosine phosphatase (B), or in the ab-

- = sence (Con) or in the presence of tyro-
Inactive Active sine kinase (C). Oocytes were voltage-
RPTP clamped at a holding potential of -60

mV. A, *p < 0.05, compared to control;
#p < 0.05, compared to S1312A mutant.
B, *p < 0.05, compared to control. C, *p
< 0.05, compared to control; Data rep-
resent the mean + SEM (n = 4-5/group).

value. Data from hippocampal slice experiments were analyzed
using one-way analysis of variance (ANOVA). Data were com-
pared using the Duncan test. The alpha-type error was set to
0.05.

RESULTS

Effect of gintonin on Iyupa in oocytes expressing the rat
NMDA receptor

In the present study, we examined the effects of gintonin on the
activity of NMDA receptor channel. For this, we expressed the
rat NMDA receptor NR1b and NR2B subunits in Xenopus oo-
cytes (Zheng et al., 1997). As shown in Fig. 1A, the addition of
NMDA with glycine, a co-agonist required for efficient opening
of the ion channel (Durand et al., 1993), to the bathing solution
induced a large inward current (Iuupa) in oocytes injected with
rat NMDA receptor subunit cRNAs at a holding potential of -60
mV. In HxO-injected control oocytes, the application of NMDA
did not induce any inward currents (data not shown). Gintonin
treatment of the same oocyte induced a large Ca**-activated CI
channel (CaCC) current (Pyo et al., 2011). Interestingly, after
gintonin treatment, subsequent NMDA application induced further
enhancement of Inpa compared to that of the first NMDA treat-
ment (Fig. 1A, n = 6-9 from 3 different frogs). Gintonin treat-
ment also further potentiated a second Iwupa in oocytes ex-
pressing NR1b and NR2A subunits (data not shown). In con-
centration-dependent experiments, gintonin treatment enhan-
ced Iwpa in a concentration-dependent manner in oocytes
expressing the NMDA receptor (Fig. 1B). Gintonin at 0.1, 0.3, 1,
3, and 10 uM increased Invpa in ococytes expressing the NMDA
receptor by 18.4 + 9.8, 29.1 + 7.7, 85.7 + 25.8, 109.1 + 25.4,
and 105.5 + 19.2%, respectively. The ECs, for an effect of gin-
tonin on Iywpa was 0.49 + 0.1 ug/ml (Fig. 1C, n = 10-11, with
samples taken from 3 different frogs for each point).
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Fig. 5. Effects of gintonin on [Ca®*itransients in cultured rat hippo-
campal neurons. (A) Representative traces in the absence (Con) or
presence of various concentrations of gintonin. (B) Concentration-
dependent effects of gintonin on [Ca*transients. Each point repre-
sents the mean + SEM (n = 7-10).

Effects of LPA1/3 receptor antagonist on
gintonin-mediated enhancement of Iyupa

Xenopus oocytes express the endogenous LPA1 receptors
(Kimura et al., 2001), and we have also previously demon-
strated that gintonin activates CaCC via the activation of LPA
receptor (Hwang et al., 2012a). We examined the effect of an
LPA1/3 receptor antagonist, Ki16425, on gintonin-mediated /vwpa
enhancement. In the absence of Ki16425, gintonin treatment
enhanced the second Iwupa. However, in the presence of
Ki16425, gintonin-mediated CaCC activation was greatly at-
tenuated (Fig. 2A) and gintonin-mediated enhancement of lnmpa
was also significantly attenuated from 148.5 + 33.0% to 43.0 +
6.4% (*p < 0.05 compared to control) (Fig. 2B). This result indi-
cates that gintonin-mediated enhancement of Iwupa as well as
CaCC activation was achieved through the activation of LPA
receptors that endogenously express LPA1 receptors in Xeno-
pus oocytes.

Signal transduction in gintonin-mediated enhancement of
Inmpa

Next, we examined the signaling pathways involved in the gin-
tonin-mediated stimulation of Iywpa. We first examined the in-
volvement of phospholipase C (PLC), because PLC activation
is involved in gintonin-mediated CaCC activation in Xenopus
oocytes (Pyo et al., 2011). To determine whether the PLC sig-
naling pathway is involved in gintonin-mediated Inupa en-
hancement, we examined the effect of U-73122, an active PLC
inhibitor, on gintonin action. The presence of U-73122 not only
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abolished the gintonin-mediated CaCC activation, but also at-
tenuated gintonin-mediated enhancement of Iyvpa from 144.2 +
19.6% to 25.6 + 8.7% (*p < 0.05 compared with gintonin-
untreated cells) (Fig. 3A).

To determine whether gintonin action on Invupa enhancement
proceeded through inositol-3-phosphate (IPs) receptor activa-
tion (Pyo et al., 2011), we examined the effect of gintonin on
Invpa enhancement by pretreatment with 2-APB, an IP3 recep-
tor antagonist (Fig. 3B). Gintonin-induced Invpa enhancement
was abolished after pretreatment with 2-APB (*p < 0.05 com-
pared with GT). In a previous report, we demonstrated that
gintonin induces the [Ca?*} transient via the activation of LPA
receptor (Hwang et al., 2012a). The [Ca®'] transient is a key
element of Iuupa enhancement by GPCR ligands (Zheng et al.,
1997). We examined the role of the [Ca®'] transient during gin-
tonin-mediated Inmpa enhancement and found that the gintonin-
mediated Invpa enhancement was abolished in cells pretreated
with 1,2-bis(o-aminophenoxy)ethane tetraacetic acid tetra(ace-
toxymethyl) ester (BAPTA-AM), a membrane-permeable Ca®
chelator (Fig. 3C). These results indicated that the gintonin-
mediated [Ca?*} transients via the PLC and IP5 receptor path-
ways are coupled to Iwmpa enhancement. In addition, treatment
with staurosporine, a PKC inhibitor, blocked the gintonin-
mediated /npa enhancement from 144.2 + 19.6% to 28.4 +
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Fig. 7. Effects of gintonin and an
Con LPA1/3 receptor antagonist on LTP
e following tetanic stimulation of the
Ki Schaffer collateral (SC) area in rat
hippocampal slices. LTP could be
induced and maintained at CA3/CA1
(A) The LTP was increased by gin-
tonin treatment in a concentration-
dependent manner in acute hippocam-
pal slices. Pooled data obtained from
4 different experiments. Data are
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abolished gintonin-mediated LTP in-
duction in organotypic hippocampal
slices. The vertical arrow indicates
the TBS addition point. Each point of
¥ the bars corresponds to the SEM (n =
4 each). (C) The summary histo-
grams for normalized fEPSP values
that show LTP levels at 40 min after
TBS (*p < 0.05, compared to control;
*o < 0.01, compared to control, n =
4). (D) The summary histograms for
normalized fEPSP values that show
LTP levels at 40 min after TBS (*p <
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12.3% (Fig. 3D). These results indicated that gintonin-media-
ted Inupa enhancement involved the PLC, PKC, and IP; recep-
tor pathways.

Involvement of protein kinase C, tyrosine kinase, and Src
kinase on gintonin-mediated enhancement of Iywpa

As shown in the above results, treatment with a PKC inhibitor
blocked the gintonin action on Iwwpa enhancement, indicating
that the phosphorylation of NMDA receptor by PKC activation is
involved in gintonin-mediated /uupa enhancement. To demon-
strate the involvement of the phosphorylation of NMDA receptor
by PKC in gintonin action, we constructed a mutant NMDA
receptor and examined the effect of gintonin on Invpa enhance-
ment. As shown in Fig. 4A, the Ser1308Ala mutation of the
NMDA receptor, where the Ser residue is phosphorylated by
PKC (Jones and Leonard, 2005; Liao et al., 2001), greatly at-
tenuated the gintonin action. Co-expression of the active recep-
tor protein tyrosine phosphatase (RPTP) with the NMDA recep-
tor, but not the co-expression of the inactive RPTP also attenu-
ated gintonin action on the NMDA receptor (Fig. 4B). Next, we
examined the involvement of tyrosine kinase in gintonin stimu-
lation of the activity of NMDA receptor channel. Treatment with
the tyrosine kinase inhibitor, genistein, also significantly attenu-
ated the gintonin action (Fig. 4C). These results indicate that
gintonin-mediated enhancement of Iwupa is achieved through
the phosphorylation of the NMDA receptor by PKC and through
tyrosine kinase activation following the activation of LPA recep-
tor.
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Gintonin induces [Ca®]; transients in hippocampal
neurons

Since gintonin enhanced Iywpa in oocytes expressing NMDA
receptors by transient [Ca®*}; via the LPA receptor, we exam-
ined the effects of gintonin on intracellular Ca** levels in cul-
tured hippocampal neurons. As shown in Fig. 5, treatment with
gintonin induced [Ca?"; transients in a concentration-dependent
manner. The ECs, for gintonin on [Ca®]; transients in hippo-
campal neurons was 0.4 £ 0.07 pg/ml (Fig. 5B, n = 10-11, with
samples taken from 3 different batches of cells). However, an
LPA1/3 receptor antagonist, Ki16425, again blocked gintonin
action on [Ca®']; transients (data not shown). These results
indicate that gintonin induces transient elevation of intracellular
Ca’* levels via LPA receptors in hippocampal neurons.

Gintonin induces long-term potentiation (LTP) in rat
hippocampal slices

Since gintonin could enhance Iwupa in oocytes expressing
NMDA receptors and induce [Ca®"}; transients in hippocampal
neurons, we further investigated whether gintonin-mediated
Invpa potentiation and [Ca®*]; transients could be coupled to LTP
in the rat hippocampus. According to the protocol of Fig. 6Aa,
we induced a tetanic stimulation for the field excitatory postsy-
naptic potential (fEPSP) activity in hippocampal slices. The
fEPSP dramatically decreased after 20 min in the absence of
gintonin (Fig. 7A). However, gintonin-treated slices first exhib-
ited stronger fEPSP activity than the controls, and gintonin-
induced LTP maintained fEPSP activity with a slight attenuation
of activity with time (Figs. 7 and 8A). Gintonin-induced LTP was
concentration-dependent. Thus, gintonin remarkably increased
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Fig. 8. Representative traces from control,
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v

fEPSPs by 180.90 + 7.53, 205.32 + 6.40, and 214.14 + 11.55%
at 0.1, 1, and 10 pg/ml, respectively (n = 4 each) (Figs. 7A and
7C). Next, we examined whether gintonin-induced LTP is
blocked by an LPA1/3 receptor antagonist, Ki16425 (Ohta et al.,
20083). According to the protocol of Fig. 6Ab, we also induced a
tetanic stimulation for the field excitatory postsynaptic potential
(fFEPSP) activity in organotypic hippocampal slice culture. Al-
though 1 nM Ki16425 alone treatment did not significantly affect
fEPSP activity compared to control, the effect of gintonin (1
pg/ml) on LTP induction was abolished by Ki16425 (Figs. 7B,
7D, and 8B), indicating that gintonin-mediated LTP induction
was achieved through LPA 1/3 receptor activation in rat hippo-
campal slices.

DISCUSSION

LPA is a known neurolipid in the nervous system (Veloso et al.,
2011). LPA participates in cell proliferation, migration, growth,
differentiation, and morphological changes during brain devel-
opment through G protein-coupled LPA receptors (Chun et al.,
2010). LPA also plays an important role in memory, since LPA1
receptor knockout animals showed memory dysfunctions (Cas-
tilla-Ortega et al., 2011). However, relatively little is known
about the molecular mechanisms by which LPA receptors are
coupled to memory functions. The previous reports showed that
ginseng extract improves cognition and memory functions
(Kennedy et al., 2004, Persson et al., 2004). Recently, we
demonstrated that ginseng contains a unique LPA receptor
ligand, gintonin, which elicits transient [Ca®*}; increases through
the activation of LPA receptor with a higher affinity than LPA
(Hwang et al., 2012a). In the present study, we investigated
how gintonin-mediated activation of LPA receptor is coupled to
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NMDA receptor activation and furthermore to LTP induction.

In the present study, we made 4 key observations indicating
that gintonin modulates the activity of NMDA receptor channel
and further induces LTP in the rat hippocampus through LPA
receptors. First, we observed that gintonin enhanced Iyupa in a
concentration-dependent manner through the activation of LPA
receptor. Second, the gintonin-mediated /nwpa enhancement
was linked to events upstream of the PLC, IP; receptor, and
Ca®* pathway. Third, the activation of PKC and tyrosine kinases
was involved in gintonin-mediated /yupa €enhancement because
inhibitors of these kinases or site-directed mutation of the PKC
phosphorylation site blocked gintonin action. Fourth, gintonin-
mediated Iwypa enhancement and [Ca®"]; transients in hippo-
campal neurons via the activation of LPA receptor were further
coupled to LTP induction in the rat hippocampus. These results
indicate that gintonin-mediated NMDA receptor activation is
coupled to LTP in the rat hippocampus. In addition, repeated
treatment with gintonin induced a dramatic decrease in Invpa
potentiation in oocytes expressing NMDA receptors, indicating
that repeated treatment with gintonin might cause a rapid de-
sensitization of LPA receptors (data not shown).

The previous reports demonstrated that activation of several
types of G protein-coupled receptors, which are coupled to
Gog11 proteins, potentiate the activity of NMDA receptor chan-
nel (Macdonald et al., 2006). Furthermore, NMDA receptor
activation by Goy11-coupled receptor stimulations are linked to
LTP induction through a sequential signal pathway composed
of PLC, PKC, IPsreceptor, or Ca®* (Sevilla and Buno, 2010).
Thus, transient elevation of [Ca®*] and the following activation
of the downstream kinases by activation of Gowy11-coupled re-
ceptors play an important role in the potentiation of the activity
of NMDA receptor channel and LTP induction (MacDonald et
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al., 2006). In the present study, although we currently do not
know whether LPA receptors are co-localized with NMDA re-
ceptors at synapses of the same neurons, we found that gin-
tonin-mediated Iuwpa potentiation is coupled to the induction of
LTP in the hippocampus through a sequential signal pathway of
activation of LPA receptor.

The LPA1 receptor was abundantly expressed during the
brain developmental period and decreased after birth and is
maintained at low levels in adulthood (Hecht et al., 1996). The
LPA1 receptor plays an important role in brain neurogenesis
during nervous system development (Hecht et al., 1996). How-
ever, a recent study demonstrated the possibility that LPA re-
ceptors may also participate in brain functions in adulthood.
Veloso et al. (2011) showed that LPA receptors in the human
hippocampus were as abundant as the cannabinoid 1 receptor.
In addition, LPA1 receptor knockout mice exhibited reduced
neurogenesis and showed more damage after chronic stress,
accompanied by spatial memory impairment (Castilla-Ortega et
al., 2011; Matas-Rico et al., 2008), implying that the LPA recep-
tor might also play an important role in memory function as well
as neurogenesis in adults. Supporting this notion, we demon-
strated in a previous report that short-term oral administration
gintonin rescued B-amyloid-induced acute memory dysfunction
in adult mice. Furthermore, in a transgenic mouse model for
Alzheimer's disease, we also showed that long-term oral ad-
ministration of gintonin attenuated senile short- and long-term
memory impairment (Hwang et al., 2012b). Thus, gintonin-
mediated LTP induction via NMDA receptor activation could be
one contribution for the restoration of memory in memory-
related brain dysfunction in neurodegenerative diseases like
Alzheimer’s disease.

Gintonin consists of LPAs-ginseng protein complexes. Gin-
tonin contains about 9.5% LPAs, which mainly consist of LPA
Cis2; LPAs act as functional ligands for G protein-coupled LPA
receptors (Hwang et al., 2012a). LPA evoked [Ca®*] transients
and exhibited neurotransmitter-like activities in cortical neurons
(Dubin et al., 1999; 2010). In the present study, we further
showed that the activation of LPA receptor by gintonin was
associated with lnypa enhancement, [Ca2+]i transients, and LTP
induction in the hippocampus. Furthermore, gintonin-induced
LTP in the hippocampus was blocked by a low concentration of
Ki16425 (Fig. 7), indicating that gintonin-induced LTP is
achieved through LPA1/3 receptors. In addition, we observed
that gintonin itself improved the learning and memory functions
and that it ameliorates scopolamine-induced learning and me-
mory damage (data not shown). Thus, we speculate that gin-
tonin might be a useful candidate for functional food or drug
development for improvement of learning and memory.

In conclusion, we demonstrated for the first time that gintonin-
mediated activation of LPA receptor is coupled to the potentia-
tion of NMDA receptor channel currents and to the induction of
LTP in rat hippocampal slices. Finally, we suggest that the gin-
tonin-mediated LTP induction via the activation of LPA receptor
is the molecular basis for the beneficial effect of ginseng on
learning and memory functions.
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