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Background and aim: The aging-dependent activation of glycogen synthase kinase-3b (GSK-3b) has been
suggested to be important in the onset of dementia. To discover novel therapeutic Kampo medicines for
dementia, we examined the effects of orengedokuto (OGT; 黃連解毒湯 hu�ang li�an ji�edú t�ang) and
san'oshashinto (SST; 三黃瀉心湯 s�an hu�ang xi�e x�ın t�ang) on memory deficits and GSK-3b activity in
senescence-accelerated prone mice (SAMP8).
Experimental procedure: The object recognition test (ORT) and conditioned fear memory test (CFT) were
employed to elucidate short-term working memory and long-term fear memory. The activity of GSK-3b
and the phosphorylation of related molecules were measured using a kinase assay and Western blotting.
Results and conclusion: OGT and SST attenuated memory deficits in SAMP8 in ORT, but not in CFT. In
ex vivo experiments, cortical GSK-3b activity was significantly stronger in SAMP8 than in SAMR1. The
enhanced cortical GSK-3b activity in SAMP8 was accompanied by a significant increase in the level of
phosphorylated collapsin response mediator protein-2 (CRMP2), an important factor that is involved in
the regulation of microtubule stability. OGT and SST attenuated not only increases in cortical GSK-3b
activity, but also the levels of phosphorylated CRMP2 in SAMP8. In vitro experiments, flavonoids con-
tained in these kampo medicines, inhibited GSK-3b activity in concentration-dependent manners. These
results suggest that OGT and SST prevent aging-induced short-term working memory deficits by
inhibiting aging-dependent elevations in the cortical GSK-3b activity and subsequent CRMP2
phosphorylation.
© 2019 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer's disease (AD) is one of the causative diseases of
dementia and is accompanied by memory and cognition deficits in
addition to the behavioral and psychological symptoms of
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dementia (BPSD). There are two pathological characteristics of AD:
the deposition of insoluble senile plaques composed of amyloid-b
protein1 and the intracellular accumulation of neurofibrillary tan-
gles composed of tau-based paired helical filaments.2 Hyper-
phosphorylated tau protein is a main component of neurofibril-
lary tangles. Tau protein normally binds to microtubules, thereby
contributing to cytoskeleton stabilization; however, once hyper-
phosphorylated by several serine-threonine kinases such as
glycogen synthase kinase-3b (GSK-3b), cyclin-dependent kinase-5,
and mitogen-activated protein kinase,3,4 it dissociates from mi-
crotubules. GSK-3b is involved in the onset of various diseases such
as neuropathy, inflammatory disease, and cancer.5e8 GSK-3b is
generally phosphorylated by other kinases to its inactive state, and
is activated by the inhibition of phosphorylation, which occurs
under pathological conditions.9 The activity of GSK-3b in the brain
increases with aging,10 and the expression level and activity of GSK-
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3b were found to be elevated in the brains of type II diabetic pa-
tients with mild cognitive impairment.11 Based on these findings,
we hypothesized that the regulation of GSK-3b activity represents
an important strategy for effective therapy for dementia.

Collapsin response mediator protein-2 (CRMP2) is a member of
the collapsin response mediator protein family. This protein is
strongly expressed in the nervous system and is involved in
kinesin-dependent axonal transport, neurite outgrowth and
retraction, and microtubule dynamics.12,13 Similar to tau protein,
CRMP2 is phosphorylated at the Thr509 and Thr514 residues by
GSK-3b. This process reduces the binding affinity of CRMP2 for
tubulin, resulting in the destabilization of microtubules.14,15 Syn-
aptic deficits and the accumulation of phosphorylated CRMP2 have
been reported in the brains of patients with dementia16,17 as well as
in those of AD model animals.18 An increase in the phosphorylated
form of CRMP2 as well as in synaptic dysfunction may occur in the
early stage of AD.

Recent clinical studies on AD patients showed that some Kampo
medicines improved cognitive impairment, cerebral blood flow,
and BPSD.19e22 Moreover, the ameliorative effects of Kampo med-
icines have been demonstrated in various animal models of
AD23e25 indicating that Kampo medicines are applicable as thera-
peutic agents for AD. In the present study, we examined the effects
of orengedokuto (OGT; 黃連解毒湯 hu�ang li�an ji�edú t�ang) and
san'oshashinto (SST; 三黃瀉心湯 s�an hu�ang xi�e x�ın t�ang), Kampo
formulae containing Scutellariae Radix (黄芩 hu�ang qín), on mem-
ory deficits and the aging-dependent activation of GSK-3b in
senescence-accelerated mouse-prone 8 (SAMP8), an animal model
of aging and dementia. These formulae are often used to treat the
symptoms of dementia in Japan26; however, the mechanisms un-
derlying their effects have not yet been elucidated. The present
results showed that OGT and SST prevented aging-induced cogni-
tive impairments by suppressing aging-dependent enhancements
in GSK-3b activity and CRMP2 phosphorylation. Our results provide
a novel preventive strategy for dementia using Kampo medicines.

2. Materials and methods

2.1. Reagents

Baicalin, wogonin, and baicalein were obtained from Sigma-
Aldrich (St. Louis, MO) and Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). All reagents and drugs usedwere of analytical grade.

2.2. Preparation and chemical profiling of OGT and SST

The following medicinal herbs, which conformed to Japanese
Pharmacopeia XVI, were purchased from Tochimoto tenkai-do
(Osaka, Japan) to prepare OGT and SST. OGT was extracted from
a mixture of 6.0 parts Scutellariae Radix, 4.0 parts Coptidis Rhizoma
(黃連 hu�ang li�an), 4.0 parts Gardeniae Fructus (山梔子 sh�an zh�ı zǐ),
and 3.0 parts Phellodendri Cortex (黄柏 hu�ang bǎi). SST was
extracted from a mixture of 6.0 parts Scutellariae Radix, 6.0 parts
Coptidis Rhizoma, and 6.0 parts Rhei Rhizoma (大黄 d�a hu�ang). The
yields of the OGT and SST extracts were 7.71% and 7.95%, respec-
tively. The chemical constituents of OGT and SST were analyzed
using a Shimadzu LC-IT-TOF mass spectrometer equipped with
an ESI interface. ESI parameters were as follows: source
voltage, þ4.5 kV (positive ion mode) or �3.5 kV (negative ion
mode); capillary temperature, 200 �C; and nebulizer gas, 1.5 l/min.
A Waters Atlantis T3 column (2.1 mm � 100 mm) was maintained
at 40 �C. The mobile phase was a binary eluent of (A) 5 mM
ammonium acetate solution and (B) acetonitrile under the
following gradient conditions: 0e30 min; linear gradient from 10%
to 100% B, and 30e40 min; isocratic at 100% B. The flow rate was
0.2 ml/min. Mass spectrometry data obtained from OGT and SST
have been stored in the Wakan-Yaku DataBase system, Institute of
Natural Medicine, University of Toyama (OGT: http://dentomed.
toyama-wakan.net/en/information_on_experimental_kampo_
extracts/Orengedokuto-2016-KM/EXP004002; SST: http://dentomed.
toyama-wakan.net/en/information_on_experimental_kampo_
extracts/Sanoushashinto-2016-KM/EXP016002). Voucher speci-
mens had been deposited at our institute.

2.3. Animals

Five-week-old male SAMP8 and SAM-resistant (SAMR1) mice
were obtained from Japan SLC (Shizuoka, Japan). The housing room
was maintained at 24± 1 �C with 65% humidity and a 12-h light-
dark cycle (lights on: 07:30-19:30). Food and water were given ad
libitum. All animal research procedures used in the present study
were in accordance with the Guiding Principles for the Care and
Use of Animals (NIH Publications No. 80-23, revised in 1996). The
present study was also approved by the Institutional Animal Use
and Care Committee of the University of Toyama. All surgery was
performed under anesthesia, and all efforts weremade to minimize
suffering. The present study was conducted according to the
experimental schedule described in Supplementary Fig. S1.

2.4. Drug treatment

OGT (4250mg/kg/day) or SST (4500mg/kg/day) was adminis-
tered intragastrically from the age of 6 months until all behavioral
experiments were completed. In control groups, animals were
treated with a water vehicle. These doses were approximately 30-
fold higher than the typical daily doses for human therapy and in
the ranges of herbal medicines that have been used in the study of
animal models reported by our and other research groups.27,28

2.5. Behavioral analysis

2.5.1. Nobel object recognition test (ORT)
ORT was conducted as previously described with minor

modifications.29 The apparatus consisted of a square arena
(35� 35� 35 cm) with gray walls and a black floor. The objects for
recognition had visual patterns or visually different shapes to be
discriminated. ORT consisted of a sample trial and test trial. In the
sample phase trial, each mouse was initially placed in the square
arena with two identical objects, F1 and F2 (each of which was a
5.0� 7.5 cm black cone), which were placed separately, and the
mouse was allowed to freely explore the arena for fiveminutes. The
total time that the mouse spent exploring each of the two objects
was measured and the mouse was then returned to the home cage.
In the test phase trial performed 30min after the sample phase
trial, one of the two objects was replaced by an identical copy
(object F) and the other by a novel object (object N) and the total
time that the mouse spent exploring each of the two objects was
measured again. The performance of animals in these trials was
video-recorded for later analyses and the exploration of an object
was defined as directing the nose to the object at a distance of less
than 2 cm according to previous studies. Mice that did not approach
both objects during the 5-min observation period were excluded
from the test trials. The time spent exploring each of the two ob-
jects was analyzed with SMART® ver. 2.5 (PanLab, SLU, Spain) with
a tri-wisemodule to detect the head, center of mass, and base of the
tail. The box arena and objects were cleaned with 75% ethanol
between trials to prevent a build-up of olfactory cues.

2.5.2. Conditioned fear memory test (CFT)
CFT was performed using the protocol of Ebihara et al. with
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minor modifications.30 Briefly, the equipment for fear conditioning
consisted of a transparent acrylic chamber (30 cm� 30 cm� 30 cm)
and a stainless-steel grid floor equipped with an electric shock
generator/scrambler SGS-002®, CS Controller CSS-001®, and Cycle
Timer CMT® (Muromachi Kikai. Co. Ltd., Tokyo, Japan). The equip-
ment was placed in a soundproof observation box (MC-050/CM,
Muromachi Kikai, Co., Ltd., Tokyo, Japan) through which an auditory
tone (Sonalert®, Mallory Sonalert Products Inc., Indianapolis, IN,
USA) was delivered to the animal. In the training trial, animals were
placed individually into the chamber and allowed to explore freely
for 3min. They then received an acoustic tone (2.9 kHz, 20 s, 80 dB)
that co-terminated with electric foot shocks (0.8mA, 2 s). The tone-
foot shock pairing was repeated 5 times with 1-min intervals. One
minute after the final foot shock delivery, mice were returned to
their home cage. Mice that did not respond to the foot shocks were
excluded from the test trials. Contextual and auditory fearmemories
were examined 24 h and 6 days after the training trial, respectively.
In the contextual memory test, mice were placed in the same
chamber to provide contextual stimuli without an acoustic tone and
allowed to move freely for 6min. One minute after placing the an-
imal in the chamber, freezing behavior during a 5-min period was
recorded as an index of contextual-dependent fear memory. In
measurements of auditory-dependent fear memory, mice were
placed in another chamber for a total of 6min. After a 3-min
habituation period, the tone was delivered continuously for 3min.
Freezing behavior during the 3-min period was recorded as
auditory-dependent fear memory. Animal behavior was video-
recorded and analyzed automatically using the Smart® system.
Freezing was defined as the absence of any movement, except for
that related to respiration, and analyzed as a state with a movement
speed no greater than 0.05 cm2/s.28,31
2.6. Preparation of lysates

The cortex and hippocampus were obtained from each mouse
and homogenized in protein lysis buffer [RIPA buffer (Cell Signaling
Technology Inc., U.S.A.), protein inhibitor cocktail (Roche Di-
agnostics K. K., Japan), and 2mM phenylmethylsulfonyl fluoride]
using TissueLyser® (Qiagen, Osaka, Japan), and centrifuged at
1500�g at 4 �C for 10min. The protein concentrations of superna-
tants were measured using a BCA™ protein assay kit (Thermo
Scientific, Rockford, IL, USA). Protein extracts containing 5 mg/ml
proteins were used in subsequent experiments.
2.7. Measurement of in vivo and ex vivo activities of GSK-3b

The activity of GSK-3b was measured using a kinase assay with
two experimental paradigms: an in vitro analysis using recombi-
nant active GSK-3b proteins (Sigma, St. Louis, MO, USA) and an
ex vivo analysis using bio-samples extracted from animal brains
after behavioral experiments. The kinase assay was conducted us-
ing an ADP-Glo™ Kinase Assay Kit (Promega, WI, USA) according to
the manufacturer's instructions. Briefly, 5 ml of kinase reaction so-
lution contained 16mM TriseHCl (pH 7.5), 8mM MgCl2, 0.04mg/
ml bovine serum albumin, 0.4% DMSO, 2mM b-mercaptoethanol,
0.2mg/ml GSK3 substrate, 10 mM ATP, and 0.5 units of recombinant
active GSK-3b proteins or 15 mg of protein extracts. The amount of
protein was reduced to 1.5 mg in Lineweaver-Burk plot analysis. The
kinase reaction solution was incubated at 25 �C for 1 h. Five mi-
croliters of ADP-Glo™ Reagent was added to the reaction solution,
which was then incubated at 25 �C for 1 h. Ten microliters of Kinase
Detection Reagent was added to the reaction solution, and incu-
bated at 25 �C for 1 h. Luminescence was measured on a microplate
reader (FilterMax F5; Molecular Device, USA).
2.8. Western blotting

The phosphorylation of GSK-3b, tau, and CRMP2 was analyzed
using Western blotting as previously described.28 Briefly, we
randomly selected four mice from each group. Protein lysates from
the hippocampus and cortex were obtained as described above.
Protein extracts containing 10 mg of protein were applied to SDS-
polyacrylamide gels and electrophoresed. Separated proteins
were transferred to a polyvinylidene difluoride membrane
(Immuno-Blot® membrane, Bio-Rad Laboratories, Hercules, CA,
USA). Blots were blocked with 2.5% bovine serum albumin in 0.1%
Tween 20 containing TBS-T, and probed with the primary anti-
bodies described below using a 1:1000 dilution at 4 �C overnight,
followed by an incubation with an anti-rabbit or anti-mouse IgG
antibody HRP-linked in a dilution of 1:2000 at room temperature
for 2 h. After washing in TBS-T, chemiluminescence was detected
using ImmobilonTM Western Chemiluminescent HRP Substrate
(Millipore, Billerica, MA, USA). Immunoreactive bands were visu-
alized and analyzed with ImageQuant LAS-4000 and ImageQuant
TL® (GE Healthcare Japan, Tokyo, Japan).

The primary antibodies used were: an anti-GSK-3b rabbit
monoclonal antibody, anti-phospho-GSK-3b (Ser9) rabbit mono-
clonal antibody, anti-phospho-tau (Ser396) rabbit monoclonal
antibody, anti-phospho-CRMP2 (Thr514) rabbit monoclonal anti-
body, anti-CRMP2 rabbit monoclonal antibody, and anti-GAPDH
mouse monoclonal antibody.

2.9. Statistical analysis

Data are expressed as the mean± S.E.M. Data obtained in ORT
were analyzed by the paired t-test for two groups according to a
previous study. Data obtained in the fear conditioning test and
neurochemical studies were analyzed by the Student's t-test for
two groups or a one-way ANOVA followed by the Stu-
denteNewmaneKeuls test for multiple comparisons. P values of
<0.05 were considered to be significant. The analysis was con-
ducted using SigmaPlot® ver 12.0 software (SYSTAT Software Inc.,
Richmond, CA, USA).

3. Results

3.1. OGT and SST ameliorated the non-spatial cognitive deficits of
SAMP8

First, the object recognition test (ORT) was performed to assess
the effects of OGT and SST on non-spatial cognitive deficits in
SAMP8. Sample trials of ORT revealed no significant differences in
the total time spent exploring two identical objects between each
group (SAMR1: t¼�0.485, df¼ 10, p¼ 0.638; SAMP8-vehicle:
t¼ 1.352, df¼ 9, p¼ 0.209; SAMP8-OGT: t¼ 0.524, df¼ 10,
p¼ 0.612; SAMP8-SST: t¼ 1.274, df¼ 9, p¼ 0.235) (Fig. 1A). In the
test trials, SAMR1 spent a significantly longer time exploring a
novel object than a familiar object (t¼ 2.357, df¼ 10, P< 0.05),
indicating a preference for novelty. In contrast, SAMP8 showed no
preference for the novel object (SAMP8-vehicle: t¼ 2.222, df¼ 9,
P¼ 0.053). The treatment of SAMP8 with OGT or SST normalized
novel object recognition behavior in this group, the animals in
which spent a significantly longer time on the novel object than on
the familiar object (SAMP8-OGT: t¼ 4.01, df¼ 10, P< 0.01; SAMP8-
SST: t¼ 7.715, df¼ 9, P< 0.01) (Fig. 1B).

3.2. OGT and SST had no effects on the fear memory deficit in
SAMP8

Next, we performed the conditioned fear memory test (CFT) in



Fig. 1. Effects of OGT and SST on object recognition performance in SAMP8. The sample (A) and test (B) trials of the object recognition test (ORT) were conducted as described in the
text. The numbers in each group were 11 (SAMR1-water), 10 (SAMP8-water), 11 (SAMP8-OGT), and 11 (SAMP8-SST). Each data point represents the mean ± S.E.M. *P < 0.05,
**P < 0.01 vs. the time spent exploring F1 (paired t-test).
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order to assess the effects of OGT and SST on long-term fear
memory deficits in SAMP8 (Fig. 2). The freezing times of SAMP8 in
the contextual (Fig. 2A) and auditory (Fig. 2B) memory tests were
significantly less than those of SAMR1 (contextual: t¼ 3.142,
df¼ 19, p< 0.05; auditory: t¼ 2.443, df¼ 19, p< 0.05). However,
OGT and SST failed to improve context- and auditory-dependent
fear memories (contextual: F(2,28)¼ 1.002, p¼ 0.380; auditory:
F(2,28)¼ 2.313, p¼ 0.118).
3.3. OGT and SST inhibited age-dependent GSK-3b activation in
SAMP8 cortex without phosphorylated regulation

After completing the behavioral experiments, we analyzed the
Fig. 2. Effects of OGT and SST on long-term fear memory deficits in SAMP8. The freezing tim
measured as described in the text. OGT and SST were administered orally at doses of 4250
(SAMR1-water), 10 (SAMP8-water), 11 (SAMP8-OGT), and 10 (SAMP8-SST). Each data colum
significantly different from the water-administered SAMP8 group (Student-Newman-Keuls
effects of OGT and SST on the ex vivo activities of GSK-3b in the
brains of these animals. The activity of GSK-3b in the cortex was
approximately 25% higher in SAMP8 than in age-matched SAMR1
(t¼�3.570, df¼ 6, p< 0.05) (Fig. 3A1). Moreover, the elevation in
GSK-3b activity was abolished in SAMP8 treated with OGT and SST
[F(2,9)¼ 8.281, p< 0.05, SAMP8-vehicle vs. SAMP8-OGT: p< 0.05;
SAMP8-vehicle vs. SAMP8-SST: p< 0.05] (Fig. 3A1). In contrast, no
significant difference was observed in the hippocampal activity of
GSK-3b between each group [SAMR1 vs. SAMP8: t¼ 0.992, df¼ 6,
p¼ 0.359; among treatment: F(2,9)¼ 0.0126, p¼ 0.988] (Fig. 3A2).
A significant difference was not noted in GSK-3b activity in the
cortex when activity was analyzed at the age of 2months (t¼ 1.363,
df¼ 6, p¼ 0.222) (Fig. 3B). Next, the enzyme kinetics was analyzed
es of animals under the contextual (A) and auditory (B) experimental conditions were
and 4500 mg/kg/day for 5 weeks before the test. The numbers of each group were 11
n represents the mean ± S.E.M. *P < 0.05 vs. SAMR1 group (Student's t-test). #p< 0.05
test).



Fig. 3. Effects of OGT and SST administration on the ex vivo activity of GSK-3b in the cortex and hippocampus of SAMP8. GSK-3b activity was measured in cortical and hippocampal
homogenate preparations obtained from SAMP8 and SAMR1 at the age of 8 (A1, 2) or 2 months (B). Each data column represents the mean ± S.E.M. (n ¼ 4). *P < 0.05 significantly
different from SAMR1 (Student's t-test). #P< 0.05 significantly different from the SAMP8-vehicle group (Student-Newman-Keuls test). (C) Lineweaver-Burk plot of the GSK-3b
activity between SAMR1 and SAMP8 (C1) and GSK-3b inhibition by OGT and SST in SAMP8 (C2). V represents the rate of enzyme reaction (mM/h). Each data point represents the
mean± S.E.M. (n¼ 3).
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with Lineweaver-Burk plot to determine the type of the age-
dependent increase of GSK-3b activity in SAMP8 or the inhibitory
types by OGT and SST (Fig. 3C). In the GSK-3b in the cortex of
SAMP8, Vmax increased from 3.015 to 3.558 but Km decreased from
0.098 to 0.089, as compared with that of SAMR1 (Fig. 3C1). More-
over, OGT and SST showed mixed inhibition such that Vmax
decreased to 3.306 and 3.018 and Km increased to 0.202 and 0.171,
respectively (Fig. 3C2).

The expression levels of non-phosphorylated and Ser9-
phosphorylated GSK-3b in the cortex of SAMR1 and vehicle- and
test drug-treated SAMP8 were measured by Western blotting
(Fig. 4). No significant differences were found in the expression
Fig. 4. Effects of OGT and SST on expression levels of GSK-3b and phosphorylated
GSK3b (P-GSK-3b) in the cortex of SAMP8. A) Typical photos indicating the levels of P-
GSK-3b, GSK-3b, and GAPDH in the cortex obtained from SAMR1 and SAMP8 treated
with water, OGT, and SST. Columns in each group represent biological replicates. B)
Quantitative comparisons of the expression levels of P-GSK-3b, GSK-3b, and GAPDH
among different groups. Each data column represents the mean ± S.E.M. obtained from
4 brain samples. *P < 0.05 significantly different from SAMR1 (Student's t-test).
#P< 0.05 significantly different from the SAMP8-vehicle group (Student-Newman-
Keuls test).
levels of the P-GSK-3b or GSK-3b between SAMR1 and vehicle-
treated SAMP8 (P-GSK-3b: t¼ 0.598, df¼ 6, p¼ 0.572; GSK-3b:
t¼ 2.421, df¼ 6, p¼ 0.052). Moreover, the administration of OGT
and SST had no effects on the expression levels of GSK-3b or P-GSK-
3b in the cortex of SAMP8 [P-GSK-3b: F(2,9)¼ 2.151, P¼ 0.172; GSK-
3b: F(2,9)¼ 0.838, P¼ 0.464) (Fig. 4).

3.4. OGT and SST inhibited the phosphorylation of CRMP2 but not
tau in the cortex of SAMP8

We confirmed whether aging-dependent elevations in cortical
GSK-3b activity in SAMP8 affects the phosphorylation of the
downstream molecules, tau and CRMP2, and, if so, how the
administration of OGT and SST changes the levels of the phos-
phorylated forms of tau and CRMP2 in the cortex of SAMP8. Tau
Ser396 phosphorylation in the cortex showed no significant dif-
ferences between each group [SAMR1 v.s. SAMP8: t¼ 0.511, df¼ 6,
p¼ 0.627; among treatments: F(2,9)¼ 0.207, p¼ 0.816] (Fig. 5A
and B1). P-CRMP2 levels in the cortex were significantly higher in
vehicle-treated SAMP8 than in SAMR1 (t¼�6.706, df¼ 6, p< 0.01),
and the administration of OGT and SST significantly decreased the
elevated cortical level of P-CRMP2 in SAMP8 [F(2,9)¼ 7.126,
p¼ 0.014, SAMP8-vehicle vs.SAMP8-OGT: p¼ 0.014; SAMP8-
vehicle vs.SAMP8-SST: p¼ 0.022] without affecting the expres-
sion of CRMP2 [SAMR1 v.s. SAMP8: t¼ 1.480, df¼ 6, p¼ 0.189;
among treatments: F(2,9)¼ 0.817, p¼ 0.472] (Fig. 5B2 and 3).

3.5. Flavonoid compounds contained in Scutellariae Radix inhibited
GSK-3b activity

Finally, we examined the inhibitory effects of GSK-3b activity by
active ingredients contained in OGT and SST. Among them, three
flavonoid compounds, baicalin, wogonin, and baicalein, contained
in S. Radix inhibited the in vitro activity of GSK-3b in a
concentration-dependent manner [baicalin: F(3, 8)¼ 29.864,
P< 0.01; wogonin: F(4, 10)¼ 11.445, P< 0.001; baicalein: F(4,
10)¼ 5.129, P¼ 0.016] (Fig. 6 and Supplementary Fig. S2).

4. Discussion

The present study using ORT revealed that SAMP8 exhibited
impaired object recognition performance, an index of short-term
non-spatial working memory, in a manner that was reversed by



Fig. 5. Effects of OGT and SST on cortical levels of phospho-Tau (P-Tau) and phosphor-
CRMP2 (P-CRMP2) in the cortex of SAMP8. A) Typical photos indicating the levels of P-
Tau, P-CRMP2, and total CRMP2 in the cortex obtained from SAMR1 and SAMP8 treated
with water, OGT, and SST. Columns in each group represent biological replicates. B)
Quantitative comparisons of the levels of P-tau (B1), P-GSK-3b (B2), and total CRMP2
(B3). Each data column represents the mean ± S.E.M. obtained from 4 brain samples.
*P < 0.05 significantly different from SAMR1 (Student's t-test). #P< 0.05 significantly
different from the SAMP8-vehicle group (Student-Newman-Keuls test).

Fig. 6. Effects of baicalin, wogonin, and baicalein, flavonoids contained in OGT and SST,
on the activity of recombinant GSK-3b. The activities of recombinant GSK-3b were
measured using an ADP-Glo™ Kinase Assay Kit. Each data point represents the
mean ± S.E.M. (n ¼ 3). *P < 0.05, *P < 0.01 significantly different from the vehicle
control (Student-Newman-Keuls test).
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the administration of OGT and SST. Moreover, the cognitive deficit
in SAMP8 was accompanied by significant elevations in cortical
GSK-3b activity. Since no significant differences were observed in
GSK-3b activity in SAMP8 in 2-month-old SAMP8 or in hippo-
campal tissues in SAMP8, our results provide at least two important
suggestions. The increase in cortical GSK-3b activity in SAMP8 may
have occurred in an aging-dependent manner and contributed to
the development of non-spatial short-term working memory def-
icits in this animal model. Furthermore, we may infer that the
administration of OGT and SST suppresses aging-dependent
increases in cortical GSK-3b activity, thereby preventing aging-
induced non-spatial cognitive deficits.

Non-spatial memory detected in ORT is known to be related to
short-term episodic memory in humans,32 which is impaired in the
early stages of dementia.33 The entorhinal area is essential for
short-term episodic memory to function normally.34 Moreover,
evidence indicates that neurofibrillary tangles are formed in the
entorhinal cortex in the early stages of AD, and spread to other parts
as the disease progresses.35 Collectively, the present results allow
us to infer that the elevated activity of GSK-3b impairs the function
of the entorhinal area adjacent to the cortex in the early stages of
AD, thereby contributing to the progression of the disease, and also
that OGT and SST may be able to suppress early AD progression by
inhibiting GSK-3b in the cortex or entorhinal area.

In contrast to short-termworking memory deficits in ORT, long-
term memory deficits in SAMP8 in CFT were not susceptible to the
treatment with OGT and SST. Furthermore, GSK-3b activity in the
hippocampus was similar among the animal groups regardless of
whether they were treated with OGT and/or SST. These results
indicate that the contribution of hippocampal GSK-3b activity to
long-term fear memory deficits is negligible under our experi-
mental conditions.

Although themechanisms underlying aging-dependent changes
in GSK-3b activity currently remain unclear, it is suggested that the
complicated factors are involved, because that Lineweaver-Burk
plot revealed that GSK-3b of SAMP8 has higher both of a
maximum rate of the enzyme reaction and an affinity for GSK-3b
substrate than that of SAMR1. For example, the aging-induced
activation of GSK-3b in the cortex may be attributable to func-
tional changes in endogenous molecules with regulatory roles in
GSK-3b activity. Evidence indicates that GSK-3b forms a complex
with other endogenous molecules such as Axin, adenomatous
polyposis coli, casein kinase a, and b-catenin and may be regulated
by a Wnt signaling cascade.36 Ye et al.37 previously reported that
GSK-3b was activated by attenuating the Wnt2 signal, which ac-
companies cellular senescence. Furthermore, the down-regulation
of an inactivation system for GSK-3b activity may be caused by
aging, which apparently increases the activity of this enzyme in the
cortex. Other kinases such as Akt reportedly convert GSK-3b to an
inactive form by phosphorylating the Ser9 residue of the GSK-3b
protein.10 However, this does not appear to be likely because no
significant differences were observed in P-GSK-3b levels in the
cortex between SAMP8 and SAMR1. Further investigations are
needed in order to elucidate the exact mechanisms by which aging
activates the cortical activity of GSK-3b.

Tau and CRMP2 are substrates for the activity of GSK-3b and are
involved in stabilizing the microtubules of nerve cells.3,15 Further-
more, the phosphorylation of these proteins caused by the activity
of GSK-3b is known to be closely related to dysfunctional neuronal
transmission and cognitive deficits in patients with dementia.10,11

The present results revealed that the cortical levels of P-CRMP2,
but not P-tau were significantly higher in 8-month-old SAMP8 than
in age-matched SAMR1. These results not only indicate that the
aging-induced activation of GSK-3b in the cortex links more pref-
erentially to the phosphorylation of CRMP2 than tau protein, but
also suggest that the link between GSK-3b activation and CRMP2
phosphorylation mainly contributes to memory deficits in a model
of aging. Moreover, since the increase in cortical P-CRMP2 levels
was attenuated in SAMP8 treated with OGT and SST, the adminis-
tration of OGT and SST appears to prevent aging-induced working
memory deficits by suppressing GSK-3b activation and/or the
link between GSK activation and GSK-3b-mediated CRMP2 phos-
phorylation in the cortex. This appears to be supported by
studies using other natural products. Wang et al. reported that
curcumin, a bioactive component of Curcuma longa, ameliorated
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b-amyloid-induced cognitive dysfunction by suppressing the
hyper-phosphorylation of CRMP2.18 Furthermore, in CRMP2
phosphorylation-deficient knock-in mice, b-amyloid failed to
induce memory deficits in the ORT.38

Several researchers have demonstrated that baicalin, wogonin,
and baicalein, which are flavonoid constituents of S. Radix con-
tained in OGTand SST, exert anti-dementia effects in several animal
models of AD39e41 Collectively, our in vitro results suggest that
these flavonoids contribute, at least in part, to the suppressive ef-
fects of OGT and SST on aging-induced GSK-3b activation as well as
on aging-inducedworking memory deficits in mice. However, since
the inhibition of in vitro GSK-3b activity by baicalin, wogonin, and
baicalein was very limited, we cannot exclude the possibility that
OGT- and SST-derived chemical constituents other than these fla-
vonoids also contribute to the effects of OGT and SST observed in
the present study. The fact that OGT and SST revealed the mixed
inhibition in the Lineweaver-Burk plot also suggests that multiple
compounds are involved in the inhibition of GSK-3b. This possi-
bility is currently being investigated in our laboratory.

5. Conclusion

The present study demonstrated that the administration of OGT
and SST ameliorated aging-induced episodic memory deficits,
possibly by inhibiting the aging-dependent activation of GSK-3b as
well as subsequent CRMP2 phosphorylation. Thus, these Kampo
formulae may offer a new preventive/therapeutic strategy from the
early stages of dementia.
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