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INTRODUCTION

ABSTRACT Progressive memory impairment such as that associated with
depression, stroke, and Alzheimer’s disease (AD) can interfere with daily life. In
particular, AD, which is a progressive neurodegenerative disorder, prominently
features a memory and learning impairment that is related to changes in
acetylcholine and abnormal B-amyloid (AB) deposition in the brain. In the present
study, we investigated the effects of dehydroevodiamine-HCI (DHED) on cognitive
improvement and the related mechanism in memory-impaired rat models, namely,
a scopolamine-induced amnesia model and a A, _,-infused model. The cognitive
effects of DHED were measured using a water maze test and a passive avoidance
test in the memory-impaired rat models. The results demonstrate that DHED (10 mg/
kg, p.o.) and Donepezil (1 mg/kg, p.o.) ameliorated the spatial memory impairment
in the scopolamine-induced amnestic rats. Moreover, DHED significantly improved
learning and memory in the AB,_,-infused rat model. Furthermore, the mechanism
of these behavioral effects of DHED was investigated using a cell viability assay,
reactive oxygen species (ROS) measurement, and intracellular calcium measurement
in primary cortical neurons. DHED reduced neurotoxicity and the production of AB-
induced ROS in primary cortical neurons. In addition, similar to the effect of MK801,
DHED decreased intracellular calcium levels in primary cortical neurons. Our results
suggest that DHED has strong protective effects against cognitive impairments
through its antioxidant activity and inhibition of neurotoxicity and intracellular
calcium. Thus, DHED may be an important therapeutic agent for memory-impaired
symptoms.

deficits in memory, orientation, judgment, and reasoning [3].
The pathology of AD also features abnormal 3-amyloid (AB)

Memory loss that occurs gradually with aging is considered to
be a normal process; however, progressive memory impairment
such as that related to depression, stroke, and Alzheimer’s disease
(AD) can adversely interfere with daily life [1,2]. Specifically, AD,
which is a progressive neurodegenerative disorder, is associated
with pathogenic damage in the neocortex and hippocampus, and
is therefore involves a global cognitive impairment that includes

deposits that form neuritic plaques and neurofibrillary tangles.
The neuropathological changes in AD include cortical atrophy,
neuronal and volume loss, disruption of neuronal pathways,
and impairment of the cholinergic system [4,5]. The neurotoxic
AP aggregates are the main causative factor of synaptic loss
through oxidative stress and are closely related to the changes in
memory and cognition. Furthermore, abnormal AB metabolism
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is related to an upregulation of calcium signaling and results in
memory loss [6-8]. In addition to AP, acetylcholine (ACh) plays
an essential role in proper cognitive function. An ACh deficit is
associated with cognitive deficits in AD. Therefore, augmentation
of cholinergic neurotransmission using acetylcholinesterase
(AChE) inhibitors may be an important therapeutic approach to
AD [9].

Animal models have been used to effectively investigate the
pathophysiological mechanism of memory impairment [10].
For example, scopolamine-induced amnesic rats have been used
to identify agents that have cognitive-enhancing activities [11].
Scopolamine acts as a competitive antagonist at muscarinic
ACh receptors in the cholinergic system and disrupts cognitive
functions such as learning and memory. In an AB-infused rat
model, working memory and cognition are disrupted due to an
increase in reactive oxygen species (ROS) and lipid peroxide in
the cortex and hippocampus [12]. AB injection into the brain
modulates synaptic plasticity and impairs memory formation and
cognitive function [6]. Notably, some therapeutic candidates have
been reported to alleviate memory deficits in an Ap,_,,-infused
model [13-15].

Dehydroevodiamine-HCl (DHED), which is purified from
Evodia rutaecarpa Bentham, can inhibit AChE [16,17]. Anti-
amnestic effects of DHED occur through an improvement
of learning and memory and an inhibition of neuronal
dysfunction in a scopolamine-induced amnesic rat model [18,19].
Furthermore, DHED has hypotensive and neuroprotective effects
and modulates nitric oxide production [20,21]. Despite these well-
studied effects of DHED on cognition, the underlying mechanism
of these effects of DHED still remains unknown.

In the present study, we investigated the cognitive improvement
and underlying mechanism that is related to DHED activity in 2
memory-impaired rat models, namely, a scopolamine-induced
amnesia model and a Af, ,,-infused model. The mechanism of
DHED activity was elucidated using a cell viability assay, ROS
measurement, and intracellular calcium measurement in primary
cortical neurons.

METHODS

Chemicals and reagents

Dehydroevodiamine-HCl (DHED, Indolo[2',3":3,4]
pyrido[2,1-b]quinazolinium-5,7,8,13-tetrahydro-14-methyl-5-
oxo-chloride, CAS 67909-49-3) was synthesized and supplied
by the Jeil Pharmaceutical Company (Seoul, Korea). DHED was
suspended in 0.3% carboxymethylcellulose (CMC) solution for
oral administration to rats, and dissolved in dimethylsulfoxide
(DMSO) and diluted with phosphate-buffered saline (PBS) for
application to the cell cultures and intraperitoneal injection into
rats. The AB,_,, peptide was purchased from US Peptide (Rancho
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Cucamonga, CA) and incubated in 0.1 M PBS (pH=7.4) at 37°C
for 7 days for aging. All drugs were prepared immediately before
use.

Animal preparation

Wistar rats (7-week-old) were housed in groups of 2 or 3 in clear
Plexiglas cages containing sawdust. Animals were maintained
on a 12-h light/dark cycle (light on at 8:00 a.m.), and given food
and water ad libitum. Behavioral experiments were carried out
between 10:00 a.m. and 6:00 p.m. in a soundproof laboratory. All
experiments were performed in accordance with the Guidelines
for Animal Experiments of the Ethics Committee of the Seoul
National University.

Scopolamine-induced amnesia rat model

We used an established scopolamine-induced amnesia rat
model [18,22]. This model was tested in a water maze for 6 days.
The testing procedure is described below in the description of the
water maze test. For training, each animal received 2 trials per
day for 5 consecutive days and was allowed to swim for 90 sec.
Rats were given scopolamine (1 mg/kg, i.p.) at 1 h before the first
test. A single dose of DHED (10 mg/kg, p.o.) or Donepezil (1 mg/
kg, p.o.) was given to rats 30 min after scopolamine treatment.
The second and third test was conducted 4 h and 24 h after
scopolamine treatment, respectively. DHED or Donepezil was
suspended in 0.3% CMC solution using an electric homogenizer
to inject rats orally.

AB, ., infused rat model

The surgical techniques that we used have been described
previously [23-26]. A solvent of 35% acetonitrile plus 0.1%
trifluoroacetic acid was used as the vehicle for the AB,,,
peptide (AP, US peptide, Rancho Cucamonga, CA). For
intracerebroventricular (ICV) infusion, rats were stereotaxically
implanted with an osmotic pump (Alzet model 1007D, Alzet
Co., CA) for continuous infusion of ApB,_,,. This procedure
strongly improved the reproducibility and reliability in yielding
an animal model of AD with impaired memory. The osmotic
pump contained 90 pL of AR, ,, solution. The infusion rate via
an infusion cannula (stainless steel, 0.35 mm in diameter) was
0.5 pL/h, and the total amount infused was approximately 4.2
nM of AB,,,. The rats, except for those in the control group,
were lightly anesthetized with sodium pentobarbital (50 mg/
kg BW, i.p.). The skull was exposed and a hole (right, relative to
bregma; 0.8 posterior, -1.4 lateral, and +2.6 mm below the cortical
surface) was drilled according to the atlas of Paxinos and Watson
(1986) using a stereotaxic frame. The guide cannula was secured
with dental cement and stainless steel skull screws. DHED was
suspended in 0.3% CMC solution using an electric homogenizer
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to inject rats orally. During infusion, rats were injected with
DHED (10 mg/kg, p.o.) for 21 days.

Water maze test

The water maze test was carried out to evaluate the effects of
DHED on spatial memory. The testing procedure is described
in Yamada et al. [27]. The experimental apparatus consisted of
a circular water tank (140 cm in diameter and 45 cm high). An
invisible platform (15 cm in diameter and 35 cm high) was placed
1.5 cm below the surface of the water. The water temperature
was 21~23°C. The pool maze was located in a large test room
with many external clues (e.g. pictures, lamps, etc.). These cues
were visible from the pool maze for animals to use for spatial
orientation. The position of the cues remained unchanged
throughout the task. Data collection was automated using a
video image motion analyzer (Ethovision, Noldus Information
Technology h.v., Netherlands). For descriptive data collection,
the pool was subdivided into 4 equal quadrants that were formed
using imaging lines. For the reference memory test, each animal
received 4 trials per day for 5 consecutive days. At the start of
a trial the animal was placed randomly at 1 of 4 fixed starting
points facing the wall (designated North, South, East, and West)
and allowed to swim for 60 sec or until it escaped the task by
finding the platform. The platform was located in the middle of
one quadrant and equidistant from the center and edge of the
pool throughout the test period. In each training session, the
latency to escape onto the hidden platform was recorded. If the
animal found the platform then it was allowed to remain there
for 15 sec before returning to its home cage. If the animal was
unable to find the platform within 60 sec then the training was
terminated and a maximum score of 60 sec was assigned. After
48 h of the final trial, the animals received a spatial probe trial,
where the platform was removed from the tank and the animals
were allowed to swim for 60 sec. We measured the swim time and
path length spent in the target quadrant where the platform was
located during the training,

Passive avoidance test

A step-through type passive avoidance test apparatus (Model
PACS-30, Columbus Instruments Int., USA) that is described
in Shen et al. [28] was used to evaluate the effects of DHED
on learning and memory. The shuttle box was divided into 2
chambers of equal size (23.5x15.5x15.5 cm) and separated using
a guillotine door (6.5x4.5 cm). The light chamber was equipped
with an illuminator, and animals can enter the dark chamber
through the guillotine door. Animals were initially placed in
the light chamber with the door open. Animals displayed an
explorative behavior and then entered the dark compartment.
Upon entering the dark compartment, the door was closed
automatically. Training was repeated until the animals entered
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the dark compartment within 20 sec (training trial). After the
training trial, the rats were placed in the illuminated chamber.
When the rat entered the dark chamber an electrical foot
shock (0.5 mA) was delivered for 3 sec through the grid floor
and the door was closed automatically (acquisition trial). The
animals were placed in the light chamber again at 24 h after the
acquisition trial, and the latency time to enter the dark chamber
was measured for 300 sec (retention trial). If an animal did not
enter the dark chamber within the cut-off time (300 sec) then it
was assigned a latency value of 300 sec.

Primary cell culture

For primary neuronal culture, the cerebral cortex was dissected
from embryonic day 18 Sprague-Dawley (SD) rat embryos and
dissociated using gentle trituration. Cells were plated in 35-mm
dishes that were coated with polyethylene (0.2 mg/ml in sodium
borate buffer, pH 8.3) at a density of 2x10° cells per dish. After
overnight incubation in Dulbecco's Modified Eagle Medium
(DMEM, GibcoBRL, NY, USA) that was supplemented with 10%
fetal bovine serum (FBS, GibcoBRL, NY, USA), the media was
replaced with serum-free defined medium for neurons [DMEM
supplemented with 2 mM of glutamine, 1 mM of pyruvate,
penicillin-streptomycin-amphotericin B mixture (GibcoBRL, NY,
USA), 5 mM of HEPES, 0.5% glucose, 10 pg/ml of insulin, 30 nM
of sodium selenite, 20 nM of progesterone, 100 uM of putrescine,
and 20 ng/ml of transferrin]. The cultured cells were incubated
at 37°C in 5% CO,, and the media was replaced every other day.
Experiments were performed after 14~15 days. The growth
medium was replaced with 2% FBS medium and tested with the
peptides or drugs for the indicated times.

Cell viability assay

WST-1 was used to evaluate cell viability as described
previously [26]. WST-1-metabolizing activity was determined
according to the manufacturer's instructions (Roche, IN, USA).
Primary cortical neurons were plated in a 96-well plate at a
density of 1x10° cells/well. DHED was introduced into the media
of primary cortical neurons 4 h before treatment with 25 uM of
AB,_,, or 1 uM of staurosporine. This colorimetric assay measures
the metabolic activity of viable cells. Briefly, after incubating
cells that were treated with various reagents, 10 ul of WST-1 was
added to the culture media. The culture was incubated at 37°C
in a humidified atmosphere of 95% air and 5% CO, for 4 h. The
absorbance of the reaction product was measured with an ELISA
reader (Bio-Rad, Germany) at a wavelength of 450 nm.

Measurement of ROS generation

ROS in cortical neurons were assayed using dye 2',7'-dichlo-
rofluoroscein diacetate (DCFH-DA Molecular Probes, OR,
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USA). Cells were washed with HEPES-buffered saline (HBS)
and incubated in the dark for 1 h in HBS containing 200 uM of
DCFH-DA. Upon incubation, cells take up DCFH-DA, where
intracellular esterase cleaves the molecule into DCFH. DCFH
isoxidized into DCF in the presence of reactive oxygen species.
The total fluorescence was measured using a spectrofluorometer
(Molecular Devices Co., CA, USA) at an emission wavelength of
488 nm and an excitation wavelength of 524 nm [29].

Calcium imaging

Fluo-4 AM was used to measure intracellular calcium levels
as described previously [30,31]. Stock solutions of 5-mM Fluo-
4 AM (Molecular Probes, USA) in DMSO and 20% pluoronic
F-127 (Molecular Probes, USA) were prepared and stored in 3
ul aliquots at ~20°C. Primary cortical neurons were incubated
with Fluo-4 AM (final concentration of 5 uM) for 10 min in the
incubator at 37°C. Cells were superfused with Hanks' Balanced
Salt solution (HBSS, pH=7.1, Invitrogen Co., USA) and gassed
with oxygen at 37°C. For imaging of the Fluo-4 fluorescence,
excitation light was provided using an argon laser at 488 nm
and the emission was filtered with a 515 nm long pass filter.
Images were acquired using the photomultiplier of a Zeiss LSM
510 confocal microscope. For continuous monitoring of Fluo-
4 fluorescence, time series of images were obtained at regular
intervals (10 sec). Fluorescence was measured and normalized
to the average baseline fluorescence that was collected over 10
sec. After the injection of vehicle, 10 uM of MK-801, or 10 uM of
DHED in media, the change in fluorescence for each experiment
was measured for 5 min. After 5 min of the measurement, 1.2
mM of CaCl, and 50 mM of KCl were inserted in the media, and
the change in fluorescence for each experiment was measured
for another 5 min. For analysis, the fluorescence intensity was
averaged off-line after image acquisition using the Zeiss LSM
imaging software.

Statistical analysis

Data were expressed as the mean+SE or as a percent of the
control valuetS.E. One-way ANOVA and two-way ANOVA
tests were applied to study the relationship between the different
variables. A p<0.05 was considered to be significant.

RESULTS

DHED ameliorates spatial memory deficits in
scopolamine-injected rats

Scopolamine-injected rats performed significantly worse on

the water maze test (Fig. 1). Scopolamine (1 mg/kg, i.p.) was given
to rats after 5 days of training trials. DHED (10 mg/kg, p.o.) or
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Donepezil (1 mg/kg, p.o.) was administrated 30 min after the
injection of scopolamine. In this study, the concentrations of
DHED were determined by previous studies [18,32]. In the first
test (F;,,=4.89, p=0.0157), the latency for scopolamine-injected
rats (60.79£10.21 sec) was longer than that of the control group
(18.75+8.42 sec). However, this longer latency after scopolamine
injection was decreased after DHED (20.43+8.89 sec) or
Donepezil (16.07+9.22 sec) treatment. Similarly, the latency for
scopolamine-injected rats (40.75+18.42 sec) was longer than that
of the control group (11.21+4.22 sec) in the second test (F, ,=3.95,
p=0.0311). However the longer latency after scopolamine injection
was decreased after DHED (5.63+1.45 sec) or Donepezil (4.75+0.52
sec) treatment. The difference between the 4 groups in the third
test was not significant.

DHED ameliorates learning and memory impairment
in AB, ,-infused rats

To investigate whether DHED administration improves
learning and memory impairment after Ap,_,, infusion, we used
the water maze test (Fig. 2A, 2B) and the passive avoidance (Fig.
2C) test. AB,,, (0.6 nmol/day, i.cv.) was infused into the brain
ventricle of each rat for 7 days using brain infusion kits and
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Fig. 1. Effect of DHED or Donepezil on spatial memory impairment
in scopolamine-injected rats. Training trials were carried out twice
a day for 5 consecutive days. Scopolamine (1 mg/kg, i.p.) was given to
rats immediately after the last training trial. DHED (10 mg/kg, p.o.) or
Donepezil (1 mg/kg, p.o.) was given to rats 30 min after scopolamine
administration. The trial tests were carried out at 1 h (1st), 4 h (2nd),
and 24 h (3rd) after scopolamine administration. Latency is the
time until a rat arrived at the platform. Note that at 1 h and 4 h the
scopolamine-induced long latency was significantly decreased after
DHED or Donepezil treatment. Data represents meantstandard error
(SE). *p<0.05 compared with control and *p<0.05 compared with the
scopolamine-injected group, one-way ANOVA.
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Fig. 2. Effect of DHED on memory impairment in AR, ,-infused rats. (A) In A, ,,-infused rats, the training trial of the water maze test was performed
after repeated administrations of DHED (10 mg/kg, p.o.) for 21 days. On trial day 5, latency was significantly increased in A, -infused rats compared
to the control group. However, latency was significantly decreased after DHED treatment compared to vehicle-treated AB,_,,-infused rats. *p<0.05
compared to A, ,,-infused rats, one-way ANOVA. (B) The probe trial of the water maze test was carried out on day 2 after the final training trial. Note
that the time spent in the platform quadrant (zone 1) was significantly decreased in the Ap, ,,-infused group compared to the control group. However,
this time was significantly increased after DHED treatment compared to the AP, ,-infused only rats. Data represents meanzSE. “p<0.05 compared
with AB,_,-infused rats and *p<0.05 compared with time in zone 1, one-way ANOVA. (C) In AB, ,,-infused rats, which were generated via an infusion
of the AB,.,, peptide into the lateral ventricle, a passive avoidance test was performed after repeated administrations of DHED (10 mg/kg, p.o.) for
21 days. Note that latency was decreased significantly in the A, ,,-infused group compared to the control group. However, latency was significantly
increased after DHED treatment compared to the Ap, ,-infused rats. Data represents mean=SE. *p<0.05 compared with the AB, ,,-infused rats, one-

way ANOVA.

mini-osmotic pumps. Synchronously, DHED (10 mg/kg, p.o.)
was administrated for 21 days. DHED improved A, ,,-induced
spatial memory impairments, as shown in the water maze test (Fig.
2). The changes in escape latency during training trials for each
group are shown in Fig. 2A. There was no significant difference
between the training trials on days 1~3. On day 5 of the training
test (F,,=5.60, p=0.0047), the latency for A, ,,-infused rats
(17.0£3.2 sec) was longer than that of the control group (7.2£1.1
sec). There was no significant difference between the training
trials of AP, ,,-infused rats and DHED-treated rats. However, the
latency for DHED-treated rats (4.4+0.6 sec) was shorter than that
of AR, ,,-infused rats (14.04£2.7 sec) and recovered to that of the
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control group (4.5+0.4 sec) on day 5 of the training test (F, ,,=14.39,
p<0.0001). On day 7, a 60-sec spatial probe trial was carried out
to examine whether the animal had learned the position of the
platform that was in zone 1 (Fig. 2B). The platform was removed
for the test. In the control group (F;,=20.04, p<0.0001), the
time spent in zone 1 (21.28+0.94 sec) was longer than that spent
in other zones (zone 2, 14.78+0.53; zone 3, 12.98+0.90; zone 4,
11.00+0.78 sec). In addition, the pattern of the probe test in the
AB,_p,-infused rats was different from that in the control group. In
the Ap,.,-infused rats, the time spent in zone 1 (17.02+0.86 sec)
was significantly different from the time spent in zone 3 (9.57+1.07
sec vs. zone 1, p=0.0402), but not the time spent in zone 2
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(16.01+1.41 sec) and zone 4 (17.40+2.43 sec). However, the pattern
of the probe test in the DHED-treated rats was similar to that in
the control group. In DHED-treated rats (F; ;,=10.30, p<0.0001),
the spent time in zone 1 (21.41+1.20 sec) was longer than that
spent in other zones (zone 2, 14.29+0.87; zone 3, 11.94+1.40; zone
4, 12.37£1.26 sec). In addition, the times spent in zone 1 were
significantly different among the 3 groups (F, ,,=3.69, p=0.0374).
Furthermore, the passive avoidance test was carried out after the
tinal treatment of DHED. As shown in Fig. 2C, the latency for
AR, ,,-infused rats (96.98+32.10 sec) was shorter than that of the
control group (244.30+29.67 sec) in the passive avoidance test
(F,,,=4.96, p=0.0141). However, the AP, ,—decrease in latency
was increased after DHED (204.85+38.69 sec) treatment.

DHED reduces AB, ,,-induced neurotoxicity and the
production of reactive oxygen species

As shown in Fig. 3A, cell viability was significantly reduced
by approximately 60% after treatment with the A, ,, peptide
(25 uM). Moreover, pretreatment with DHED (0.5, 1, 2, and 4
uM) at 4 h before treatment with the A, ,, peptide significantly
enhanced cell viability in a dose-dependent manner (2 uM,
55.89+8.23; 4 uM, 57.84+4.58% vs. AP, ,-treated neurons,
p<0.0001). In addition, pretreatment with 50 uM of vitamin E
at 4 h before treatment with the AB,,, peptide enhanced cell
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% of Coniral
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AB, - + + + + + +
VitamineE (M) - - 50 - - - -
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viability (70.06+5.93%). As shown in Fig. 3B, we investigated
whether pretreatment with DHED could affect the production of
reactive oxygen species (ROS) after exposing primary cultured
neurons to A, ,, peptide. ROS production was significantly
increased by approximately 140% after exposure to the A, ,,
peptide compared with the control. However, pretreatment with
DHED (1, 2, and 4 uM) decreased ROS production in a dose-
dependent manner (1 uM, 123.21+4.84; 2 uM, 118.36+5.20; 4 uM,
115.23+4.41% vs. AP, ,,-treated neurons, p=0.0002). In addition,
pretreatment with 50 pM of vitamin E decreased ROS production
(116.2248.80%).

DHED reduces the KCI-dependent increase in
intracellular calcium levels

As shown in Fig. 4, intracellular Ca* levels were significantly
increased after treatment with 1.2-mM CaCl, and 50-mM KCl
(1.26%0.06 vs. baseline, p=0.0004). However, pretreatment with
10 uM of MK801 or 10 uM of DHED at 5 min before treatment
with 1.2 mM of CaCl, and 50 mM of KCl significantly decreased
intracellular Ca® levels (MK801, 1.09+0.05; DHED, 1.04+0.07 vs.
vehicle-treated neurons, p=0.0048).
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Fig. 3. Effect of DHED on A, ,,-induced neurotoxicity and reactive oxygen species (ROS). (A) Treatment with AB, ,, peptide (25 uM) markedly
induced neurotoxicity in primary neurons. However, the cell viability was significantly increased in a dose-dependent manner after pretreatment
with DHED (0.5, 1, 2, and 4 uM) compared with the A, ,,-only-treated group (*p<0.05). In addition, cell viability was significantly increased after
pretreatment with 50 pM of vitamin E compared with the Ap,_,,-only-treated group (¥*p<0.05). DHED or vitamin E was administered at 4 h before
treatment with AB,_,,. Data are expressed as a percent of the control valuexSE. At least 2 experiments were carried out in triplicates. (B) ROS levels
were significantly increased after treatment with the AB,,, peptide. However, pretreatment with DHED (0.5, 1, 2, and 4 pM) significantly decreased
ROS compared to the AB,_,-only-treated group (*p<0.05 and *p<0.01). In addition, pretreatment with 50 pM of vitamin E significantly decreased ROS
compared to the AR, ,,-only-treated group (*p<0.05). DHED or vitamin E was administered for 4 h before treatment with Ap, ,,. Data are expressed as
a percent of the control value * SE. At least 2 experiments were carried out in triplicates.
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Fig. 4. Effect of DHED on intracellular Ca®* levels in neurons. (A) Intracellular Ca** was assessed in neurons using confocal microscopy. Primary
cortical neurons were treated with 1.2 mM of CaCl, and 50 mM of KCl after 30 min of vehicle, 10 uM of MK801, or 10 uM of DHED treatment.
Intracellular Ca”* levels were measured after CaCl, and KCl treatment. Note that intracellular Ca,, levels were increased in vehicle-treated neurons.
However, intracellular Ca** levels were decreased after pretreatment with MK801 or DHED compared to vehicle-treated neurons. DIC, differential
interference contrast. (B) Quantification of intracellular calcium levels for analysis is shown. Data represents the mean+SE. *p<0.05 compared with

vehicle-treated neurons, one-way ANOVA.

DISCUSSION

Our results show that DHED ameliorated cognitive functions
in memory-impaired rat models, including a scopolamine-
induced amnesia model and an amyloid-infused model. The
cognitive effects of DHED in these models were measured using
the water maze test and passive avoidance test. Additionally, the
mechanism of the effects of DHED was determined using a cell
viability assay, ROS measurement, and intracellular calcium
measurement in primary cortical neurons.

AD is a devastating neurological disorder that involves a
progressive loss of cognitive function, including learning and
memory functions. In addition, AD is associated with cholinergic
dysfunction, such as a reduction in ACh release and increased
AChE activity, as well as AB deposition. Furthermore, AD is
associated with oxidative stress and neuroinflammation [23,33].
Scopolamine-induced amnesia in rats is an effective model of
AD because it impairs spatial learning and memory through
inhibiting cholinergic signaling and increasing A accumulation,
oxidative stress, and synaptic dysfunction [34,35]. Here, we
demonstrate that DHED significantly increased scopolamine-
induced memory loss similar to the effect of donepezil. Donepezil
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suppresses scopolamine-induced cognitive impairments, such
as simple conditioning, attention, working memory, and spatial
mapping [36]. Donepezil is well known as a cholinesterase
inhibitor that is approved for AD treatment. Donepezil is effective
in improving cognitive function [37,38]. Furthermore, the AB,.
p-infused rat model that we used here shows the pathological
hallmarks of AD, including amyloid deposition, robust
neuroinflammation, synaptic marker changes, neuronal death,
and memory impairments [23,33]. This model also exhibits
impairments in nicotine- and K'-stimulated acetylcholine and/
or dopamine release from the frontal cortex/hippocampus
and striatum, respectively [24]. The A, ,,-infused rat model
exhibits poor memory performance in water maze tests. AB,,,
infusion also impairs retention of long-term memory in a passive
avoidance test [27]. Moreover, A, ,,-infused rats are a useful
animal model for evaluating developmental processes at the early
and/or middle stages of Alzheimer-like dementia [39]. Our study
found that a consecutive administration of DHED (10 mg/kg,
p.o.) for 21 days significantly improved AP, ,,-induced cognitive
impairments in rats.

We show that mechanisms such as a decrease in neurotoxicity,
ROS, and intracellular calcium levels may underlie the cognitive
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improvement observed after DHED treatment in memory-
impaired rat models, including a scopolamine-induced amnesia
model and an amyloid-infused model. DHED had an inhibitory
effect on AP, ,,-induced neurotoxicity. The AB peptide that
is generated from B-and y-secretase activity on the amyloid
precursor protein (APP) contributes to the neurodegenerative
process of AD [3,40]. Pretreatment with DHED (1, 2, and 4 uM)
for 4 h prior to AB,_,, (25 uM) significantly reduced cell death and
ROS production. Af causes extensive degeneration and neuronal
death through oxidative stress. Oxidative markers co-localize
within amyloid deposits in the brains of AD patients [41] and
transgenic AD mice [42]. In addition, oxygen free radicals are
produced upon exposure of cells to AB. A recent study reported
that oxidative stress promoted intracellular accumulation of
the AB peptide through enhancing the amyloidogenic pathway
[43]. In vivo and in vitro evidence suggests the possibility that
antioxidants can prevent neurons from A neurotoxicity [42,44].
Moreover, calcium regulates neural processes such as synaptic
plasticity and apoptosis. A change in intracellular calcium levels
is involved in the pathogenesis of AD [45,46]. In particular,
increased intracellular calcium is related to cognitive impairment
through neuronal degeneration such as AB accumulation
and synaptic loss [47]. AB decreases dendritic spine density,
suppresses long-term potentiation (LTP), facilitates long-term
depression (LTD), and impairs learning and memory [48].
Oligomeric AB increased non-selectively calcium permeability,
including an increase in calcium influx from the extracellular
space, calcium leakage from intracellular calcium stores, and an
increase in N-methyl-D-aspartate (NMDA) receptor-dependent
calcium influx. Furthermore, A increases an NMDA receptor-
dependent calcium influx. NMDA receptor antibodies such as
MK-801, which is a noncompetitive antagonist of the NMDA
glutamate receptor, inhibit Ap binding. MK-801 significantly
inhibits the AB-induced increase in intracellular calcium levels
[49]. Here we show that DHED treatment significantly attenuated
intracellular calcium levels in primary cortical neurons. Thus,
DHED potentially inhibits AChE and antagonizes the NMDA
receptor in AD. B-glucan prevents cognitive decline through
inhibiting acetylcholinesterase (AChE) in scopolamine-
injected rats [9]. In addition, Diallyl disulfide, a compound of
garlic, improves scopolamine-induced cognitive impairment
in rat models through inhibiting ROS generation and AChE
activity [50]. DHED associates with AChE inhibition and long-
lasting facilitation of synaptic transmission through activation
of muscarinic and NMDA receptors [51]. DHED is protective
against immobilization stress-induced memory deficit and
behavioral impairment [32]. DHED inhibits calyculin A-induced
tau in AD-like rat brain slices [19]. Moreover, DHED decreases
tau hyperphosphorylation and spatial memory impairment [16].
In conclusion, we show that DHED has strong protective effects
on cognitive impairment through its antioxidant activity and
inhibition of neurotoxicity and intracellular calcium in memory-

Korean J Physiol Pharmacol 2017;21(1):55-64

impaired rat models. DHED might be a useful target for drug
therapy development for impaired memory symptoms such as
those in AD.
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