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Abstract

a-Asarone exhibits a number of pharmacological actions including neuroprotective, anti-oxidative, anticonvulsive, and cogni-
tive enhancing action. The present study investigated the effects of a-asarone on pro-inflammatory cytokines mRNA, microglial
activation, and neuronal damage in the hippocampus and on learning and memory deficits in systemic lipopolysaccharide (LPS)-
treated C57BL/6 mice. Varying doses of a-asarone was orally administered (7.5, 15, or 30 mg/kg) once a day for 3 days before
the LPS (3 mg/kg) injection. a-Asarone significantly reduced TNF-a and IL-1p mRNA at 4 and 24 hours after the LPS injection
at dose of 30 mg/kg. At 24 hours after the LPS injection, the loss of CA1 neurons, the increase of TUNEL-labeled cells, and the
up-regulation of BACE1 expression in the hippocampus were attenuated by 30 mg/kg of a-asarone treatment. a-Asarone signifi-
cantly reduced Iba1 protein expression in the hippocampal tissue at a dose of 30 mg/kg. a-Asarone did not reduce the number of
Iba1-expressing microglia on immunohistochemistry but the average cell size and percentage areas of Iba1-expressing microglia
in the hippocampus were significantly decreased by 30 mg/kg of a-asarone treatment. In the Morris water maze test, a-asarone
significantly prolonged the swimming time spent in the target and peri-target zones. a-Asarone also significantly increased the
number of target heading and memory score in the Morris water maze. The results suggest that inhibition of pro-inflammatory
cytokines and microglial activation in the hippocampus by a-asarone may be one of the mechanisms for the a-asarone-mediated
ameliorating effect on memory deficits.
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INTRODUCTION a-Asarone also exhibits anti-oxidative properties, reduces
levels of superoxide dismutase (SOD), catalase, and gluta-

a-Asarone is a principal oil component in Acori graminei thione peroxidase in the hippocampus against noise-stress
rhizoma which is one of the best-known herbal medicines fre- (Manikandan and Devi, 2005) and in various seizure models
quently used for central nervous system disorders and cogni- (Pages et al., 2010). Recently, the anticonvulsant activity of
tive dysfunction (Zhang et al., 2007). a-Asarone is shown to a-asarone has been reported using epileptic seizure animal
exhibit a number of pharmacological actions including seda- models (Chen et al., 2013; Huang et al., 2013). In addition,
tive, neuroprotective, anti-oxidative, and anticonvulsive ac- a-asarone displays antidepressant-like and anxiolytic-like ef-

tion (Cho et al., 2002; Manikandan and Devi, 2005; Limon fects in in vivo behavior studies (Liu et al., 2012b; Han et al.,
et al., 2009; Pages et al., 2010; Chen et al., 2013; Huang et 2013). These previous studies demonstrated that a-asarone

al., 2013). a-Asarone exhibits neuroprotective action through can affect brain functions and behaviors.

the blockade of N-methyl-D-aspartate (NMDA) receptor func- There is also increasing evidence to support that a-asarone
tion action (Cho et al., 2002) and by inhibiting the nitric oxide has cognitive enhancing effects. a-Asarone improved spatial
(NO) overproduction in the brain tissue (Limon et al., 2009). memory impairment and protected the hippocampal neurons
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from damage in B-amyloid (AB)-treated rats through the inhi-
bition of NO overproduction (Limon et al., 2009). a-Asarone
attenuated the increased activity of acetylcholinesterase
(AChE), and normalized the malondialdehyde and SOD lev-
els in the hippocampus of scopolamine-induced amnesic mice
(Kumar et al., 2012). However, the mechanisms involved in
the ameliorating effect of a-asarone on cognitive impairment
still remains uncertain.

Neuroinflammation, which is characterized by the activation
of microglia and expression of major inflammatory mediators
in the brain tissue, contributes to progression of neurodegen-
erative diseases including Alzheimer’s disease (AD) and Par-
kinson’s disease (PD) (Harry and Kraft, 2008). Microglia are
key cellular elements in acute neuroinflammatory response
and the primary source of pro-inflammatory cytokines, includ-
ing tumor necrosis factor-a (TNF-a) and interleukin (IL)-18,
detected in the brain (Graeber and Streit, 2010). Pro-inflam-
matory mediators disrupt hippocampal neuronal functions,
including long-term potentiation (LTP) and working memory
consolidation (Thomson and Sutherland, 2005; Liu et al.,
2012c). Neuroinflammation causes cognitive impairment,
even if it is acutely stimulated by immunostimulatory compo-
nent such as lipopolysaccharide (LPS) (Shaw et al., 2001).
To better understand the ameliorating effects of a-asarone on
cognitive deficits, the present study investigated its effects on
pro-inflammatory cytokine expression, microglial activation,
and neuronal damage in the hippocampus and on learning
and memory deficits induced by systemic LPS treatment in
mice.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (25-28 g, Nara Biotechnology, Korea)
were used for this study. All animal protocols were approved
by the Ethics Committee for the Care and Use of Laboratory
Animals at Kyung Hee University. The animals were housed in
plastic cages at constant temperature (22 + 2°C) and humidity
(55 £ 10%) with 12 h-12 h light-dark conditions. The animals
were allowed free access to food and water before the experi-
ment.

Materials

a-Asarone (frans-1-Propenyl-2,4,5-trimethoxybenzene, Fig. 1)
and lipopolysaccharide (from Escherichia coli 055:B5) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Mouse
anti-TNF-o. antibody, goat anti-rabbit and goat anti-mouse
IgG horseradish peroxidase (HRP) conjugated secondary
antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Mouse anti-amyloid precursor protein
(APP) antibody was purchased from Millipore (Billerica, MA,
USA). Rabbit anti-IL-13 and rabbit anti-p-site APP-converting
enzyme 1 (BACE1) antibodies were purchased from Abcam
(Cambridge, UK). Rabbit anti-ionized calcium binding adaptor
molecule 1 (Iba1) antibodies (#016-20001, #019-19741) were
purchased from Wako Pure Chemical Industries (Osaka, Ja-
pan). Mouse anti-actin antibody was purchased from Chemi-
con International (Temecula, CA, USA). The other chemicals
and reagents used were of high quality and obtained from
various commercial sources.
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Fig. 1. Chemical structure of a-asarone.

Experimental groups

For the quantitative real-time polymerase chain reaction
(PCR) study, mice were randomly divided into five groups.
The normal group (Normal) was allowed free access to food
and water without any treatment. The control group (LPS)
was intraperitoneally (i.p.) injected with a single dose of LPS
(3 mg/kg) and received vehicle (normal saline) orally. The
a-asarone treatment groups [LPS+ASR(7.5), LPS+ASR(15),
LPS+ASR(30)] were administered ASR (7.5, 15, or 30 mg/kg,
dissolved in normal saline, orally) respectively, once a day for
3 days before the LPS injection. For the Morris water maze
study, mice were randomly divided into three groups. The
normal group (Normal) was allowed free access to food and
water without any treatment. The control group (LPS) was i.p.
injected with a single dose of LPS (3 mg/kg) on the 3rd day of
the experiment. The a-asarone treatment group (LPS+ASR)
was administered 30 mg/kg of a-asarone, a reliable dose from
the PCR study, once a day for 3 days prior to the LPS injec-
tion and administered one additional dose 2 hours before the
retention test on the 4th day of the experiment. A total of 84
mice, 48 mice for the PCR study and 36 mice for the Morris
water maze study were used.

Real-time PCR measurement

Pro-inflammatory cytokines (TNF-a, IL-1f and IL-6) in the
hippocampal tissue were measured by the real-time PCR
method at 4 and 24 hours after the LPS injection. The mice
were sacrificed by decapitation and the hippocampus was rap-
idly dissected from the brain on ice. Total RNA was extracted
from the samples with Trizol (Qiagen, Germany) according to
the manufacturer’s protocol. One microgram of total RNA was
transcribed into DNA using iScript cDNA synthesis Kit (Bio-
Rad, USA). After reverse transcription, quantitative real-time
PCR was performed using preoptimized primer/probe mixture
with iQ SYBR Green Supermix kit (Bio-Rad, USA) and the
CFX 96 RT-PCR Detection System (Bio-Rad, USA). Primer
sequences for the analyzed genes were as follows: (1) TNF-a;
forward, 5-TGA GAA GTT CCC AAA TGG C-3’; reverse, 5'-
GCT ACA GGC TTG TCA CTC-3’; (2) IL-1pB; forward, 5-TGA
GCA CCT TCT TTT CCT TCA-3’; reverse, 5-TTG TCT AAT
GGG AAC GTC ACA C-3’; (3) IL-6; forward, 5-AGA CTT CAC
AGA GGA TAC CA-3’; reverse, 5-GCA TCATCG TTG TTC
ATA CA-3’; (4) B-actin; forward, 5-TTT CCA GCC TTC CTT
GGG TAT G-3’; reverse, 5-CAC TGT GTT GGC ATA GAG
GTC TTTAC-3'. The relative difference in expression between
samples is represented by cycle time values normalized to the
measurement of the housekeeping gene B-actin as a refer-
ence. The sample values represent x-fold differences from a
normal sample (given as a designated value of 1) within the
same experiment.

Morris water maze test

The Morris water maze test was performed for 4 days. The
acquisition training was performed for 3 days prior to the LPS
injection and the retention test on the 4th day. The apparatus
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consisted of a circular water pool 100 cm in diameter and 40
cm in height. It was filled with 23 + 1°C water with a depth of
28 cm and covered a black platform (10 cm in diameter). The
platform was submerged approximately 0.5 cm below the sur-
face of water. The pool was divided into four quadrants: north-
east (NE), northwest (NW), southeast (SE), and southwest
(SW) at equal distances on the rim. The platform was located
in the center of the southwest quadrant. During the first 3 days
acquisition test, mice were given 8 trials per day to find the
hidden platform. Each mouse (12 mice per group) was gently
placed into the water facing the wall in the direction of north
(N), east (E), south (S), and west (W) in two series of order.
The mouse was allowed to swim until they reached the hidden
platform (maximum swim time was 60 seconds). The escape
latency to reach the platform was recorded and they remained
on the platform for 20 seconds before being removed. The
mouse which failed to find the platform within 60 seconds was
guided to the hidden platform and then was placed on the plat-
form for 20 seconds for reinforcement before being removed.
On the 3rd day, LPS was injected into the mice 1 hour before
the acquisition test.

One trial of the retention test without the platform was per-
formed on the 4th day, ~24 hours after the LPS injection, to
assess the memory of the correct platform location. The mice
were placed into the pool and swam freely for 60 seconds. The
swimming paths were recorded by a video camera linked to a
computer-based image analyzer (SMART 2.5 video-tracking
system, Panlab, Spain). The number of target heading and
the swimming time in each zone was analyzed with a grid de-
sign of 6 zones (Fig. 2). This grid design, constructed with a
computer-based image analyzer, was superimposed over the
maze and viewed on a monitor. Memory scores were calcu-
lated using the formula (time in zone Ax10)+(time in zone B
x8)+(time in zone Cx6)+(time in zone Dx3)+(time in zone F
x2)+(time in zone Gx1)=memory score. The grid design and
the formula for calculating the memory score were based on
and modified from a previous behavior study (Smith et al.,
1993). The mice were sacrificed after the retention test trial
and the brains were randomly used either for western blotting
(6 mice) or immunohistochemistry (6 mice).

Western blotting

At 24 hours after the LPS injection, just after the retention
test trial on the 4th day, the mice were sacrificed by decapita-
tion and the hippocampal tissue was rapidly dissected. The
hippocampal tissue was homogenized and sonicated on ice in
lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate (SDS), 1 mM EDTA, 1% protease inhibitor cocktail; Sig-
ma). After centrifugation, the supernatant was collected and
assayed for protein concentration using the Bradford method.
Lysate samples containing 50 pg of protein were fractionated
by SDS-10% polyacrylamide gel electrophoresis, and then
subjected to Western blot analysis. The primary antibodies
used in this study were mouse anti-APP antibody (MAB34,
Millipore, USA), rabbit anti-BACE1 antibody (ab2077, Abcam,
UK), rabbit anti-lba1 antibody (#016-20001, Wako, Japan),
and mouse anti-B-actin antibody (Chemicon, USA).

Immunohistochemistry
After the retention test trial, the mice were deeply anes-
thetized and perfused transcardially with 0.05 M phosphate-

S

A

Fig. 2. Computerized grid design which used in the retention test.
Discrete zones are labeled with letters, zone A representing the
platform site. Memory scores derived from the formula (time in
zone Ax10)+(time in zone Bx8)+(time in zone Cx6)+(time in zone
Dx3)+(time in zone Fx2)+(time in zone Gx1)=memory score.

buffered saline (PBS) containing 4% paraformaldehyde. The
brain was removed and was postfixed in the same perfusing
solution overnight at 4°C. Thirty um thick coronal sections of
brain tissue were made using a freezing microtome (Leica,
2800N, Germany). The brain sections were stained by the
free-floating DAB reaction. The sections were rinsed with 0.05
M PBS and incubated for 15 min in 1% hydrogen peroxide
PBS at room temperature. The sections were incubated over-
night at 4°C with primary antibody against TNF-a. (1:100, sc-
1349, Santa Cruz, USA), IL-18 (1:200, ab9787, Abcam UK)
and lba1 (1:500, #019-19741, Wako, Japan), then incubated
with biotinylated anti-mouse secondary antibody (1:200, Mil-
lipore, USA) for 1 hour at room temperature, after which the
avidin-biotin complex (Vector Laboratories, USA) method was
carried out with peroxidase coupling in a mixture containing
0.05% DAB (Sigma-Aldrich, USA) and 0.03% H,O, for 2-5
minutes. Images of the DAB-colorized brain sections were
captured using a light microscope (BX51, Olympus, Japan)
equipped with CCD camera (DP70, Olympus, Japan).

Cresyl violet staining and TUNEL labeling

Neuronal damage and apoptosis in the CA1 of the hippo-
campus were observed using cresyl violet staining and termi-
nal transferase dUTP nick-end labeling (TUNEL) assay. The
hippocampal tissue was came from the mice which performed
the Morris water maze test. TUNEL labeling was carried out
using TACS 2 TdT-DAB in situ Apoptosis Detection kit (Trevi-
gen, #4810-30-K, Gaithersburg, MD, USA) according to the
manufacturer’s protocol.

Image analysis

Relative optical densities of TNF-ao. and IL-1 expressions,
counting of the CA1 neurons and TUNEL-labeled cells, and
the Iba1 immuno-positive microglia were analyzed using the
ImageJ software (Ver. 1.44p, NIH, USA). The relative optical
densities were measured in the pyramidal cell layer of the CA1
by the mean gray value on an inverted black-white binary im-
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Fig. 3. Effects of a-asarone on pro-inflammatory cytokine levels in hippocampal tissue. (A) Changes of TNF-a, IL-1B, and IL-6 mRNA levels
in the hippocampus at 4 and 24 hours after the LPS injection. a-Asarone significantly attenuated the up-regulation of hippocampal TNF-a
and IL-18 mRNA levels at 30 mg/kg administration (""/p<0.001 compared to the normal group; *p<0.05; **p<0.01 compared to the LPS
group). Data are represented by mean + SEM (n=6 in each group). (B) Representative photographs show immunohistochemistry against
TNF-a and IL-1 in the CA1 of the hippocampus (so, stratum oriens; pyr, pyramidal cell layer; sr, stratum radiatum). Scale bar is 100 um,
applicable to all sections. The immunohistochemistry against TNF-a and IL-1B was processed using the hippocampal tissue of the mice
which performed the Morris water maze test. (C) Relative optical densities of TNF-a. and IL-15 expressions in the CA1 of the hippocampus.
a-Asarone significantly attenuated the up-regulation of TNF-a. and IL-1p expressions ('p<0.001 compared to the normal group; *p<0.05
compared to the LPS group). Data are represented by mean + SEM (n=6 in each group).

age and were normalized to the value of the normal group. of less than 0.05 was used to indicate a significant difference.
The numbers of the CA1 neurons and TUNEL-labeled cells Additionally, differences between groups in the acquisition test
were counted in the 500 um length of the pyramidal cell layer were evaluated using one-way ANOVA.

of the CA1. The number, the average size and the percent-

age area of microglia in the CA1 and dentate gyrus (DG) of

the hippocampus were measured on an inverted black-white RESULTS

binary image by determination of threshold gray value and pix-

els definition using the ImageJ software. Data were normal- o-Asarone reduces pro-inflammatory cytokines in the hi-

ized with the same area (105 um?). The mean values from the ppocampal tissue of LPS-treated mice

four sections analyzed in each mouse were used for statistical Levels of TNF-a, IL-1B, and IL-6 mRNA were measured at 4

analysis. hours after the LPS injection using quantitative real-time PCR

method. Systemic LPS treatment induced robust increases

Statistical analysis of TNF-a (79.3 + 4.9 fold), IL-1B (57.8 = 10.2 fold), and IL-6

All data in this study are presented as means +* standard (41.0 = 3.1 fold) mRNA in the hippocampal tissue compared to

errors and evaluated using Student’s t-test. A probability value the normal group. a-Asarone treatment significantly reduced
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Fig. 4. Effects of a-asarone on neuronal damage and TUNEL-labeled cells in the CA1 of the hippocampus. (A) Representative photographs
show CA1 neurons and TUNEL-labeled cells in the hippocampus of the mice which performed the Morris water maze test (so, stratum
oriens; pyr, pyramidal cell layer; sr, stratum radiatum). Scale bar is 100 um, applicable to all sections. (B) a-Asarone significantly attenuated
the loss of CA1 neurons and the increase of TUNEL-labeled cells in the hippocampus induced by the LPS injection ("/p<0.001 compared to
the normal group; *p<0.05 compared to the LPS group). Data are represented by mean + SEM (n=6 in each group).
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Fig. 5. Effects of a-asarone on APP, BACE1 and Iba1 protein expressions in hippocampal tissue. (A) Representative western blots illustrat-
ing differences in the bands of APP, BACE1, and Iba1. APP expression was not different between the LPS and the LPS+ASR groups (B),
while a-asarone significantly attenuated the up-regulation of BACE1 expression (C) and Iba1 expression (D) at 30 mg/kg administration
(""p<0.01; "p<0.001 compared to the normal group; *p<0.05 compared to the LPS group). Data are represented by mean + SEM (n=6 in
each group).

TNF-a mRNA at doses of 15 and 30 mg/kg (47.7 £ 10.1 fold, of pro-inflammatory cytokines in the hippocampus induced by
p<0.05; 41.6 + 8.7 fold, p<0.01; respectively) compared to the systemic treatment with LPS.

LPS group (Fig. 3A). a-Asarone treatment reduced IL-1$ and

IL-6 mRNA in the hippocampal tissue only at a dose of 30 mg/ o-Asarone attenuates neuronal damage and BACE1 expre-
kg (21.1 + 6.6 fold, p<0.05; 27.2 + 4.1 fold, p<0.05; respec- ssion in the hippocampus of LPS-treated mice

tively) compared to the LPS group (Fig. 3A). Levels of TNF-a, Systemic LPS treatment significantly reduced the CA1
IL-1B, and IL-6 mRNA at 24 hours after the LPS injection were neurons and significantly increased the TUNEL-labeled cells
still significantly higher than that of the normal group, while in the hippocampus compared to the normal group (Fig. 4).
a-asarone significantly attenuated the up-regulation of TNF-a a-Asarone significantly attenuated the loss of CA1 neurons

mRNA (11.7 £ 3.3 vs. 30.1 1+ 6.4 fold, p<0.05) and IL-18 mMRNA (110.4 + 3.8 vs. 98.6 + 3.1 cells/500 um, p<0.05) and the
(6.9 £ 1.8 vs. 14.2 £ 2.2 fold, p<0.05) at a dose of 30 mg/kg increase of TUNEL-labeled cells (27.9 £ 3.6 vs. 40.3 £ 3.4
(Fig. 3A). In addition, TNF-a. and IL-1p expressions in the hip- cells/500 um, p<0.05) in the hippocampus induced by the LPS
pocampus of the mice which performed the Morris water maze injection (Fig. 4). Using western blotting, APP and BACE1 pro-
test were attenuated by a-asarone treatment (Fig. 3B). The tein expressions were evaluated in the hippocampal tissue of
relative optical density of TNF-a expression in the LPS+ASR the mice performed the Morris water maze test. a-Asarone
group was 134.0 + 6.4 (p<0.05) compared to 159.6 + 5.3 of did not affect to the APP expression (112.6 + 5.1 vs. 125.5 +
the LPS group (Fig. 3C). The relative optical density of IL-13 6.3%, Fig. 5A, B), while the up-regulation of BACE1 expres-
expression in the LPS+ASR group was 112.4 + 5.6 (p<0.05) sion was significantly attenuated by 30 mg/kg of a-asarone
compared to 133.4 + 3.9 of the LPS group (Fig. 3C). These treatment (147.7 £ 6.1 vs. 172.4 £ 8.2%, p<0.05, Fig. 5A, C).
results indicate that o-asarone reduced the over-expression These results suggest that a-asarone might reduce the neuro-
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Fig. 6. Effects of a-asarone on microglial activation in hippocampal tissue. (A) Representative photographs show Iba1 immuno-stained
microglia in the hippocampus. Scale bar is 100 um, applicable to all sections. (B) a-Asarone did not attenuate numbers of Iba1-expressing
microglia in the hippocampus, while a-asarone significantly reduced average sizes (C) and percentage areas (D) of Iba1-expressing mi-
croglia in the hippocampus at 30 mg/kg administration ("/p<0.01; ""p<0.001 compared to the normal group; *p<0.05; **p<0.01 compared to
the LPS group). Data are represented by mean + SEM (n=6 in each group).

nal apoptosis and AB generation in the hippocampus induced
by the LPS treatment.

o-Asarone attenuates microglial activation in the hippo-
campus of LPS-treated mice

Iba1 protein expression, a marker of microglial activation,
in the hippocampal tissue was measured at 24 hours after the
LPS injection using western blotting method. Systemic LPS
treatment induced a ~235% increase of Iba1 expression in
the hippocampus compared to the normal group. a-Asarone
treatment significantly reduced Iba1 expression at a dose of
30 mg/kg (188.0 + 12.6% vs. 235.3 + 13.0%, p<0.05), a reli-
able dose obtained from the pro-inflammatory cytokine study,
compared to the LPS group (Fig. 5A, D).

Immunohistochemistry against Iba1 showed that systemic

http://dx.doi.org/10.4062/biomolther.2013.102
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LPS treatment activated microglia, as demonstrated by the
significant increase of cell number, cell size and % area of
Iba1-expressing microglia, both in the CA1 and DG region of
the hippocampus compared to the normal group. Although
a-asarone treatment did not attenuate the number of Iba1-
expressing microglia both in the CA1 (34.5 £ 2.1 vs. 38.7 £ 2.8
cells/10° um?) and DG region (29.5 + 1.9 vs. 31.3 + 2.5 cells/10°
um?) of the hippocampus compared to that of the LPS group
(Fig. 6A, B), the average cell size of the Iba1-expressing mi-
croglia was significantly decreased by 30 mg/kg of a-asarone
treatment both in the CA1 (103.9 £ 8.5 vs. 150.9 + 10.3 pm?,
p<0.01) and DG region (128.9 + 9.1 vs. 191.7 + 13.6 pm?,
p<0.01) of the hippocampus compared to that of the LPS
group (Fig. 6A, C). a-Asarone treatment also decreased the
% area of Ibal-expressing microglia both in the CA1 (6.4 +
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Fig. 7. Effect of a-asarone on the acquisition training trials. The
escape latencies on the 1st and 2nd day were not different among
the normal, LPS, and LPS+ASR (30 mg/kg of a-asarone adminis-
tration) groups (F,,,=0.33, p=0.723; F,,,=0.13, p=0.882; respec-
tively). After the LPS treatment on the 3rd day, the escape latency
of the LPS group was significantly longer than that of the normal
group (F;4,=19.81, p<0.001). The LPS+ASR group showed signifi-
cantly shorter escape latency at the 6th and 7th trial on the 3rd day
(""p<0.01; ""p<0.001 compared to the normal group; *p<0.05 com-
pared to the LPS group), but the escape latency of total trials on
the 3rd day was not different from that of the LPS group (F, 1,=1.98,
p=0.181). Data are represented by mean + SEM (n=12 in each

group).

1.2 vs. 14.8 £ 2.1%, p<0.01) and DG region (7.3 £ 0.8 vs. 11.3 +
1.4%, p<0.05) of the hippocampus compared to that of the
LPS group (Fig. 6A, D). The results indicate that a-asarone
attenuated the microglial activation related over-expression
of pro-inflammatory cytokines in the hippocampus induced by
systemic LPS treatment.

o-Asarone can affect spatial learning deficit of LPS-treated
mice

In the acquisition trials before the LPS treatment, all study
groups showed relatively comparable results in the escape la-
tency on the 1st (F,,,=0.33, p=0.723) and 2nd day (F,,,=0.13,
p=0.882). After the LPS treatment on the 3rd day, the escape
latency of the LPS group was significantly longer than that of the
normal group (F,,,=19.81, p<0.001), while the escape laten-
cies of the 8 trials were significantly different between the three
groups (normal, LPS, and LPS+ASR) (F, ,,=7.90, p<0.01). The
LPS+ASR group showed significantly shorter escape latency
at the 6th and 7th trials on the 3rd day (p<0.05, respective-
ly), but the overall escape latencies for all the trials on the 3rd
day were not different from that of the LPS group (F,,,=1.98,
p=0.181) (Fig. 7). The results demonstrated that a-asarone
treatment was not fully effective, but showed a potential effect
in improving spatial learning of the LPS-treated mice.

o-Asarone ameliorates memory deficit of LPS-treated mice

In the retention trial done on the 4th day using the Mor-
ris water maze test, the swimming time spent in the various
zones, number of the target heading, and memory score were
used to estimate spatial memory. The LPS group spent signifi-
cantly less time in zone A (the target platform site; p<0.001)
and zones B and C (p<0.001, p<0.05, respectively), while
they spent significantly longer time in zones D and F (p<0.05,
p<0.001, respectively) compared to those of the normal group.
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Fig. 8. Effects of a-Asarone on the retention memory test.
(A) Representative swimming tracts of the normal, LPS, and
LPS+ASR (30 mg/kg of a-asarone administration) groups. (B) Ef-
fects of a-asarone on the swimming time spent in discrete zones.
a-Asarone significantly prolonged the swimming time spent in
zone A and B at 30 mg/kg administration ('p<0.05; ""p<0.001
compared to the normal group; *p<0.05; **p<0.01 compared to the
LPS group). a-Asarone significantly increased the number of target
heading on platform site (C) and memory score (D) in the retention
test at 30 mg/kg administration (p<0.01; ""p<0.001 compared to
the normal group; *p<0.05 compared to the LPS group). Data are
represented by mean + SEM (n=12 in each group).

a-Asarone treatment significantly prolonged the swimming
time spent in zones A (p<0.05) and B (p<0.01) compared
to that of the LPS group (Fig. 8A, B). The number of target
heading in the LPS group was significantly reduced (p<0.01)
compared to the normal group, while a-asarone treatment
significantly increased the number of target heading (p<0.05)
compared to the LPS group (Fig. 8A, C). The LPS group re-
vealed significantly lower memory score (p<0.001) than that
of the normal group, while the memory score of the LPS+ASR
group was significantly higher (p<0.05) than that of the LPS
group (Fig. 8D). The results indicate that pre-treatment with
a-asarone was effective in ameliorating spatial memory deficit
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in LPS-treated mice.

DISCUSSION

Accumulating evidence indicates that Acori graminei rhi-
zoma and its active components, a- and -asarone have cog-
nitive enhancing effects that can be used to remedy learning
and memory impairment (Kim et al., 2009; Limon et al., 2009;
Geng et al., 2010; Kumar et al., 2012). The present study
showed that a-asarone improved systemic LPS-induced
memory deficit. This in vivo study showed that o-asarone
ameliorated the over-production of pro-inflammatory cytokines
and microglial activation in the hippocampus, a region in the
brain that is affected in learning and memory impairment.

LPS is a component of the outer membrane of Gram nega-
tive bacteria, and is commonly used to induce inflammation in
the periphery and in the central nervous system. It stimulates
the inflammatory responses in the brain through the toll-like
receptor-4 mediated signaling pathway (Lien et al., 2000).
Upon exposure to LPS, microglia are activated and produce
pro-inflammatory mediators such as cytokines, chemokines,
prostanoids, and reactive oxygen species (Block et al., 2007).
Systemic or intraventricular LPS injection into rodents is popu-
larly used as a model for studying the interaction between in-
flammation, brain functions, and memory deficits. In an acute
systemic LPS treatment study, mRNA/protein expression of
inflammatory mediators in the brain appeared within 4-8 hours
and subsided in 1-3 days (Jeong et al., 2010). In our previous
study, pro-inflammatory cytokines (TNF-a, IL-1B3, and IL-6)
mRNA in the brain tissue was robustly increased at 4 hours
after a single LPS (3 mg/kg) i.p. injection (Park et al., 2012).
In the present study, this dose of systemic LPS injection also
induced robust increase of TNF-a, IL-1B, and IL-6 mMRNA in
the hippocampal tissue. While 30 mg/kg of a-asarone treat-
ment significantly reduced the LPS induced over-expression
of TNF-a and IL-18 mRNA in the hippocampal tissue at 4 and
24 hours after the LPS injection. The result of this in vivo study
showed that a-asarone had a modulatory effect on pro-inflam-
matory cytokines using.

TNF-a and IL-1p are the most potent pro-inflammatory cy-
tokines to induce behavioral alterations. TNF-a plays a central
role in initiating and sustaining the inflammatory response.
Elevated levels of TNF-a have been demonstrated in AD pa-
tients (Alvarez et al., 2007). While TNF-a. protein synthesis
inhibitor reversed cognitive deficits induced by chronic LPS-
infusion into the ventricle of rats (Belarbi et al., 2012). IL-1
has been shown to reduce in adult hippocampal neurogenesis
(Wu et al., 2013), induce synaptic loss of hippocampal neu-
rons (Mishra et al., 2012), and to regulate long-term poten-
tiation (LTP) and synaptic plasticity deficiency in the hippo-
campus (Imamura et al., 2011). Direct central administration of
IL-1p impaired hippocampal-dependent learning and memory
(Hein et al., 2007). In particular, pathologically increased IL-6
in the brain resulted in impairments in memory performance
(Baier et al., 2009). Moreover, systemic LPS injection induced
cognitive impairment and elevated amyloidogenesis (Lee et
al., 2008). A single injection of LPS impaired learning while a
daily injection did not (Shaw et al., 2001).

Based on previous reports and results from the present
study, the Morris water maze test was performed at 30 mg/
kg dose of a-asarone treatment against a single 3 mg/kg i.p.
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injection of LPS for 4 days. The escape latencies on the 1st
and 2nd day in the acquisition training period before the LPS
treatment were relatively similar in all groups. The LPS injec-
tion given on the 3rd day resulted in significant extension of
the escape latency and the escape latencies for the 8 trials
were significantly different among the groups (normal, LPS,
and LPS+ASR). In the retention memory test done on the 4th
day, o-asarone treatment significantly prolonged the swim-
ming time spent in the target of platform site and the peri-
target area. The number of target heading and the memory
score were also significantly higher among the a-asarone
treated group than those of the LPS group. The results from
the Morris water maze test showed a-asarone’s ameliorat-
ing effect on spatial learning and memory deficits induced by
acute systemic LPS treatment. The cognitive enhancing ef-
fects of a-asarone have been reported previously. Limon et al.
(2009) performed intrahippocampal injection of Ap (25-35) to
induce memory impairment and spatial memory was tested in
the eight-arm maze. They showed that a-asarone decreased
the AB induced memory impairment and Ap-neurotoxicity;
and suggested the antioxidant effects of a-asarone and the
same being potentially used as a novel therapy for Ap-induced
neurotoxicity. Kumar et al. (2012) did intraperitoneal injection
of scopolamine which is a muscarinic acetylcholine receptor
blocker, and the animals were tested with the step-through
passive avoidance test and the Y-maze test. They also sug-
gested that the antioxidant effects of a-asarone may be ben-
eficial in cognitive impairment induced by cholinergic system
dysfunction through inhibition of AChE activity. The present
study demonstrated that the anti-neuroinflammatory effect of
a-asarone exerted an ameliorating effect on memory deficit
through inhibition of pro-inflammatory cytokines in the hippo-
campus after systemic LPS treatment using the Morris water
maze.

For better understanding of a-asarone’s anti-neuroinflam-
matory effect in the hippocampus, observation of microg-
lial activation in the hippocampal tissue of mice challenged
with the Morris water maze was made. Microglial activation
is involved in learning and memory impairment through the
release of TNF-a and IL-1p and the negative impact on hippo-
campal LTP (Griffin et al., 2006; Liu et al., 2012a). a-Asarone
treatment significantly reduced Iba1 protein expression and
morphological indicators of microglial activation, such as the
significantly decreased average cell size and percentage ar-
eas of Iba1-expressing microglia in the hippocampal tissue. In
line with the reducing effects of a-asarone upon pro-inflamma-
tory cytokines in the hippocampal tissue, the microglial activa-
tion attenuating effects of a-asarone supports that a-asarone
exerts an anti-neuroinflammatory action against systemic LPS
treatment.

Systemic LPS treatment induces neuronal damage in the
CA1 of the hippocampus (Lee et al., 2008). In the present
study, a-asarone reduced the neuronal damage and TUNEL-
labeled cells in the CA1 of the hippocampus induced by the
LPS injection. The results implies that a-asarone exerts an
anti-apoptotic effect against neuronal damage. Recent studies
demonstrated that B-asarone, cis type of asarone, attenuates
neuronal apoptosis in AB- and NMDA-induced excitotoxic-
ity (Geng et al., 2010; Li et al, 2010; Zou et al., 2011; Wei
et al., 2013). The anti-apoptotic effect of a-asarone against
neuronal damage is still unclear. Recently, we reported that
effects of B-asarone on pro-inflammatory cytokines and learn-
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ing and memory impairment in LPS-treated mice (Choi et al.,
2013). Although it was not possible to compare directly, the
a-asarone was found to exhibit more potent anti-amnesic ef-
fects than the B-asarone. A line of previous reports on a- and
B-asarone suggests that a-asarone exhibits more potent anti-
oxidative effects (Limon et al., 2009; Kumar et al., 2012) and
-saraone exhibits more potent neuroprotective effects (Geng
et al., 2010; Li et al., 2012).

A single intraperitoneal injection of LPS increased Ap gen-
eration, B-secretase activity and expression of APP and BACE
(Lee et al., 2008). AB generation and BACE1 activity are highly
associated with inflammatory mediators (Sastre et al., 2008).
TNF-a and IL-13 augmented APP expression, Ap formation,
and B-secretase activity (Buxbaum et al., 1992; Blasko et al.,
1999; Sastre et al., 2003). In the present study, a-asarone at-
tenuated the up-regulation of BACE1 expression in the hippo-
campus induced by the LPS injection. The result is inadequate
to explain the effect of a-asarone on Ap generation. However,
it is clear that pro-inflammatory cytokines and microglial ac-
tivation are implicated in BACE1 expression (Heneka et al.,
2005; Gallagher et al., 2013). According to the results from
the present study, the inhibitory effects of a-asarone on pro-
inflammatory cytokines and microglial activation might also af-
fect to the activation of BACE1 expression.

In conclusion, a-asarone effectively ameliorated the mem-
ory deficits induced by systemic LPS treatment. The effects of
oa-~asarone were found to be mediated through the inhibition
of pro-inflammatory cytokines and microglial activation in the
hippocampus. a-Asarone also showed a potential capacity in
anti-apoptotic and anti-amyloidogenic effects. Further studies,
such as long-term behavioral test and extensive observation
on AB accumulation, are required to clarify the exact mech-
anism related to the therapeutic efficacy of a-asarone. This
study suggests that a-asarone may be a potential therapeutic
drug in neurodegenerative diseases associated with neuroin-
flammation.
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