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Introduction

SUMMARY

Background: The close relationship between epileptic seizure and Alzheimer’s disease
(AD) has been demonstrated in the past decade. Valproic acid, a traditional first-line antiepi-
leptic drug, exerted protective effects in transgenic models of AD. It remains uncertain
whether new antiepileptic drugs could reverse neuropathology and behavioral deficits in
AD transgenic mice. Aims: APPswe/PS1dE9 transgenic mice were used in this study, which
over express the Swedish mutation of amyloid precursor protein together with presenilin 1
deleted in exon 9. 7-month-old APPswe/PS1dE9 transgenic mice were treated daily with
20 mg/kg topiramate (TPM) and 50 mg/kg levetiracetam (LEV) for 30 days by intraperito-
neal injection to explore the effects of TPM and LEV on the neuropathology and behavioral
deficits. Results: The results indicated that TPM and LEV alleviated behavioral deficits and
reduced amyloid plaques in APPswe/PS1dE9 transgenic mice. TPM and LEV increased Af8
clearance and up-regulated Af transport and autophagic degradation. TPM and LEV inhib-
ited A generation and suppressed y-secretase activity. TPM and LEV inhibited GSK-3f acti-
vation and increased the activation of AMPK/Akt activation. Further, TPM and LEV
inhibited histone deacetylase activity in vivo. Conclusions: Therefore, TPM and LEV might
have the potential to treat AD effectively in patient care.

shown that hAPP mice have spontaneous nonconvulsive seizure
activity in cortical and hippocampal networks [11]. Similarly,

Alzheimer’s disease (AD) is the most common cause of demen-
tia in the elderly, which is characterized clinically by progres-
sive cognitive decline and pathologically by the formation of
amyloid plaques and neurofibrillary tangles in the brain [1,2].
Amyloid f-peptide (Af) is the central component of amyloid
plaques. Amyloid precursor protein is first cleaved by a-secre-
tase or f-secretase producing C83 or C99, respectively. Subse-
quently, y-secretase cleaves C83 or C99 into peptide P3 or Ap,
respectively [3]. Neurofibrillary tangles are composed of highly
phosphorylated tau (p-tau) [4]. Accumulation of Af in the
brain might be responsible for the pathogenesis of AD [5]. To
date, no “disease-modifying” drug has shown therapeutic bene-
fits and acceptable safety. Some newly developed drugs have
failed in clinical trials [6].

The close relationship between epilepsy and AD has been dem-
onstrated in the past years. Some clinical studies have noted a sig-
nificantly higher incidence of seizures in patients with AD than
that in age-matched population [7-10]. Experimental study has
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video-electroencephalographic recording has showed high inci-
dence of seizures in APPswe/PS1dE9 transgenic mice [12]. Fur-
thermore, seizure susceptibility was also found in mice
overexpressing the APP intracellular domain [13]. On the other
hand, aberrant increases in network excitability may contribute to
Ap-induced neurological deficits in hAPP mice [11]. Further, it is
suggested that fluctuations in neural activity regulate the vulnera-
bility to Af deposition in transgenic mice models [14]. Hence,
aberrant excitatory neuronal activity has been regarded as pri-
mary upstream mechanism of AD [10]. In vivo study has shown
that reduction of hippocampal hyperactivity by antiepileptic drugs
could improve cognition in patients with amnestic mild cognitive
impairment [15]. The findings support regulation of neural activ-
ity as a new therapeutic strategy for AD.

As a traditional first-line antiepileptic drug, valproic acid (VPA)
could significantly inhibit production of Af and p-tau and
improve behavioral performance in AD mouse models [16,17]. It
remains uncertain whether new antiepileptic drugs could reverse
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neuropathology and cognitive deficits in AD transgenic mice. The
therapeutic effects of VPA have been partly ascribed to inhibition
of histone deacetylase (HDAC) [16]. The activity of topiramate
(TPM) and levetiracetam (LEV) as HDAC inhibitor has been dem-
onstrated [18]. Additionally, TPM and LEV could exert positive
effects on neuroprotection and anti-inflammation, both of which
are involved in AD pathogenesis [19-21]. Hence, it is significant
and of interest to investigate the effects of antiepileptic drugs
(TPM and LEV) on the behavioral performance and neuropathol-
ogy in an AD mouse model.

APPswe/PS1dE9 transgenic mice over express the Swedish
mutation of amyloid precursor protein together with presenilin 1
deleted in exon 9 [22]. The mice show increase in Aff plaques
from the age of 4 months, glial activation, and deficits in cognitive
functions from the age of 6 months. Hence, APPswe/PS1dE9
transgenic mice were wildly used in research of AD [23]. In the
present study, we used the APPswe/PS1dE9 transgenic mouse
model to provide direct evidence for the protective effects of TPM/
LEV on behavior and neuropathology. VPA (a traditional antiepi-
leptic drug and a well-known HDAC inhibitor), which could exert
therapeutic effects in AD mouse models, was used as a positive
control.

Materials and Methods
Transgenic Mice and Drugs Treatment

APPswe/PS1dE9 transgenic mice (7 months old) were obtained
from the Institute of Zoology, Chinese Academy of Sciences and
were housed in an air-conditioned room under a 12-h light/12-h
dark cycle (lights on, 8:00 am through 8:00 pm). Food and water
were provided ad libitum. Mice were injected with 20 mg/kg TPM,
50 mg/kg LEV, or 30 mg/kg VPA i.p., respectively, at the same
time once daily, for 30 days. Control mice were injected with PBS.
All animal procedures were carried out in accordance with Chi-
nese Association for Laboratory Animal Sciences Guide for Care
and Use of Laboratory Animals and were approved by the Nanjing
Medical University Experimental Animal Care and Use Commit-
tee. All efforts were made to minimize the suffering of the animals.

Morris Water Maze

The Morris water maze test was performed as described elsewhere
[16]. The water maze test was performed in a 1.5-m diameter
pool, and a 10-cm diameter platform was placed in the southeast-
ern quadrant in the hidden trials. The procedure consisted of
4 days of hidden platform tests and a probe trial 24 h after the
last hidden platform test. In the hidden platform tests, mice were
trained for four trials, with an intertrial interval of 1 h.

Immunohistochemical Staining

Mice were anesthetized and sacrificed. Then, the brains were
removed and cut into halves. One half was used for Western
blotting, and the other for immunohistochemistry. The latter
for immunohistochemistry was fixed in 4% paraformaldehyde
for 20 h. After dehydration with alcohol, the brains were
embedded in paraffin and cut into 3-4-um sections. Sections
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were deparaffinized, hydrated in distilled water, treated with
3% H,0, for 10 min to remove residual peroxidase activity,
and rinsed again with PBS. Sections were permeabilized with
1% NP-40 and 0.1% Triton X-100 for 10 min, rinsed in PBS,
blocked with 10% normal goat serum, and incubated with pri-
mary antibody (rabbit anti-f-amyloid;_4,, 1:600) overnight.
After being rinsed in PBST (PBS containing 0.05% Tween-20),
sections were further incubated with secondary antibody. The
immunoreactivity was developed using 3,3’-Diaminobenzidine
(DAB) for 3-10 min. Plaques were counted under a microscope
at 40x magnification. Plaques were quantified, and the mean
plaque count per slice was recorded for each mouse.

Thioflavin T Staining

Thioflavin T staining was performed as follows. Sections were
deparaffinized and hydrated in distilled water. They were then
stained in Mayer’s hematoxylin for 1 min, washed in running
water for 5 min, rinsed in distilled water, and placed in 1% thio-
flavin T for 5 min. Sections were then differentiated in 70% alco-
hol for 5 min, rinsed in distilled water twice, and mounted in
glycerin jelly. The thioflavin T staining was examined using a fluo-
rescence microscope.

Cell Culture and Drug Treatments

Human SH-SY5Y neuroblastoma cells were obtained from ATCC.
The SH-SY5Y cells were maintained in DMEM supplemented with
10% FBS, 100 g/mL streptomycin, and 100 IU/mL penicillin.
Then, 0.25 mM TPM, 0.25 mM LEV, or 1.0 mM VPA was added
into the culture media, with PBS used as a control.

Okadaic acid (Sigma-Aldrich, St. Louis, MO, USA) was used to
induce tau hyperphosphorylation [17]. The cells were treated
with okadaic acid at 20 nM for 12 h prior to the treatment of anti-
epilepsy drugs.

Western Blotting

The following primary antibodies were used: mouse anti-LRP1 anti-
body [5A6] (1:3000; Merck, Darmstadt, Germany), rabbit anti-
RAGE antibody (1:1000; Cell Signaling Technology, Denver, MA,
USA), rabbit anti- phospho-tau-pSer396 antibody (1:1000; Abcam,
Cambridge, MA, USA), rabbit anti-tau antibody (1:400; Abcam),
rabbit anti-APP carboxyl terminal antibody (1:4000; Sigma), rabbit
anti-BACE! antibody (1:1000; Cell Signaling), rabbit anti-phospho-
GSK3p-pSer9 (1:1000; Cell Signaling), rabbit anti-GSK3f (1:1000;
Cell Signaling), rabbit anti-phospho-Akt-pSer473 (1:1000; Cell
Signaling), rabbit anti-Akt (1:1000; Cell Signaling), rabbit anti-
phospho-AMPKo-pThrl172 (1:1000; Cell Signaling), rabbit anti-
AMPKo (1:1000; Cell Signaling), rabbit anti-Acetyl-Histone H4
(Lys5) (1:1000; Cell Signaling), rabbit anti-beclin 1 antibody
(1:1000; Cell Signaling), rabbit anti-LC3 antibody (1:1000; Sigma),
and mouse anti-f-actin antibody (1:1000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA).

Western blotting was performed as described elsewhere [24].
Brain tissue or cells were lysed in Radio-Immunoprecipitation
Assay (RIPA) lysis buffer supplemented with protease inhibitors
(Complete; Roche, Indianapolis, IN, USA). The lysates were
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resolved by SDS-PAGE. Supernatants and the final pellets from
each sample were heat-blocked for 5 min in loading buffer
(125 mM Tris—HCI, 20% glycerol, 10% 2-mercaptoethanol, 4%
SDS, 0.02% bromophenol blue, pH 6.8) and then subjected to
electrophoresis on 10-20% Tris—glycine SDS-PAGE gels. Proteins
were then electrically transferred to a transfer membrane (Bio-
Rad, Hercules, CA, USA) and blocked for 1 h in Tris—HCl-buffered
saline containing 5% skim milk and 0.1% Tween. Membranes
were incubated in primary antibodies at 4°C overnight in TBS buf-
fer containing 5% bovine albumin. Membranes were then rinsed
with TBS buffer containing 0.1% Tween 20, incubated with
Horseradish peroxidase (HRP)-labeled secondary antibody for 2 h,
and then stained with detection reagents. Finally, membranes
were developed using the enhanced chemiluminescence (ECL)
system. Immunoreactivity was quantified using ImageJ software
(Rasband, MD, USA) [25].

Af42 ELISA

Tissue extracts from transgenic mouse hippocampal and neocorti-
cal regions, and conditioned cell culture media were collected.
The levels of soluble and insoluble Af,, in brain samples were
quantified using ELISA, as described elsewhere [26]. Briefly, brain
tissue was homogenized in extraction buffer consisting of 50 mM
Tris (pH 7.4), 2 mM EDTA, 400 mM NacCl, and Complete protease
inhibitor cocktail (Roche). The homogenates were centrifuged at
20,000 x g for 5 min at 4°C. The resulting supernatants were ana-
lyzed for soluble Af. The pellets were homogenized in 70% formic
acid and centrifuged at 44,000 x g for 5 min at 4°C. The resulting
supernatants were neutralized with 1 M Tris and then diluted in
ELISA buffer for the measurement of insoluble AfS. Samples were
prepared from five animals in each group. All samples were ana-
lyzed in triplicate. Standard curves were made using human Af,,
standards provided in the ELISA kit (Invitrogen, Camarillo, CA,
USA).

Statistical Analysis

Statistical analyses were performed by an individual blinded to
the groups. All results were expressed as means £+ SD and exam-
ined for the homogeneity of variance. Statistical analysis was per-
formed using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).
Group differences in the escape latency and path length during
the Morris water maze test were analyzed using two-way analysis
of variance (ANOVA) with repeated measures followed by Bonfer-
roni multiple comparison test with day and treatment as the
sources of variation. All other data were analyzed with a one-way
ANOVA followed by LSD procedure (if variances were equal) or
Games—Howell procedure (if variances were unequal). A value of
P < 0.05 was considered to be statistically significant.

Results

Both TPM and LEV Decrease Neuritic Plaque
Burden in APPswe/PS1dE9 Transgenic Mice

We first examined whether TPM/LEV could inhibit amyloid
plaque deposition in APPswe/PSIdE9 transgenic mice. Brain
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tissues from vehicle-, TPM-, LEV-, and VPA-treated mice were
subjected to Af immunohistochemistry. TPM, LEV, and VPA
reduced amyloid plaque deposition in the cortex and hippo-
campus compared with vehicle treatment (Figure 1A). Semi-
quantitative analysis revealed that TPM, LEV, and VPA treat-
ment reduced plaque number by 45.8, 51.9%, and 53.1%,
respectively  (14.1 £2.9, 125+ 3.7 and 12.2 £33 s,
26.0 + 4.9, P < 0.05; Figure 1C). Post hoc analysis revealed no
significant differences between TPM and VPA (P = 0.265) or
between LEV and VPA (P = 0.859). To confirm the neuro-
pathological changes in vivo, thioflavin T staining was used to
detect neuritic plaques. Consistent with the observations fol-
lowing Af immunohistochemistry, we observed a marked
reduction in the numbers of senile plaques in the cortex and
hippocampus in the TPM-, LEV-, and VPA-treated groups (Fig-
ure 1B).

Both TPM and LEV Reverse Behavioral Deficits in
APPswe/PS1dE9 Transgenic Mice

To investigate whether TPM and LEV could alleviate memory
impairments, the Morris water maze was used to assess the effects
of different drugs on spatial memory. In the hidden platform trial,
mice in the TPM-, LEV-, and VPA-treated groups showed signifi-
cant improvements compared with the vehicle group. TPM-, LEV-
, and VPA-treated mice showed a shorter escape latency on the
fourth day after treatment than did vehicle-treated mice
(27.97 £ 10.24, 23.22 + 6.90, and 21.21 £ 5.95 VvSs.
49.04 + 19.41, P < 0.05; Figure 2A). Similarly, TPM-, LEV-, and
VPA-treated mice showed a shorter swimming distance to find the
platform on the fourth day after treatment than did vehicle-trea-
ted mice (3.09 + 1.21, 2.46 £+ 0.65, and 2.35 + 0.64 vs.
5.25 £ 2.14, P < 0.05; Figure 2B). In the probe trial, TPM-, LEV-,
and VPA-treated mice travelled into the southeastern quadrant,
where the hidden platform was placed, significantly more times
than did control mice (6.25 + 0.71, 7.25 4+ 0.50, and 5.60 + 1.34
vs. 2.80 + 0.45, P < 0.05; Figure 2C). In terms of escape latency/
path length on the fourth day after treatment and crossing plat-
form times in the probe trial, post hoc analysis detected no signifi-
cant differences between TPM and VPA or between LEV and VPA.

Both TPM and LEV Up-Regulate Af Transport
Across the Blood-Brain Barrier in APPswe/
PS1dE9 Double-Transgenic Mice

To clarify the mechanisms by which TPM and LEV inhibited pla-
que deposition, the Af concentrations in brain and peripheral
blood were examined by ELISA. As expected, TPM, LEV, and VPA
reduced the brain soluble Af,, concentration to 28.8%, 31.1%,
and 32.2%, respectively (670.03 £ 143.83 pg/mg protein,
647.91 £ 122.65 pg/mg protein, and 638.11 + 63.45 pg/mg pro-
tein vs. 940.53 £ 105.66 pg/mg protein, P < 0.05; Figure 3A).
Meanwhile, TPM, LEV, and VPA reduced brain insoluble Af,,
concentration to 37.2%, 42.9%, and 43.3%, respectively
(59.81 £ 10.17 pg/mg protein, 54.38 £ 9.80 pg/mg protein, and
54.00 £ 9.22 pg/mg protein vs. 95.22 + 3.28 pg/mg protein,
P < 0.05; Figure 3B). Post hoc analysis detected no significant dif-
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Figure 1 Effects of topiramate (TPM) and levetiracetam (LEV) on neuritic plaque formation in APPswe/PS1dE9 double-transgenic mice. APPswe/PS1dE9
transgenic mice aged 7 months were treated with 20 mg/kg topiramate (TPM) or 50 mg/kg LEV for 30 days, whereas age-matched control APPswe/
PS1dE9 mice received vehicle solution (Ctrl) as a negative control or 30 mg/kg valproic acid (VPA) as a positive control. After behavioral tests, the mice
were killed and the brains were dissected, fixed, and sectioned. (A) Neuritic plaques were detected by immunohistochemistry using an Af1-42 antibody.
The plaques were visualized by microscopy with 200x magnification. All histone deacetylase inhibitors significantly reduced the numbers of neuritic
plaques in the cortex (Cort) and hippocampus (Hippo) of mice compared with controls. Black arrows point to plaques. Bars: 100 um. (B) Neuritic plaques
were further confirmed by thioflavin T staining and visualized under 200x magnification. White arrows point to plaques. Bars: 100 um. (C) Quantification
of neuritic plaques in APPswe/PS1dE9 mice in each group; the numbers represent the mean £ SD. n = 6 mice each. *P < 0.05 by one-way ANOVA.
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ferences between TPM and VPA or between LEV and VPA in brain
soluble and insoluble Af concentrations.

An imbalance between Af generation and Af clearance results
in neuritic plaque formation. Af transport across the blood-brain
barrier, which is mediated by LRP1 and RAGE, contributes to Aff
removal from the brain. Significantly, treatment with TPM, LEV,
and VPA enhanced peripheral blood Af,4, concentration to 362%,
168%, and 208%, respectively (360.89 £+ 49.11 pg/mL,
131.44 £ 34.53 pg/mL, and 162.56 £ 16.06 pg/mL VSs.
78.11 &£ 21.11 pg/mL, P < 0.05; Figure 3C). Post hoc analysis
revealed that the blood Af,, concentration in TPM-treated mice
was significantly higher than that in the LEV and VPA groups
(P < 0.05). To further explore the mechanism, the levels of LRP1
and RAGE in the brains of each group were examined by Western
blotting (Figure 3D). TPM, LEV, and VPA treatment significantly
increased the LRP1 level in brains to 173 + 39.2%, 158 + 42.0%,
and 159 £ 36.1%, respectively (Figure 3E). There were no
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significant differences in RAGE level between the drug-treated
groups and the vehicle group (Figure 3E).

Both TPM and LEV Up-Regulate Autophagic
Proteins in APPswe/PS1dE9 Double-Transgenic
Mice and SH-SY5Y Cells

We then measured autophagy-associated proteins in the brains of
APPswe/PS1dE9 transgenic mice. Beclin 1 and LC3 levels were
determined by Western blotting. As shown in Figure 4A,B, TPM,
LEV, and VPA induced significant increases in the level of beclin 1
to 232 £ 36.1%, 286 + 66.1%, and 248 + 48.1%, respectively,
and in the levels of LC3-II/LC3-I to 207 = 50.1%, 170 £ 30.1%,
and 175 £ 31.2%, respectively. We further examined the levels
of beclin 1 and LC3 in SH-SY5Y cells. As expected, TPM, LEV, and
VPA treatment increased the level of beclin 1 to 168 £+ 30.4%,
215 + 48.8%, and 225 £ 62.0%, respectively, and that of LC3-11/
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LC3-Ito 224 + 17.6%, 254 £ 22.0%, and 333 + 55.3%, respec-
tively (Figure 4C,D). Collectively, these results suggest that the
clearance of amyloid plaques by TPM and LEV may be mediated
by up-regulation of autophagy.

Both TPM and LEV Reduce Tau Phosphorylation
in APPswe/PS1dE9 Double-Transgenic Mice and
Okadaic Acid-Treated SH-SY5Y Cells

Abnormal hyperphosphorylation of tau is another pathological
characteristic of AD. Hence, we asked whether TPM and LEV
administration could impact tau phosphorylation. P-Tau (p*¢">¢)
was detected by Western blotting in an animal model (APPswe/
PS1dE9 transgenic mice) and a cell model (okadaic acid-treated
SH-SY5Y cells) (Figure 5A). As shown in Figure 5A, the levels of
total tau showed no significant differences between control and
drug-treated groups. However, TPM, LEV, and VPA reduced the
expression levels of p-tau to 48.0 &+ 2.20%, 51.1 £+ 1.09%, and
24.8 + 1.24%, respectively, in the animal model, and to
39.9 £ 11.0%, 55.0 = 16.8%, and 34.0 £ 14.7%, respectively,
in the cell model (Figure 5B).

Both TPM and LEV Regulate APP Processing in
APPswe/PS1dE9 Double-Transgenic Mice and SH-
SY5Y cells

We have shown that TPM and LEV inhibit amyloid plaque deposi-
tion in APPswe/PS1dE9 transgenic mice. To investigate the under-
lying mechanisms, the levels of some key proteins in the APP
processing pathway were determined by Western blotting,
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buffer. LRP1 and RAGE were detected by
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brains. TPM, LEV, and VPA significantly
increased LRP1 expression, but exerted no
significant effect on RAGE expression. n = 3.
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*P < 0.05 by one-way ANOVA.

including APP-full length (FL), BACEI, and APP C-terminal frag-
ments (CTFs) (Figure 5C). TPM, LEV, and VPA had no influence
on APP-FL or BACEI levels in animals (Figure 5C,D). Signifi-
cantly, they increased APP-CTF levels in mouse brains to
170 £ 33.1%, 192 £ 24.2%, and 151 £ 36.9%, respectively
(Figure 5C,D). To further confirm the effects of TPM and LEV on
Ap production, we measured Afi,, concentration in the condi-
tioned media of cultured SH-SY5Y cells. TPM, LEV, and VPA
significantly reduced Af4, concentration compared with
vehicle (19.23 & 2.22 pg/mL, 32.98 &+ 0.45 pg/mL, and 23.41 +
4.69 pg/mL vs. 75.48 + 1.63 pg/mL, P < 0.05) (Figure 5E). Fur-
thermore, TPM, LEV, and VPA significantly increased APP-CTE
level in SH-SY5Y cells to 171 £ 9.02%, 189 4+ 13.1%, and
180 + 11.2%, respectively (Figure 5F,G), with no impact on the
levels of APP-FL and BACE1 (Figure 5F,G). Together, these find-
ings show that TPM and LEV decrease Af4, production and
increased the levels of APP-CTFs in both APPswe/PS1dE9 trans-
genic mice and SH-SY5Y cells. These results suggested that TPM
and LEV inhibited the APP amyloidogenic pathway and down-
regulated y-secretase cleavage of APP.

Both TPM and LEV Inhibit GSK3p Activation and
Increased the Activation of Akt and AMPK in
APPswe/PS1dE9 Double-Transgenic Mice and SH-
SY5Y Cells

We have shown that TPM and LEV decrease Af production by
inhibiting y-secretase cleavage of APP. In addition, TPM and LEV
reduced the levels of p-tau in vivo and in vitro. GSK 3f is a key
protein, with a pivotal role in both Af production and phosphory-
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Figure 4 Effects of topiramate (TPM) and
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LC3.n = 3. *P < 0.05 by one-way ANOVA.

lation of tau. To determine whether the protective effects of TPM
and LEV were mediated by GSK 34, the level of p-GSK 3f (p¢*)
(the inhibitory phosphorylation site) in the brains of APPswe/
PS1dE9 transgenic mice was measured by Western blotting
(Figure 6A). As shown in Figure 5, there were no significant
differences in the level of total GSK 3f between vehicle- and
drug-treated mouse brains. However, TPM, LEV, and VPA induced
significant increases in the level of p-GSK 3f (p*) to
185 + 43.8%, 190 + 33.5%, and 237 + 41.3%, respectively
(Figure 6B). Furthermore, the levels of p-Akt (p5“™7%) in TPM,
LEV, and VPA-treated mice were increased to 132 4 4.91%,
140 £+ 9.28%, and 128 + 14.8%, respectively, while those of p-
AMPKo (p™'72) were increased to 296 + 45.6%, 379 + 80.6%,
and 279 + 41.1%, respectively (Figure 6B). Consistent with the
transgenic mice data, TPM, LEV, and VPA treatment in vitro also
increased the level of p-GSK 38 (p5™) to 154 + 14.1%,
188 + 44.5%, and 208 £ 35.9%, respectively (Figure 6C,D). As
expected, the levels of p-Akt (p*™7?) in TPM, LEV, and VPA-trea-
ted SH-SY5Y cells were increased to 263 £ 54.5%, 244 + 48.7%,
and 298 + 55.3%, respectively, while those of p-AMPKu« (p™'72)
were increased to 161 +43.4%, 174 +£47.2%, and
195 + 57.9%, respectively (Figure 6C,D). Collectively, our data
indicate that both TPM and LEV inhibit GSK3f activation and
increased the activation of Akt and AMPK.

Both TPM and LEV Increase Histone H4
Acetylation in APPswe/PS1dE9 Double-
Transgenic Mice

To further explore potential mechanism, we investigated the level
of acetylated histone H4 in the brains of APPswe/PS1dE9 double-
transgenic mice. As expected, TPM, LEV, and VPA induced signifi-
cant increases in the level of acetylated histone H4 (Lys5) to
227 £ 1.81%, 277 £ 1.58%, and 351 £+ 7.50%, respectively

© 2013 John Wiley & Sons Ltd
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(Figure 6E,F). Our data indicate that protective effects of TPM and
LEV in APPswe/PS1dE9 transgenic mice might be associated with
inhibition of HDAC.

Discussion

In this study, the new antiepileptic drugs and potential HDAC
inhibitors TPM and LEV showed protective effects against behav-
ioral impairment and neuropathology in APPswe/PS1dE9 trans-
genic mice. First, TPM and LEV alleviated behavioral deficits in
APPswe/PS1dE9 transgenic mice. Second, TPM and LEV reduced
amyloid plaque burden and tau phosphorylation. Third, TPM and
LEV enhanced Af transport across the blood-brain barrier in APP-
swe/PS1dE9 double-transgenic mice. Fourth, TPM and LEV
increased autophagy in vivo and in vitro. Fifth, TPM and LEV inhib-
ited amyloidogenic APP processing at the y-secretase site and reg-
ulated the activation of AMPK/Akt/GSK3f in vivo and in vitro. At
last, TPM and LEV inhibited HDAC activity in vivo.

Histone deacetylase inhibitors have recently been regarded as a
new promising therapy for neurodegenerative disorders, because
of their neuroprotective, neurotrophic, and anti-inflammatory
properties [27,28]. The classical HDAC inhibitor VPA has shown
therapeutic effects in models of cancer, stroke, AD, Parkinson’s
disease, and experimental encephalomyelitis
[16,17,29-34]. The mechanisms involved in its protective effects
against AD might include suppression of spontaneous epileptiform
discharges, regulation of the GSK-3p/f-catenin/Wnt pathway,
and inhibition of inflammation [35,36]. Considering the signifi-
cant toxic effects in patients with AD treated with VPA in a clinical
trial, more effective and safer HDAC inhibitors were needed
[37,38]. The present study showed that TPM and LEV inhibited
HDAC activity in APPswe/PS1dE9 transgenic mice.

As new antiepileptic drugs, the safety of TPM and LEV is
accepted because of fewer drug interactions and simpler pharma-
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Figure 5 Effects of topiramate (TPM) and levetiracetam (LEV) on phosphorylated tau (p-tau) and APP processing pathways in APPswe/PS1dE9 double-
transgenic mice and SH-SY5Y cells. (A) Western blotting was used to detect the levels of phosphorylation of tau at Ser 396 and total tau in brain tissues
from APPswe/PS1dE9 transgenic mice and OA-treated SH-SY5Y cells in each group. (B) Quantification of p-tau in brain tissues and cells. TPM, LEV, and
valproic acid (VPA) significantly reduced p-tau expression. n = 3. *P < 0.05 by one-way ANOVA. (C) Brain tissues from APPswe/PSTdE9 mice were
subjected to Western blotting to determine the levels of APP-full length (FL), BACE1, and APP-CTFs, with f-actin as a loading control. (D) Quantification of
APP-FL, BACE1, and APP-CTFs in brain tissues. TPM, LEV, and VPA significantly increased APP-CTF production. n = 3. *P < 0.05 by one-way ANOVA. (E)
ELISA assay was conducted to measure the Af42 level in the conditioned media of SH-SY5Y cells. The cells were cultured for 1 week before drug
treatment for 24 h. Unit: pg/mL. n = 3. *P < 0.05 by one-way ANOVA. (F) SH-SY5Y cells were subjected to Western blotting to determine the levels of
APP-FL, BACE1, and APP-CTFs, with f-actin as a loading control. The cells were cultured for 1 week before drug treatment for 24 h. (G) Quantification of

APP-FL, BACE1, and APP-CTFs in SH-SY5Y cells. TPM, LEV, and VPA significantly increased APP-CTF production. n = 3. *P < 0.05 by one-way ANOVA.

cokinetics [39]. More importantly, it was shown that TPM
increased survival rate and saved hippocampal neurons by pro-
tecting hippocampal mitochondria against external calcium
challenge [19]. In neonatal rat model of right carotid artery liga-
tion, TPM extended the therapeutic window for hypothermia-
mediated neuroprotection [40]. TPM promoted neurological
recovery in rats after traumatic brain injury [41]. In rat model of
cervical spinal cord injury, TPM increased tissue sparing and pre-
served oligodendrocytes [42]. In the rat middle cerebral artery
occlusion model, LEV significantly reduced the infarct volume
[43]. In experimental status epilepticus, LEV protected against
mitochondrial dysfunction [44]. Another study suggested that
LEV reduced the decrease in CA3 neuron and attenuated Brain-
derived neurotrophic factor (BDNF) expression in the dentate
gyrus, striatum radiatum and CA3 [45]. Together, Both TPM and
LEV have been proven to be neuroprotective in the animal models

878 CNS Neuroscience & Therapeutics 19 (2013) 871-881

of other central nervous system diseases. In the present study, our
data showed that TPM and LEV ameliorated neuropathology and
water maze performance deficits in APPswe/PS1dE9 transgenic
mice.

Both Af generation and Af clearance are pivotal processes in
the deposition of amyloid plaques. GSK-3f regulates Aff genera-
tion by inhibition of y-secretase. Meanwhile, autophagy is a key
clearance pathway involved in the removal of aberrant aggregates
of Af. AMPK, which inhibits GSK-3/ activity and decreases mTOR
signaling activity to facilitate autophagic degradation of Af, has
been a focus of recent research [46]. It is suggested that AMPK
activation might decrease Afi generation through regulating APP
processing [47-49]. Furthermore, AMPK was shown to be
involved in the effects of GSK-3f inhibitors in decreasing Ap
production [50]. Consistent with studies from other groups, our
results suggested that TPM and LEV reduced Af generation,

© 2013 John Wiley & Sons Ltd
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inhibited y-secretase activity, and modulated the activity of the
AMPK/Akt/GSK-3f pathway in vivo and in vitro. On the other
hand, AMPK activation could control mTOR signaling, autophagy,
and Ap clearance [51]. Autophagy has been shown to be dysfunc-
tional in patients with AD, and modulation of autophagy has
become a new therapeutic target for the treatment of AD [52-54].
In the present in vivo and in vitro study, TPM and LEV increased
activation of AMPK, which might enhance autophagy. Further
work is needed to explore whether the effects of TPM and LEV
were mediated by regulation of AMPK using AMPK activators/
inhibitors or small interfering RNAs.

In the classical Af cascade hypothesis, AD is caused by an
imbalance between Af production and clearance, which results
in amyloid plaques in brain. A recent study suggested that an
impairment of Af clearance might be a major cause of sporadic
AD [55]. Indeed, an animal model of AD showed defective
brain-to-blood transport of Af, which is an important mode of
Af clearance [56]. The most pivotal receptors involved in Af
transport across the blood-brain barrier are LRP1 (Af transport

© 2013 John Wiley & Sons Ltd

from brain to blood) and RAGE (Af transport from blood to
brain), which have been regarded as promising new therapeutic
targets for treatment of AD [57]. Our results indicated that TPM
and LEV increased Af transport from brain to blood through the
up-regulation of LRP1 expression, with no significant impact on
RAGE expression. Further work is needed to investigate the
detailed mechanisms involved in the regulation of LRP1 by TPM
and LEV.

A recent study showed that chronic treatment with LEV
reversed aberrant neural network activity, behavior deficits, and
synaptic deficits in hAPPJ20 mice [58]. In line with the findings,
our study suggested similar protective effects on behavior deficits
in APPswe/PS1dE9 transgenic mice. However, prolonged LEV
treatment (s.c. for 20 days) did not change Ap level in the hippo-
campus of hAPPJ20 mice at 3 month of age (before formation of
amyloid plaques) [58]. Alteration of Aff level in the cortex of hAP-
PJ20 mice was not included. In our study, we found that chronic
LEV treatment (i.p. for 30 days) reduced soluble and insoluble
AP4s level in the brains (including cortex and hippocampus) of
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APPswe/PS1dE9 mice at 7 month of age (formation of amyloid
plaques). The paradoxical effects of LEV on Af in different studies
might be ascribed to different animal strains and various routes of
drug administration. In addition, the different age-month of the
mice in the two studies might also cause the contradictory results.

Topiramate is approved for partial onset and generalized epi-
lepsy in children and adults and for migraine prophylaxis in
adults. A randomized double-blind study showed that TPM-
induced cognitive impairment is dose-dependent with significant
effects at 192 and 384 mg/day, but not at 64 or 96 mg/day [59].
Another randomized, double-blind, placebo-controlled, multicen-
ter study showed that 100 mg/day TPM exerted no effects on
learning, memory, and executive function in migraine patients
aged 12 through 17 years [60]. It suggested that the effects of TPM
on cognition might associate with different dose and various dis-
eases. An experimental study suggested that 20 mg/kg but not
100 mg/kg significantly ameliorated water maze performance def-
icits in the rat model of pilocarpine-induced temporal lobe epi-
lepsy [61]. To date, there is little information about the effects of
TPM on cognition in AD transgenic mice. To avoid side effects
associated with large dose, we chose 20 mg/kg TPM in the present
study. The present study provided direct evidence for the protec-
tive effects of TPM against behavioral impairment in APPswe/
PS1dE9 transgenic mice.

To confirm the effect of antiepileptics in vivo, neuron-like SH-
SY5Y cells were used to obtain the in vitro data. Okadaic acid, a
potent inhibitor of PP1 and PP2A phosphatases, was used to
induce tau hyperphosphorylation [17]. Consistent with previous

J-Q. Shi et al.

study, potent HDAC inhibitor TPM and LEV reduced hyper-
phosphorylated tau in okadaic acid-treated SH-SY5Y cells. The
effects and mechanisms of antiepileptics on Af clearance and pro-
duction pathway were investigated in vivo, which were further
confirmed in vitro SH-SY5Y cells.

In conclusion, the current study reveals neuroprotective effects
of TPM and LEV against the neuropathology and behavioral
impairment in APPswe/PS1dE9 transgenic mice. TPM and LEV
increased Af clearance and up-regulated Af transport and auto-
phagic degradation. TPM and LEV inhibited Af generation and
suppressed y-secretase activity. TPM and LEV inhibited GSK-3p
activation and increased the activation of AMPK/Akt activation.
Further, TPM and LEV inhibited HDAC activity in vivo. Therefore,
TPM and LEV might have the potential to treat AD effectively in
patient care. However, their efficacy and safety should be further
investigated in clinical trials.
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