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Huperzine A (HupA) is a reversible and selective inhibitor of acetylcholinesterase (AChE), and it has multiple targets when used for
Alzheimer’s disease (AD) therapy. In this study, we searched for new mechanisms by which HupA could activate Wnt signaling and
reduce amyloidosis in AD brain. A nasal gel containing HupA was prepared. No obvious toxicity of intranasal administration of HupA was
found in mice. HupA was administered intranasally to f-amyloid (Af) precursor protein and presenilin-1 double-transgenic mice for
4 months. We observed an increase in ADAMI0 and a decrease in BACEI and APP695 protein levels and, subsequently, a reduction in
AP levels and Ap burden were present in HupA-treated mouse brain, suggesting that HupA enhances the nonamyloidogenic APP
cleavage pathway. Importantly, our results further showed that HupA inhibited GSK3a/f activity, and enhanced the f-catenin level in the
transgenic mouse brain and in SH-SY5Y cells overexpressing Swedish mutation APP, suggesting that the neuroprotective effect of
HupA is not related simply to its AChE inhibition and antioxidation, but also involves other mechanisms, including targeting of the

Whnt/f-catenin signaling pathway in AD brain.

INTRODUCTION

Alzheimer’s disease (AD), which is increasing in prevalence,
is a long-term condition that is expensive to treat and is
now a major public health problem for aging populations
around the world. Pathologically, AD is characterized by
extracellular f-amyloid (Af) plaques, intracellular neurofi-
brillary tangles, and selective cholinergic neuronal loss in
the brain regions involved in learning and memory.
Clinically, cholinesterase inhibitors, such as donepezil,
galantamine, rivastigmine, and huperzine A (HupA), which
are believed to act by blocking acetylcholine degradation
and increasing the function of the surviving cholinergic
neurons, have been shown to have beneficial effects by
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improving general cognitive function and reducing beha-
vioral disturbances (Wang et al, 2001; Ceravolo et al, 2004;
Erkinjuntti et al, 2004; Sicras and Rejas-Gutierrez, 2004; van
der Staay and Bouger, 2005; Alisky, 2006; Mori et al, 2006).
Recently, the multiple targets of cholinesterase inhibitors
used to treat AD have received increasing attention (Lahiri
et al, 2004; Zhang and Tang, 2006; Zhang et al, 2008a;
Akaike et al, 2010).

The canonical Wnt signaling pathway has an important
role in neuronal development and maintenance of the
nervous system (Patapoutian and Reichardt, 2000). Recent
studies have shown that Wnt signaling is involved in
neurodegenerative diseases, especially in acetylcholinester-
ase (AChE) and Af-mediated neurotoxicity (Inestrosa et al,
2000; Garrido et al, 2002; De Ferrari et al, 2003). First, AChE
is present in neuritic plaques in the AD brain (Geula and
Mesulam, 1995; Guillozet et al, 1997), and can enhance AfS
aggregation and plaque formation and may form AChE-Af
complexes (Alvarez et al, 1997). In vivo Af intrahippo-
campal injection and in vitro hippocampal neuronal culture
experiments have shown that the AChE-Af complexes
induce neuronal death more dramatically than Af peptide
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alone (Alvarez et al, 1998; Munoz and Inestrosa, 1999; Reyes
et al, 2004). Second, the levels of glycogen synthase kinase-
3f (GSK3p) and f-catenin, the two key molecules in the
Wnt signaling pathway (Willert and Nusse, 1998; Moon
et al, 2002), are altered dramatically in the brain of AD
model mice (Zhang et al, 1998; Pei et al, 1999), and
treatment with AChE-Af complexes reduces the level of
cytoplasmic f-catenin in cultured hippocampal neurons
(Alvarez et al, 2004). Finally, treatments with a Wnt cascade
activator (lithium) or antagonist (Frzb-1) can protect
against Af-induced neuronal death (Alvarez et al, 1999;
Inestrosa et al, 2004). Taken together, these studies
demonstrate that AChE-Af-dependent neurotoxicity may
result in a loss of neuroprotection of Wnt signaling
components, and that activation of Wnt signaling may
prevent cholinergic neuronal degeneration in AD. However,
whether the neuroprotective effect of cholinesterase in-
hibitors is related to the action of Wnt/f-catenin has not
been fully clarified.

HupA is a novel lycopodium alkaloid extracted from the
Chinese folk medicine, Huperzia serrata. HupA has several
beneficial effects for AD patients (Wang et al, 2006a) and, in
China it is one of the most commonly prescribed drugs for
many forms of dementia, including AD (Zhang et al, 2008b).
Apart from its well-known inhibitory effect on AChE (Zhu
and Giacobini, 1995; Cheng et al, 1996; Cheng and Tang,
1998), HupA is considered to have multiple neuroprotective
effects including anti-inflammatory and antioxidant proper-
ties (Wang and Tang, 2007; Wang et al, 2008; Zhang et al,
2008a), stimulation of the release of soluble «-secretase-
derived fragments of APP (sAPP«) (Zhang et al, 2004; Peng
et al, 2006; Yan et al, 2007), protection against A and
glutamate-induced neurotoxicity, and regulation of nerve
growth factor (Ved et al, 1997; Tang et al, 2005).
Interestingly, recent studies have shown that intranasal
administration of a nasal gel containing HupA is a suitable
system for delivery of HupA to the brain and, hence,
provides a potential strategy for chronic AD therapy (Yue
et al, 2007). Compared with the intravenous and oral
administration for chronic disease such as AD, intranasal
drug delivery does not require complicated medical
services. The drug is not affected by the absorption on the
basis of digestive tract circumstances and does not undergo
first pass effect of liver (Yagi et al, 2002; Tang et al, 2008).
HupA is a lipophilic weak alkaloid with a molecular weight
of 242.32. It has a good permeability and can be transferred
into the central nervous system via the nasal route (Yue
et al, 2007). However, the neuroprotective effects of nasal
gel HupA on AD transgenic mouse brain have never been
evaluated.

In this study, human f-amyloid precursor protein and
presenilin-1 (APP/PS1) double-transgenic mice were used
to evaluate the safety of intranasal administration of HupA.
Nasal gel HupA treatment did not show significant toxic
effects on mice. We further assessed the known effects of
HupA and investigated the possibility of a new mechanism
of HupA on AD therapy. Our in vivo experimental results
indicate that HupA inhibits the activity of GSK3, and
increases the level of f-catenin in APP/PS1 mouse brain.
Furthermore, the effects of HupA on inhibition of GSK3 and
activation of f-catenin were confirmed using human
neuroblastoma SH-SY5Y cells stably transfected with
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Swedish mutation APP (APPsw) in vitro. The present data
suggest that the neuroprotective effect of HupA is not only
related to its AChE inhibition, but also involves other
mechanisms, particularly targeting of the Wnt/f-catenin
signaling pathway in AD brain.

MATERIALS AND METHODS
Animals

APP/PS1 (APPswe/PSEN1dE9) double-transgenic mice and
wild-type C57BL/6 mice were originally obtained from the
Jackson Laboratory (West Grove, PA). They were kept in
cages in a controlled environment (22-25 °C, 50% humidity,
12-h light/dark cycle), fed a standard diet, and distilled
water was available ad libitum. All efforts were made to
minimize animal suffering and the number of animals used.
The experimental procedures were carried out in accor-
dance with the Chinese regulations involving animal
protection and approved by the animal ethics committee
of the China Medical University.

Preparation of Nasal Gel Containing HupA and
Administration to APP/PS1 Mice

HupA was purchased from Tau Biotech (Shanghai, China).
The drug was 98% pure as determined by HPLC. All other
chemicals were purchased from commercial suppliers and
were of reagent grade or better. Nasal gel containing HupA
was prepared according to a protocol described previously
with minor modifications (Yue et al, 2007). Briefly, 100 mg
HupA was dissolved in 1 ml hydrochloric acid (0.1 M). Nasal
gel (8.5 ml) was made by mixing 5% (w/v) mannitol, 0.18%
(w/v) methyl parahydroxybenzoate, and 0.02% (w/v) propyl
parahydroxy benzoate in deionized water, heating to 90 °C,
and then cooling to 40 °C. Next, 0.25% (w/v) carbomer and
0.1% (w/v) hydroxypropyl methylcellulose were added to
the mixture. Finally, HupA (1 ml) was mixed with nasal gel
(8.5ml) and the pH adjusted to 5.8 with trihydroxymethyl
aminomethane, and then deionized water was added to give
a final volume of 10 ml. This resulted in nasal gel HupA with
a concentration of 10 mg/ml that was ready for use.
APP/PS1 transgenic mice at 6 months of age were
randomly assigned to three groups (n=7 in each group),
a vehicle control group and two nasal gel HupA groups, and
treated intranasally once a day for 4 months with nasal gel
and nasal gel containing HupA, at doses of 167 and 500 pig/kg,
respectively. The doses of HupA chosen for this study were
based on a previous report showing that intranasal
administration of HupA, at 167 and 500 pg/kg, produced a
dose-dependent increase in the drug concentration in the
CSF and blood (Yue et al, 2007). Briefly, mice were hand-
restrained in a supine position. Nasal gel HupA was given
into one nostril according to the body weight using a pipette
tip attached to a 10 pl microsyringe. After treatment, mice
were kept in supine position for 1 min to ensure that nasal
gel was inhaled. This drug delivery process was repeated
daily through the other nostril alternately (Marks et al,
2009). To evaluate the effect of nasal gel HupA on APP/PS1
mouse brain, mice at the age of 10 months were
anaesthetized with sodium pentobarbital (50 mg/kg, i.p.)
and killed by decapitation. The brains were removed



immediately and split into halves. The right hemisphere was
placed in 4% paraformaldehyde and embedded in paraffin
for immunohistochemistry analyses, and the left hemi-
sphere was kept at —80 °C for biochemical, immunoblot,
RT-PCR. or ELISA analysis.

Scanning Electron Microscopy

Male C57BL/6 mice at 6 months of age were treated with
nasal gel and nasal gel containing HupA at doses of 167 and
500 pg/kg, respectively. A test solution was administered to
one side of the nostril once a day for seven consecutive
days. At 24 h after the last administration, mice were killed
and the nasal septum mucosa was removed. The samples
were fixed with 2.5% glutaraldehyde solution followed by
1% osmic acid. After being dried at the critical point of
carbon dioxide after dehydration, and coated with gold
using an ion coater, the samples were examined and images
were obtained using a scanning electron microscope (JSM-
T300).

Nissl Staining

Nissl staining was performed to assess whether nasal gel
HupA administration could affect the structure of the
olfactory bulb. In brief, male APP/PS1 mice at 6 months of
age were treated with nasal gel and nasal gel containing
HupA, respectively, for 1 month. Mice were anaesthetized
and killed by decapitation. The olfactory bulbs were
removed and immersed in 4% paraformaldehyde for 24h
at 4 °C. Serial 10-pm coronal sections were prepared with a
freezing microtome and stained with toluidine blue
according to previous report (Kim et al, 2007). A total of
20 sections taken at equal intervals were selected (sections
from 4.0 to 4.3 mm bregma) for the measurement of the area
of olfactory granule cell layer (OGL) (Kim et al, 2007), using
Image-pro Plus 6.0 analysis software.

BrdU Staining

Male APP/PS1 mice at 6 months of age were treated with
nasal gel and nasal gel containing HupA, respectively, for
1 month. Afterwards, 5'-bromodeoxyuridine (BrdU) label-
ing was performed according to a previous report with
minor modifications (Rochefort et al, 2002). Briefly, BrdU
(B5002, Sigma) was administered intraperitoneally (50 mg/
kg dissolved in 0.9% NaCl/0.07N NaOH) at 6h intervals
thrice per day for 3 continuous days. Mice were transcar-
dially perfused with saline 2h after the last injection. The
brains were removed and cryostat sections (10 um) were
prepared. Sections were pretreated with 2N HCI (Holick
et al, 2008) for 2h in a 37°C water bath for DNA
denaturation. Immunofluorescence staining and assessment
of neurogenesis in the subventricular zone (SVZ) were
performed by immunofluorescence assay with mouse anti-
BrdU antibody (1:100, B8434, Sigma) as described pre-
viously (Kuhn et al, 1996). Five sections per animal were
selected. The number and the area of BrdU-labeled cells in
SVZ were measured with a confocal laser scanning
microscope (SP2, Leica, Germany).
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Evan’s Blue Leakage Assay

APP/PS1 mice were treated with nasal gel HupA as
mentioned above. Quantitation of Evan’s blue (EB) leakage
was carried out according to the protocol described
previously (Lenzser et al, 2007; Lahoud-Rahme et al,
2009). Mice were intraperitoneally injected with 2% EB
(50 mg/kg) 24 h after the last intranasal treatment. After 5h,
blood samples were collected from eyes. Then, mice were
perfused with saline and the olfactory bulb, cortex, and
hippocampus were separated. Samples were incubated with
formamide for 72h and centrifuged at 12000r.p.m. for
10 min. The absorbance of the supernatants was measured
at 620 nm using a UV 1700 PharmaSpec ultraviolet spectro-
photometer (Shimadzu). EB concentrations were calculated
from standard curves. The value was expressed as EB/
specimen weight normalized to plasma EB concentration.

AChE, ChAT, GSH-PX, CAT Activity, and MDA Content
Measurements

The cortex of the left hemisphere of APP/PS1 mice treated
with nasal gel and nasal gel containing HupA, at doses of
167 and 500 ng/kg, respectively, were weighed and a
ninefold volume of phosphate-buffered saline was added
and then the sample was ground gently at 4°C. The
detection of AChE and choline acetylase (ChAT) activity in
the cortex of APP/PS1 mice was carried out by colorimetry
according to the instructions for the corresponding kits
(Jiancheng Biology, China). The absorbance was recorded at
520 and 324nm for AChE and ChAT, respectively. Total
protein levels were measured using a UV 1700 PharmaSpec
ultraviolet spectrophotometer. Glutathione peroxidase
(GSH-PX), CAT, and malondialdehyde (MDA) in the tissue
homogenates were determined by colorimetry using suita-
ble kits (Jiancheng Biology). The absorbance was recorded
at 412, 240, and 532nm for GSH-PX, CAT, and MDA,
respectively.

Cell Culture, Drug Treatments, and MTT Assay

Human neuroblastoma SH-SY5Y cells stably transfected
with APPsw or empty vector (neo) pCLNCXv.2 were made
using Lipofectamine 2000 (Invitrogen) and selected by G418
resistance, as reported previously (Zhang et al, 2006a, b;
Zheng et al, 2009). The cells were grown in Dulbecco’s
minimum essential medium (Gibco) supplemented with
10% heat-inactivated fetal bovine serum (Gibco) at 37 °C in
a humidified incubator containing 5% CO,, and were
transferred to serum-free medium 2h before drug treat-
ments. The cells were treated with the protease inhibitor
calphostin C or DKK-1 (R&D Systems) for 2h and then
treated with HupA for an additional 24 h. The cells were
harvested for RT-PCR and western blot analysis.

Cell viability was measured in 96-well plates by quanti-
tative colorimetric assay with MTT (Zheng et al, 2009; Yu
et al, 2010). Briefly, after drug treatments, cells were
incubated with medium containing 0.5mg/ml MTT at
37°C for 3h and then treated with dimethylsulfoxide. The
absorbance at 490 nm of each aliquot was determined using
a microplate reader (TECAN). Cell viability was expressed
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as the ratio of the signal obtained from the treated and
control cultures.

Immunohistochemistry and Confocal Laser Scanning
Microscopy

Serial 6-um coronal sections were prepared and the routine
ABC method was used to determine the distribution of Aff
in APP/PS1 mouse brain. Briefly, paraffin sections were
dewaxed, rehydrated, and treated in 0.1 M Tris-HCI buffer
(TBS, pH 7.4) containing 3% hydrogen peroxide (H,0,) for
10 min. Then, sections were boiled in TEG buffer for 5 min
in a microwave oven. After rinsing, the sections were treated
with 5% bovine serum albumin for 1h, and incubated
overnight with mouse anti-Af (1:500, A5213, Sigma) at 4 °C
in a humidified chamber. Control sections were treated with
identical solutions but without primary antibody. After
rinsing, sections were incubated with biotinylated goat anti-
mouse IgG (1:200) for 1h, followed by amplification with
streptavidin peroxidase for 1h. After rinsing, the sections
were treated with 0.025% 3,3-diaminobenzidine plus
0.0033% H,0, in TBS for 5min. The stained sections were
dehydrated, cleared, and covered with neutral balsam.
Sections were examined and images were collected using a
light microscope equipped with a digital camera (Olympus).
Quantification was carried out by taking micrographs of
five sections per brain. The number of Af-positive plaques
in the cortex and hippocampus was calculated, and the
comparison between vehicle control and nasal gel HupA
treatment groups was made using Image-Pro Plus 6.0
software. For Aff burden analysis, the percentage of the sum
of Af deposit areas compared with the total area of the
cortex and hippocampus was quantified, and the data were
analyzed with the above software.

For immunofluorescent staining, sections or culture cells
were preincubated with normal donkey serum (1:20,
Jackson ImmunoResearch Laboratory) for 1h and then
incubated overnight in mouse anti-OMP antibody (1:100,
sc-67219, Santa Cruz), or a mixture of primary antibodies,
mouse anti-Af (1:500), and rabbit anti-f-catenin (1:1000,
9582, Cell Signaling). Control sections were incubated with
normal serum instead of primary antibodies. After rinsing,
the sections or culture cells were incubated for 2h with a
mixture of secondary antibodies, Texas Red-conjugated
donkey anti-rabbit IgG (1:50), and FITC-conjugated donkey
anti-mouse IgG (1:50). After several rinses, the sections and
culture cells were mounted using an anti-fading mounting
medium and examined in a confocal laser scanning
microscope. Excitation filters for FITC (488 nm) and Texas-
Red (568nm) were selected. Images were collected and
processed using an Adobe Photoshop program.

Western Blot

Tissue homogenates of the olfactory bulb and cortex of
APP/PS1 mice and culture cell lysates were centrifuged at
12000 r.p.m. for 30min at 4°C. The supernatants were
collected and total protein levels were measured using a UV
1700 PharmaSpec ultraviolet spectrophotometer. Proteins
(50 ng) were separated on 10% SDS polyacrylamide gels
and transferred to PVDF membranes (Millipore). The
membranes were blocked with 5% non-fat milk in TBS
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containing 0.1% Tween-20 for 1h and then incubated with a
primary antibody for 2h at room temperature. Antibodies
used for western blot analysis included mouse anti-OMP
(1:500, sc-67219; Santa Cruz), rabbit anti-GAP-43 (1:100,
sc-33705; Santa Cruz), rabbit anti-ADAMI10 (1:1000,
AB19026; Millipore), rabbit anti-APP695 (1:4000, AB5352;
Chemicon), rabbit anti-BACE1 (1:1000, B0681; Sigma), rat
anti-PS1 (1:500, MAB1563; Millipore), mouse anti-sAPPo
(1:500, 2B3, JP11088; IBM), mouse anti-sAPPf (1:500, 6A1,
JP10321; IBM), rabbit anti-APP-CTFs (1:4000, A8717;
Sigma), rabbit anti-f-catenin (1:1000, 9582; Cell Signaling),
rabbit anti-phospho-f-catenin (Ser33/37/Thr41) (1:1000,
9561; Cell Signaling), rabbit anti-GSK3a/f (1:1000, 27C10,
9315; Cell Signaling), rabbit anti-phospho-GSK3u/f
(1:1000, 9327; Cell Signaling ), and mouse anti-GAPDH
(1:10000, 0811, KC-5G5; Kang Chen). Bound secondary
antibodies were visualized by an enhanced chemilumines-
cence kit (Pierce) using Chem Doc XRS with Quantity One
software (Bio-Rad). Blots were repeated at least three times
for every condition. The band intensities were quantified
using Image-pro Plus 6.0 analysis software.

RT-PCR

Tissue homogenates of the cortex of APP/PS1 mice and
culture cell lysates were collected. Total RNA was isolated
using Trizol reagent (Invitrogen) according to the manu-
facturer’s protocol and the isolated RNA was quantied by
UV spectroscopy at 260 nm. RNA purity was determined
using the A260/A280 ratio (average >1.85). Total RNA of
each sample was first reverse-transcribed into cDNA using
the Reverse Transcription System (Promega). PCR ampli-
fication was performed with reagents from Promega. The
cDNA solution was amplified with primers based on the
human APP sequences. The primer sequences were: APP: 5'-
GACTGACCACTCGACCAGGTTCTG-3' (upstream), 5'-CTTG
AAGTTGGATTCTCATACCG-3' (downstream); GAPDH: 5'-
ACGGATTTGGTCGTATTGGG-3' (upstream), 5'-CGCTCCTG
GAAGATGGTGAT-3' (downstream). Amplification was
performed as follows: APP: 35 cycles of 95°C for 30s,
62 °C for 30s, and 72 °C for 30 s; GAPDH: 30 cycles of 95°C
for 455, 58 °C for 455, and 72 °C for 60 s. The PCR products
were normalized in relation to standards of GAPDH mRNA.

Sandwich Elisa

The cortex of APP/PS1 mice treated with nasal gel and nasal
gel containing HupA, at doses of 167 and 500 ng/kg,
respectively, were placed in a 1:10 dilution of ice-cold lysis
buffer containing an inhibitor protease cocktail. The
samples were sonicated on ice for 1min, allowed to stand
overnight at 4°C, and centrifuged at 12000r.p.m. for
30 min. The samples were then loaded on to 96-well plates
and soluble Af was detected using soluble A ELISA Kkits
(KU0821E-10, Kuregen) and Af1-42 (KHB 3441, Invitrogen) in
accordance with the manufacturer’s instructions. The absor-
bance was recorded at 450 nm using a 96-well plate reader.

Statistical Analysis

All values were expressed as mean+ SEM. Statistical
significance between nasal gel control and nasal gel HupA



treatment groups was determined by one-way analysis of
variance (ANOVA) post hoc Bonferroni or Tamhane’s T,
test when appropriate. All other comparisons were analyzed
by one-way ANOVA post hoc Fisher’s PLSD. The p<0.05
was considered statistically significant.

RESULTS

Intranasal Administration with HupA Does Not Induce
Significant Alteration of Olfactory Bulb Structure,
Neurogenesis in SVZ, and Blood-Brain Barrier Permeability

We first evaluated the potential toxicity of intranasal
administration of nasal gel HupA on mucocilia by examin-
ing the morphology of mucosal cilia by scanning electron
microscopy. No obvious changes in the structure of
mucocilia were found between the nasal gel (vehicle)- and
nasal gel HupA-treated mouse nasal mucosa (Figure la,
A1-A3), suggesting that the nasal mucocilia were not
damaged after nasal administration of HupA at doses of
167 and 500 pg/kg once a day for a week.

We then assessed the olfactory bulb structure of APP/PSI
mice treated with nasal gel HupA by Nissl staining and
olfactory marker protein (OMP) immunofluorescence. Nissl
staining showed that the olfactory bulb exhibited similar
histology in the vehicle- and nasal gel HupA-treated (167
and 500 pg/kg) mice (Figure la, B1-B3). Statistical analysis
showed no significant difference in the area of OGL between
vehicle and nasal gel HupA treatment groups (Figure 1b).
OMP immunostaining showed that no obvious changes in
the distribution and intensity of the immunofluorescence in
the olfactory bulb were found between the vehicle- and
nasal gel HupA-treated mice (Figure la, C1-C3). Further-
more, immunoblot showed that the expression levels of
OMP and 43kD growth-associated protein (GAP-43) did
not exhibit marked difference between control and nasal gel
HupA groups (OMP: F(2,15) =1.082, p>0.05, Figure 1c
and d; GAP-43: (F(2,15) =1.128, p>0.05; Figure 1c and e).

We also examined the effects of intranasal administration
of HupA or vehicle on olfactory bulb neurogenesis by BrdU
staining. We failed to find BrdU-labeled cells in the
olfactory bulb of control and nasal gel HupA mice treated
with BrdU at 6h intervals thrice per day for 3 continuous
days (data not shown). However, BrdU-positive cells were
found in the SVZ of control and nasal gel HupA-treated
mice (Figure la, D1-D3). There were no significant
differences in the number of BrdU-positive cells
(F(2,15)=1.741, p>0.05; Figure 1f) and the area of BrdU
in the SVZ (F(2,15) = 1.443, p>0.05; Figure 1g).

Moreover, we evaluated whether long-term intranasal
administration might compromise the blood-brain barrier
(BBB) in APP/PS1 mouse brain by EB absorbance assay. As
shown in Figure 1h, there was no significant difference in
the leakage of EB in the olfactory bulb (F(2,15)=0.171,
p>0.05), cortex (F(2,15)=0.107, p>0.05), and hippocam-
pus (F(2,15)=0.701, p>0.05; Figure 1h).

Taken together, these data showed that nasal gel HupA
administration did not induce significant alteration
of olfactory bulb structure, neurogenesis in the SVZ,
and BBB permeability, suggesting that no obvious toxicity
of intranasal administration of HupA was found in the
mouse brain.
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Inhibition of AChE Activity and Antioxidative Effects of
HupA in APP/PS1 Mouse Brain

To assess whether intranasal administration of nasal gel
HupA retains its inhibitory effects on AChE activity, brain
tissues of APP/PS1 mice treated with nasal gel HupA for 4
months were subjected to colorimetric tests to determine
the AChE and ChAT activity in the brain. HupA treatment
dose dependently reduced AChE levels by 90.61 £ 3.41%
(p<0.05) and 87.61 £4.21% (p<0.01) at a dose of 167 and
500 pg/kg, respectively (F(2, 15) = 6.777, p <0.05; Figure 2a),
and increased ChAT levels by 111.90 £ 12.29% (167 pg/kg;
p>0.05) and 123.13 + 11.50% (500 pg/kg; p<0.05), respec-
tively (F(2,15)=9.628, p<0.05; Figure 2b). These data
suggest that intranasal administration of HupA dose
dependently increases ChAT activity, which is a well-known
effect of HupA using the traditional administration modes,
such as intravenous and oral administration.

We then analyzed the effects of HupA on modulating the
activities of antioxidant enzymes and oxidative production
of MDA in the APP/PS1 transgenic mouse brain. Nasal gel
HupA treatment increased the levels of GSH-PX to
140.49 + 6.04% (167 pg/kg; p<0.01) and 159.91+11.12%
(500 pg/kg; p<0.01), respectively (F(2,15)=23.391,
p<0.05; Figure 2c), and increased the activity of CAT to
114.28 +5.29% (167 ug/kg; p<0.05) and 124.34+7.09%
(500 pug/kg; p<0.01), respectively (F(2,15)=16.971,
p<0.05, Figure 2d). Meanwhile, HupA reduced oxidative
production of MDA to 88.88 £1.95% (167 pg/kg; p<0.05)
and 87.42 +5.49% (500 pg/kg; p<0.05), respectively, com-
pared with control (F(2,15)=11.887, p<0.05; Figure 2e).
Collectively, nasal gel HupA enhanced the activities of
antioxidative enzymes and subsequently reduced the
oxidative production in APP/PS1 mouse brain.

HupA Reduces Aff Burden and Inhibits Aff Generation
in APP/PS1 Mouse Brain

We investigated whether nasal gel HupA could reduce Af
deposition in APP/PS1 mouse brain. Brain sections of APP/
PS1 mice treated with nasal gel HupA for 4 months were
subjected to immunohistochemical analysis. Both the
number and size of the Af-immonoreactive neuritic plaques
were dose dependently reduced in the cortex and hippo-
campus after intranasal treatment of HupA (Figure 3a).
Statistical analysis showed that HupA treatment significantly
reduced the number of Af plaques by 77.52+12.94 and
37.07 £ 8.06% at a dose of 167 and 500 ng/kg, respectively, in
the cortex (F(2,15)=70.263, p<0.05), and 45.13 £10.46%
(167 pg/kg; p<0.01) and 26.73 £ 7.15% (500 pg/kg; p<0.01),
respectively, in the hippocampus compared with the vehicle
control (F(2,15)=27.656, p<0.05; Figure 3b). The areas of
neuritic plaques of the HupA treatment groups were reduced
by 72.07 £10.56% (167 ug/kg; p<0.01) and 27.34 +4.94%
(500 ug/kg; p<0.01) in the cortex (F(2,15)=193.938,
p<0.05), and 66.04+12.66% (167 png/kg p<0.01) and
41.66 £ 6.23% (500 pg/kg; p<0.01) in the hippocampus
(F(2,15) = 44.254, p <0.05; Figure 3c), respectively.

Next, we measured the soluble Af level in the cortex of the
transgenic mouse brain by sandwich ELISA. After treatment
with nasal gel HupA for 4 months, the levels of Af1-40 were
reduced by 88.84+7.35% (167 pg/kg, p<0.05) and
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Figure | Evaluation of the potential toxicity of intranasal administration of nasal gel HupA on olfactory bulb (OB) and neurogenesis in the subventricular
zone (SVZ) of mice. (a; AI-A3) Scanning electron microscope (SEM) photographs showing no marked changes in the structure of nasal mucocilia between
C57BL/6 mice given nasal gel (Al), and nasal gel containing HupA at a dose of |67 pg/kg (A2) and 500 pg/kg (A3), respectively, for 7 days. Scale bar= | um.
(BI-D3) APP/PS| mice were treated with vehicle and nasal gel HupA, respectively, for | month. Nissl staining of OB exhibited similar histology between
vehicle group (BI) and nasal gel HupA at doses of 167 pg/kg (B2) and 500 pg/kg groups (B3). Scale bar =200 um. (C1-C3) Immunostaining images showing
the distribution and expression of olfactory marker protein (OMP) in OB of APP/PS| mice. No marked changes were found between vehicle- and HupA-
treated groups. Scale bar = 100 um. (D 1-D3) BrdU immunofluorescent staining showed a similar neurogenesis in SVZ between vehicle and nasal gel HupA
groups. Scale bar =50 pm. (b) Measurement of the area of olfactory granule cell layer (OGL) in serial sections of Niss| staining. No significant differences
were found between vehicle- and HupA-treated transgenic mice. (c) Western blot showed the protein levels of OMP and GAP-43 in the OB of vehicle- and
HupA-treated APP/PS| mice. GAPDH was used as an internal control. (d, €) Quantification of the protein levels of OMP (d) and GAP-43 (e) in the OB.
Intranasal administration of HupA did not alter the expression levels of OMP and GAP-43, compared with controls. (f, g) Quantification of the number (f)
and the area (g) of BrdU-labeled cells in SVZ showed no significant difference between control and HupA groups. (h) Leakage of Evan's blue (EB) showed
that nasal gel HupA treatment did not significantly change the EB absorbance in the OB, cortex, and hippocampus in APP/PS| mice. All values are
mean + SEM (n=6).

80.87 £ 8.93% (500 ng/kg; p<0.05), respectively (F(2,15)=
12.329, p<0.05; Figure 3d), and the levels of Af1-42 were
reduced by 76.89 £ 10.78% (167 pug/kg; p<0.01) and 52.21 +
10.14% (500 pg/kg; p<0.01), respectively (F(2,15)=19.267,
p<0.05; Figure 3e) compared with the control group.

APP/PS1 mouse brain following treatment with nasal gel
HupA for 4 months. RT-PCR results showed that there were
no significant differences in APP mRNA levels between
vehicle control and HupA treatment groups in APP/PS1
mouse brain (F(2,15)=2.158, p>0.05; Figure 4a and b).
However, immunoblot analysis revealed that HupA treat-
ment dose dependently reduced the levels of APP695
protein by 71.22%+15.16% (167 ug/kg; p<0.05) and
59.28 £ 5.60% (500 pg/kg; p<0.01), respectively, compared

HupA Enhances Nonamyloidogenic Processing of APP
in APP/PS1 Mouse Brain

To verify the effects of HupA on APP processing, we first
measured the levels of APP mRNA and APP695 protein in

Neuropsychopharmacology

with the control group (F(2,15) = 14.349, p <0.05; Figure 4c
and d).
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Figure 2 Effects of nasal gel HupA on AChE and antioxidant enzyme activity in the cortex of APP/PST mice. APP/PSI transgenic mice at the age of
6 months were treated with nasal gel HupA at a dose of 167 and 500 pg/kg, respectively, for 4 months. AChE and ChAT activity of brain cortex tissue
homogenate were measured by AChE and ChAT assay kits. (a) Administration of HupA significantly reduced AChE activity in the mouse brain. (b) HupA
dose dependently increased ChAT activity in the mouse brain. (c) HupA significantly increased the activity of the detected antioxidant enzymes, CAT and
GSH-PX (d), in APP/PSI mouse brain. (e) Nasal gel HupA significantly reduced the production of MDA in the mouse brain. All values are mean £ SEM

(n=6). *p<0.05, ¥*p <001, *»<0.05.
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Figure 3 Nasal gel HupA treatment significantly reduces Af plaque formation and soluble Af production in APP/PSI mouse brain. (a) Af
immunoreactive neuritic plaques in the cortex and hippocampus of transgenic mice treated with nasal gel and nasal gel HupA at a dose of 167 and 500 pg/kg,
respectively. The number of Af-positive plaques was significantly reduced in HupA-treated mice compared with controls. Scale bar=60um. (b, ¢)
Quantification of the number of Af-positive plaques (b) and Af burden (c) in the cortex and hippocampus of APP/PS| mice treated with HupA. HupA
significantly reduced the plaque number and Af burden in the brain in a dose-dependent manner. (d, €) ELISA results showed that administration of nasal gel
HupA induced a dose-dependent decrease in soluble Af production in the cortex of APP/PSI mice. All values are mean £ SEM (n=6). *p<0.05,

#p <001, ##p <001,
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Figure 4 Nasal gel HupA enhances the nonamyloidogenic pathway in APP/PS| mouse brain. (a) Expression levels of APP mRNA were detected by
RT-PCR in the brain of APP/PS| transgenic mice treated with nasal gel and nasal gel HupA at a dose of 167 and 500 pg/kg, respectively. GAPDH was used as
an internal reference gene. (b) HupA-treated and vehicle control APP/PS| mice exhibited a similar APP mRNA level. (c) Westem blots showed the
expression levels of APP695 protein in the vehicle- and HupA-treated transgenic mouse brain. GAPDH was used as an internal control. (d) The protein
levels of APP695 were significantly reduced in the nasal gel HupA-treated mouse brain compared with the vehicle controls. () The expression levels of APP
cleavage enzymes, including ADAMI0, BACEI, and PSI, were examined by western blot analysis. (f-h) Analysis results showed that the protein levels of
ADAMIO were significantly increased (f), whereas the levels of BACEI were markedly reduced in the brain of nasal gel HupA-treated mice (g). HupA
treatment reduced the expression levels of PS| protein in a dose-dependent manner, compared with vehicle controls (h). (i) Immunoblotting showed the
expression levels of APP cleavage fragments, including sAPPo, sAPPfS, C83, and C99, in the vehicle- and HupA-treated transgenic mouse brain. (j—m)
Quantification of sSAPPa, sSAPPf, C83, and C99 generation in the brain of the APP/PS| mouse. Nasal gel HupA treatment significantly increased the levels of
sAPPa (j) and C83 (I) and reduced the levels of sAPPf (k) and C99 (m) in a dose-dependent manner. All values are mean £ SEM (h=6). *p <0.05,
##p <001, *p<0.05.

We then investigated whether nasal gel HupA was
involved in APP cleavage. The APP cleavage enzymes and
cleavage fragments in HupA-treated transgenic mouse brain
were detected by western blot analysis (Figure 4e and i).
HupA significantly increased the expression level of a
disintegrin and metallopetidase 10 (ADAM10) by 210.05 +
57.43% (167 pg/kg; p<0.01) and 245.02+ 11.41% (500 g/
kg; p<0.01), respectively (F(2,15)=14.833, p<0.05;
Figure 4f). On the other hand, HupA dose dependently
reduced the level of the f-site of APP-cleaving enzyme
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(BACE1) by 76.93 + 4.77% (167 pg/kg; p>0.05) and 56.65 +
9.20% (500 ug/kg; p<0.01) (F(2,15)=7.406, p<0.05;
Figure 4g). Furthermore, HupA reduced the level of PS1
by 92.81 +13.46% (167 ug/kg; p>0.05) and 62.09 + 12.00%
(500 pg/kg; p<0.05) compared with vehicle controls
(F(2,15) =8.210, p <0.05; Figure 4h).

In HupA-treated transgenic mouse brain, the protein
level of sAPPo was increased by 171.91 + 13.47% (167 pg/kg;
p<0.01) and 222.88 + 36.00% (500 pg/kg; p<0.01) (F(2,15) =
26.780, p<0.05; Figure 4j), in parallel with a decreased



release of sSAPPf by 79.78 £6.33% (167 ug/kg; p<0.05)
and 62.19+8.38% (500 pg/kg; p<0.01) (F(2,15)=24.423,
p<0.05; Figure 4k). HupA treatment led to an increased
level of C83 by 104.73+9.36% (167 pg/kg; p>0.05)
and 142.65 % 17.22% (500 pg/kg; p<0.01) (F(2,15) =9.279,
p<0.05; Figure 41), and a decreased level of C99 by 79.92 +
9.18% (167 ug/kg; p<0.05) and 57.32+10.15% (500 pg/kg;
p<0.01) (F(2,15) =18.850, p<0.05; Figure 4m), compared
with vehicle controls. Taken together, these results suggest
that the a-secretase cleavage activity is markedly increased
following administration of nasal gel HupA and, thus, this
promotes nonamyloidogenic processing of APP and attenu-
ates cerebral amyloidosis in APP/PS1 mouse brain.

HupA Inhibits GSK3 and Stabilizes the Level of
p-Catenin in APP/PS1 Mouse Brain

As recent in vitro studies have shown that AChE-Af
toxicity may destroy the Wnt pathway and cause cholinergic
neuronal loss (Inestrosa et al, 2000, 2004, 2005), we
investigated whether HupA could target the Wnt signaling
cascades by examining the expression levels of both GSK3p
and f-catenin, the two key components in the Wnt signaling
pathway.

We first detected the protein levels of both GSK3f and
phosphorylated GSK3f (p-GSK3p) in HupA-treated APP/
PS1 mouse brains with western blot analyses (Figure 5a).
HupA treatment did not affect the levels of total GSK3p
protein (F(2,15) =3.806, p > 0.05; Figure 5b), but the levels
of p-GSK3f were dose dependently increased by 150.56 +
27.94% (p > 0.05) and 279.93 + 36.42% (p <0.05) at a dose of
167 and 500 pg/kg, respectively (F(2,15) =44.722, p<0.05;
Figure 5c). Consequently, treatment with HupA increased
the ratio of p-GSK35/GSK3f by 156.52 + 66.83% (167 ug/kg;
p>0.05) and by 213.07+39.50% (500 ug/kg; p<0.05)
(F(2,15) =8.508, p<0.05; Figure 5d). We also investigated
whether HupA affected the activity of GSK3w. The levels of
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total GSK3a protein were not altered (F(2,15)=
1.938, p>0.05; Figure 5e), but the levels of p-GSK3u
were increased by 159.99+28.87% (p<0.01) and by
260.25 £ 23.88% (p<0.01) at a dose of 167 and 500 pg/kg,
respectively (F(2,15)=52.075, p<0.05; Figure 5f). The
ratio of p-GSK3a/GSK3o was also increased by 144.29 +
33.22% (167 pg/kg; p<0.05) and 251.52 +61.66% (500 pg/kg;
p<0.01) compared with that in the control group
(F(2,15) =21.678, p<0.05; Figure 5g). These data suggest
that treatment with nasal gel HupA inactivates both GSK3f
and GSK3u in transgenic mouse brain in a dose-dependent
manner.

Next, we analyzed the distribution and expression of
f-catenin in transgenic mouse brain with double immuno-
fluorescence labeling of Af and f-catenin. Confocal
microscopic observation showed that f-catenin immuno-
fluorescence was predominantly observed around the Ap-
positive plaques in the transgenic mouse brain (Figure 6a).
High-magnification images clearly showed that most of the
p-catenin-positive products were located in the cell bodies
with a large-sized DAPI-stained nucleus (Figure 6a),
suggesting a neuronal cell localization of f-catenin in the
mouse brain. Double labeling of f-catenin and NeuN (for
neurons), GFAP (for astrocytes), or Iba-1 (for microglias)
confirmed this notion (data not shown). Most importantly,
HupA treatment markedly increased the density of
p-catenin immunofluorescence around the Apf-positive
plaques in a dose-dependent manner (Figure 6a). These
findings suggest that HupA may protect against Af-induced
neuronal death through activation of f$-catenin.

We then measured the protein levels of both fS-catenin
and p-f-catenin after intranasal treatment of HupA in APP/
PS1 mouse brain. Immunoblot results showed that nasal gel
HupA increased the levels of f-catenin (F(2,15)=11.509,
p<0.05; Figure 6b), and f-catenin increased by
172.01 £32.14% (167 pg/kg; p<0.05) and 210.21 + 41.04%
(500 w/kg; p<0.01) compared with the control (Figure 6c).
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Figure 5 Nasal gel HupA upregulates the phosphorylation levels of GSK3a/f in APP/PS| mouse brain. (a) Western blots showing the expression levels of
total GSK3a/ff and p-GSK3a/f3 in APP/PS| transgenic mouse brain after HupA treatments. GAPDH was used as an internal control. (b—d) Quantification of
the levels of GSK3f and p-GSK3 in the brain of the APP/PS| mouse. There were no significant differences in total GSK3f levels between vehicle- and
HupA-treated mouse brain (b). However, the levels of p-GSK3f were significantly increased after 500 pg HupA treatment (c). Moreover, the ratio of
p-GSK3B/GSK3f was significantly increased in 500 pg nasal gel HupA-treated mice (d). (e—g) Quantification of the levels of GSK3a and p-GSK3e: in the brain
of the APP/PS| mouse. Administration of HupA did not affect the total protein levels of GSK3x (e). The levels of p-GSK3a were markedly increased after
HupA treatment (f). Nasal gel HupA induced a dose-dependent increase in the ratio of p-GSK3a/GSK3a in the transgenic mouse brain (g). All values are

mean + SEM (n=6). *p <0.05, **p <001, ##p<00I.
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Figure 6 Nasal gel HupA enhances the level of -catenin in APP/PS| mouse brain. (a) Confocal microscopic images showing the distribution of -catenin
in the HupA-treated transgenic mouse brain with double immunofluorescent staining of A (Al, BI, and Cl) and f-catenin (A2, B2, and C2).
Counterstaining of DAPI was used to show the nucleus (A3, B3, and C3). At the merged images from the three channels, it was evident that the f-catenin
immunoproducts were located around the Af-positive neuritic plagues (A4, B4, and C4), and that the -catenin immunofluorescence was mainly located in
the neuronal cell bodies (A5, A6, B5, B6, C5, and Cé). Figure B5 shows a typical neuron with a large nucleus and containing intense f-catenin
immunofluorescence in the cell body. In the vehicle-treated control mouse brain, the density of f-catenin immunofluorescence was very weak (A2), whereas
it was very intense in the HupA-treated transgenic mouse brain (B2 and C2). Scale bar =50 um (C4) and 10 um (Cé). (b) Protein levels of f-catenin and
p-p-catenin (Ser33/37/Thr4 1) were examined by western blot in the brain of transgenic mice. GAPDH was used as an internal control. (¢, d) Analysis results
showed that the protein levels of total f-catenin were markedly increased (c), whereas the levels of p-f-catenin were significantly decreased in HupA-
treated mice compared with controls (d). All values are mean + SEM (n = 6). *p<0.05, **p<0.01.

Furthermore, HupA treatment significantly decreased the
levels of p-f-catenin by 72.24 + 5.06% (167 pg/kg; p <0.05)
and 53.831£14.63% (500 pg/kg; p<0.01), respectively
(F(2,15) =19.654, p<0.05; Figure 6d). Collectively, these
data indicate that nasal gel HupA stabilizes the level of
f-catenin in APP/PS1 mouse brain.

HupA Enhances Nonamyloidogenic Processing of APP
In Vitro

To examine the effect of HupA on APP processing in vitro,
APPsw-transfected SH-SY5Y cells were treated with HupA.
The MTT assay showed that 0-10 pM HupA did not exhibit
any significant toxic effects on the cells (Figure 7a), and
dose dependently increased the levels of sAPPo after
treatment for 18h (F(3,12)=6.705, p<0.05) and 24h
(F(3,12) =10.766, p<0.05; Figure 7b). Accordingly, treat-
ment with 10uM HupA for 24h was chosen for the
subsequent in vitro experiments.

We then examined the levels of APP cleavage enzymes
and APP fragments in HupA-treated APPsw cells using

Neuropsychopharmacology

western blot analyses (Figure 7d and h). APPsw cells treated
with 10 uM HupA showed an increased level of ADAMI0, by
118.39 £ 3.64% (p <0.05; Figure 7e), and a reduced level of
BACElL, by 70.13+£7.84% (p<0.01), in APPsw cells
(Figure 7f). No statistically significant changes in the
protein levels of PS1 were detected between HupA-treated
and control cells (F(5,24)=2.017, p>0.05; Figure 7g).
Moreover, HupA treatment markedly increased the level of
sAPPo by 166.56 + 9.80% (p<0.01; Figure 7i) and reduced
the level of sSAPPfS by 57.18 +7.45% (p<0.01; Figure 7j).
HupA treatment significantly increased the level of C83 by
110.81 £7.8% (p <0.05; Figure 7k), but reduced the release
of C99 by 78.12 +5.54% (p<0.01; Figure 71).

HupA Reverses PKC- and Wnt-Inhibitor-Induced
Inhibition of Nonamyloidogenic Processing of APP
In Vitro

Previous studies have suggested that GSK3 regulates Af
formation (Pei et al, 1999; Phiel et al, 2003; Muyllaert et al,
2006), and protein kinase C (PKC) is involved in the
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Figure 7 HupA enhances nonamyloidogenic processing of APP in SH-SY5Y cells transfected with APPsw. (a) MTT results indicated that O—10 pM HupA
did not have any significant toxic effects on the cells at different periods of treatment. (b) Immunoblotting detection of the protein levels of sSAPPa in 0, 0.1,
1.0, or 10 uM HupA-treated APPsw cells. GAPDH was used as an internal control. Analysis results showed that HupA increased sAPPuo release in a dose-
and time-dependent manner. (c) Representative MTT results showing that there were no significant changes in cell viability in APPsw cells exposed to 10 pM
HupA, | pM calphostin C (PKC inhibitor), and 50 ng/ml DKK-1 (Wnt signaling inhibitor). Thus, the above doses of HupA and inhibitors were used in the
subsequent experiments in culture cells. (d) Western blot analyses were carried out to examine the expression levels of APP cleavage enzymes, ADAMIO,
BACEI, and PSI, in APPsw cells. (e, f) HupA significantly increased the ADAMI0 level and decreased the level of BACEI. There was a significant decrease in
the ADAMIO level and an increase in the BACEI level in cultures treated with calphostin C or DKKI, whereas the levels of ADAMI0 and BACEI were
reversed when cultures were preincubated with calphostin C or DKKI followed by HupA. (g) There were no significant changes in the PS| level in drug-
treated cells compared with controls. (h) Western blots showing the expression levels of APP cleavage fragments in APPsw cells. (i-I) HupA significantly
increased the levels of sSAPPx and C83 and decreased the levels of SAPPf and C99. Calphostin C and DKKI significantly reduced the levels of sAPPa and
C83 and increased the levels of SAPPf and C99, whereas HupA reversed the inhibitor-induced reduction of sAPPo and C83 and increased that of SAPPf
and C99. All results are presented as the mean*SEM of at least three independent experiments. *p <005, **p<0.0l vs control group;
#p<0.05, *#p<0.01 vs calphostin C-treated group; *p <0.05, **p<0.01 vs DKK| -treated group.

inactivation of GSK-3f in the Wnt signaling pathway (Cook  on the nonamyloidogenic processing of APP, we examined
et al, 1996; Sheldahl et al, 1999; Chen et al, 2000). To further the expression levels of APP cleavage enzymes and
investigate the underlying mechanism of the effect of HupA  fragments in APPsw cells preincubated with the PKC
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inhibitor calphostin C (1uM) and the Wnt signaling
inhibitor DKK-1 (50 ng/ml) followed by HupA treatment.
The doses of inhibitors were selected based on the MTT
assay (Figure 7c).

Immunoblotting showed that calphostin C or DKKI
treatment significantly reduced the levels of ADAMI0 to
61.731£5.56% (p<0.01) and 66.04+9.23% (p<0.01)
(F(5,24) =20.938, p<0.05) and increased the levels of
BACEl to 122.11+3.72% (p<0.05) and 119.70 + 8.84%
(p<0.05), respectively (F(5,24)=16.227, p<0.05), com-
pared with controls (Figure 7d-f). However, HupA treat-
ment reversed the changes in ADAMIO to 148.7517.22%
(calphostin C+HupA) compared with the calphostin C-
treated group (p<0.01), and 132.90+8.71% (DKKI +
HupA) compared with DKK1 treatment (p<0.01). HupA
treatment reversed the changes in BACEI to 77.10 + 5.99%
(calphostin C+ HupA) compared with the calphostin
C-treated group (p<0.05), and 75.65+7.83% (DKKI +
HupA) compared with DKK1 treatment (p <0.05), respec-
tively (Figure 7d-f).

The levels of sAPPx and C83 in cultures treated with
inhibitors were significantly reduced by 36.96 + 11.04%
(calphostin C; p<0.01) and 73.03 + 11.28% (DKK1; p<0.01)
(F(5,24) =34.333, p<0.05; Figure 7i), and by 78.69 + 6.72%
(calphostin C; p<0.01) and 75.38 + 3.89% (DKK1; p<0.01)
(F(5,24) =15.992, p<0.05; Figure 7k), respectively, com-
pared with the control group. However, HupA treatment
reversed the levels of SAPPo to 342.90 + 42.39% (calphostin
C+HupA) compared with the calphostin C-treated group
(p<0.01), and 182.63 +22.62% (DKKI1 + HupA) compared
with DKK1 treatment (p<0.01). Meanwhile, HupA treat-
ment reversed the level of C83 to 115.19 + 4.95% (calphostin
C+HupA) compared with calphostin C treatment
(p<0.05), and 122.43 £5.08% (DKK1 + HupA) compared
with the DKK1-treated group (p <0.01; Figure 7i and k).

However, the levels of sSAPPf and C99 in cultures treated
with inhibitors significant increased by 129.03 *14.96%
(calphostin C; p<0.01) and 125.07+11.49% (DKKI;
p<0.01) (F(5,24) =14.905, p<0.05; Figure 7j), and by
117.65 £ 6.46% (calphostin C; p<0.05) and 116.88 + 8.68%
(DKK1; p<0.05) (F(5,24)=11.765, p<0.05; Figure 71)
compared with controls. In cultures preincubated with
inhibitors and then treated with HupA, the levels of sAPPS
were reversed to 56.62 1 10.40% (calphostin C + HupA)
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compared with the calphostin C-treated group (p<0.01),
and 57.14 £13.55% (DKK1 + HupA) compared with DKK1
treatment (p <0.01). Meanwhile, HupA treatment reversed
the level of C99 to 84.44+4.15% (calphostin C+ HupA)
compared with the calphostin C-treated group (p<0.05),
and 84.27+£5.92% (DKK1 + HupA) compared with the
DKK1-treated group (p<0.05). These results show that
HupA reverses PKC- and Wnt-inhibitor-induced inhibition
of nonamyloidogenic processing of APP in vitro.

HupA Inactivates GSK3 and Stabilizes the Level of
p-Catenin In Vitro

We extended our experiments to determine whether HupA
could modulate the Wnt signaling cascades in vitro. We first
examined the expression levels of GSK3 in APPsw cells
pretreated with calphostin C or DKK-1 followed by
treatment with HupA. As shown in Figure 7, the protein
levels of total GSK3o/f were not affected by drug
treatments, but the levels of p-GSK3o/ff were markedly
altered (Figure 8a). The analysis showed that the ratio of
p-GSK3pB/GSK3f in cultures treated with inhibitors sig-
nificantly decreased by 64.28 £7.88% (calphostin C) and
62.96 £ 3.88% (DKK1) compared with controls (p<0.01;
Figure 8b), whereas HupA treatment reversed the ratio of
p-GSK38/GSK3p to 125.53 + 14.70% (calphostin C+ HupA)
compared with the calphostin C treatment group (p <0.01),
and 129.98 £ 10.39% (DKK1 + HupA) compared with DKK1
treatment (p <0.01), respectively (F(5, 24) = 36.089, p <0.05;
Figure 8b). Furthermore, calphostin C or DKK1 treatment
significantly reduced the ratio of p-GSK3u/GSK3a to
61.47+4.76 and 62.15+11.05%, respectively, compared
with controls (p <0.01; Figure 8c), whereas HupA treatment
increased the levels of p-GSK3a/GSK3o to 158.10 + 21.46%
(calphostin C+HupA) compared with calphostin C treat-
ment (p<0.01), and 170.09 £10.29% (DKK1 + HupA)
compared with the DKKl-treated group (p<0.01)
(F(5,24) =37.423, p <0.05; Figure 8c).

We next analyzed the distribution and expression of
f-catenin in APPsw cells with double immunofluorescence
labeling of Af and f-catenin. Consistent with our in vivo
data, confocal microscopy results showed that HupA
treatment markedly increased the f-catenin immunofluor-
escence in APPsw cells (Figure 9a, B2). Furthermore, both
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Figure 8 HupA inhibits the GSK3a/f activity in SH-SYSY cells transfected with APPsw. (a) Immunoblots showing the levels of GSK3a/f and p-GSK3a/f3 in
APPsw cells treated with HupA and inhibitors. GAPDH was used as an internal control. (b, ¢) HupA treatment significantly increased the ratio of p-GSK3f/
GSK3p as well as p-GSK3a/GSK3a. Calphostin C or DKK| treatment decreased the ratio of p-GSK3/GSK3f and p-GSK3a/GSK3e, whereas HupA reversed
the ratio of p-GSK3B/GSK3f and p-GSK3a/GSK3a in cultures pretreated with Calphostin C or DKKI followed by HupA. The data shown in (b, ¢) are
presented as the mean + SEM of at least three independent experiments. *p<0.05, *%p<0.0! vs control group; *p<0.05, **p <001 vs calphostin

C-treated group; *p <0.05, **p<0.01 vs DKK|-treated group.
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Figure 9 HupA increases the level of -catenin in SH-SY5Y cells transfected with APPsw. (a) Double labeling of Af (Al—FI) and f-catenin (A2—F2) and
confocal microscopic images showing the distribution and expression of f-catenin in APPsw cells. HupA treatment significantly increased the f-catenin
immunofluorescence in APPsw cells (B2), compared with the control (A2). Calphostin C or DKK-| treatment decreased the levels of f-catenin (C2 and
D2). Additional HupA treatment reversed the reduction of f-catenin in cultures pretreated with inhibitors Calphostin C or DKK-1 (E2 and F2). Scale
bar =30 um. (b) Western blot analysis showing the levels of f-catenin and p-f-catenin in APPsw cells treated with HupA or inhibitors. GAPDH was used as
an internal control. (¢, d) The protein level of total -catenin was significantly increased, whereas the level of p-f-catenin was significantly decreased in HupA-
treated cells compared with controls. There was a significantly reduced level of total ff-catenin and an increased level of p-f-catenin in cultures treated with
Calphostin C or DKKI, whereas the total f-catenin level was increased and the p-f-catenin level was reduced when cultures were preincubated with
inhibitors followed by HupA. Representative immunoblots from three experiments are shown. The data shown in (c, d) are presented as mean + SEM of at
least three independent experiments. *%p < 0.05, *#p <001 vs control group; *#p<0.01 vs Calphostin C-treated group; **p <0.01 vs DKK|-treated group.

calphostin C and DKK-1 treatment reduced pf-catenin
immunofluorescence (Figure 9a, C2 and D2), whereas
addition of HupA reversed the reduction of f-catenin in
APPsw cells pretreated with inhibitors calphostin C and
DKK-1 (Figure 9a, E2 and F2).

Immunoblotting results further confirmed the reversal
effects of HupA on the changes in f-catenin in APPsw cells
pretreated with inhibitors (Figure 9b). The protein levels of
total f-catenin were significantly reduced by 40.92 + 4.46%
(calphostin C; p<0.01) and 51.05 £ 8.84% (DKK1; p<0.01)
(F(5,24) =18.382, p<0.05; Figure 9c), whereas the levels of
p-f-catenin were significantly increased by 159.85 £ 3.70%
(calphostin C; p<0.01) and 153.86+15.49% (DKKI;
p<0.01) in cultures treated with inhibitors compared with
controls (F(5,24) = 19.449, p <0.05; Figure 9d). In cultures
pretreated with inhibitors and then treated with HupA, the
levels of f-catenin were reversed to 179.56 %+ 28.42%
(calphostin C+ HupA) compared with the calphostin C-
treated group (p<0.01), and 161.98 £22.06% (DKK1 +

HupA) compared with the DKK1 treatment group (p <0.01;
Figure 9c¢), and the levels of p-f-catenin were reversed to
56.02+12.41% (calphostin C+HupA) compared with the
calphostin C-treated group (p<0.01), and 66.87 £ 10.39%
(DKK1 + HupA) compared with DKKI1 treatment (p<0.01;
Figure 9d). Taken together, these data further indicate that
HupA reverses PKC- and Wnt-inhibitor-induced changes in
Wnt/f-catenin signaling in vitro.

DISCUSSION

It has been previously reported that the intranasal admin-
istration of nasal gel containing HupA is a potential
noninvasive strategy for the treatment of AD because it
can provide similar plasma concentrations and high CSF
concentrations of HupA compared with intravenous admin-
istration (Yue et al, 2007). In this study, involving treatment
with nasal gel HupA in APP/PS1 transgenic mice, the effects
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of HupA on the specific markers were confirmed, including
inhibition of AChE, antioxidant activity, and enhancement
of sAPPo release. Moreover, we showed for the first time
that HupA upregulates ff-catenin expression in vivo and
in vitro, suggesting that the neuroprotective effect of HupA
might be related to the regulation of the Wnt signaling
pathway in the AD brain.

HupA is Involved in Regulation of the Wnt Signaling
Pathway

It has been generally accepted that loss of Wnt signaling
function is involved in Af-dependent neurodegeneration in
the AD brain (Inestrosa and Toledo, 2008b). Studies have
demonstrated that GSK3f and [-catenin, the two key
components of the canonical Wnt signaling pathway, are
altered dramatically in the AD model mouse brain (Zhang
et al, 1998; Pei et al, 1999), and activation of Wnt signaling
can prevent neurodegeneration induced by Af fibrils (De
Ferrari et al, 2003). Interestingly, an in vivo study has
shown that AChE-Apf neurotoxicity is related to the changes
in the expression levels of both GSK3f and f-catenin
(Inestrosa et al, 2004). Importantly, a bifunctional (AChE
inhibitor and anti-inflammatory) compound, IBU-PO,
inhibits GSK3f and enhances f-catenin activity, preventing
the loss of function of the Wnt signaling pathway caused by
Ap toxicity (Farias et al, 2005). These findings suggest that
the neuroprotective effect of the AChE inhibitor is related
to modulation of the Wnt/f-catenin signaling pathway
(Inestrosa et al, 2008a; Toledo et al, 2008). In this study we
showed that HupA, an AChE inhibitor, is involved in the
regulation of Wnt signaling in APP/PS1 transgenic mouse
and APPsw cell models. We present data showing that
HupA significantly inhibits GSK3f activity and stabilizes
the f-catenin protein level in vivo and in vitro, suggesting
that activation of the Wnt signal transduction pathway is
involved in the neuroprotective effects of HupA against Af
neurotoxicity.

On the other hand, activation of both GSK3a and GSK3p
through their autophosphorylation has been implicated in
AD pathogenesis (Caricasole et al, 2004). Although there
may be some crosslinking between GSK3ax and GSK3p
proteins, increased GSK3u activity is mainly involved in
APP processing and Af generation (Phiel et al, 2003),
whereas activation of GSK3f is predominantly associated
with tau phosphorylation and neurofibrillary tangle forma-
tion (Baum et al, 1996; Ma et al, 2006). Several studies have
shown that HupA has the ability to regulate APP processing
in vitro (Zhang et al, 2004; Peng et al, 2007). We present
data showing that there is a significant increase in the
phosphorylation levels of both GSK3« and GSK3f proteins
in HupA-treated APP/PS1 mouse brain and APPsw-over-
expressing cells, suggesting that HupA can inhibit the
activity of GSK3a/ff and, hence, may inhibit Afi generation
and tau phosphorylation.

HupA Regulates the Processing of APP to the
Nonamyloidogenic Pathway

Several lines of evidence indicate that through the
a-secretase pathway, APP is cleaved within the sequence
of the Af peptide and generates the sAPPo fragment (Esch
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et al, 1990), which is beneficial for neuronal survival
(Mattson et al, 1997; Wallace et al, 1997), whereas through
the ff-secretase pathway, APP is cleaved to form neurotoxic
Af and is involved in the pathogenesis of AD (Haass et al,
1992; Shoji et al, 1992; Bodles and Barger, 2005). Interest-
ingly, the widely used AChE inhibitors, including donepezil,
rivastigmine, and galantamine, have been shown to increase
sAPPu release (Racchi et al, 2004). Recent studies have also
shown that HupA can guide APP processing to the
o-secretase pathway through mediating o-secretase activity
and, hence, reduce Af generation in cultured cells (Zhang
et al, 2004; Peng et al, 2007). In this study, we examined the
effects of HupA on APP processing in the APP/PS1 mouse.
Our data show that in the nasal gel HupA-treated transgenic
mouse brain, the expression level of APP695 proteins is
markedly reduced. HupA treatment significantly enhances
the expression level of ADAMI10, a candidate of a-secretase,
and subsequently there is an increase in the levels of
o-secretase-generated sAPPx and C83 fragments in trans-
genic mouse brain and in APPsw-transfected cells. Mean-
while, HupA reduces the levels of BACE1 and f-secretase-
generated sAPPS and C99 fragments in vivo and in vitro.
Furthermore, in the HupA-treated APP/PS1 mouse brain,
there is a reduction in Af levels and Af burden detected by
ELISA and immunohistochemistry, respectively. Taken
together, our results indicate that HupA modulates the
processing of APP to the nonamyloidogenic pathway.

HupA Regulates APP Processing to the
Nonamyloidogenic Pathway Through Activation of PKC
and Wnt/f-Catenin Signaling

Crosstalk between PKC and Wnt/f-catenin signaling is
involved in the modulation of GSK3 activation. Several
studies have shown that activation of PKC inhibits the
activity of GSK-3f and modulates Wnt/f-catenin signaling
(Chen et al, 2000; Garrido et al, 2002). On the other hand,
activation of Wnt/f-catenin signaling prevents neuronal
apoptosis in a PKC-dependent manner (Chen et al, 2000; De
Ferrari et al, 2003; Alvarez et al, 2004). Although the
mechanism of GSK3 modulation in the AD brain is far from
fully understood, the involvement of both Wnt signaling
and PKC in the abnormal activation of GSK3 has caused
increasing concern. A recent study has shown that HupA
may affect the processing of APP by upregulation of PKC
(Zhang et al, 2004). In our in vitro studies, we found that
HupA reverses PKC- and Wnt-inhibitor-induced inhibition
of nonamyloidogenic processing of APP, paralleled by an
inactivation of GSK3 and a reversal of the level of ff-catenin.
As GSK3 is involved in APP processing (Phiel et al, 2003)
and tau phosphorylation (Baum et al, 1996), it is reasonable
to speculate that the HupA regulation of APP processing to
the nonamyloidogenic pathway is, at least partly, through
activation of PKC and Wnt/f-catenin signaling.

Intranasal Administration of HupA May Be a
Reasonable Approach to AD Treatment

Drug delivery to the brain via the nasal route is a subject of
increasing interest because the nasal mucosa offers rapid
absorption with an abundantly vascularized and relatively
large absorptive surface area (Turker et al, 2004), does not



require a complicated administration method, and can
easily be carried out by medical services for chronic care
such as in the case of AD. For the AChE inhibitors, it has
been reported that nasal administration of galantamine can
enhance the bioavailability and reduce the emetic response
(Leonard et al, 2007). Nasal gel HupA can provide similar
plasma concentrations after 15min and higher CSF
concentrations after 30 min than those following intrave-
nous administration (Yue et al, 2007). In this study,
intranasal administration of nasal gel HupA exhibits AChE
inhibition and antioxidative effects on APP/PS1 mouse
brain, which have been confirmed before by traditional
administration methods, such as intravenous and oral
administration (Wang et al, 2000; Wang et al, 2001; Wang
et al, 2006b). Our data also show that HupA regulates the
processing of APP to the nonamyloidogenic pathway. In
addition, we confirmed the safety of nasal gel HupA
administration by examining the structure of the mucosal
cilia. We also assessed if long-term intranasal administra-
tion of HupA might influence the structure of the olfactory
bulb. Our data showed that intranasal administration of
HupA did not significantly alter the structure and the
expression levels of OMP and GAP-43 in the olfactory bulb.
Furthermore, nasal gel HupA treatment did not alter the
neurogenesis in the SVZ of APP/PS1 mouse brain. Although
we did not find BrdU-labeled cells in the bulb, the similar
distribution of BrdU-positive cells in the SVZ in the vehicle-
and nasal gel HupA-treated mouse brain indicates that the
newborn cells in the SVZ migrate to the bulb through the
rostral migratory stream, which might not be affected by
the administration of HupA. Moreover, the result of EB
leakage assay in our study demonstrated that nasal gel HupA
treatment did not induce significant alterations of BBB in the
transgenic mouse brain. The present data, together with
previous studies (Yue et al, 2007), suggest that intranasal
administration of nasal gel HupA may represent a safe and
noninvasive therapeutic strategy for the treatment of AD.
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