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Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by clinical cognitive
decline and pathological deposition of amyloid-beta protein (Af) in the brain. So far, there has been no
causative therapy for this devastating disease. S14G-Humanin (HNG), a synthetic derivative of Humanin
(HN), has been shown to have strong neuroprotective ability against AD-related insults in vitro and prevent
cognitive impairments in AR-infused animal models. In addition, a recent study has reported a beneficial effect
of intranasal HNG treatment on memory deficit and AR accumulation in triple transgenic (3xTg-AD) mice at
the early plaque-bearing stage. However, whether HNG treatment has the disease-modifying efficacy on AD
with pre-existing well-established amyloid plaque pathology remains unclear. In this study, we employed
9-month-old APPswe/PS1dE9 mice with pre-existing robust amyloid plaque pathology to investigate the
effects of chronic HNG treatment on the progression of cognitive dysfunction and ApR-associated neuropa-
thology. We found that vehicle-treated APPswe/PS1dE9 mice showed impaired spatial learning and memory
compared with vehicle- and HNG-treated wild-type mice, while intraperitoneal HNG treatment for 3 months
significantly improved spatial learning and memory deficits in APPswe/PS1dE9 mice compared with vehicle
control treatment. Coincidental with this, HNG treatment significantly reduced cerebral AP plaque deposition,
insoluble ApB levels, and neuroinflammatory responses in APPswe/PS1dE9 mice compared with control treat-
ment. Cumulatively, these findings demonstrate that chronic administration of HNG is able to attenuate cogni-
tive deficits and reduce AP loads as well as neuroinflammation in the middle-aged APPswe/PS1dE9 mice even
with pre-existing substantial AR neuropathology, indicating that HNG has potential as a pharmacotherapeutic
intervention in the development of cognitive deficits and neuropathology seen in the cases of established AD.
© 2011 Elsevier Inc. All rights reserved.

Keywords:
Alzheimer's disease
Amyloid-beta protein
S14G-Humanin
Cognitive deficits
Inflammation
Transgenic mice

1. Introduction

Alzheimer's disease (AD) is a common neurodegenerative disorder
that causes dementia in the elderly population worldwide, character-
ized clinically by cognitive impairments that progress to dementia
(St George-Hyslop and Petit, 2005). Although the exact etiology of
AD has not been clarified completely, increasing evidence has shown
that overproduction of amyloid-beta (APR) protein, derived from
the amyloid precursor protein (APP) by proteolytic cleavage at the
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- and +y-secretase sites, and its accumulation in brain contribute
to the underlying pathogenesis of AD for the progressive develop-
ment of the disease (Selkoe, 1994; Selkoe, 2001; St George-Hyslop
and Petit, 2005).

The acetylcholinesterase inhibitors (i.e., donepizil, rivastigmine,
galantamine) and the N-methyl-p-aspartate (NMDA) receptor antag-
onist (memantine) have been developed and currently approved for
treating patients with AD (Lle6 et al., 2006; Seltzer, 2006; Smith
et al,, 2006). Although many clinical trials show that these drugs pro-
duce modest symptomatic benefit for improving cognitive deficits
associated with the disease respectively, they have limited effect on
substantially delaying the onset or modifying the progression of
the disease (Schenk, 2008; Van Marum, 2008; Cappell et al., 2010;
Herrmann et al,, 2011). Unfortunately, no causal therapeutic agent for
this devastating disease has been established so far. Thus, given the
disease's growing prevalence and its poor prognosis, there is an urgent
need to develop the novel therapeutic approaches with alternative,
more effective, therapies that not only target the disease symptoms
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but can also slow or halt the underlying neuropathological process
(Cappell et al.,, 2010; Herrmann et al., 2011; O'Hare et al., 2010).

Humanin (HN) is a novel 24-amino acid peptide, originally iden-
tified from an occipital lobe of an AD patient (Hashimoto et al.,
2001), which has been reported to be an effective neuroprotective
agent against cytotoxicity by all sorts of AD-relevant insults in vitro
(Hashimoto et al., 2001; Arakawa et al., 2008; Kunesova et al.,
2008; Jin et al., 2010). Surprisingly, S14G-Humanin (HNG), a deriva-
tive of HN (substitution of Gly for Ser14 of HN), has been shown to
enhance its neuroprotective activity to an extent about 1000-fold
than HN, which is effective at low nanomolar concentrations against
AD-relevant insults in vitro (Nishimoto et al., 2004; Niikura et al.,
2006). In addition to the in vitro assays, several in vivo studies
have been conducted to evaluate the effect of HN and its derivative
on cognitive functions by using different behavioral tests. The first
in vivo study described the effect of the HN-derivative HNG on cognitive
impairment in the Y-maze test showed that intracerebroventricular
administration of HNG could reverse the scopolamine-induced im-
pairment of spontaneous alternation behavior in mice (Mamiya and
Ukai, 2001). Subsequently, intraperitoneal administration of HNG
has been demonstrated to be effective on 3-quinuclidinyl benzilate
(a muscarinic acetylcholine receptor antagonist)-induced impairment
of spatial memory in the multiple T-maze in rats (Krejcova et al,
2004). As reported later, Tajima and coworkers have shown that intra-
cerebroventricular injection of HNG might prevent AB-induced impair-
ment of short-term/spatial working memory in the Y-maze test and
impairment of latent learning in the water-finding test (Tajima et al.,
2005). We also previously demonstrated that intraperitoneal injection
of HNG resulted in a significant effect on improving memory deficits
in AB-infused mice (Miao et al., 2008). Recently, Niikura and coworkers
found that intranasal HNG treatment for 3 months ameliorated cog-
nitive dysfunction and reduced amyloid burden in triple transgenic
(3xTg-AD) mice at the early plaque-bearing stage (Niikura et al.,
2011). Overall, these findings suggest that HNG might have potential
as an AD therapeutic.

In fact, cognitive deficits as well as AP plaque deposition and its
associated neuropathology exist for years before/once AD is clinically
diagnosed (Kemppainen et al., 2007; Blurton-Jones et al., 2009). Hence,
treatments that improve cognition and modify the disease progression
of AD with the presence of well-established plaque pathology are ur-
gently needed (Blurton-Jones et al., 2009). Therefore, research into
the efficacy of therapeutic candidates on AD with pre-existing cognitive
deficits and neuropathology is of critical importance for the develop-
ment of new therapeutic drugs against AD. Although abundant evidence
suggests that HNG may have a therapeutic potential in the treatment of
AD, to our knowledge, no studies have yet explored the therapeutic ef-
fect of HNG on AD with pre-existing well-established plaque pathology.

The APPswe/PS1dE9 mouse is a well-established double transgen-
ic model of AD, which harbors the mutant human genes APPswe
(Swedish mutations K594N/M595L) and presenilin-1 with the exon-9
deletion (PS1-dE9) under control of the mouse prion protein promoter,
and shows many features characteristic of the disease (Savonenko et al.,
2005; Garcia-Alloza et al., 2006; Ruan et al., 2009; Wang et al., 2009; Li
and Liy, 2010). The APPswe/PS1dE9 mice exhibit an early appearance of
amyloid plaques at the age of 4 months (Garcia-Alloza et al.,, 2006; Ruan
et al,, 2009), and develop age-dependent increased amyloid plaque de-
position and cognitive deficits (Lalonde et al., 2005; Savonenko et al.,
2005; Minkeviciene et al., 2008; O'Leary and Brown, 2009). Moreover,
central to the requirements of the current study, the middle-aged
APPswe/PS1dE9 mice that already show cognitive deficits and well-
established AR-related neuropathology may serve as a particularly
useful model to clarify the effect of therapeutic candidates on cogni-
tive deficits and AD-like pathology under the complex physiological
conditions (Savonenko et al., 2005; Garcia-Alloza et al., 2006; Ruan
et al., 2009; O'Leary and Brown, 2009; Zhang et al., 2011). To deter-
mine whether chronic HNG treatment has the disease-modifying

efficacy on AD with pre-existing well-established amyloid plaque pa-
thology, in the present study we used 9-month-old APPswe/PS1dE9
mice to examine the effects of HNG on progressively developing cogni-
tive deficits and Ap-related neuropathology.

2. Materials and methods
2.1. Animals and treatment

The APPswe/PS1dE9 mice used in the present study were generated
and identified to be homozygous by professionals of the Institute
of Laboratory Animal Science, Chinese Academy of Medical Science
(Beijing China), and were generously provided by Dr. Lianfeng Zhang
(Institute of Laboratory Animal Science, Chinese Academy of Medical
Science, Beijing China). All the transgenic mice were genotyped for
the presence of the mutant genes by PCR amplification of genomic
DNA extracted from tail clippings as previously described (Wang
et al, 2009; Wang et al, 2010; Li and Liu, 2010). Female APPswe/
PS1dE9 mice and their matched non-transgenic wild-type (WT) litter-
mates were randomly assigned into the following four groups
(n=38, each group): HNG-treated APPswe/PS1dE9 mice, vehicle-treated
APPswe/PS1dE9 mice, HNG-treated WT mice, and vehicle-treated WT
mice. Each mouse with HNG treatment received HNG (Peptide Interna-
tional Inc., USA) dissolved in normal saline every other day by intraperito-
neal injection (0.1 pg/0.5 ml in saline), while each mouse with vehicle
treatment received equal volume of saline injection (0.5 ml) as control
according to the same schedule. Treatment was started when the mice
were 9 months old and was continued for 3 months. Intraperitoneal ad-
ministration of HNG has been shown to reverse the spatial memory im-
pairment induced by 3-quinuclidinyl benzilate in rats (Krejcova et al.,
2004), ameliorate behavioral deficits in Ap-infused mice (Miao et al.,
2008), and improve neurological deficits and reduce infarct size in
mice (Xu et al.,, 2006), indicating that a substantial portion of intraperito-
neally administered HNG passes through the blood-brain barrier. The
dose and duration of HNG in this study were chosen based on our previ-
ous study (Miao et al., 2008) and on a review of literature (Krejcova et al.,
2004; Xu et al., 2006).

Mice were housed in transparent plastic cages (2 mice per cage)
according to standard animal care protocols and maintained in a
pathogen-free environment with free access to rodent chow and
water. The animals were randomized for therapy trials and coded,
and the operators and data analyzer remained double blinded to
which treatment they received, until the code was broken at the
completion of data collection. Animal body weights were measured
at the beginning of the experiment and every week thereafter. After
the last injection, all animals were subjected to behavioral testing.

Protocols were conducted according to the University Policies on the
Use and Care of Animals and were approved by the Institutional Animal
Experiment Committee of Fourth Military Medical University, China.

2.2. Morris water maze test

After the treatment for 3 months, the spatial learning and memory
were evaluated by the Morris water maze test as described previously
(Maurice et al.,, 2009; Zhang et al,, 2011). The apparatus consisted of a
circular water tank (120 cm in diameter and 50 cm high). The water
was rendered opaque by the addition of nontoxic white paint and the
water temperature was maintained at 23 £+ 1 °C. The swimming pool
was surrounded by a set of extra-maze spatial cues (i.e., racks, a door,
a watch, and pictures) on the walls, which were kept in fixed positions
in the testing room where the water maze was placed. All conditions in
the testing room were constant throughout the experiments.

For the acquisition (hidden-platform) test, the hidden platform
(10 cm in diameter) was kept constant in the middle of one certain
quadrant and submerged 1 cm below the water surface (30 cm away
from the side wall) throughout training. The mice were required to
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find the hidden platform using spatial cues available in the testing room
where all conditions were constant throughout the experiments. The
mice were subjected to four trials per day for 6 consecutive days. In
each of the four trials, the mice were gently released into the water by
facing the tank wall at four different starting positions equally spaced
around the perimeter of the pool. They were given 60 s to find the sub-
merged platform. On reaching the platform, the mice were allowed to
stay on it for 20 s. If a mouse failed to locate the platform within 60 s,
it was guided to the hidden platform and allowed to rest on it for 20 s,
and a maximum score of 60 s was assigned. The time that an individual
mouse took to reach the hidden platform was recorded as the escape
latency (seconds) for its spatial learning score.

To assess the retention of spatial memory, a probe trial was per-
formed 24 h after the last training trial. In this trial, the platform was
removed from the tank, and the mice were allowed to swim freely
for 60 s. The time that an individual mouse spent in the target quad-
rant previously containing the platform was recorded as a measure
of spatial memory.

To test the visual, motor, and motivation skills of the mice, the
visible platform tests (4 trials per day for 2 days) were performed
24 h after the probe trial. In this trial, the visible platform was posi-
tioned 1 cm above the water surface. The time to reach the visible
platform and swimming speed were recorded and analyzed.

Trajectories of all animals were monitored and achieved with a
computerized tracking system (Hampton Visual Systems Image 2020,
UK). All time measurements were performed by using a stopwatch by
an experimenter blinded to which experimental group to which each
animal belonged throughout testing.

2.3. Brain tissue preparation

After behavioral tests, all animals were deeply anesthetized with
sodium pentobarbital (100 mg/kg intraperitoneally), and perfused trans-
cardially with 100 ml of cold normal saline. Brains were removed and
dissected through the midsagittal plane. One hemisphere was placed in
70% ethanol, followed by xylene treatment and embedding in paraffin
for immunohistochemical and histological analyses. The entire hippo-
campus and cerebral cortex were separately dissected from the remain-
ing hemibrain and immediately snap-frozen and stored at —80 °C. The
entire frozen hippocampus and cerebral cortex tissues each animal
were separately pulverized into a fine powder which was then weighed
and divided into small separate aliquots stored at —80 °C to be used for
the biochemical analyses.

2.4. Quantification of cerebral AP levels

The levels of soluble and insoluble AR in the hippocampus and
cerebral cortex of HNG- and vehicle-treated APPswe/PS1dE9 mice
were quantified according to the procedures as described previously
(Imbimbo et al,, 2010; Zhang et al.,, 2011). Briefly, the tissue samples
were weighed and homogenized in 5 vol/weight of TBS (Tris HCl
50 mM pH7.6; NaCl 150 mM; EDTA 2 mM) containing a cocktail of pro-
tease inhibitors (Sigma-Aldrich, USA). Homogenate was aliquoted and
stored at —80 °C. One aliquot of each sample was suspended in 2%
sodium dodecyl sulfate (SDS) containing protease inhibitors and cen-
trifuged at 100,000 g for 60 min at 4 °C. The supernatant fraction was
collected to be used for the soluble AR ELISA assay. The remaining
SDS-insoluble pellet was sonicated and dissolved in 70% formic acid,
and centrifuged at 100,000 xg for 60 min. The supernatant was collected
to be used for the insoluble AR ELISA assay. The soluble and insoluble
AB levels in all samples were determined employing the commercially
available human AB1-x ELISA kit (Immuno-Biological Laboratories Co.,
Ltd., Japan), and Ap1-40 and AB1-42 ELISA kits (BioSource, USA)
according to the manufacturer's instructions. Data obtained in brain
homogenates were expressed as nanograms of per milligrams of total
protein (ng/mg total protein). Analyses were always performed in

duplicate and in a coded manner. Protein content of brain homogenates
was determined by using the Bio-Rad protein dye assay reagent.

2.5. Determination of cerebral APP BCTF

To determine the effect of HNG on the p-secretase activity, the
human APP BCTF (carboxy-terminal fragments of APP cleaved by
[B-secretase) level in the hippocampus and cerebral cortex of HNG-
and vehicle-treated APPswe/PS1dE9 mice was detected as described
previously (Edbauer et al., 2003; Yamakawa et al., 2010). The amount of
BCTF in brain was quantitatively determined using a Human APP RCTF
Assay kit (Immuno-Biological Laboratories Co., Ltd., Japan) according
to the manufacturer's protocol. The final values of brain APP RBCTF
were expressed as picomoles per milligrams of total protein (pm/mg
protein). Analyses were always performed in duplicate and in a coded
fashion.

2.6. Immunohistochemistry and histology

Immunohistochemical and histological staining was performed as
described previously (Miao et al., 2005; Miao et al., 2008). Briefly,
sections were cut in the sagittal plane at 10 um thickness and mounted
on slides. Sections were deparaffinated and rehydrated. Antigen retrieval
was performed by treatment with proteinase K (0.2 mg/ml) for 10 min
at room temperature for AR and astrocyte staining, and by 10 mM
sodium citrate solution (pH 9.0) for 30 min at 90 °C in a water bath
for activated microglia staining. Sections for nonspecific binding were
blocked by incubating in PBS containing 0.1% Triton X-100 and 2%
bovine serum albumin (Sigma-Aldrich, USA) for 20 min at room
temperature. The sections were incubated with the following primary
antibodies overnight at 4 °C for immunohistochemical analysis:
mouse monoclonal antibody (6E10) which recognizes residues 1-17
of human AP (1:200; Millipore, USA), mouse monoclonal antibody to
glial fibrillary acidic protein (GFAP) for the detection of astrocytes
(1:500; Millipore, USA), and rabbit anti-Ibal monoclonal antibody for
the detection of activated microglia (1:300; Wako Pure Chemical
Industries, Ltd., Japan). Primary antibodies were detected with horse-
radish peroxidase-conjugated or alkaline phosphatase-conjugated
secondary antibodies and visualized with either a stable diamino-
benzidine solution (Vector Laboratories, USA) according to the manu-
facturer's recommendations. As a negative control, sections from the
same group of animals were treated in the same manner, except for
the primary antibody. Thioflavin S staining for fibrillar plaques was
performed with 1% Thioflavin S (Sigma-Aldrich, USA), and the green
fluorescence-stained plaques were visualized using fluorescence
microscopy.

2.7. Quantification of amyloid plaque burden and inflammatory cells

Quantitative image analysis was performed using Image-Pro Plus
imaging software (version 5.0, Media Cybernetics, Bethesda, MD, USA)
as described previously (Mori et al., 2006; Ruan et al., 2009; Zhang
et al, 2011). In brief, to quantify immunoreactivity and Thioflavin S
staining, images were acquired from the series of adjacent sections
stained for immunohistochemistry and histology by using Olympus
microscope connected to a digital microscope camera. For all treat-
ment groups, the percentage of the area occupied by 6E10-positive
plaques, Thioflavin-S-positive plaques, GFAP-positive immunoreac-
tivity, and Ibal-positive immunoreactivity in the entire hippocampus
and cerebral cortex was calculated respectively. Mean values for each
parameter were recorded from six equidistant sections through the
hippocampal region (at 150 um intervals) per animal in each group.
The threshold of detection was held constant during analysis and all
measurements were conducted in a blinded fashion.
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2.8. Measurement of brain cytokine levels

Mouse brain cytokine levels were assessed as described previously
(Fan et al., 2007; Miao et al., 2008). Briefly, cerebral cortex tissues of all
mice were separately homogenized in 10 volumes of 50 mm Tris-HCl,
150 mm NaCl, pH 7.5, containing protease inhibitor mixture (Sigma-
Aldrich, USA) at 4 °C. The samples were centrifuged at 14,000 xg for
50 min at 4 °C. The protein concentrations of the supernatants were
determined using the BCA kit (Pierce Biotechnology, USA). The levels
of interleukin-1beta (IL-1R), interleukin-6 (IL-6), and tumor necrosis
factor alpha (TNFa) in the samples were determined using a mouse
IL-1 immunoassay kit (R&D Systems Inc., USA), a mouse IL-6 immuno-
assay kit (R&D Systems Inc., USA) and a mouse TNFa immunoassay kit
(R&D Systems Inc., USA) in strict accordance with the manufacturer's
instructions.

2.9. Statistical analysis

All data were expressed as mean 4- SEM. The group differences in
escape latency and swimming speed in the Morris water maze training
task were analyzed using two-way repeated-measures ANOVA analysis
followed by post hoc Bonferroni's test for multiple comparisons
(Minkeviciene et al., 2004; Zhang et al., 2006; Peng et al., 2010).
Data on the probe trial and neuroinflammatory assays were analyzed
using one-way ANOVA analysis followed by post hoc Tukey's test for
multiple comparisons (Minkeviciene et al., 2004; Miao et al., 2008).
Treatment differences in the histological and biochemical AB assays
between vehicle- and HNG-treated APPswe/PS1dE9 mice were analyzed
by Student's t test (Peng et al., 2010). All analyses were performed with
SPSS statistical package (version 13.0 for Windows, SPSS Inc., USA). A
value of p<0.05 was considered statistically significant.

3. Results

3.1. HNG treatment ameliorates the spatial learning and memory deficits
in APPswe/PS1dE9 mice

Spatial learning was assessed in the hidden platform task in all mice.
As shown in Fig. 1A, there was a significant overall group difference in
escape latency among the four groups (group effect: F(3,28) =10.46,
p<0.001; training day effect: F(5,140)=206.07, p<0.001; group x
training day interaction: F(15,140)=1.06, p>0.05). Vehicle-treated
APPswe/PS1dE9 mice had significantly longer escape latency relative
to vehicle- and HNG-treated WT mice (p<0.001, respectively), in-
dicating that spatial learning deficits occurred in vehicle-treated
APPswe/PS1dE9 mice. Whereas, HNG treatment in APPswe/
PS1dE9 mice resulted in a significant decrease in escape latency com-
pared with vehicle-treated APPswe/PS1dE9 mice (p<0.01), suggesting
that HNG was effective in attenuating spatial learning deficits in
APPswe/PS1dE9 mice.

A probe trial was conducted to assess the spatial memory in all mice.
As shown in Fig. 1B, there was a significant overall group difference in
the time spent in the target quadrant among the four groups (F(3,31) =
18.21, p<0.001). Vehicle-treated APPswe/PS1dE9 mice spent less time
in the target quadrant relative to vehicle- and HNG-treated WT mice
(p<0.001, respectively), indicating that spatial memory was impaired
in vehicle-treated APPswe/PS1dE9 mice. However, HNG-treated
APPswe/PS1dE9 mice spent more time in the target quadrant com-
pared to the vehicle-treated APPswe/PS1dE9 mice (p<0.001), sug-
gesting that HNG was effective in attenuating spatial memory deficits
in APPswe/PS1dE9 mice.

There were no significant differences in the escape latency
(Fig. 1A) and the time spent in the target quadrant (Fig. 1B) between
vehicle- and HNG-treated WT mice (p>0.05), indicating that HNG itself
did not directly affect the learning and memory functions in WT mice. In
addition, there was no significant difference in swimming speed during
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Fig. 1. HNG treatment improved spatial learning and memory deficits in APPswe/PS1dE9
mice. (A) Acquisition of spatial learning in the Morris water maze hidden platform task.
Escape latency was used as a measure of spatial learning in the hidden platform task.
Vehicle-treated APPswe/PS1dE9 mice had significantly longer escape latency compared
with vehicle- and HNG-treated WT mice. HNG-treated APPswe/PS1dE9 mice had signifi-
cantly lower escape latency compared with vehicle-treated APPswe/PS1dE9 mice. There
was no significant difference in escape latency between vehicle- and HNG-treated WT
mice (p>0.05). (B) Spatial memory test in the Morris water maze probe trial without
platform. Vehicle-treated APPswe/PS1dE9 had significantly less time spent in the target
quadrant relative to vehicle- and HNG-treated WT mice. HNG-treated APPswe/PS1dE9
mice had significantly more time spent in the target quadrant compared with vehicle-
treated APPswe/PS1dE9 mice. There was no significant difference in the time spent in
the target quadrant between vehicle- and HNG-treated WT mice (p>0.05). Each value
represents the mean 4+ SEM from 8 mice per group. *p<0.001 versus vehicle- and HNG-
treated WT mice; **p<0.001 versus vehicle-treated APPswe/PS1dE9 mice.

the acquisition training between the four groups of mice (Fig. S1;
p>0.05). Moreover, no significant differences in escape latency (Fig.
S2A) and swimming speed (Fig. S2B) in the visible platform test were
observed between the four groups of mice (p>0.05). These results indi-
cate that there were no overt behavioral deficits (i.e., inability to swim,
inability to see the platform, and lack of motivation), as a result of the
HNG injection. Thus, the impaired cognitive function in vehicle-treated
APPswe/PS1dE9 mice and the improved cognitive function in HNG-
treated in APPswe/PS1dE9 mice could not be attributable to non-
cognitive factors (motor, visual, and motivation abnormalities).
These findings support the hypothesis that HNG treatment led to the
improvement of cognitive deficits in APPswe/PS1dE9 mice may be
due to the attenuation of Ap-associated neuropathology.

3.2. HNG treatment reduces cerebral plaque deposition in APPswe/
PS1dE9 mice

The total AP plaques were detected by using a specific anti-Ap
antibody (6E10) and the fibrillar plaques by using Thioflavin S staining.
Compared with vehicle-treated APPswe/PS1dE9 mice showing robust
6E10-positive and Thioflavin S-positive Af deposits in cerebral cortex
and hippocampus (Fig. 2A and B), HNG-treated APPswe/PS1dE9 mice
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Fig. 2. HNG reduced AR deposition in APPswe/PSTdE9 mice. Amyloid plaques were
stained with 6E10 antibody and Thioflavin S (ThioS) respectively. Vehicle-treated
APPswe/PS1dE9 mice exhibited robust 6E10-positive plaques (A) and ThioS-positive fi-
brillar plaques (B) in the cerebral cortex and hippocampus, while HNG-treated
APPswe/PS1dE9 mice showed a remarked decrease of both forms of the plaques (C
and D). Quantification of amyloid plaques throughout the cerebral cortex and hippo-
campus revealed that HNG treatment led to a significant decrease in either total AR
plaque burden (E) or fibrillar AR plaque burden (F) in APPswe/PS1dE9 mice. Each
value represents the mean + SEM from 8 mice per group. *p<0.01, **p<0.001 versus
vehicle-treated APPswe/PS1dE9 mice. Scale bar =200 um.

exhibited a marked decrease in both forms of AR plaques (Fig. 2C and
D). Quantitative analysis revealed that HNG treatment significantly re-
duced the total plaque load (Fig. 2E; p<0.001) and the fibrillar plaque
load (Fig. 2F; p<0.01) in cerebral cortex and hippocampus of APPswe/
PS1dE9 mice, indicating that HNG was effective in reducing the
age-related increase of cerebral plaque burden in APPswe/PS1dE9
mice with pre-existing amyloid plaque pathology.

3.3. HNG treatment reduces insoluble AB levels in APPswe/PS1dE9 mice

The levels of soluble and insoluble AR in brain from APPswe/PS1dE9
mice treated with HNG or vehicle are shown in Fig. 3. Compared with
vehicle controls, HNG treatment in APPswe/PS1dE9 mice significantly
lowered the levels of insoluble total AR1-x (Fig. 3A; p<0.001), insoluble
APR1-40 (Fig. 3C; p<0.01), and AB1-42 (Fig. 3E; p<0.001) in the cerebral
cortex and hippocampus. However, there were no significant differ-
ences in the levels of soluble AR (total AR1-x, AR1-40, AB1-42) between

the two groups (Fig. 3B, D, and F; p>0.05). These data confirm that HNG
had some AP-lowering effect in APPswe/PS1dE9 mice.

3.4. HNG treatment has little effect on APP processing in APPswe/PS1dE9
mice

The level of APP BCTF was examined to determine whether HNG
could influence APP processing. We found no significant difference in
the APP BCTF levels in hippocampus and cerebral cortex between
vehicle- and HNG-treated APPswe/PS1dE9 mice (Fig. 4; p>0.05). To-
gether with the unchanged soluble AR levels in HNG-treated APPswe/
PS1dE9 mice (Fig. 3B, D, and F), these results indicate that HNG treat-
ment had little effect on the APP processing and AP generation.

3.5. HNG treatment reduces glial activation in APPswe/PS1dE9 mice

Immunohistochemical staining showed similar GFAP-positive
astrocytes in vehicle-treated WT mice (Fig. 5A) and HNG-treated
WT mice (Fig. 5B). In contrast, vehicle-treated APPswe/PS1dE9 mice
showed markedly increased reactive astrocytes (Fig. 5C), while HNG-
treated APPswe/PS1dE9 mice exhibited remarkably decreased reactive
astrocytes (Fig. 5D). Quantitative analysis revealed that vehicle-treated
APPswe/PS1dE9 mice had a significant increase in the amount of reactive
astrocytes in cerebral cortex and hippocampus compared with vehicle-
and HNG-treated WT mice (Fig. 5E; p<0.001, respectively), while HNG
treatment in APPswe/PS1dE9 mice resulted in a significant decrease
in the amount of reactive astrocytes in cerebral cortex and hippo-
campus compared with vehicle-treated APPswe/PS1dE9 mice (Fig. 5E;
p<0.01).

Immunohistochemical staining showed fewer Ibal-positive micro-
glia in vehicle-treated WT mice (Fig. 6A) and HNG-treated WT mice
(Fig. 6B). In contrast, robust activated microglia was observed in vehi-
cle-treated APPswe/PS1dE9 mice (Fig. 6C), while markedly decreased
activated microglia was observed in HNG-treated APPswe/PS1dE9
mice (Fig. 6D). Quantitative analysis disclosed that vehicle-treated
APPswe/PS1dE9 mice had a significant increase in the amount of acti-
vated microglia in cerebral cortex and hippocampus compared with
vehicle- and HNG-treated WT mice (Fig. 6E; p<0.001, respectively),
while HNG treatment in APPswe/PS1dE9 mice resulted in a significant
decrease in the amount of activated microglia in cerebral cortex and
hippocampus compared with vehicle-treated APPswe/PS1dE9 mice
(Fig. 6E; p<0.001).

3.6. HNG treatment lowers the levels of inflammatory cytokines in
APPswe/PS1dE9 mice

The levels of inflammatory cytokines in cerebral cortex were
quantitatively measured by ELISA. As shown in Fig. 7, vehicle-treated
APPswe/PS1dE9 mice had a significant increase in the levels of IL-13
(Fig. 7A; p<0.001), IL-6 (Fig. 7B; p<0.01), and TNFa (Fig. 7C; p<0.001)
compared with vehicle- and HNG-treated WT mice, while HNG treatment
in APPswe/PS1dE9 mice significantly reduced these elevated levels of
IL-1R (Fig. 7A; p<0.001), IL-6 (Fig. 7B; p<0.01), and TNFa (Fig. 7C;
p<0.001) compared with vehicle-treated APPswe/PS1dE9 mice.

4. Discussion

In the present study, we have demonstrated that that HNG treat-
ment is effective in improving cognitive deficits and reducing cerebral
AP deposition, insoluble AB levels, and neuroinflammation in the
middle-aged APPswe/PS1dE9 mice with pre-existing abundant AR
pathology.

Progressive cognitive decline is known to be a clinical hallmark of
AD patients, and worsens with the disease progression, which im-
poses a large burden on patients and their families (Selkoe, 2001; St
George-Hyslop and Petit, 2005). In this regard, the efficacy of any
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Fig. 3. HNG treatment reduced the levels of insoluble AR in APPswe/PS1dE9 mice. Levels of insoluble total AR1-x (A), AR1-40 (C), and AP1-42 (E) in cerebral cortex and hippocampus
were significantly lower in HNG-treated APPswe/PS1dE9 mice than in vehicle-treated APPswe/PS1dE9 mice. There were no significant differences in levels of soluble total AR1-x (B),
APR1-40 (D), and AR1-42 (F) in cerebral cortex and hippocampus between HNG- and vehicle-treated APPswe/PS1dE9 mice (p>0.05). Each value represents the mean4 SEM from

8 mice per group. *p<0.01, **p<0.001 versus vehicle-treated APPswe/PS1dE9 mice.

given intervention against AD would ultimately be judged upon its
ability to prevent/improve cognitive decline. Previous studies have
shown that APPswe/PS1dE9 mice exhibit spatial learning and memory
impairments on the Morris water maze at 8 months of age (Lalonde
et al,, 2005; Butovsky et al.,, 2006; Oksman et al., 2006; Minkeviciene
et al,, 2008) and progressive cognitive deterioration as they age and
pathology progresses (Savonenko et al., 2005; Minkeviciene et al.,
2008; O'Leary and Brown, 2009). Hence, at the start of treatment at
9 months of age, these transgenic animals show significant deficits in
learning and memory compared to non-transgenic animals. Behavioral
analyses of the present study revealed that vehicle-treated APPswe/
PS1dE9 mice already had spatial learning and memory deficits
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Fig. 4. HNG treatment had little effect on APP processing in APPswe/PS1dE9 mice. No
significant differences in the APP BCTF level were found in cerebral cortex and hippo-
campus between HNG- and vehicle-treated APPswe/PS1dE9 mice (p>0.05). Each value
represents the mean + SEM from 8 mice per group.

compared with WT mice, while HNG treatment significantly improved
the cognitive deficits in APPswe/PS1dE9 mice. Importantly, HNG treat-
ment in APPswe/PS1dE9 mice restored their spatial memory function
to reach the level of WT mice. These data indicate an effective role of
HNG in improving Ap-related cognitive deterioration, which is consis-
tent with the previous studies showing that intracerebroventricular or
intraperitoneal injection of HNG may prevent AB-induced behavioral
deficits in Ap-infused mice (Tajima et al., 2005; Miao et al., 2008), and
intranasal treatment of HNG can ameliorate cognitive impairment in
3xTg-AD male mice (Niikura et al.,, 2011). Together, these observations
indicate that HNG treatment has a substantial effect on improving cog-
nitive deficits associated AP.

Although the exact etiology of AD is not fully understood, substantial
evidence has shown that AP peptide is central for the pathogenesis of
AD (Selkoe, 2001; Hardy and Selkoe, 2002). Cerebral parenchymal A
deposition is a prominent pathological hallmark of AD, and can occur
as diffuse or fibrillar plaques, with the latter associated with neurotox-
icity (Selkoe, 2001; St George-Hyslop and Petit, 2005). Progressive AP
production and its deposition over time have been shown in this trans-
genic model (Garcia-Alloza et al., 2006; Ruan et al., 2009). Consistent
with the previous findings (Garcia-Alloza et al., 2006; Ruan et al,
2009), vehicle-treated APPswe/PS1dE9 mice exhibited abundant amy-
loid deposits in the brain, whereas HNG treatment in APPswe/PS1dE9
mice led to a significant reduction in total plaque burden (plaques
stained with 6E10 antibody) and fibrillar plaque burden (plaques
stained with thioflavine-S) in cerebral cortex and hippocampus com-
pared with vehicle-treated APPswe/PS1dE9 mice. The beneficial ef-
fect of HNG on reducing Ap deposition in brain was further confirmed
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Fig. 5. HNG treatment reduced the amount of reactive astrocytes in APPswe/PS1dE9 mice.
Representative immunostaining of GFAP-positive astrocytes in the frontal cortex of vehi-
cle-treated WT mice (A), HNG-treated WT mice (B), vehicle-treated APPswe/PS1dE9 mice
(C), and HNG-treated APPswe/PS1dE9 mice (D). Quantitative analysis disclosed that the
amount of reactive astrocytes in cerebral cortex and hippocampus was significantly
increased in vehicle-treated APPswe/PS1dE9 mice compared with vehicle- and HNG-
treated WT mice (E), while HNG treatment in APPswe/PS1dE9 mice significantly reduced
the amount of reactive astrocytes in cerebral cortex and hippocampus compared with
vehicle-treated APPswe/PS1dE9 mice (E). No significant difference in the amount of reac-
tive astrocytes in cerebral cortex and hippocampus was found between vehicle- and HNG-
treated WT mice (E; p>0.05). Each value represents the mean 4 SEM from 8 mice per
group. *p<0.001 versus vehicle- and HNG-treated WT mice; **p<0.01 versus vehicle-
treated APPswe/PSTdE9 mice. Scale bar =100 pm.

by determining the concentration of insoluble AR peptides, showing a
marked decrease in insoluble AP levels (e.g., total Ap1-x, AB1-40, and
APR1-42) in cerebral cortex and hippocampus in HNG-treated APPswe/
PS1dE9 mice compared with vehicle-treated APPswe/PS1dE9 mice.
Since the insoluble AP peptide is a major component of plaques, de-
creased insoluble AP levels are in line with the morphometric findings
showing a reduced AP deposits, particularly fibrillar AR deposition, in
HNG-treated APPswe/PS1dE9 mice. Combined with the ELISA and mor-
phometric results, these data indicate that HNG may suppress the age-
related increase of plaque burden and insoluble AB levels in APPswe/
PS1dE9 mouse brains. This is consistent with the previous study show-
ing that intranasal treatment of HNG may reduce the amount of amy-
loid plaques (stained with anti-AB antibody 82E1) in 3xTg-AD female
mice (Niikura et al.,, 2011). However, we did not find significant differ-
ence in the levels of APP BCTF and soluble AB (e.g., total AR1-x, AB1-40,
and APR1-42) between HNG- and vehicle-treated APPswe/PS1dE9 mice,
suggesting that HNG treatment had little effect on APP processing and
AP production, which is in agreement with the previous studies show-
ing that HN and its derivatives (HNG) could not inhibit the production
of AR from APP in vitro (Hashimoto et al., 2001; Jung and Van Nostrand,
2003) and in vivo (Niikura et al,, 2011). Overall, these results indicate
that HNG may have a clear beneficial effect on reducing some forms of
AP burden in the brain.

Neuroinflammation has been documented to be a well-defined
feature of AD pathology, which is believed to play an important role
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Fig. 6. HNG treatment reduced microglial activation in APPswe/PS1dE9 mice. Repre-
sentative immunostaining of Ibal-positive microglia in the frontal cortex of vehicle-
treated WT mice (A), HNG-treated WT mice (B), vehicle-treated APPswe/PS1dE9 mice
(C), and HNG-treated APPswe/PS1dE9 mice (D). Quantitative analysis disclosed that the
amount of activated microglia in cerebral cortex and hippocampus was significantly in-
creased in vehicle-treated APPswe/PS1dE9 mice compared with vehicle- and HNG-treated
WT mice (E), while HNG treatment in APPswe/PS1dE9 mice significantly reduced the
amount of activated microglia in cerebral cortex and hippocampus compared with
vehicle-treated APPswe/PS1dE9 mice (E). No significant difference in the amount of
activated microglia in cerebral cortex and hippocampus was found between vehicle-
and HNG-treated WT mice (E; p>0.05). Each value represents the mean + SEM from
8 mice per group. *p<0.001 versus vehicle- and HNG-treated WT mice; **p<0.01 versus
vehicle-treated APPswe/PS1dE9 mice. Scale bar =100 pm.

in the pathogenesis of AD (Di Bona et al, 2010). Previous study
has shown that robust activated microglia and astrocytes as well as in-
creased cytokines in APPswe/PS1dE9 mice as they age and AR-associated
pathology progresses (Ruan et al., 2009). Quantitative analyses in the
present study revealed that vehicle-treated APPswe/PS1dE9 mice had
significantly elevated inflammatory responses (i.e., reactive astrocytes,
activated microglia, IL-1f3, IL-6, and TNFat) compared with vehicle- and
HNG-treated WT mice, while HNG treatment in APPswe/PS1dE9 mice
led to a significant reduction in astrocytic activation and microglial acti-
vation as well as several inflammatory cytokines' levels (i.e., IL-1(3, IL-6,
and TNFa) compared with vehicle-treated APPswe/PS1dE9 mice.
Given the central role of fibrillar AR deposition in the activation of
microglia and astrocytes seen in AD, and inflammatory cytokines
produced primarily by these activated glia (Rozemuller et al., 2005;
Hoozemans et al., 2006), the significant decrease in neuroinflamma-
tion seen in HNG-treated APPswe/PS1dE9 mice can be attributed to
the lowering of the AR plaque burden, particularly the fibrillar AR
plaques. In addition, this reduction in neuroinflammation, at least
in part, may result from HNG's anti-inflammatory property, evidenced
by HNG significantly decreasing neuroinflammatory responses (i.e.,
reactive astrocytes, activated microglia, IL-6, and TNFa) in AR-infused
mice (Miao et al., 2008). Together, these results indicate that HNG can
reduce the Ap-associated neuroinflammation.
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Fig. 7. HNG treatment reduced inflammatory cytokine levels in APPswe/PS1dE9 mice.
Quantitative analysis disclosed that the levels of IL-153 (A), IL-6 (B), and TNFa (C) were
significantly elevated in vehicle-treated APPswe/PS1dE9 mice compared with vehicle-
and HNG-treated WT mice, while HNG treatment in APPswe/PS1dE9 mice significantly
reduced the levels of IL-13 (A), IL-6 (B), and TNFa (C) compared with vehicle-treated
APPswe/PS1dE9 mice. No significant differences in the levels of these cytokines were
observed between vehicle- and HNG-treated WT mice (p>0.05). Each value represents
the mean + SEM from 8 mice per group. *p<0.001, *p<0.01 versus vehicle- and HNG-
treated WT mice; **p<0.001, #p<0.01 versus vehicle-treated APPswe/PS1dE9 mice.

In addition, no significant differences in the behavioral perfor-
mance and neuroinflammatory responses were found between vehi-
cle- and HNG-treated WT mice, indicating that HNG itself could not
directly enhance or impair cognitive function, and evoke an increase
of neuroinflammation in the brain, which is consistent with our pre-
vious findings (Miao et al., 2008). Therefore, the beneficial effect of
HNG treatment on the improvement of spatial learning and memory
deficits in APPswe/PS1dE9 mice may be attributable to its combined
effects on reducing some forms of AR burden and its related neuroin-
flammation. Further studies are required to clarify the underlying
mechanisms by which HNG might significantly reduce the Ap-related
neuropathology and benefit the cognitive decline in established AD.

In summary, the present results provide evidence that chronic
HNG treatment may improve cognitive deficits and reduce Ap burden
and neuroinflammation in the middle-aged APPswe/PS1dE9 mice
with pre-existing abundant AR pathology, suggesting that HNG may
have therapeutic potential in the treatment of AD even with large
amounts of AB-associated pathology.

Supplementary materials related to this article can be found online
at doi: 10.1016/j.pbb.2011.09.012.
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