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Abstract: Astrocytes are closely related to the amyloid-β (Aβ) deposition in the brain and play crucial roles in Al-
zheimer’s disease (AD) pathology. Meanwhile, inflammation in the CNS has been increasingly demonstrated as a 
prominent hallmark in AD. Our data from animal models and subjects with Alzheimer’s disease (AD) showed GFAP 
immunoreactivity altered in different stage of AD and had a positive correlation with neprilysin (NEP), suggesting 
astrocytes might take a protective role in pathogenetic course of AD. Here, we investigate the role of astrocyte in the 
mechanism of Aβ removal. ELISA and western blotting were performed to determine the ability of astrocyte to clear 
Aβ1-42. In this study, we demonstrated that cultured astrocytes removed extracellular oligomeric Aβ. However, cul-
tured astrocytes from an AD mouse model showed less capacity to clear extracellular Aβ42 but with hyper-expression 
of NEP protein than normal astrocytes. In addition, LPS-induced inflammation rather than continuous Aβ stimuli 
inhibited the capacity of Aβ clearance by astrocytes indicating that inflammation possibly contributed to astrocytic 
dysfunction. Lastly, HOEC which exhibited anti-inflammatory effects restored the capacity of injured or aged as-
trocytes to clear Aβ. In conclusion, astrocytes have been shown to exert a direct role in Aβ clearance and undergo 
functional impair associated with inflammation in the pathogenesis of AD. Therefore, anti-inflammatory treatments 
aimed at restoring astrocyte functions may represent an appropriate approach to treat AD.
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Introduction

Alzheimer’s disease (AD) is a progressive, age-
related neurodegenerative disorder character-
ized by extracellular and intracellular deposi-
tion of the amyloid β-protein (Aβ) [1]. The Aβ 
plaques are surrounded by a sphere of reactive 
astrocytes and activated microglia, and cul-
tured astrocytes isolated from human [2, 3] 
and mice [4] can bind and uptake Aβ, suggest-
ing that glial activation is an endogenous defen-
sive mechanism against plaque deposition. On 
the other hand, however, the associated inflam-
mation resulted by persistent activation of glia 
cells may also contribute to the progression of 
AD [5]. It’s been well established that astro-
cytes are involved in Aβ clearance as men-

tioned above. Transplanted exogenous astro-
cytes co-localize with and ingest deposited 
human Aβ in vivo, while endogenous astrocytes 
may not be able to respond to and clear the 
excessive amount of Aβ in the AD mimicking 
mice [6]. So it is reasonable to assume that the 
capacity of astrocytes to internalize Aβ may be 
impaired or saturated in AD. Moreover, it is 
found that fetal astrocytes are able to engulf 
Aβ1-42 more efficient than adult astrocytes [3]. 
The evidence suggests that the ability of Aβ 
clearance of astrocytes in AD brain might be 
quite different from the astrocytes in normal 
brains, and constant Aβ accumulation may 
gradually result in dysfunction of astrocytes in 
Aβ clearance mechanism in AD. 
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Aβ-degrading proteases such as neprilysin 
(NEP), insulin-degrading enzyme (IDE), endo-
thelin-converting enzyme (ECE), angiotensin-
converting enzyme (ACE), plasminogen activa-
tors and the matrix metalloproteinases-9 and 2 
(MMP-9, MMP-2) [7] play important roles in Aβ 
clearance. With abundant expression in human 
astrocytes [8], NEP appears to be the predomi-
nant Aβ protease in Aβ clearance in astrocytes 
both in vivo [9-11] and ex vivo [6]. Particular 
regional and subcellular localization profiles of 
different proteases define distinct pools of Aβ, 
which may contribute differentially to the patho-
genesis of AD [4]. Among the subcellular organ-
elles, a portion of endosomes, a place involving 
the generation [12], accumulation [13] and 
secretion [14] of Aβ, is a pivotal compartment 
in Aβ metabolism. However, little is known 
about co-localization of NEP with endosomes in 
astrocytes.

Exposure of astrocytes to Aβ could cause  
neuroinflammation showing upregulation of 
inflammatory cytokines and increase of the 
nitric oxide release [15]. Growing number of evi-
dences demonstrate that neuroinflammation 
and oxidative stress induced by the interaction 
of amyloid plaques and disturbed astrocytic 
homeostasis [16] are implicated in the patho-
logical process of AD [17-19]. What’s more, 
emerging significant epidemiological evidence 
shows that treatment with non-steroidal anti-
inflammatory drugs (NSAIDs) exhibited benefi-
cial effects on Alzheimer’s disease [20]. HOEC, 
(+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffe-
ate, isolated from Incarvillea maireivargrandit-
lora (Wehrhahn) Griersonis (a Chinese herb), 
exhibits anti-inflammatory effects by inhibiting 
5-lipoxygenase in rodent animals [21]. Several 
reports including ours support that there was 
significant protective effects of HOEC against 
hydrogen peroxide or lipopolysaccharide in- 
duced injuries and modulation of inflammation-
related signaling [22, 23]. An impressing results 
showing cognitive improvement of HOEC on 
AD-mimic animal model have been obtained in 
our lab (data not shown). So we hypothesized 
that HOEC might affect the function of glial 
cells.

In this study, we first investigated the functional 
alteration of astrocyte undergone multiple 
treatment of Aβ which mimics the microenvi-
ronment of astrocytes of AD in vitro. Next, we 
verified the differences in function of cultured 

astrocytes from wide-type mice and AD model 
mice including the capacity of clearing Aβ and 
the expression of Aβ-degrading proteases in 
the brains of patients and transgenic mice, and 
whether continuous exposure to Aβ or a trigger 
of inflammation can alter astrocytic ability of 
clearing Aβ in vitro. Last, we explored whether 
HOEC, a natural anti-inflammatory agent, could 
restore the capacity of injured or aged astro-
cytes to remove Aβ in vitro. 

Materials and methods

Animals

APPswe/PS1dE9 double-transgenic mice over-
expressing a chimeric mouse/human amyloid 
precursor protein (Mo/HuAPP695swe) and 
human mutant presenilin 1 (PS1-dE9), as well 
as wild-type C57Bl/6J mice were obtained from 
Jackson Laboratory. Animals were housed at a 
temperature of 20-25°C, relative humidity of 
50-60%, and a 12 h light-dark cycle environ-
ment with free access to food and water. All 
procedures were carried out in accordance with 
the guidelines of Care and Use of Laboratory 
Animals of China for animal experimentation. 
Astrocyte cultures were prepared either from 
C57Bl/6J mice or APPswe/PS1dE9 double-
transgenic mice.

Case and clinical features

Frozen frontal cortex from 6 NCI, 10 MCI and 
12 AD were obtained from participants in the 
Religious Orders Study of the Rush Alzheimer 
Disease Center (P30AG10161) [24]. All individ-
uals had undergone a uniform structured clini-
cal evaluation that included a medical history, 
neurologic examination, neuropsychological 
performance testing, and diagnostic classifica-
tion for dementia and AD, and MCI; NCI referred 
to those individuals without dementia or MCI. 
The study was approved by the Human 
Investigations Committee of Rush University 
and signed an informed consent and Anatomic 
Gift Act or organ donation.

Multiplexed immunohistochemistry

Paraffin embedded frontal cortex tissue sec-
tions mounted on glass slides from NCI, MCI 
and AD or from control C56 WT mice and vari-
ous ages of transgenic APP/PS1 mice were 
taken through deparaffinization and rehydra-
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tion. Slides were blocked with endogenous per-
oxidase blocking buffer (Peroxidazed, Biocare 
Medical LLC), protein blocking buffer, and alter- 
native antigen retrieval. For multiple labeling, 
the primary antibodies were applied as a cock-
tail (rat anti-NEP (15 μg/ml, R&D) in antibody 
diluent (Renoir Red, Biocare Medical, LLC) over-
night at 4°C. Sections were washed with TBS 
and then incubated with goat anti-mouse HRP 
polymer for 30 minutes at room temp and goat 
anti-rabbit AP polymer (Mach 2 Rabbit AP- 
Polymer) for 60 minutes at room temp. Immu- 
noreactivity was visualized with brown chromo-
gen (Betazoid DAB Chromogen Kit) and red 
chromogen (Warp Red Chromogen Kit Biocare 
Medical, LLC) for 7 minutes. After rinsing thor-
oughly with distilled water, antibodies were 
denatured (Denaturing Solution Kit Biocare 
Medical, LLC) for 3 minutes. The third primary 
antibody was applied (rabbit anti GFAP, 1:200, 
EnCor Biotechnology) in Renoir Red diluent for 
60 minutes at room temp. After washing, goat 
anti-rabbit HRP polymer was applied for 30 
minutes at room temp. The third chromogen 
(Vina Green Chromogen Kit, Biocare Medical, 
LLC) was incubated for 10 minutes. Slides were 
counterstained with hematoxylin, rinsed with 
distilled water, dehydrated through graded 
alcohols and cleared in xylene and cover-
slipped. The slides were quantitatively analyzed 
using state-of-the-art imaging systems VectraTM 
or NuanceTM (Perkin Elmer Waltham, MA). By 
using a spectral library, co-localized signals 
from different antibodies were unmixed and 
quantified inrandomly selected regions of inter-
est (ROI) for analysis.

Cell culture and immunocytochemistry 

C6 rat glioma cells were obtained from the 
American Type Culture Collection (ATCC). 
Human U87 astrocytoma cell was from Dr. 
Jianmiao Liu’s lab. Cells were maintained in 
DMEM (Invitrogen) supplemented with 10% 
FBS in a humidified atmosphere of 5% CO2 at 
37°C, fed every 2 days and subcultured once 
they reached 80-90% confluence into 7 cm cell 
culture dishes. Experiments were carried out 
12-24 h after cells were seeded. For immunocy-
tochemical staining, cells were plated onto cov-
erslips in cell culture plates (Jet Bio-Filtration 
Products Co., Ltd., Guangzhou, China) at a den-
sity of 1×105 cells/mL. After 24 h, coverslips 
were washed three times in D-Hanks, fixed in 
4% paraformaldehyde/PBS, then blocked and 

permeabilized in the buffer containing 5% heat 
inactivated normal bovine serum/PBS/0.3% 
Triton-X100. To examine the localization of 
Aβ-degrading proteases in late endosomes, 
cells were double stained with late endosomes 
proteins (Rab7, 1:500, Santa Cruz) and anti-
neprilysin (CD10) antibody (1:50, Abcam), 
washed, and incubated with corresponding 
AlexaFluor488/594-conjugated secondary an- 
tibody (1:4000, Invitrogen). Nuclei of each cell 
were stained with Hoechst 33342 (1 µg/mL, 
Sigma). After a final wash and mount with glyc-
erol, cells were imaged with a fluorescence 
Nikon Eclipse E800 microscope and Spot 
advanced digital camera (Diagnostic Instru- 
ments, Sterling Heights, MI).

β-galactosidase staining

Astrocytes underwent different treatments 
were rinsed with PBS one time and fixed in fixa-
tive solution for 30 min at room temperature. 
After two-time rinse with PBS, β-galactosidase 
staining solution is added and the plate is incu-
bated at 37°C overnight. Check the cells under 
a microscope (200× magnification) for the 
development of blue color which represents the 
degree of senescence in astrocyte cultures. 
The senescence β-galactosidase staining kit 
(Cell Signaling Technology) identifies senescent 
cells in culture [25]. Cells were observed using 
a microscope (Nikon Eclipse TS100) and digi-
tally photographed with a camera (Nikon digital 
sightDS-U3).

Neonatal and adult astrocyte cultures

Cultured astrocytes were prepared from the 
cerebral cortex of newborn wildtype mice or 
12-month-old APP/PS1 mice as described pre-
viously [26], with slight modifications. In brief, 
newborn mice were sacrificed by decapitation. 
The brains were aseptically removed and the 
midbrain, meninges and blood vessels were 
dissected. The remaining cerebral cortices 
were mechanically dissociated by pipetting for 
2 min in 40 mL of DMEM/F12 (Dulbecco’s 
modified Eagle medium/Ham’s F-12, Invitrogen) 
containing a mixture of penicillin/streptomycin 
100 U/0.1 mg/mL (SunBio, CA) or enzymatic 
dissociated by medium containing papain (1 
mg/mL, Sigma-Aldrich), dispase II (1.2 U/mL, 
Roche) and DNase I (20 U/mL, Invitrogen) for 
20 min. The suspension was filtered through a 
70-μm pore size nylon mesh cell strainer 
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(Biologix, CA). Then, the cells were plated in 75 
cm2 culture flasks (Corning) at 15×106 cells/
flask and maintained in DMEM/F12 supple-
mented with 10% fetal bovine serum (FBS; 
Invitrogen) and 2 mM L-glutamine (Invitrogen) 
at 37°C in a 5% CO2/95% air incubator. The cul-
ture medium was changed every other day. 
When an astrocytic monolayer formed, the 
flasks were shaken at 200 rpm on a rotary 
shaker at 37°C for 24 h to dislodge microglia 
and oligodendrocytes. The medium was imme-
diately discarded and replaced with a fresh 
medium. 98% attached cells are astrocytes, as 
assessed by immunocytochemical staining 
with anti-GFAP antibody (glial fibrillary acidic 
protein, 1:1000 dilution; EnCor Biotechnology 
Inc.).

The treatment of astrocyte and assay of Aβ 
clearance 

For preparation of Aβ42 oligomers, synthetic 
human Aβ (ChinaPepetides) were dissolved in 
ddH2O at 1×10-4 mol/L and incubated at 37°C 
for 3-4 days. Prior to cell experiments, astro-
cytes were seeded at 1×105 cells/mL in 24-well 
plates in DMEM/F12 medium supplemented 
with 10% FBS, 2 mM L-glutamine, 100 μg/ml 
streptomycin and 100 U/ml penicillin. Cells 
were allowed to adhere and recover (normally 
48 h) and then variously treated in serum-free 
DMEM/F12 medium containing 2 mM L-glu- 
tamine, 100 U/ml penicillin and 100 μg/ml 
streptomycin. Lipopolysaccharide is commonly 
accepted as a potent pro-inflammatory agent. 
Astrocytes were treated with 1 µg/mL LPS 
(L-2654, Sigma) for 24 h alone or pretreated 
with 10 μM HOEC for 2 h before assay of Aβ 
clearance. HOEC was provided by department 
of Natural product chemistry, Second Military 
Medical University. The purity of the synthetic 
HOEC was more than 97%. For all experiments, 
HOEC was dissolved freshly in DMSO and dilut-
ed with the media for cell culture before using.

For analysis of Aβ clearance, cells were exposed 
to 0.2 μM human Aβ1-42. At various time points, 
Aβ levels in cell-culture supernatants and 
adherent cells were determined by ELISA 
(Human Aβ42 enzyme-linked immune sorbent 
assay kit, Invitrogen) or immunoblotting with 
antibody B-4 (against amino acids 672-714 of 
amyloid A4 representing full length β-Amyloid 
of human origin, 1:200 dilution; Santa Cruz 
Biotechnology).

Western blotting 

Both supernatants and cell pellets were col-
lected to determine Ab levels. Cells were 
washed two times in ice-cold D-Hanks, and 
then lysed in ice-cold lysis cell protein extrac-
tion buffer (50 mM Tris HCl pH = 7.5, 2 mM 
EDTA, 1% NP-40, 150 mM NaCl, 0.1% SDS, 
0.25% sodium deoxycholate) containing prote-
ase inhibitors (1 mM PMSF and Cocktail, 
Sigma). Both supernatant and cell lysate sam-
ples were stored at -80°C until analysis.

For Western blot analysis, aliquots of the pro-
tein extracts were mixed with sample buffer 
and boiled for 5 min. Proteins were separated 
via 10% sodium dodecyl sulfate-polyacrylamide 
(SDS-PAGE) gel electrophoresis, and trans-
ferred to polyvinylidine difluoride (PVDF) mem-
brane (0.22 μm, Millipore). The membranes 
were blocked with 5% BSA, 0.05% Tween-20 in 
Tris-buffered saline (TBS) for 1 h at RT followed 
by overnight incubation with the following pri-
mary antibodies: mouse monoclonal B-4 
(amino acids 672-714 of Aβ peptide, 1:200, 
Santa Cruz) or mouse monoclonal anti-CD10 
antibody (1:1000, Abcam). After three washes 
in TBST buffer, membranes were incubated 
with HRP-conjugated anti-mouse antibody 
(1:5000, Santa Cruz) for 2 h at room tempera-
ture. The immunolabeled protein bands were 
visualized by using ECL Western blotting detec-
tion system (Tanon5200S, CA) and autoradiog-
raphy film.

ELISA

The levels of Aβ42 in supernatant and cell pellet 
were quantified using ELISA (a sandwich 
enzyme immunosorbant assay) kit following 
manufacturer’s instructions and detected by 
EnSpire® Multimode Plate Reader.

Image analysis and statistics

All the Multiplexed images were analyzed by 
Vectra/Nuance systems. Image J program were 
used to analyze the images of Western blotting, 
immunofluorescent staining. Data were expre- 
ssed as mean ± standard error of the mean 
(SEM) unless otherwise specified. Statistical 
analyses were performed with one-way ANOVA 
followed by least significant difference post hoc 
analysis(multiple comparisons) and liner re- 
gress analysis with threshold of P < 0.05, *P < 
0.05 and **P < 0.01.
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Results

Astrocytes altered and correlated with NEP 
protein levels in the progression of AD

To investigate the roles of astrocyte and nepri-
lysin (NEP) in Aβ clearance during the process 
of AD, immunohistochemical staining was used 
to detect cortical NEP and GFAP (a marker of 
astrocyte) in the persons of NCI, MCI and AD, 
as well as APP/PS1 transgenic mice. Immu- 
nopositive signals of NEP and GFAP were visu-
alized and analyzed with a digital imaging sys-
tem (VectraTM or NuanceTM). Our data showed 
that immunoreactivity of cortical NEP in MCI 

was higher than NCI, while GFAP immunoreac-
tivity in AD dementia was lower than NCI sug-
gesting astrocyte injury or lose in AD (Figure 
1A, 1B). Correlation analysis found a positive 
correlation between NEP and GFAP immunore-
activity levels in cortex of AD brains (P = 0.047), 
but negative correlations both in MCI and NCI 
(P < 0.0001) (Figure 1E, 1F). As transgenic 
mice is proved to be a valuable AD model sys-
tem sharing the similar pathological features 
such as Aβ deposition with AD case, we also 
determined NEP and GFAP protein levels in dif-
ferent ages of APP/PS1 mice. NEP immunore-
activity increased in 3-month-old APP/PS1 
mice (sharing similar pathological features with 

Figure 1. The relationship between NEP and GFAP in AD: (1) correlation analysis of NEP/GFAP pixel density. A sig-
nificant negative correlation between NEP and GFAP was observed in both NCI (R2 = 0.1884, P < 0.0001) and MCI 
brains (R2 = 0.1558, P < 0.0001). However, positive correlation between NEP and GFAP was observed in AD brains 
(R2 = 0.051, P = 0.047). E: NCI; F: MCI; G: AD. (2) The relative levels of NEP and GFAP in NCI, MCI and AD cortex. 
Brain slides from NCI, MCI and AD cortex were immunostained for NEP and GFAP followed by quantitative analysis 
using Art Imaging Systems VectraTM. A: GFAP; B: NEP. The data are expressed as mean ± SEM. ***P < 0.01 vs NCI 
control. (3) Alteration of cortical NEP and GFAP levels in APP/PS1 transgenic mice. Brain slides from C57 WT mice 
and various ages of transgenic APP/PS1 were immunostained for NEP and GFAP following by quantitative analysis 
using Art Imaging Systems NuanceTM. Total positive pixel area for NEP and GFAP in mice at 3, 6, 9 and 12 months of 
age. C: GFAP; D: NEP. The data are expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs WT control.
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MCI cases) and then decreased after 6-month-
old APP/PS1 mice (similar pathological features 
with MCI cases), while GFAP increased after 3 
months and decreased at 12 months (Figure 
1C, 1D), which consisted with the findings in 
human.

We further examined subcellular localization of 
neprilysin (NEP) in GFAP-positive C6 astrocyto-

by ELISA (Figure 3B) and Western blotting anal-
ysis (Figure 3A). After addition of 0.2 µM Aβ1-42 
peptides into the medium, the Aβ in superna-
tant sharply declined at 3 h and then gradually 
decreased and dropped to minimum at 24 h. 
The monomer and aggregation of Aβ1-42 were 
detected in cell pellet by immunoblotting with 
anti-Aβ antibody (Figure 3A). Interestingly, most 
of intracellular Aβ in astrocytes are tetramers 

Figure 2. Intracellular distribution of neprilysin (NEP) on C6 cells (A). C6 cells were co-stained with antibodies against 
rab7 (C), marker of late endosome, and CD10 (D), marker of NEP. Nuclei were stained with DAPI (B).

Figure 3. Clearance of Aβ42 by neonatal mouse astrocytes as measured by 
ELISA (B) and western blot (A). Cultured astrocytes from neonatal mice were 
incubated with 0.2 μM synthetic Aβ1-42 for 0-48 h, and supernatant or adher-
ent cells (pellet) were collected after the indicated time points. The monomer 
and aggregation of Aβ1-42, mostly tetramers, were detected in cell pellet when 
Aβ apparently decreased after 3 h and disappeared at 24 h in supernatant. 
Besides, with the increasing amount of Aβ1-42 in cell, a key Aβ degrading pro-
tease neprilysin (NEP) level rose. One representative experiment is shown (n 
= 3 experiments).

ma cell line by double immu-
nostaining of NEP and late 
endosomal marker proteins 
Ras-related protein 7 (Ra- 
b7). The result showed that 
neprilysin was expressed on 
C6 cells and in part colocal-
ized with late endosomal 
marker proteins Ras-related 
protein 7 (Rab7) (Figure 2).

Astrocytes were capable 
of clearing oligomeric Aβ 
involving NEP upregulation

Astrocytes play neuroprotec-
tive roles via internalizing 
and degrading Aβ in brain. 
We investigated the process 
of Aβ clearance by cultured 
mouse astrocytes and exam-
ined whether there was 
involvement of Aβ degrading 
protease such as NEP. To 
quantitate the clearance of 
Aβ by astrocytes, we exposed 
these cells to oligomeric  
Aβ1-42 and determined the Aβ 
content of cell-culture super-
natant and the cell fraction 
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(as the molecular weight of the brand is about 
16 kDa), suggesting that astrocytes can phago-
cytose oligomeric Aβ. The result is consistent 
with the previous study which demonstrated 
that human astrocytes preferably take up Aβ 
oligo over Aβ fib [2]. And soluble Aβ oligomers 
are more toxic to cells as compared with aggre-
gates such as Aβ fibrils and amyloid plaques 
[27, 28]. In addition, we also found that the 
level of neprilysin (NEP) in pellet was increasing 
with time, indicating that NEP is involved in Aβ 
clearance by astrocytes. These findings showed 
a normal function of cultured neonatal astro-
cytes in degrading Aβ1-42 with the involvement 
of NEP. Similar results were obtained using 

standard ELISA procedures to measure Aβ1-42 
levels in the same cell cultures (Figure 3B).

Astrocytes from AD mice showed deficiency in 
clearance of extracellular Aβ1-42

Next, we investigated the difference in capacity 
to remove extracellular Aβ between astrocytes 
derived from control and AD model mice. The 
senescence characteristics in astrocyte cul-
tures of WT and AD were evaluated using the 
β-galactosidase staining kit. Astrocytes with an 
intense blue stain were only clearly evident in 
AD model astrocyte cultures (Figure 4C and 
4D). β-galactosidase staining displayed more 

Figure 4. The difference of capacity of extracellular Aβ42 clearance (A, B) and NEP (E) expression in the astrocytes 
from AD model and WT mice. Cultured astrocytes from 11-month APP/PS1 (AD model) mice and wide-type (WT) mice 
were incubated with 0.2 μM synthetic Aβ1-42 for 0-48 h, and supernatant or adherent cells (pellet) were collected 
after the indicated time points. Clearance of Aβ42 in supernatant by WT astrocytes or AD astrocytes was measured 
by ELISA (A) and the capacity to clear extracellular Aβ42 was valued by extracellular Aβ42 clearance rate (B). Extracel-
lular Aβ42 clearance rate = (the max amount of Aβ42 in supernatant - the present amount of Aβ42 in supernatant) ÷ 
the max amount of Aβ42 in supernatant. Each value is the mean ± SD of three determinations (*P < 0.05). NEP level 
in WT astrocytes or AD astrocytes pellet was determined by western blotting and quantification analysis of bands 
intensity was conducted (E). Data is means ± S.E.M from at least three independent experiments. A representative 
stain of β-galactosidase in cultured astrocytes from WT mice (C) and AD model mice (D). Blue-stained cells were 
detected much more in cultured astrocytes from AD model mice than cells from WT mice. (C, D) 200×.
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aged astrocytes in APP/PS1 mice (Figure 4D) 
than that from WT mice (Figure 4C). To quanti-
tate the degradation of Aβ by aged astrocytes, 
we determined the Aβ content of the cell frac-
tion and cell-culture supernatant by ELISA 
assay. Aβ levels in supernatant of astrocytes 
from APP/PS1 markedly decreased after 24 h, 
whereas Aβ in WT astrocytes’ culture was 
quickly removed within 3 h (Figure 4A and 4B), 
indicating that aged astrocytes from AD mice 
were less capable of degrading Aβ than WT 
astrocytes. Besides, astrocytes from AD mice 
expressed more NEP than the WT group, while 
intracellular NEP protein level gradually rose in 
the process of Aβ clearance by astrocytes both 
from two groups (Figure 4E). 

Inflammation contributes more to astrocytic 
impair capacity of Aβ clearance rather than Aβ 
itself

As deficits of astrocyte related Aβclearance in 
AD, we speculated that overexposure of astro-
cytes to Aβ might cause alteration of Aβ clear-
ance. Therefore we next investigated the pro-
cess of Aβ clearance by astrocytes continuously 
exposed to oligomeric Aβ1-42 peptide. Primary 
cultured astrocytes were treated as illustrated 
in (Figure 5A). In the first period, Aβ42 level 
decreased in the supernatant (Figure 5B) with-
out significant increase in the cell-fraction 
(Figure 5C). In the second period, with the rapid 
decrease of Aβ in the supernatant (Figure 5B), 

Figure 5. Clearance of Aβ42 by continuous Aβ oligo stimulated cultured astrocytes. Astrocytes were incubated with 
0.2 μM synthetic Aβ1-42 for different period of time as illustrated in (A), and supernatant or adherent cells (pellet) 
were collected after the indicated time points. The amount of Aβ was measured by ELISA (B, C) and western blot (D).
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intracellular Aβ significantly increased and 
reached a peak at 6 h (Figure 5C). In the third 
period, however, both supernatant and intracel-
lular Aβ were much lower than that in the sec-
ond period (Figure 5B, 5C). Similar results were 
obtained using Western blot analysis (Figure 
5D). The result suggested continuous exposure 
of exogenous Aβ enhanced the ability in astro-
cytes in Aβ clearance to respond to exogenous 
Aβ rapidly. 

Meanwhile, neuroinflammation has been in- 
creasingly demonstrated as a prominent hall-
mark in various neurodegenerative diseases, 
which may contributes to the exacerbation of 
the disease. We therefore examined whether 
the capacity of astrocytes to clear Aβ was 
altered when incubated with lipopolysaccha-
ride (LPS), and anti-inflammatory agents retri- 

eved the ability of astrocyte in Aβ clearance. 
After a 24 h pre-treatment of LPS, synthetic Aβ1-

42 was added to the medium and the cell frac-
tions and supernatants was determined by 
ELISA at different time points (Figure 6). As 
shown in Figure 6A, the extracellular Aβ 
decreased rapidly and undetected after 24 h in 
control astrocytes (no LPS pre-treatment). The 
Aβ in supernatant of LPS-treated astrocyte, 
however, was still detectable after 48 h, indi-
cating Aβ scavenging of LPS-treated astrocytes 
was much slower than untreated astrocytes. So 
it is supposed that LPS inhibited astrocytes to 
clear Aβ peptide from the cultures.

HOEC retrieved the capacity of Aβ clearance in 
injured or aged astrocytes 

To our knowledge, restoring the function of 
astrocytes via neuroprotective and anti-inflam-

Figure 6. Protective effect of HOEC on LPS-induced decrease of Aβ clearance in primary cultured mouse astrocytes 
in vitro. Three groups of astrocytes were treated differently before assay of Aβ clearance: (i) cells with no treatment 
as control, (ii) cells treated with 1 µg/mL LPS for 24 h alone, (iii) cells pretreated with 10 μM HOEC for 2 h and then 
treated with 1 µg/mL LPS. Later cells were incubated with 0.2 μM synthetic Aβ1-42 for 0-48 h, and supernatant or 
adherent cells (pellet) were collected after the indicated time points. The amount of Aβ42 in supernatant was deter-
mined by ELISA (A). And transport rate was caculated (B). Transport rate = intracellular Aβ42 level/extracellular Aβ42 
level. Values are means ± SEM (n = 3).

Figure 7. HOEC retrieved the capacity of AD model astrocyte to clear Aβ42 in vitro. Cultured astrocytes from 11-month 
of APP/PS1 (AD model) mice were treated with 10 μM HOEC for 2 h. Then cells were incubated with 0.2 μM synthetic 
Aβ1-42 for 0-48 h. Supernatants or adherent cells (pellet) were collected at the indicated time points. The amount of 
Aβ42 in supernatant was detected by ELISA (A). And transport rate was caculated (B). Transport rate = intracellular 
Aβ42 level/extracellular Aβ42 level. Values are means ± SEM representing 3 independent experiments (n = 3).
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matory treatments might be a potential app- 
roach to treat AD [29]. (+)-2-(1-hydroxyl-4-oxo-
cyclohexyl) ethyl caffeate (HOEC), a caffeic 
ester, is a natural product isolated from lncar-
villeamairei var. granditlora (Wehrhahn) Gri- 
erson and has been reported a neuroprotective 
and anti-inflammatory effects [21-23]. Here we 
examined the effect of HOEC on LPS-induced 
changes of astrocytes in Aβ clearance. We 
found HOEC could retrieved the ability of injured 
astrocytes to clear Aβ, when cells were pre-
treated with 10 µM HOEC for 2 h prior LPS-
stimulation (Figure 6). Furthermore, pretreated 
with 10 µM HOEC, astrocytes from 11 months 
of APP/PS1 mice could significantly increase 
the clearance rate of removing extracellular Aβ, 
suggesting that HOEC could improve the aged 
astrocytes of AD-model on removing Aβ from 
the medium (Figure 7).

Discussion

As the most abundant type of cells in the CNS, 
astrocytes with important metabolic and sup-
portive functions play a crucial role in AD patho-
genesis. Upon exposure to Aβ, the glial was 
activated, and the activation has been consid-
ered as an endogenous defensive mechanism 
against plaque deposition. On the other hand, 
the persistent activation and associated inflam-
mation may also contribute to the progression 
of AD [30]. Exposure of astrocytes to Aβ could 
cause detrimental consequences by upregulat-
ing inflammatory cytokines, increasing the re- 
lease of nitric oxide in cultured astrocytes [15], 
and even inducing death of astrocytic cell [31].

Our data showed, either in human cases or ani-
mal models, cortical GFAP immunoreactivity 
was significantly regulated in the process of AD 
development, suggesting the involvement of 
astrocyte in AD progression. Increased cortical 
GFAP immunoreactivity during 3 to 6 months’ 
APP/PS1 mice indicated that astrocytes were 
activated or stimulated in response to Aβ accu-
mulation in early stage of AD. However, GFAP 
immunoreactivity declined both in AD cases 
and 12 months’ APP/PS1 mice, suggested that 
astrocytes impaired and lost in late stage of 
AD. We also observed a significant increase of 
NEP immunoreactivity in the cortex of MCI and 
AD mice at 3 month, which is agree with the 
previous reports [32]. Meanwhile, correlation 
analysis showed a positive correlation of immu-
noreactivity level between NEP and GFAP was 

observed in the present study. While the corre-
lation between NEP and GFAP was negative in 
NCI and MCI. Since there is no correlation 
between NeuN and NEP indicated by our previ-
ous report [32], we speculate astrocyte-related 
NEP might play more important roles in AD, 
especially in the late stage.

In AD, Aβ is considered to be the principle fac-
tor responsible for inducing and chronically 
stimulating glial cell activation. To explore the 
changes of astrocyte on Aβ clearance in the 
process of AD, we next studied how astrocytes 
act to multi- or persistent Aβ burden, and how 
different that astrocytes from WT and late 
stage of AD response to Aβ burden in vitro. Our 
results demonstrated that cultured astrocytes 
of wild-type mouse are capable of clearing 
extracellular Aβ. This Aβ clearance is associat-
ed with internalization of oligomeric Aβ and 
upregulation of Aβ degrading protease NEP in 
astrocytes. Moreover, it is reported that adult 
human astrocytes prefer to take up oligomeric 
Aβ rather than fibrillar Aβ [2, 3], since oligomer-
ic Aβ are more toxic to cells than fibrillar Aβ [27, 
28, 33]. Because astrocytes greatly outnumber 
microglia in the brain [34] and there is no differ-
ence in uptake of Aβ oligo between human 
astrocytes and microglia [35], astrocytes could 
play more critical role in Aβ removal than ever 
thought. On the other hand, it should be noted 
that most Aβ we found in pellets are trimers 
and tetramers which were previously identified 
to be higher toxic than monomers and dimers 
[33, 36, 37]. Therefore, it is possible that the 
intracellular oligomeric Aβ is toxic to astrocytes, 
and the astrocytes engulfing Aβ got injured 
gradually and eventually died, which is in accor-
dance with our findings that GFAP immunoreac-
tivity decreased in AD brains.

In addition, we investigated subcellular local-
ization profiles of NEP in astrocyte and found 
NEP was abundantly present in late endo-
somes of astrocytes, a place involving the gen-
eration [12], accumulation [13] and secretion 
[14] of Aβ, which was an important compart-
ment in Aβ metabolism. The expression of 
Aβ-degrading proteases specifically in endo-
somes possibly indicates their involvement in 
endosomal/lysosomal degradation of internal-
ized Aβ peptides, which was thought to be 
advantageous for efficient degradation of Aβ 
oligomers. It’s been proposed that the expres-
sion of endosomes specific NEP possibly indi-
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cated the involvement of endosomal/lysosom-
al degradation of internalized Aβ peptides, and 
to be beneficial to efficient degradation of Aβ 
oligomers [38]. And the uptake of Aβ42 oligo-
mers and their subsequent proteolytic degra-
dation in astrocytes area key course of extra-
cellular Aβ clearance [38]. Thus, these results 
indicate that NEP may play crucial roles in the 
clearance of Aβ in astrocytes.

Although astrocytes in normal condition with 
no stimuli have effective phagocytic and pro-
teolytic activity, little was known about the 
function of astrocytes in AD cases. Since phe-
notypes of activated astrocytes from aging rat 
cerebral cortex persisted in primary cultures 
[39], we cultured the astrocytes from aged 
APP/PS1 mice and found these cells became 
senescent. Pihlaja, Koistinaho et al. reported 
that endogenous astrocytes in the transgenic 
APdE9 mouse brain do not able to reduce Aβ to 
the same extent as the transplanted cells [6]. 
Coincidentally, our date shows that cultured 
astrocytes from AD model mice were less capa-
ble of removing extracellular Aβ, which sup-
ports our assumption that the ability of astro-
cytes in AD cases to internalize Aβ may be 
impaired or saturated. They raise the possibility 
that astrocytic dysfunction in Aβ clearance may 
contribute to the accumulation of Aβ in AD. 
Besides, the deficiency of astrocytes on Aβ 
clearance in AD is uncorrelated to the expres-
sion of NEP, suggesting the NEP activity may 
decrease or other non-peptidolytic removal 
pathway of Aβ may be impaired, which is con-
sistent with our previous report [32].

Zhao et al. hypothesized the ability of astro-
cytes to clear Aβ may be impaired in aged AD 
astrocytes, especially when extracellular Aβ 
levels increase continuously or remain excep-
tionally high. However, by continuous exposure 
of cultured astrocyte to exogenous oligomeric 
Aβ, we did not observe the impairment in astro-
cytic ability to clear Aβ but a faster response to 
exogenous Aβ. An environment where Aβ con-
tinue to be “produced” could lead to intracellu-
lar Aβ accumulation and APP expression 
increase, since oligomeric Aβ42 is reported to 
increase levels of astrocytic BACE1, APP, and 
beta-secretase processing [40]. Overall, Aβ 
alone may not able to reduce the ability of 
astrocytes to clear Aβ both intracellular and 
extracellular.

Neuroinflammation has been increasingly dem-
onstrated as a prominent hallmark in various 
neurodegenerative diseases such as AD. The 
astrocytes surrounding Aβ deposition acquire a 
reactive phenotype and ultimately triggers the 
neuroinflammatory process [41] which may 
injure themselves in turn. Lipopolysaccharide 
(LPS) is commonly accepted as a potent pro-
inflammatory agent and has been used as an 
inflammatory stimulus to examine effects of 
age on the activation of glial cultures from adult 
rat brain [42]. And lipopolysaccharide receptor 
CD14 who interacts with fibrils of Alzheimer 
amyloid peptide may significantly contribute to 
the overall neuroinflammatory response to 
amyloid peptide [43]. It makes sense to pre-
sume that the LPS-induced inflammation in 
astrocytes may affect their neuroprotective 
function against Aβ in brain. Our data showed 
that astrocytes under a LPS-induced inflamma-
tory condition possess a less effective ability to 
remove Aβ from extracellular space than cells 
in normal condition. Interestingly, HOEC which 
owns neuroprotective and anti-inflammatory 
effects [21-23] can restore the ability of astro-
cytes in an inflammatory condition to clear the 
Aβ and enhance the internalization of extracel-
lular Aβ. Since there are functional differences 
between cultured astrocytes from wide-type 
and AD model mice, HOEC can also rescue the 
capacity of AD model astrocytes in Aβ clear-
ance possibly by increasing the astrocytic 
phagocytosis of Aβ. Therefore, our data sup-
ports the assumption that early treatment with 
neuroprotective and anti-inflammatory drugs 
aimed at restoring astrocyte functions may rep-
resent an appropriate approach to treat AD 
[29].
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