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Abstract

Elevated levels of cyclooxygenase-2 (COX-2) and prostaglandins (PGs) have been shown to be involved in the pathogenesis of
Alzheimer’s disease. Analysis of the underlying mechanisms elucidated a function of sequential PGE, and PGD, synthesis in
regulating (3-amyloid protein (Af3) deposition by modulating tumor necrosis factor & (TNF-o)-dependent presenilin (PS)1/2
activity in COX-2 and APP/PS1 crossed mice. Specifically, COX-2 overexpression accelerates the expression of microsomal
PGE synthase-1 (mPGES-1) and lipocalin-type prostaglandin D synthase (L-PGDS), leading to the synthesis of PGE, and 15-
deoxy—Alz’14—prostaglandin J, (15d-PGlJ,) in 6-month-old APP/PS1 mice. Consequently, PGE, has the ability to increase Af3
production by enhancing the expression of PS1/2 in a TNF-a-dependent manner, which accelerates the cognitive decline of
COX-2/APP/PS1 mice. More interestingly, low concentrations of 15d-PGJ, treatment facilitate the effects of PGE, on the
deposition of A3 via TNF-«-dependent PS1/2 mechanisms. In contrast, high concentrations of 15d-PGJ, treatment inhibit the
deposition of A3 via suppressing the expression of TNF-«-dependent PS1/2. In this regard, a high concentration of 15d-PGlJ,
appears to be a therapeutic agent against Alzheimer’s disease. However, the high 15d-PGJ, concentration treatment induces
neuronal apoptosis via increasing the protein levels of Bax, cleaved caspase-3, and DFF45, which further impairs the learning
ability of APP/PS1 mice.
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Abbreviations APP [3-Amyloid precursor protein

COX-2 Cyclooxygenase-2 APs [3-Amyloid plaques

PGs Prostaglandins

AD Alzheimer’s disease

AP B-Amyloid protein Introduction

TNF-« Tumor necrosis factor o

PS Presenilin Alzheimer’s disease (AD) is the most common form of de-

mPGES-1  Microsomal PGE synthase-1 mentia in people over 65 years of age and is characterized

15d-PGJ,  15-Deoxy-A'*"*-prostaglandin I, clinically by cognitive decline and pathologically by the ac-

L-PGDS  Lipocalin-type prostaglandin D synthase cumulation of B-amyloid protein (Af) and

NSAIDs  Nonsteroidal anti-inflammatory drugs hyperphosphorylation of tau in the brain. Although there is
no cure for this fatal disease, recent evidence has shown that
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PGE, synthase, exerts positive effects on ameliorating the
aggregation of A3 in -amyloid plaques (Aps) [7].
Moreover, PGE,, the metabolic product of mPGES-1, medi-
ated the effects of IL-1f3 on impairing the learning abilities of
Wistar and Sprague-Dawley rats [8, 9]. More interestingly,
EP2—4 are PGE, receptors involved in mediating the effects
of A3 on A3 accumulation in the brains of APP23 mice [10,
11]. In contrast, the roles of L-PGDS and its metabolic prod-
ucts, including PGD, and 15-deoxy-A'*'*-prostaglandin J2
(15d-PGl,), in the pathogenesis of AD are not fully elucidat-
ed. In patients with DESH, high levels of L-PGDS exert stim-
ulatory effects on the phosphorylation of tau, which impairs
the learning ability of patients [12]. In line with this observa-
tion, L-PGDS has been shown to induce cognitive decline by
forming APs in the brains of AD patients and Tg2576 mice
[13]. Unfortunately, these observations have not been extend-
ed to PGD, and 15d-PGJ,, and the underlying mechanisms
are highly overlooked.

Although the mechanisms of COX-2 in AD are not fully
elucidated, the role of COX-2 in exacerbating AD cannot be
negated. For example, inhibition by prolonged treatment with
nonsteroidal anti-inflammatory drugs (NSAIDs) has been
shown to delay or prevent the onset of AD in clinical trials
[14]. In agreement with these results, celecoxib, a COX-2-
specific inhibitor, has shown the ability to decrease the Af3
load in the brains of APP/PS1 Tg mice [1, 6]. Regarding other
NSAIDs, ibuprofen, a COX-2 nonspecific inhibitor, has also
been shown to decrease the levels of A in Tg2576, 3XTg,
and APPV7171 mice [15-19]. R-flurbiprofen and triflusal al-
so showed inhibitory effects on the production of Ab in
Tg2576 mice [5, 20].

Given the potential role of COX-2 in AD progression,
COX-2 usually exacerbates AD via upregulating the expres-
sion of proinflammatory cytokines as an important proinflam-
matory factor. For instance, PGE, treatment increases the ex-
pression of tumor necrosis factor & (TNF-&) in SH-SYS5Y
cells [21]. In addition, lipocalin-type prostaglandin D synthase
(L-PGDS) upregulation is responsible for the synthesis of
TNF-« in AD patients [22]. In contrast, 15d-PGJ, treatment
attenuates the expression of TNF-« in primary cultured astro-
cytes and microglial cells [23, 24]. As the downstream target
of COX-2, TNF-« upregulation is also involved in accelerat-
ing the development of AD. Specifically, TNF-o upregulates
APP processing and A3 deposition in human rhabdomyosar-
coma [25] and neuroblastoma cells [26]. In addition, anti-
TNF-o or the inhibition of TNF-« signaling reduces the for-
mation of APs in the brains of APP/PS1 transgenic mice [27,
28]. These excerpted reports thereby indicate a possible role of
COX-2 in exacerbating AD via TNF-c.

However, TNF-« cannot exert its effects in a vacuum to
affect the development and progression of AD. Indeed,
TNF- has been shown to promote the cleavage of 3-
amyloid precursor protein (APP). For example, TNF-x can
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induce the activity of BACE-1, which results in the (3-
cleavage of APP in APP* /GRKO '~ mice [29-31]. In addi-
tion, TNF-« is also responsible for the y-cleavage of APP by
activating PS1 and PS2 in HEK293 and SK-N-SH cells [32,
33]. By these potential mechanisms, TNF-a might be respon-
sible for mediating the effects of COX-2 and PGs on regulat-
ing the production of Af3.

As discussed above, L-PGDS was shown to induce cogni-
tive decline by forming APs in the brains of AD patients and
Tg2576 mice [13], and the metabolic product of L-PGDS
could also feasibly be involved in the development and pro-
gression of AD. For example, 15d-PGlJ,, a metabolic product
of L-PGDS, has been reported to inhibit the production of
cytokines, such as TNF-«, IL-1f3, IL-6, NO, MCP-1 and IL-
12, in astrocytes and microglial cells, which are responsible
for the pathogenesis of AD [23, 24, 34, 35]. More interesting-
ly, PGD, has the ability to induce apoptosis in primary cul-
tured rat microglial cells [36]. In addition, 15d-PGJ,, a
dehydrated product of PGD,, has the ability to induce the
production of Z-VAD in primary cultured rat cortical neurons
and SH-SYS5Y cells [37].

In these previous studies, multiple in vivo AD experimental
models were utilized. Using sophisticated molecular tech-
niques, we explored the intracellular mechanisms by which
COX-2 induces the production of TNF-o- and presenilin
(PS)1/2-dependent A3 deposition via PGE, and 15d-PGJ,.

Experimental Procedures
Reagents

NS398, PGE,, and 15d-PGJ, and antibodies specific for
mPGES-1 and L-PGDS were obtained from Sigma-Aldrich
Corp. (St. Louis, MO, USA). Antibodies against 3-actin
(#4970, 1:5000, v/v), COX-2 (#12282, 1:2000, v/v), TNF-«
(#3707, 1:2000, v/v), PS1 (#5643, 1:2000, v/v), PS2 (#2192,
1:2000, v/v), and AR (#2450, 1:500, v/v) were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
PGE,, 15d-PGJ,, and TNF-« enzyme-linked immunosorbent
assay kits were purchased from Cayman Chemical (Ann
Arbor, MI, USA), Assay Designs (Ann Arbor, MI, USA),
Invitrogen (Carlsbad, CA, USA), and RayBiotech, Inc.
(Norcross, GA, USA), respectively. All reagents for the
gRT-PCR and SDS-PAGE experiments were purchased from
Bio-Rad Laboratories (Shanghai, China). All other reagents
were purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA) unless otherwise specified.

Cell Culture and Treatment

Mouse neuroblastoma 2a (N2a) cells were grown (37 °C and
5% CO,) on 6-cm tissue culture dishes (10° cells per dish) in
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appropriate medium. In a separate set of experiments, the cells
were grown in serum-free medium for an additional 12 h be-
fore incubation with the indicated concentrations of 15d-PGJ,
(0, 10, 20, 50, 100, 200, or 500 nM) for 24 h. The medium
and/or cells were then collected and lysed for the analysis of
ELISA and Western blots.

Transgenic Mice

Female wild-type (WT), APP/PS1 transgenic [B6C3-Tg
(APPswe, PSEN1dE9) 85Dbo/J (stock number 004462)]
(Tg), and COX-2 transgenic [C57BL/6J-Tg(Thyl-
PTGS2)303Kand/J (stock number 010703)] mice were ob-
tained from Jackson Laboratory (Bar Harbor, ME, USA). Of
note, the PGE, levels in COX-2 transgenic mice are ~25- to
40-fold greater than those in nontransgenic controls based on
information provided by Jackson Laboratory. Genotyping was
performed 3 to 4 weeks after birth. Mice were housed at 6 per
cage in a controlled environment at standard room tempera-
ture and relative humidity on a 12-h light-dark cycle and had
free access to food and water. To generate mice heterozygous
for both the COX-2 and APP/PS1 transgenes, COX-2 males
were bred with APP/PS1 females. In select experiments, mice
at the age of 3 months were intranasally administered PGE,
(2 ng/20 pl/day) or 15d-PGJ, (20 or 1000 ng/20 pl/day) for
3 months before their learning ability was assessed by the
Morris water maze test or the nest construction assay. In select
experiments, the mice were injected
(intracerebroventricularly, i.c.v.) with the indicated concentra-
tions of PGE,, 15d-PGJ,, or NS398 (1 ng/5 ul) for 24 h before
measuring the expression of mPGES-1, L-PGDS, TNF-«,
PS1, or PS2.

Morris Water Maze

The mice were trained and tested in a Morris water maze as
previously described [38]. In brief, the mice were pretrained in
a circular water maze with a visible platform for 2 days. The
platform was then submerged inside the maze, with the deck
0.5 cm below the surface of the water for the following exper-
iments. Milk was added to the water to hide the platform from
sight. The mice were placed inside the maze to swim freely
until they found the hidden platform. The entire experiment
lasted for 7 days. For the first 6 days, the mice were left in the
maze for a maximum time of 60 s and allowed to find the
platform. The learning sessions were repeated for 4 trials each
day, with an interval of 1 h between each session. The spatial
learning scores (the latency period necessary to find and climb
onto the hidden platform and the length of the path to the
platform) were recorded. On the last day, the platform was
removed, and the number of times that the mice passed
through the memorized region was recorded for a period of
2 min (120 s). Finally, the recorded data were analyzed

statistically with a computer program (ZH0065; Zhenghua
Bioequipment, Yuanyang City, Henan, China).

Nest Construction

Nest construction was tested and analyzed as previously de-
scribed [38]. In brief, the mice were housed in corncob bed-
ding for 1 week before the nest construction test. Two hours
before the onset of the dark phase of the light cycle, 8 pieces of
paper (5 x 5 cm?) were introduced into the home cage to create
conditions for nesting. The nests were scored the following
morning according to a 4-point system: 1, no biting/tearing of
paper, with random dispersion of the paper; 2, no biting/
tearing of paper, with gathering of the papers in a corner/
side of the cage; 3, moderate biting/tearing of paper, with
gathering of the papers in a corner/side of the cage; and 4,
extensive biting/tearing of paper, with gathering of the papers
in a corner/side of the cage.

Cerebrospinal Fluid Collection

CSF was collected as previously described [38—41]. In brief,
the mice were anesthetized and placed prone on the stereotax-
ic instrument. A sagittal incision of the skin was made inferior
to the occiput. Under the dissection microscope, the subcuta-
neous tissue and neck muscles through the midline were
bluntly separated. A microretractor was used to hold the mus-
cles apart. Next, the mouse was positioned such that the body
made a 135° angle with the fixed head. At this angle, the dura
and spinal medulla were visible and had a characteristic glis-
tening and clear appearance, and the circulatory pulsation of
the medulla (i.e., a blood vessel) and adjacent CSF space
could be seen. The dura was then penetrated with a 6-cm-
long glass capillary that had a tapered tip with an outer diam-
eter of 0.5 mm. Following a noticeable change in resistance to
the capillary insertion, the CSF flowed into the capillary. The
average volume of CSF obtained was approximately 7 pl. All
samples were stored in polypropylene tubes at — 80 °C until
the concentrations of PGE,, 15d-PGlJ,, and TNF- were
measured.

Stereotaxic Injection

NS398 (1 ug/5 ul) or vehicle (PBS) was injected (i.c.v.) into
COX-2/APP/PS1 mice as previously described [42]. In brief,
stereotaxic injectors were placed at the following coordinates
relative to bregma: mediolateral, 21.0 mm; anteroposterior,
20.22 mm; and dorsoventral, 22.8 mm. Twenty-four hours
after injection, the mice were anesthetized and subjected to
perfusion as previously described [38, 41].
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Immunohistochemistry

Brain tissues were collected from the mice. Serial sections
(10 um thick) were cut by cryostat (Leica, CM1850,
Germany). The slides were rehydrated in a graded series of
ethanol and submerged in 3% hydrogen peroxide to eliminate
endogenous peroxidase activity. The levels of COX-2, PS1,
PS2, and A3 were determined with an immunohistochemical
staining kit, according to the manufacturer’s instructions (Life
Technologies/Invitrogen). In brief, frozen sections of mouse
brain were treated with 5% bovine serum albumin for 1 h and
then incubated with either rabbit anti-COX-2, PS1/2, or A3
(1:500, Cell Signaling Technology) overnight at 4 °C. After
washing, the sections were incubated with biotinylated IgG
(1:200) for 1 h at room temperature, followed by incubation
with streptavidin peroxidase for 30 min. After thorough rins-
ing, the sections were treated with 0.025% 3,3-diaminobenzi-
dine plus 0.0033% H,0, in TBS for 5 min. The stained sec-
tions were dehydrated, cleared, and mounted with neutral bal-
sam. The sections were examined, and images were obtained
with a Leica microscope.

Immunofluorescence

Brain tissues were collected from APP/PS1 transgenic mice.
Serial sections (10 um thick) were cut using a cryostat (Leica,
CM1850, Germany). The slides were rehydrated in a graded
series of ethanol and submerged in 3% hydrogen peroxide to
eliminate endogenous peroxidase activity. Colocalization of
COX-2 with AP and microglial cells was determined with
an immunofluorescence staining kit according to the manu-
facturer’s instructions (MXB Biotechnologies, Fuzhou,
China). In brief, frozen sections of mouse brain were treated
with 5% bovine serum albumin for 1 h and then incubated
with either rabbit anti-COX-2 (1:500, Cell Signaling
Technology) or PS1/2 (1:500, Cell Signaling Technology) to-
gether with mouse A3 (1:500, #A8354, Sigma-Aldrich Corp.,
St. Louis, MO, USA), Iba-1 (1:500, #GT10312, Thermo
Fischer Scientific, Shanghai, China), or NeuN (1:500,
#ab104224, Abcam, Shanghai, China) overnight at 4 °C.
After washing, the sections were incubated with Alexa Fluor
555 or 488 secondary antibodies (1:200, Cell Signaling
Technology) for 1 h at room temperature. After thorough rins-
ing, the stained sections were dehydrated, cleared, and
mounted with a fluorescent sealing agent. The sections were
examined, and images were obtained with a Leica
microscope.

Western Blot Analysis
Tissues or cells were washed with PBS (—) and lysed in 500 pl

of RIPA buffer containing protease inhibitor cocktail (Pierce
Chemical Company). The protein contents in the cell lysates
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were determined using a bicinchoninic acid protein assay re-
agent (Pierce Chemical Company, Shanghai, China). The pro-
tein samples were mixed with loading buffer and boiled for
5 min at 100 °C. Aliquots of total cell lysates were subjected to
SDS-PAGE, transferred onto a nitrocellulose membrane, and
probed with a panel of specific antibodies. Each membrane
was probed using only 1 antibody. 3-Actin was used as a
loading control. All Western hybridizations were performed
at least in triplicate, and a different cell preparation was used
each time.

qRT-PCR

gRT-PCR assays were performed with the MiniOpticon Real-
Time PCR detection system (Bio-Rad Laboratories) using to-
tal RNA and the GoTaq One-step Real-Time PCR kit with
SYBR green (Promega, Madison, WI). Forward and reverse
primers for mouse PS2 were 5'-CACTCTTCCTGGCT
GTCTGG-3' and 5'-CCACACCATGGCAGATGAGT-3', re-
spectively. The gene expression levels were normalized to
GAPDH, whose forward and reverse primers were 5'-GCTC
ATGACCACAGTCCATGCCAT-3" and 5'-TACT
TGGCAGGTTTCTCCAGGCGG-3', respectively.

Measurement of PGE,, 15d-PGJ,, and TNF-a
Concentrations

The PGE,, 15d-PGlJ,, and TNF-« levels in the CSF of both
control and pharmacologically treated mice were determined
using PGE,, 15d-PGJ,, and TNF-& enzyme immunoassay
kits according to the manufacturer’s instructions. In brief, an
IgG antibody was precoated onto 96-well plates. Standards or
test samples were added to the wells together with an alkaline
phosphatase (AP)-conjugated PGE,, 15d-PGJ,, or TNF-x an-
tibody. After incubation, the excess reagents were washed
away, and a pNpp substrate was added and catalyzed by AP
to produce a yellow color. The intensity of the yellow colora-
tion was inversely proportional to the amount of PGE,, 15d-
PGJ,, or TNF-« captured on the plate.

Brain Tissue Extracts

The brains were removed and isolated from the mice as pre-
viously described unless stated otherwise [38, 41]. Tissues
were then homogenized in RIPA buffer, vortexed, sonicated
for 3.5 s, and centrifuged at 3000xg for 5 min. The supernatant
was then aliquoted and frozen.

Animal Commiittee
All animals were handled according to the Guide for the Care

and Use of Medical Laboratory Animals (Ministry of Health,
People’s Republic of China, 1998), and all experimental
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protocols were approved by the Laboratory Ethics
Committees of China Medical University and the College of
Life and Health Sciences of Northeastern University.

Statistical Analysis

For each in vivo study, approximately 6 mice per group were
studied. All data are represented as the mean + S.E.
Differences among means were analyzed using analysis of
variance (ANOVA). The Newman—Keuls post hoc test was
used to assess pairwise comparisons between means.
Differences between means were analyzed using a 2-tailed
Student’s 7 test [39]. In all analyses, the null hypothesis was
rejected at the 0.05 level. The statistical analyses were per-
formed using the Prism Stat program (GraphPad Software,
Inc., San Diego, CA, USA).

Results

COX-2 Expression Is Elevated at the Early Stage of AD
and Deposited in Amyloid Plaques at the Late Stage
of AD

Consistent with previous findings [43, 44], COX-2 expression
was upregulated in early AD patients and 3- to 6-month-old
APP/PS1 mice (Fig. 1A). Interestingly, the markedly induced
COX-2 tended to return toward basal levels in 18-month-old
APP/PS1 mice (Fig. 1A). Moreover, morphological observa-
tions showed that COX-2 immunostaining was highly
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Fig. 1 COX-2 expression is upregulated at the early stage of AD, and
then aggregates around APs at the late stage of AD. APP/PS1 Tg mice at
different ages were collected (n = 6). (A) Total protein was extracted by
RIPA buffer. The COX-2 protein level was determined by Western blots.
[3-Actin served as an internal control. (B) The brains of APP/PS1 mice
were sliced by cryostat (10 um), and the immunoreactivity of COX-2 was

3m ’ 6 m

induced in the brains of 3- or 6-month-old APP/PS1 mice
(Fig. 1B). Interestingly, morphological observations showed
that COX-2 immunostaining was similar to that of AP (Fig.
1B), which indicates the possible heteroaggregation of COX-2
and AP in 18-month-old APP/PS1 mice. In line with our
observations, Nagano et al. [45] reported that COX-2 cross-
linked with A3, which potentially inhibits A3 metabolism
and generates toxic intracellular forms of oligomeric Af3.
We therefore assessed the colocalization between COX-2
and Af3. By double-staining, COX-2 clearly resided in the
APs (Fig. 1C). As an important inducer of inflammation, we
further determined the relationship between COX-2 and
microglial cells, demonstrating that COX-2 colocalized with
microglial cells (Fig. 1D). Collectively, these findings suggest
that early induced COX-2 may contribute to A3 deposition in
APs during the course of AD development and progression.

COX-2 Overexpression Exacerbates the Cognitive
Decline of APP/PS1 Mice

We next investigated the relationship between brain COX-
2 activity and learning ability in APP/PS1 mice. To this
end, we bred male COX-2 mice with female APP/PS1
mice. We used these 6-month-old COX-2/APP/PS1 mice
for Morris water maze and nest construction experiments.
The results demonstrated that COX-2 overexpression ex-
acerbated the cognitive decline of 6-month-old APP/PS1
mice (Fig. 2A—F). Thus, these results support the fact that
COX-2 exacerbates cognitive decline during the course of
AD development.

18 m

determined by immunohistochemistry. The cerebral cortex of mouse
brains was double-stained with COX-2 (green) and A (red) (C) or
Ibal (red) (D) antibody before observation using confocal microscopy.
The data are represented as the means + S.E. **p <0.01 with respect to
WT mice
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Fig. 2 COX-2 elevation is critical for elevating the production of PGE,
and 15d-PGJ, as well as for the deposition of A3, which accelerates the
cognitive decline of APP/PS1 mice. COX-2 mice were bred with APP/
PS1 mice to obtain the COX-2/APP/PS1 mice, and genotyping was per-
formed at the age of 1 month. Performance on the (A) Morris water maze
test and (B) nest construction was analyzed. (C, D) Escape latency and
path length were determined in the first 6 days of hidden platform tests.
(E) The probe trials were conducted on day 7. (F) Nest construction was
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quantified in WT, APP/PS1, and COX-2/APP/PS1 mice. The nesting
scores were analyzed by the methods described in the “Experimental
Procedures.” (G, H) The right halves of brains were stained with an A3
antibody before analysis by microscopy. (I, J) The production of PGE,
and 15d-PGJ, in the CSF of APP/PS1 and COX-2/APP/PS1 mice was
determined by PGE, and 15d-PGJ, ELISA kits. *p <0.05; **p <0.01;
**k%p <0.001 compared with the WT group. #p <0.05; ##p <0.01;
#i###p < 0.001 compared with APP/PS1 mice (n = 6)
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COX-2 Expression Plays Pivotal Roles
in the Deposition of AB in APP/PS1 Mice

Our observation that COX-2 overexpression induced cogni-
tive impairment in 6-month-old APP/PS1 mice raised the
question of whether pathological changes appear in a COX-
2-dependent manner. As expected, COX-2 expression in APP/
PS1 mice appeared with the early onset of AP burden at
6 months old (Fig. 2G, H). These observations clearly dem-
onstrated that COX-2 overexpression has the ability to impair
the learning ability by accelerating the deposition of Af3 in
APs.

As an enzyme involved in the synthesis of PGH,, COX-2
could not directly induce A3 deposition in APs. COX-2 usu-
ally enhances A [3_4, production and deposition via elevating
the levels of PGE, [46, 47] and PGD, [and its dehydration end
product 15d-PGlJ,] [48-50]. To investigate the roles of PGE,
and 15d-PGJ, in AD development, we first determined their
concentrations in the CSF of APP/PS1 and COX-2/APP/PS1
mice. The production of PGE, and 15d-PGJ, was markedly
induced in 6-month-old COX-2/APP/PS1 mice compared
with that in 6-month-old APP/PS1 mice (Fig. 21, J). These
observations clearly indicated that COX-2 expression acceler-
ates the production of PGE, and 15d-PGlJ, during the course
of AD development and progression.

The Expression of TNF-a and PS1/2 Is Progressively
Upregulated with the Development of AD

Because COX-2 and its derived PGs could not exert their
effects in a vacuum to accelerate the deposition of A3, we
were prompted to identify the molecules that are involved in
this process. In light of possible contributions of TNF-ox to A3
deposition, we first determined the expression of TNF-« in
the brains of APP/PS1 mice. The protein expression of TNF-«
was significantly upregulated in the brains of APP/PS1 mice
at different ages (Fig. 3A). These data strongly suggest an
involvement of TNF-«x in the pathogenesis of AD; however,
it might not be a direct trigger for the origination of A3 depo-
sition because A} is the cleavage product of APP by (3- or y-
secretases. Indeed, prior research suggests that TNF-o regu-
lates APP processing and A3 deposition by activating PS1
and PS2 in neurons [32, 33]. To this end, we further deter-
mined the expression of PS1 and PS2 in APP/PS1 mice at
different stages. The mRNA and protein expression levels of
PS1 and PS2 were elevated with the development of AD (Fig.
3B). To further determine the morphological changes of PS1
and PS2, immunohistochemistry experiments were carried out
in APP/PS1 and COX-2/APP/PS1 mice. PS1 and PS2 seemed
to be localized in the neurons of COX-2/APP/PS1 (Fig. 3C).
To further determine the localization of PS1/2, double-
staining for PS1/2 and NeuN in the brains of APP/PS1 Tg
mice was carried out in immunofluorescence experiments,

revealing that PS1/2 colocalized with neurons (Fig. 3D).
These findings clearly indicated the potential involvement of
TNF-oc and PS1/2 in mediating COX-2-exacerbated AD
progression.

NS398 Inhibits the Synthesis of TNF-a and PS1/2 Via
mPGES-1 and PGE, but not L-PGDS and 15d-PGJ,
in COX-2/APP/PS1 Mice

To further elucidate the roles of COX-2 in regulating the ex-
pression of TNF-oc and PS1/2, we investigated the potential
contributions of PGE, and 15d-PGJ, to COX-2-dependent
TNF-o and PS1/2 synthesis in COX-2/APP/PS1 mice, reveal-
ing that mPGES-1 expression and the production of PGE,
were markedly induced in 6-month-old COX-2/APP/PS1
mice (Fig. 4A, D, E). Intracerebroventricular injection of a
COX-2-specific inhibitor, NS398 (1 pg/5 wul), into 6-month-
old COX-2/APP/PS1 mice clearly inhibited the expression of
mPGES-1 and the production of PGE, without affecting the
expression of L-PGDS and the production of 15d-PGJ, (Fig.
4A, B, D, E). The regulation of TNF-« and PS1/2 was similar
to that of mPGES-1 and PGE, in 6-month-old COX-2-over-
expressing APP/PS1 mice (Fig. 4C—E). With the injection
(i.c.v.) of NS398 (1 pg/5 ul) to 6-month-old COX-2/APP/
PS1 mice, the upregulation of TNF-« and PS1/2 was attenu-
ated (Fig. 4C—E). These data implied the possible contribu-
tions of mPGES-1 and PGE; in regulating the expression of
TNF-a and PS1/2 at the early stage of AD.

PGE, Facilitates the Deposition of A in APs, Which Is
Critical for the Cognitive Decline of APP/PS1 Mice

In view of the critical effects of PGE, on the expression of
TNF-o and PS1/2, we further determined their functions in
A aggregation. As a first step, 3-month-old APP/PS1 mice
were intranasally administered PGE, (2 pg/20 ul/day) for
3 months before their brains were collected. PGE, treatment
clearly increased the number of APs in the brain cerebral
cortex and hippocampus (Fig. SA). In view of these observa-
tions, we further determined its effects on the learning ability
of APP/PS1 Tg mice, revealing that PGE, treatment for
3 months accelerated the cognitive decline of APP/PS1 mice
at the age of 6 months (Fig. 5SB-E).

Low Concentrations of 15d-PGJ, Stimulated

the Expression of TNF-a and PS1/2, Whereas High
Concentrations of 15d-PGJ, Depressed the Expression
of TNF-a and PS1/2

In view of the possible roles of PGE, and 15d-PGJ, in AD
progression [27, 28], we next aimed to determine the potential
contributions of COX-2-derived 15d-PGJ, to A3 deposition
in the brains of APP/PS1 mice. For this purpose, we first
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Fig. 3 The expression of TNF-o and PS1/2 is progressively upregulated
during the course of AD development. (A) The production of TNF-« in
the CSF of APP/PS1 mice was determined by ELISA. (B) The PS1 and
PS2 mRNA and protein levels were determined by Western blots and
qRT-PCR. (C) The immunoreactivities of PS1 and PS2 in the cerebral
cortex and hippocampus of 6-month-old APP/PS1 and COX-2/APP/PS1
mice were determined by immunohistochemistry using an anti-PS1 or

treated the N2a cells with the indicated concentration of 15d-
PGJ, for 48 h, revealing that a low concentration of 15d-PGJ,

Fig. 4 NS398 suppresses the
synthesis of TNF-oc and PS1/2 via
PGE,. NS398 (1 pg/5 ul) was
injected (i.c.v.) into the ventricles
of 6-month-old COX-2/APP/PS1
mice for 24 h. The brains and CSF
were then collected after
anesthetization. (A—C) The for-

mation of PGE, and 15d-PGJ, -
and the secretion of TNF-o were B
assessed using PGE,, 15d-PGlJ,, -
and TNF-« enzyme immunoas- d

say kits, respectively. (D, E) +

Protein expression of mPGES-1,
L-PGDS, PS1, and PS2 was de-
termined by Western blots. [3-
Actin served as an internal con-
trol. **p < 0.01; ***p <0.001
with respect to the APP/PS1
group. #p <0.05; ##p <0.01
compared with COX-2/APP/PS1
mice (n=6)
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PS2 antibody, respectively. (D) The cerebral cortex and hippocampus of
mouse brains were double-stained with PS1/2 (red) and NeuN (green)
antibody before observation using confocal microscopy. The data are
represented as the means + S.E. *p < 0.05; **p < 0.01; ***p < 0.001 with
respect to the 3-month-old APP/PS1 mice. #p <0.05; ##p<0.01;
#i##p < 0.001 compared with 6-month-old APP/PS1 mice (n=6)

markedly stimulated the protein expression of TNF-a and
PS1/2 (Fig. 6A, B). The protein levels of TNF-« and PS1/2
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reached a maximum plateau when the concentration of 15d-
PGJ, was increased to 20 nM and then returned toward the
basal levels (Fig. 6A, B). Notably, the expression of TNF-«
and PS1/2 was significantly suppressed when N2a cells were
treated with 500 nM 15d-PGJ, for 24 h (Fig. 6A, B). To
further confirm these in vitro results, 6-month-old APP/PS1
mice were intranasally administered different concentrations
of 15d-PGJ, for 24 h. 15d-PGJ, treatment at 10 ng/20 pl
markedly increased the protein expression of TNF-« and
PS1/2 in APP/PS1 mice (Fig. 6C, D). In contrast, a high con-
centration of 15d-PGJ, (1000 ng/20 pl) obviously suppressed
the expression of TNF-« and PS1/2 in APP/PS1 mice (Fig.
6C, D). Based on these in vitro and in vivo experiments, our
data demonstrated that a low concentration of 15d-PGlJ,

Fig. 6 The expression of TNF-o a

12345 6@

stimulated the expression of TNF-« and PS1/2, whereas a
high concentration of 15d-PGJ, depressed the expression of
TNF-o and PS1/2.

Either Low or High Concentrations of 15d-PGJ,
Impaired the Learning Ability of APP/PS1 Mice

After observation of the antagonistic effects of low and high
concentrations of 15d-PGJ, on the expression of TNF-x and
PS1/2, we continued to assess the effects of different concen-
trations of 15d-PGlJ, on the deposition of A3 and the learning
ability of APP/PS1 mice. For this purpose, 3-month-old APP/
PS1 mice were intranasally administered 15d-PGJ, (20 or
1000 ng/20 pl/day) for 3 months before their brains were

15d-PGJ, c 15d-PGJ,

and PS1/2 is stimulated by low 0 10 20
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collected. Low or high concentrations of 15d-PGJ, treatment
showed antagonistic effects on the deposition of A3 to APs in
the brains of APP/PS1 mice (Fig. 7A). In view of these obser-
vations, we further determined its effects on the learning abil-
ity of APP/PS1 Tg mice. Surprisingly, either low or high con-
centrations of 15d-PGJ, treatment accelerated the cognitive
decline of APP/PS1 mice at the age of 6 months (Fig. 7B-E).

High Concentration of 15d-PGJ, Induced
the Apoptosis of Neurons, Which Underlies
the Cognitive Decline of APP/PS1 Mice

Because a high concentration of 15d-PGJ, showed the inhib-
itory effects on A3 aggregation but did not improve the learn-
ing ability of APP/PS1 mice, we were prompted to elucidate
the inherent mechanisms. To this end, experiments were car-
ried out to determine the effects of different concentrations of
15d-PGJ, on the neuronal apoptosis. The treatment of N2a
cells with a high concentration of 15d-PGJ, (500 nM) for
24 h obviously induced the expression of Bax and the produc-
tion of cleaved caspase-3 and DFF45 (Fig. 8A, B). In addition,
intranasal administration of APP/PS1 mice with high concen-
trations of 15d-PGJ, (1000 ng/20 ul) for 24 h similarly in-
creased the expression of Bax and the production of cleaved
caspase-3 and DFF45 (Fig. 8C, D). Based on these observa-
tions, it is clear that a high concentration of 15d-PGJ, impairs
the learning ability of APP/PSI1 mice by inducing neuronal
apoptosis.

Taken together, these results clearly show that overexpres-
sion of COX-2 in APP/PS1 mice has the ability to increase the
aggregation of AP 4, viaan mPGES-1- and PGE,-dependent
mechanism, and this phenomenon impairs the learning ability
of APP/PS1 mice at the early stage of AD. In addition, 15d-
PGJ, accumulation at the late stage of AD is able to induce the
cognitive decline of APP/PS1 mice via apoptotic mechanisms.

Fig. 7 Either low or high
concentrations of 15d-PGJ,
impair the learning ability of
APP/PS1 mice. APP/PS1 mice at
the age of 3 months were intra-
nasally treated with 15d-PGJ, ata
concentration of 20 ng/20 ul/day
or 1000 ng/20 pl/day for

—
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(=}

The number of APs @
N
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Discussion

AD is pathologically characterized by the production and ag-
gregation of A3 in the brain. Although certain phenomena by
which COX-2 [14, 51] and TNF-« [27, 28, 32] regulate the
pathogenesis of AD have been proposed, the relationship
among COX-2, TNF-«, and A3 [52] is still unclear. To this
end, the purpose of the current study was to decipher the
mechanisms of COX-2 in regulating A3 deposition via
TNF-a, which potentially contributes to the cognitive decline
of AD patients. The major findings of this study are as fol-
lows: 1) elevated expression of COX-2 in AD experimental
models upregulates the expression of mPGES-1, PGE,, L-
PGDS, and 15d-PGJ, during the course of AD development
and progression; 2) PGE; is responsible for A3 deposition via
a TNF-a-dependent PS1/2-activating mechanisms at the early
stage of AD; and 3) despite that highly induced 15d-PGlJ, at
the late stage of AD inhibits the aggregation of Af3 via
inhibiting the expression of TNF-oc and PS1/2, it still impairs
the learning ability of APP/PS1 mice via activating neuronal
apoptosis.

As the key enzyme responsible for inflammation, COX-2 is
tightly regulated under physiological conditions. In response
to the onset of AD, COX-2 was found to be activated at the
early stage of the disease, and its activity was decreased during
later stages of the disease accompanied by the production of
PGE, [53]. In line with prior reports [53], our data demon-
strated that COX-2 expression was markedly upregulated at
the early stage of the disease in the brains of AD patients, and
its expression was reduced at the late stage of the disease
accompanied by a disruption of neuronal cells. In APP/PS1
transgenic mice, the expression of COX-2 is somewhat com-
plicated. In 3- and 6-month-old APP/PS1 transgenic mice,
COX-2 expression was upregulated, whereas COX-2 in 18-
month-old mice appeared to aggregate with the APs.

3 months. The brains were col-
lected after anesthetization. (A)
The brains were then stained with
an Af3 antibody before analysis
by microscopy. (B—E) The learn-
ing abilities of different groups of
mice were assessed by the Morris
water maze test or nest construc-
tion assay. *p < 0.05; **p < 0.01;
##%p < 0.001 with respect to the
APP/PS1 group (n=16)
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Fig. 8 High concentrations of 15d-PGJ, impairs the learning ability of
APP/PS1 mice via apoptotic mechanisms. (A, B) N2a cells were treated
with the indicated concentration of 15d-PGJ, for 24 h. (C, D) The APP/
PS1 mice were intranasally treated with the indicated concentration of

Although we could not directly compare the late-stage AD
patients with 18-month-old APP/PS1 transgenic mice, our ob-
servations indicate that COX-2 might be able to bind Af3. In
line with our hypothesis, Nagano et al. [45] verified that COX-
2 is able to cross-link with A3, generating A 3-COX-2 hetero-
oligomers, which are increased in AD. This observation con-
cretely supports our data showing that COX-2 colocalized and
bound to A} in 18-month-old mice.

Given the interaction between COX-2 and Af3_4», the in-
terest in the COX-2 investigation was prompted by the appli-
cation of NSAIDs [54]. For example, COX-2 inhibition by
NSAIDs has been shown to have protective effects against
AD progression [14]. In addition, blockade of COX-2 by
flavocoxid was able to counteract the progression of AD
[55]. However, animal experiments might not provide useful
guidance for clinical trials because PGs play different roles in
AD development [56]. To this end, our data revealed that
PGE, and PGD, are elevated in COX-2-overexpressing
APP/PS1 mice. To study the roles of PGE, and PGD, in
AD, we first treated the COX-2/APP/PS1 mice with the
COX-2 specific inhibitor, NS398. The results demonstrated
that NS398 treatment significantly blocked the effects of
COX-2 on stimulating the expression of mPGES-1 and PS1/
2 as well as the production of PGE, and TNF-«, without
affecting the expression of L-PGDS or the production of the
dehydrated of PGD, product, 15d-PGJ, (Fig. 4). In line with
our observation, Matsumoto et al. [57] reported that COX-2
induction markedly increases the conversion to PGE,, which
parallels the mPGES-1 induction in macrophages. More
closely, Vazquez-Tello et al. [58] further found colocalization
between COX-2 and mPGES-1 in the brains of Wistar rats. In
line with these observations, NS398 was found to inhibit
mPGES-1 expression and PGE, production in human A549
cells and gastric fibroblasts [59, 60]. Along these lines, PGE,

15d-PGJ, for 24 h (n = 6). The protein levels of Bax and cleaved caspase-
3 and DFF45 were determined by Western blots. 3-Actin served as an
internal control. The data are presented as the means + S.E. *p <0.05;
**p < 0.01; ***p <0.001 with respect to the vehicle-treated controls

was indicated to be critical for the pathogenesis of AD. As
expected, our data further showed that PGE, treatment clearly
accelerated the deposition of A3 and the cognitive decline of
APP/PS1 mice via TNF--dependent PS1/2-activating mech-
anisms (Fig. 5). In agreement with our observations, Renz
et al. [61] reported that PGE, stimulated the production of
TNF-a in a cGMP-dependent manner in rat macrophages.
As an important proinflammatory cytokine, highly induced
TNF-o was reported to accelerate the progression of AD
[62]. This finding is substantiated by prior observations show-
ing that TNF-« upregulates APP processing and A3 deposi-
tion in human rhabdomyosarcoma [25] and neuroblastoma
cells [26]. Additionally, our data are further supported by re-
ports demonstrating that anti-TNF-« or inhibition of TNF-«
signaling reduces the formation of APs in the brains of APP/
PS1 transgenic mice [27, 28]. Indeed, Satoh and Kuo et al.
[32, 33] have suggested that TNF-« regulates APP processing
and AP deposition by activating PS1 and PS2 in neuronal
cells. These in vitro and in vivo data are clearly in agreement
with our data suggesting that PGE, regulates the formation of
AP via TNF-a-dependent PS1/2-activating mechanisms in
neuronal cells.

In contrast to mPGES-1 and PGE,, NS398 is not able
to suppress the expression of L-PGDS or the production
of 15d-PGJ, (Fig. 4D, E). However, COX-2 overexpres-
sion clearly induced the expression of L-PGDS in 6-
month-old COX-2/APP/PS1 mice (Fig. 4D, E). Because
PGE, accelerated the deposition of AR to APs, we
suspected that the upregulation of L-PGDS was caused
by APs. Indeed, the formation of APs has been suggested
to upregulate the expression of H-PGDS and the DP1
receptor in the microglia and astrocytes of AD patients
and Tg2576 mice [63]. Therefore, it is possible that the
upregulation of L-PGDS and the induction of 15d-PGJ,
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are caused by the deposition of A3 in a PGE,-dependent
manner.

Compared to those of PGE,, the biological functions of
15d-PGJ, seemed to be slightly complicated. At low concen-
trations, 15d-PGJ, exerted a stimulatory effect on neuroin-
flammation (Fig. 6). In addition, a low concentration of 15d-
PGJ; increased the number of APs in the brains of APP/PS1
mice (Fig. 7A). In concert with our observations, PGD, treat-
ment increased the production of Af3;_4, in primary cultured
mouse neuronal cells [48]. Similarly, 15d-PGJ, treatment in-
duced fibrillar A in rat cortical neurons [49, 50]. More inter-
estingly, Koh et al. [64] suggested that 15d-PGJ, acted as a
neuroprotectant or neurotoxicant depending on its concentra-
tion. High concentration of 15d-PGJ, likely showed suppres-
sive effects on the expression of TNF-oc and PS1/2 in vitro and
in vivo (Fig. 6). Although there is no direct evidence
supporting our data, PGD, and 15d-PGJ, have shown sup-
pressive effects on the expression of TNF-x. For example,
anti-inflammatory effects of PGD, have now been recognized
in leukocytes and other cells, especially after identification of
its dehydrated metabolite, 15d-PGJ, [65]. 15d-PGJ, appeared
to be more efficient in reducing the expression of TNF-x in
THP-1 monocytes [66]. The observation that a high concen-
tration of 15d-PGJ, inhibited the deposition of A3 raised the
question of whether high concentration of 15d-PGJ, can im-
prove the cognitive decline of APP/PS1 mice. Unfortunately,
a high concentration of 15d-PGlJ, further impaired the learn-
ing ability of APP/PS1 mice (Fig. 7B—E). To explain this
phenomenon, we further explored the effects of 15d-PGJ,
on the neuronal apoptosis. As expected, highly accumulated
15d-PGJ, showed the ability to induce the neuronal apoptosis
by inducing the expression of Bax and the production of
cleaved caspase-3 and DFF45, which resulted in the cognitive
decline of AD (Fig. 8). In line with our data, 15d-PGJ, has
shown its effects on inducing neuronal cell apoptosis [67].

Taken together, these results show that COX-2 expression
is upregulated at the early stage of AD, and this phenomenon
is responsible for elevating the expression of mPGES-1 and
PGE, in 6-month-old APP/PS1 mice. PGE, accumulation reg-
ulates A3 deposition by modulating TNF-«-dependent PS1/2
activity. L-PGDS and 15d-PGJ, are induced by Af3 fibrils at
the late stage of AD and, thus, play dual roles in the produc-
tion and deposition of A3. On the one hand, a low concentra-
tion of 15d-PGJ, has the ability to induce the production and
deposition of A via stimulating the expression of TNF-x and
PS1/2. On the other hand, a high concentration of 15d-PGJ,
can suppress the formation of Af3 fibrils, which seems to be
beneficial for treating AD. However, a high concentration of
15d-PGJ; induces the neuronal death, which further impairs
the learning ability of APP/PS1 mice.
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