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Abstract

We investigated the effects of prostaglandin E, (PGE,) on amyloid precursor protein (APP) expression in cultured rat microglia. PGE,
treatment significantly increased the expression of APP holoprotein and was associated with an elevation in cyclic AMP (cAMP). Direct
activation of adenylate cyclase with forskolin also increased APP expression. Co-treatment of microglia with PGE, and the PKA inhibitor H-
89 suppressed the overexpression of APP caused by PGE, alone. The prostaglandin EP2 receptor is known to be positively coupled to cAMP
production. Stimulation of the EP2 receptor with butaprost increased APP holoprotein, whereas co-incubation of the cells with PGE,; and the
EP2 receptor antagonist AH-6809 blocked the effect of PGE, on APP expression. These data suggest that PGE, is able to regulate the
expression of APP, and that this effect may be mediated by the EP2 receptor and the cAMP signaling cascade.
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The neurodegenerative disorder Alzheimer’s disease (AD)
is characterized by cognitive decline and memory loss. The
accumulation of extracellular amyloid plaques is a hallmark
of AD. Amyloid B (AB), the principal component of such
plaques, is derived by proteolytic cleavage of the amyloid
precursor protein (APP) by the - and +v-secretases. APP
may alternatively undergo a single cleavage by the «-
secretase within the AP region, causing the formation of the
non-amyloidogenic soluble APP fragment and thereby
preventing the formation of A [3,18].

Brain injury, a major risk factor for AD [4,12,22], is
associated with APP overexpression [19] and an increase in
cerebrospinal fluid (CSF) AR levels [15]. Trauma to the
brain can activate an inflammatory pathway that involves
the release of arachidonic acid from cellular phospholipids
by cytosolic phospholipase A, (PLA,) [17], and its
subsequent cyclooxygenation to form prostaglandin E,
(PGE,). In brains of AD patients, the activation of such
components of this pathway as PLA, [21] and cycloox-
ygenase-2 (COX-2), the inducible enzyme responsible for
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prostaglandin production in response to injury or inflam-
mation, is enhanced [14]. Moreover, PGE, levels are
elevated in the CSF of patients thought to have AD [11].

In rat astrocytes, PGE, stimulates the overexpression of
APP. This effect is probably mediated by the cyclic AMP
(cAMP) signaling pathway [8]. Moreover, studies have
shown that treatments that increase cAMP levels may
enhance the formation of amyloidogenic AB [6,9]. PGE,
can interact with the cAMP pathway by stimulating the G
protein-coupled EP2 receptor, which activates adenylate
cyclase and increases cAMP production [1]. EP2 receptors
are expressed by microglia [2], the primary mediators of
brain inflammation. Microglia are activated by neuronal
damage [7,13] and therefore may be involved in the
overexpression of APP observed following brain trauma.
In the present study, we examined the relationship of the
inflammatory mediator PGE, to production of APP in rat
microglia.

Microglial cells were prepared by agitating primary
cultured astrocytes and replating the detached microglia
onto fresh, uncoated culture dishes using procedures similar
to those described by Giulian and Baker [5]. Briefly,
dissociated astrocytes were cultured from cortices of rat
pups (postnatal day 1-2) as previously described [10]. Cells
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from dissociated cortices were plated onto poly-L-lysine-
coated 35 mm culture dishes. The initial culture medium,
Minimal Essential Medium (MEM, Invitrogen, Carlsbad,
CA) containing 5% horse serum (Cambrex, Rockland, ME),
was aspirated 2—5 h after plating to remove unattached cells
and debris, and replaced with MEM containing 5% fetal
bovine serum (FBS, Cambrex, Rockland, ME). Half the
medium was replaced with MEM/10% FBS twice weekly.
The cells were kept at 37 °C in a humidified 5%C0O,/95% air
incubator for 10—14 days, by which time the cultures were
confluent.

Floating microglia were harvested from the underlying
monolayer of astrocytes by gentle shaking of the cell culture
dishes, seeded onto uncoated 75 cm? culture flasks and
maintained in MEM/5% FBS for 2 weeks. When the
microglia were 60—90% confluent, they were detached by
trypsin and harvested. Cells were then plated onto six-well
plates and maintained in MEM/5% FBS for approximately 2
weeks; by this time the cultures were confluent and ready for
use in experiments.

The following drugs were used: PGE,, cycloheximide
and forskolin (Calbiochem, San Diego, CA); H-89 dihy-
drochloride, Sp-cAMP triethylamine, butaprost and
AH6809 (Sigma, St. Louis, MO). Frozen aliquots of these
drugs were diluted in serum-free MEM (37 °C) to
appropriate concentrations. Experiments were conducted
in triplicate unless otherwise stated.

Cell-associated APP levels were measured in cultured
microglia grown on six-well plates. The medium was
aspirated, and microglia were scraped in 100 .l lysis buffer
(60 mM Tris—HCIl, 4% SDS, 20% glycerol, 1 mM
dithiothreitol, 1 mM AEBSF, 8 uM aprotinin, 500 pM
bestatin, 15 uM E64, 200 uM leupeptin, 10 M pepstatin
A). The total amount of protein in each sample, estimated by
the bicinchoninic acid assay (Sigma, St. Louis, MO), was
not altered by pharmacological treatments. Prior to gel
electrophoresis, bromphenol blue solution (0.07%) was
added to each sample. The amount of cell protein loaded for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(4-20% SDS PAGE; Bio-Rad, Hercules, CA) was normal-
ized to the amount of protein per sample. Proteins
(equivalent to approximately 50 wg cell protein/lane) were
separated by electrophoresis, electroblotted onto polyviny-
lidene difluoride membranes (Immobilon-P, Millipore,
Billerica, MA), and blocked in bovine serum albumin for
1 h. After 3 X 10 min rinses in Tris-buffered saline (TBST),
the membranes were incubated in TBST containing an
appropriate antibody. Monoclonal antibody 22C11 (Roche,
Indianapolis, IN) was used to detect the N-terminus of APP.
Antibodies against glial fibrillary acid protein (GFAP;
Roche, Indianapolis, IN) and CDI1b/membrane attack
complex 1 (MAC-1; Serotec, Raleigh, NC) were used to
confirm that the cells were microglial. Cells used in this
study did not express the astrocytic marker GFAP, but did
express, when activated by PGE, or lipopolysaccharide, the
microglial marker CD11b/MAC-1 (data not shown).

Protein—antibody complexes were detected and visualized
using the ECL system (Amersham, Piscataway, NJ) and
Kodak X-AR film, respectively, as suggested by the
manufacturer. Films were digitized using a Supervista S-
12 scanner with a transparency adapter (UMAX Technol-
ogies, Freemont, CA). Analysis was performed using the
public domain NIH Image program (developed at the U.S.
National Institute of Health), available on the internet at
http://rsb.info.NIH.gov/NIH-IMAGE/. Levels of cAMP
were measured in rat microglia grown on 35 mm dishes
using an [8->H]cAMP assay kit (Amersham, Piscataway,
NJ) according to the manufacturer’s instructions. Data were
analyzed using analysis of variance (ANOVA), and the
Newman—Keuls test was used to evaluate differences
between groups (significance level, P < 0.05), with drug
treatments as the independent variable. Data are presented
as means = SEM.

Microglia were treated for 24 h with 0.1, 1 or 10 pM
PGE,, which produced dose-dependent and significant
increases in levels of APP holoprotein, relative to those in
controls (Fig. la,b). Cycloheximide (1 M), a protein
synthesis inhibitor, suppressed the increase in APP
holoprotein stimulated by PGE, (data not shown). In order
to determine how PGE, affects APP production, we next
assessed the effect of PGE, on the second messenger cAMP.

PGE, treatment (1 or 10 pM) significantly increased
cellular cAMP levels in the cultured microglia (Fig. 2),
suggesting that PGE, may exert its effect on APP via the
cAMP signaling pathway. The effect of PGE, on APP was
mimicked by direct activation of the cAMP pathway:
forskolin (1 or 10 wM), an activator of adenylate cyclase,
significantly increased APP expression in the microglia
(Fig. 3). Activation of protein kinase A (PKA) by sp-cAMP
triethylamine also significantly increased APP levels
relative to those in control cells (data not shown).
Furthermore, the increase in APP levels caused by PGE,
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Fig. 1. PGE, treatment increases cellular APP levels in rat microglia. (a)
APP expression was determined by Western blotting using the antibody
22C11. (b) Treatment with 0.1, 1 and 10 uM PGE, for 24 h stimulated
significant increases in levels of cellular APP holoprotein. Values represent
means = SEM. *P < 0.05, ***P < 0.001 vs. control.
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Fig. 2. PGE, treatment increases cAMP production in cultured rat
microglia. Intracellular cAMP levels were significantly enhanced after 1
h treatment with 1 and 10 uM PGE,. Values represent means + SEM.
##%P < 0.001 vs. control.

treatment was significantly inhibited by co-treatment with
the PKA inhibitor H-89 (10 wM); treatment with H-89 alone
had no effect on basal APP levels (data not shown). Taken
together, these results suggest that PGE, may increase APP
production by stimulating the cAMP signaling pathway. To
determine how PGE, may be affecting cAMP levels, we
examined the role of prostaglandin EP2 receptors, which are
known to be positively coupled to cAMP formation [13].

We found that stimulation of microglial EP2 receptors
for 24 h by the EP2 receptor-specific agonist butaprost
significantly and dose-dependently increased APP
expression (Fig. 4a). Moreover, co-incubation of micro-
glial cells with PGE, and the EP2 receptor antagonist
AH6809 dose-dependently suppressed the effect of PGE,
on APP overexpression (Fig. 4b). Both of these findings
support the hypothesis that EP2 receptors may mediate
PGE,-induced APP overexpression.

These data show that the inflammatory mediator PGE,
increases APP production in primary cultured rat
microglia possibly via activation of the cAMP signaling
pathway. The stimulatory effect of PGE, on APP
overexpression was suppressed by the PKA inhibitor H-
89. Since H-89 did not fully inhibit the effect of PGE,, it
is possible that the cAMP produced following PGE,
stimulation may also increase the expression of APP via
a PKA-independent mechanism [20]. One such pathway
could involve cAMP binding to, and activation of, the
guanine nucleotide exchange factor Epac [16]. The
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Fig. 3. APP expression in cultured rat microglia is increased following
treatment with the protein kinase A activator forskolin. Treatment with 1
and 10 pM forskolin for 24 h stimulated significant increases in
intracellular APP levels. Values represent means = SEM. **P < (.01,
*#%P < 0.001 vs. control.

a 25,

2.0 +

*
15 4
1.0
0.5
0.0 +
0.1 1 10 100

Butaprost (uM)

APP (Fold Basal)

b 25 **
20 1
3
S 1.5 #
)
é 1.0
Q.
% 05 |
0.0 4
Control P P P P

+1UMAH +10pM AH +100pM AH

Fig. 4. The EP2 receptor can modulate APP expression. (a) Cells were
treated for 24 h with the EP2 receptor agonist butaprost. Treatment with 100
M butaprost significantly increased APP expression. (b) Co-treatment of
the cells with PGE, (P) plus the EP2 receptor antagonist AH6809 (AH)
inhibited the overexpression of APP caused by PGE, treatment alone.
Values represent means = SEM. *P < 0.05, **P < 0.01 vs. control;
#p < 0.05 vs. PGE, treated.

unavailability of selective Epac inhibitors at this time
makes exploring this possibility difficult.

These data suggest that the effect of PGE, on APP
production involves the cAMP signaling pathway, at least in
part, and that the prostaglandin receptor EP2, which is
coupled to cAMP activation, might mediate the effect of
PGE, on APP expression. Treatment of microglia with
butaprost, an EP2 receptor agonist, increased APP levels,
which suggests that stimulation of the EP2 receptor is
sufficient to affect APP expression. Incubation of the cells
with AH6809, an EP2 receptor antagonist, fully blocked the
APP overexpression caused by PGE,. These findings
provide the first evidence that the stimulatory effect of
PGE, on APP levels may involve activation of the cAMP
signaling cascade by the binding of PGE, to the prosta-
glandin receptor EP2. Our results are consistent with the
idea that microglia may contribute to the neuropathology of
AD, possibly by increasing APP expression in response to
inflammatory prostaglandins acting at the microglial EP2
receptor.
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