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ABSTRACT: The neuroinflaimmatory response has received increasing attention as a key factor in the pathogenesis of
Alzheimer’s disease (AD). Microglia, the innate immune cells and resident phagocytes of the brain, respond to accumulating Af3
peptides by generating a nonresolving inflammatory response. While this response can clear Af peptides from the nervous
system in some settings, its failure to do so in AD accelerates synaptic injury, neuronal loss, and cognitive decline. The complex
molecular components of this response are beginning to be unraveled, with identification of both damaging and protective roles
for individual components of the neuroinflammatory response. Even within one molecular pathway, contrasting effects are often
present. As one example, recent studies of the inflammatory cyclooxygenase—prostaglandin pathway have revealed both
beneficial and detrimental effects dependent on the disease context, cell type, and downstream signaling pathway. Nonsteroidal
anti-inflammatory drugs (NSAIDs), which inhibit cyclooxygenases, are associated with reduced AD risk when taken by
cognitively normal populations, but additional clinical and mouse model studies have added complexities and caveats to this
finding. Downstream of cyclooxygenase activity, prostaglandin E, signaling exerts both damaging pro-inflammatory and
protective anti-inflammatory effects through actions of specific E-prostanoid G-protein coupled receptors on specific cell types.
These complexities underscore the need for careful study of individual components of the neuroinflammatory response to better

understand their contribution to AD pathogenesis and progression.
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Izheimer’s disease (AD) is the most common cause of
dementia among the elderly, with a prevalence of one in
eight people over the age of 65. With projected demographic
shifts toward an aging population, the annual incidence of new
AD cases is projected to triple by 2050, with costs of care
rising from $226 billion in 2015 to more than $1 trillion by
2050 (Alzheimer’s Association Facts, 2015). This coming
epidemic represents one of the most serious challenges to our
health care system in the coming decades. There is an urgent
need for strategies to treat and, perhaps even more importantly,
to prevent AD. Given that AD prevalence doubles every 5 years
after the age of 65, strategies delaying the onset of AD by even
S years would be predicted to reduce disease burden by 50%.
In the quest to develop preventive and therapeutic strategies,
the first step has been to characterize disease progression itself.
Over a century ago, Alois Alzheimer first identified a case of
dementia for which post-mortem brain tissue demonstrated
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abnormal extracellular protein deposits and intracellular tangled
structures.” Since that initial discovery, the amyloid-3 (Af)
peptide has been identified as the major component of
extracellular plaques in AD” and the microtubule associated
protein tau as the major component of intracellular neuro-
fibrillary tangles.* Supporting a causative role for Af in AD,
mutations in both amyloid precursor protein (APP) and
presenilin-1 (PS1), which cleaves APP to form Ap, are
associated with pedigrees in which early onset AD is genetically
inherited.”° These findings are the basis of the “amyloid
hypothesis” that Af generation is a driving force in the
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Figure 1. The microglial neuroinflammatory response in AD. In AD, accumulating soluble Af species lead to synaptic loss through direct toxicity to
synapses (black dashed arrow) and through maladaptive activation of microglia that produce damaging reactive oxygen species (ROS), cytokines,
proteases, and chemokines. Alternatively, microglial activation can exert beneficial effects and maintain synaptic integrity and homeostasis by efficient
clearance and phagocytosis of toxic misfolded proteins, such as oligomeric or fibrillar A species, as well as removal of damaged synapses.

development of AD.” Lending additional support to this
hypothesis, an APP mutation that reduces Af production and
protects against the development of AD has recently been
identified.® At the same time, the amyloid hypothesis of AD is
not without controversy. The spatial progression of tau-
containing neurofibrillary tangles correlates better with neuro-
nal death and AD progression than do Af plaque deposits.”
Moreover, Af} plaques are present in the brains of many
cognitively normal elderly patients, although some studies
suggest that this represents a preclinical stage of AD.'”"" To
resolve this controversy, additional studies of A and its
downstream pathological effects will be necessary.

Ap exerts a number of toxic effects on neurons, resulting in
synapse loss, neuronal network dysfunction, and ultimately
neuron death, as reviewed in ref 12. Strategies aimed at
reducing Af levels in the brain are thus a major focus of AD
research. Unfortunately, several recent trials of monoclonal
antibodies for Af have failed to alter cognitive outcomes in AD
patients. This may be due to overall limitations of this strategy,
including potential adverse effects of cerebral microhemorrh-
ages and edema associated with perivascular amyloid deposits."
Hope remains for future studies focused on anti-Af strategies
as preventive interventions among patients at risk for AD,"" as
long as care is taken to avoid adverse effects. However, the need
remains for additional targets that may be able to mitigate the
detrimental effects of Af in the brain. One such target is the
neuroinflammatory response to Af, a complex process that may
be the third factor, along with Af and tau, driving AD
pathogenesis (reviewed in ref 15). However, neuroinflamma-
tion exerts both toxic and protective effects in disease
progression, so general strategies to reduce inflammation may
not be as effective as more selective approaches targeting
maladaptive inflammation. Identifying and developing targeted
strategies to reduce toxic effects or increase protective effects
remains a potential avenue for future preventive or therapeutic
interventions in AD.
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B DETRIMENTAL AND BENEFICIAL EFFECTS OF
NEUROINFLAMMATION IN AD

Activation of the brain’s inflammatory response has long been
recognized as a hallmark of AD pathology. Numerous features
found in the AD brain suggest that a robust inflammatory
response occurs either as a precursor to or as a consequence of
Ap plaque deposition and neurodegeneration. Many of these
features resemble those seen in the innate immune response to
pathogens or tissue injury: activated microglia, reactive
astrocytes, complement proteins, cytokines, chemokines, and
enzymes that generate reactive oxygen species are all elevated in
the AD brain (reviewed in refs 16 and 17). Increasing evidence
supports the idea that soluble Af oligomers or fibrils act
directly on microglia, the resident phagocytes of the central
nervous system, to drive this inflammatory process in AD
(Figure 1). Microglia phagocytose Aff in a manner dependent
on scavenger receptors including CD36.'® This uptake of A
activates inflammatory pathways, including those that lead to
secretion of the inflammatory cytokine IL-14."" In addition, A
promotes signaling via Toll-like receptors in microglia that
drives production of reactive oxygen species and activation of
the canonical pro-inflammatory transcription factor NF-kB.>
Moreover, genome-wide analysis of microglia treated with A
shows enriched up-regulation of genes containing promoter
sequences for NF-«kB and IRF1/IRF7, other canonical
mediators of inflammatory responses.”'

In addition, genome-wide association study (GWAS) data
from late-onset AD patients has identified variants in a number
of genes implicated in the microglial inflammatory response.
The E4 allele of the APOE gene is by far the most frequent
genetic variant in late-onset AD and one of the earliest
identified;*” its role in the microglial inflammatory response is
becoming increasingly clear. Microglia expressing the E4 allele
of APOE have increased levels of pro-inflammatory COX-2 and
prostaglandin production, with decreased levels of the micro-
glial receptor TREM2.”’ Alleles of TREM2 itself have also been
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associated with AD.”* The precise mechanism by which
TREM?2 contributes to AD is an active area of current study,
with two recent reports indicating that TREM2 deficiency
reduces reactive microgliosis in mouse models of AD, although
the ultimate effect on A accumulation and neuronal survival
appears to depend on the mouse model and time point
examined.”>”° Several other genetic polymorphisms associated
with AD, including those in CD33 and complement receptor 1,
have been found to play important roles in microglial
inflammatory responses or clearance of Af (reviewed in ref
15). Taken together, these studies suggest that impaired
microglial function plays a central role in driving AD
pathogenesis.

A major hypothesis of AD etiology poses that this ongoing
inflammatory response promotes synaptotoxicity and other
neuronal damage leading to AD. This idea is bolstered by a
number of epidemiological studies showing that the use of
nonsteroidal anti-inflammatory drugs (NSAIDs) is associated
with reduced risk of AD, reviewed in refs 17 and 27, as
discussed in more detail below. At the same time, other studies
suggest that the brain inflammatory response may play a
beneficial role, particularly with respect to the clearance of toxic
Ap species, as reviewed in ref 28 and discussed below. A more
complete understanding of the complex balance between toxic
and beneficial roles of inflammation in AD will be necessary for
improved approaches to AD prevention and treatment.

The microglial inflammatory response to Af promotes a
number of processes that appear to cause additional damage to
neurons. Much of this evidence comes from mouse models of
familial AD, where transgenes drive nervous system expression
of mutant forms of the amyloid precursor protein (APP) or
presenilin 1 (PS1) genes or both. For example, a recent study
showed that microglial proliferation, which is increased in the
AD patient brain, appears to drive synaptic toxicity. In APP,./
PS1 gy transgenic mice, pharmacologically inhibiting microglial
proliferation by blocking the CSF1 receptor leads to increased
synaptic density and improved working memory behavior
without altering Af3 accumulation.” Specific molecular path-
ways within microglia appear to contribute to this neuro-
toxicity. Clq, the first component of the classical complement
pathway, is elevated both in the AD brain and in the Tg2576
APPg,. transgenic mouse model. When Clq is genetically
deleted, amyloid plaque levels remain largely constant while
synaptic and dendritic loss is rescued, suggesting a role for
complement in neuronal toxicity in AD.** Another inflamma-
tory pathway, signaling through the receptor for advanced
glycation endproducts (RAGE), appears to play an important
role in promoting neuronal dysfunction. In the J9 APPg.1nq
transgenic mouse model, genetic overexpression of RAGE
accelerates spatial memory deficits in the radial arm water maze,
while expression of a dominant negative form of RAGE rescues
performance in the same task.”" Taken together with the clear
protective effects of NSAIDs in preventing AD,”” these results
suggest a role for inflammatory processes in accelerating
neuronal damage and consequent memory deficits in mouse
models of AD.

At the same time, inflammation may perform valuable
functions such as clearance of toxic Af peptides from the brain.
Complement, for example, which appears to have toxic
functions in some contexts,” may also perform valuable
functions in promoting Af clearance. Overexpression of the
complement inhibitor protein sCrry in the J20 APPg,,. 1,4 model
of AD results in reduced microglial activation, increased Af
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plaque deposition, and loss of neurons in the CA3 region of the
hippocampus.®” The central importance of microglial clearance
of Ap has been demonstrated similarly in a study examining the
role of the cytokine TGF-f§ in the J9 APPg,, 1, model, where
overexpression of TGF-f increases microglial activation,
reduces Af deposition in the brain parenchyma, and reduces
numbers of dystrophic neurites.*” In addition to this role for
cytokines in promoting the Af clearance capacity of microglia,
chemokine recruitment of microglia to sites of A} accumulation
appears to be another important beneficial pathway. The
chemokine receptor CCR2, expressed bZ macrophages that
infiltrate the nervous system after injury,”* mediates migration
of immune cells to sites of inflammation. In the Tg2576 APPg,,.
mouse model, genetic deletion of CCR2 results in reduced
brain microglia and macrophage activation, increased brain Af
levels, and a dramatically accelerated mortality for both
CCR2+/— and CCR2—/— Tg2576 mice.>> These studies
have in common the finding that lower levels of microglial
activation are associated with higher Ap levels and worse
outcomes at the neuronal or organismal level, suggesting that
the microglial inflammatory response carries out important
beneficial functions in AD. At the same time, it will be
important for future research to note that what is observed as
“microglial activation” (often by immunostaining for the
expression of marker proteins) likely constitutes several
different activation states that may play context-dependent
toxic or beneficial roles.’® Specifically, an age-dependent
increase in toxic cytokine expression by microglia, accompanied
by a decrease in receptors and enzymes associated with Af
clearance, may underlie some of the seemingly conflicting
studies identifying either toxic or beneficial roles for the
microglial inflammatory response in AD models.”” Strategies
aiming to tip the balance away from toxic effects and toward
beneficial actions of microglia will thus be particularly
important for translational studies in the future.

B MIXED FINDINGS FOR NONSTEROIDAL
ANTI-INFLAMMATORY DRUGS IN AD
PREVENTION AND TREATMENT

Extensive epidemiological, clinical, and basic science literature
supports a role of NSAIDs in preventing AD. The initial finding
of this association came from McGeer and colleagues,‘?’8 who
reported a surprisingly low comorbidity for rheumatoid arthritis
and AD, demonstrating a lower risk of AD in a patient
population likely to take NSAIDs. Subsequent analysis of
epidemiological data from several studies confirmed that
chronic NSAID use was associated with lower risk of AD in
normal aging populations.” Strikingly, prospective studies in
targeted populations in Maryland,”” Utah,"" and The Nether-
lands,** and in the US Veteran’s Affairs system*’ confirmed the
protective effects of NSAIDs. Moreover, these studies found
that longer NSAID use was associated with significantly greater
protection, with up to 80% risk reduction for patients who had
taken NSAIDs for more than two years.”” These consistent
findings present a compelling case for the exploration of
NSAID-based mechanisms in the prevention of AD. However,
as discussed below, the story of NSAID use as a protective
strategy carries several major caveats.

Beyond the well-known gastric and renal complications of
long-term NSAID use, close examination of epidemiological
and clinical trial data suggests that if NSAIDs have a protective
effect, it is only when started long before the onset of AD. Later
in disease progression, NSAIDs may even worsen AD
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Table 1. Selected Studies on NSAIDs in Mouse Models of AD

ref and age start
year model drug used (months) treat time
S5, Tg2576 ibuprofen 10 6 months
2000
88, Tg2576 ibuprofen 10 6 months
2001
14 17 months
53, Tg2576 ibuprofen 3 3 days
2001
naproxen 3 3 days
89, TG2576 x ibuprofen 7 S months
2002 PS1IM146L
NCX-2216 7 S months
90, Tg2576 13 different 3 3 days
2003 NSAIDs
712003 Tg2576 indomethacin 12 8 months
57, Tg2576 ibuprofen 11 4 months
2003
pioglitazone 11 4 months
92, Tg2576 indomethacin 8 7 months
2004
54, APPV7171 ibuprofen 10 7 days
2005
pioglitazone 10 7 days
93, Tg2576 flurbiprofen 3—4 3 days
2005
94, APP-PS1 flurbiprofen 8 6 months
2005
NO- 8 6 months
flurbiprofen
95, Tg2576 flurbiprofen 8or17 6 months or
2007 2 weeks
60, Tg2576 ibuprofen 12 1 month
2008
ibuprofen S S months
ME tricyclic 12 1 month
naproxen 12 1 month
96, 3xTg-AD ibuprofen 1 S months
2008
61, R1.40 ibuprofen 3 3 months
2009
naproxen 3 3 months
56, R1.40 ibuprofen 1S 9 months
2012
59, Sx-FAD ibuprofen 3 3 months
2012
97, 3xTg-AD flurbiprofen S 2 months
2013
98, 3xTg-AD SC-560 20 8 days
2013
99, R1.40 tolfenamic acid 14-20 1 month
2013
100, 3xTg-AD ibuprofen 1 15—22 months
2014

age end inflamm.
(months) Ap effect markers neuronal or behavioral effect
16 decreased decreased  fewer dystrophic neurites
16 rescued open field; lowered
caspase activation
17 decreased decreased
3 decreased
3 decreased
12 decreased no change
12 decreased increased
3 decreased
20 decreased no change
15 decreased decreased
15 decreased no change
15 decreased decreased
10 decreased decreased
10 decreased decreased
3—4 decreased
14 no change no change
14 decreased decreased
14 or 19 no change rescued Morris water maze
13 no change  decreased  rescued Morris water maze
10 decreased  rescued Morris water maze
13 no change  decreased  rescued Morris water maze
13 no change  decreased  rescued Morris water maze
6 decreased rescued Morris water maze
6 no change  decreased  lowered markers of neuronal cell-
cycle entry
6 no change  decreased  lowered markers of neuronal cell-
cycle entry
24 decreased decreased
6 no change  decreased  worsened cross maze
7 no change rescued radial arm water maze
20 decreased decreased  rescued Morris water maze
15-21 decreased rescued Morris water maze and Y
Maze
1623 decreased

rescued hippocampal volume by
RI

symptoms. Several major studies on NSAIDs and AD have
noted that NSAID use, even for several years, does not confer
protection if it occurs less than two years before AD onset.*"™*
Studies of normal age-related cognitive decline confirm this
effect: in a population based study, patients who started NSAID
use before age 65 demonstrated slower cognitive decline in
their 70s and 80s, whereas those who started NSAID use after
age 65 had either no change or accelerated cognitive decline
depending on the population examined.”* These observational
findings provide hope for strategies based on NSAID use in
middle age, many years before AD onset would normally occur.
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Unfortunately, the clinical trials and randomized studies
performed to date have generally focused on later stages of
cognitive decline and have largely found no beneficial effect of
NSAID treatment at this stage (reviewed in ref 17).

The general failure of these clinical trials for NSAIDs in AD
reinforces the hypothesis that NSAID use is protective only if
initiated long before disease onset. While one initial study
found improved cognitive performance with indomethacin
treatment compared with placebo in a small group of AD
patients,> other trials have been disappointing. Neither
naproxen nor rofecoxib had any effect on cognitive decline in
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1-year _;alacebo-controlled trials in patients with established
AD.***” In an attempt to study the effect of earlier NSAID use
in nondemented populations, the AD Anti-Inflammatory
Prevention Trial (ADAPT) was initiated to test in a placebo-
controlled study whether naproxen or celecoxib prevented AD
onset and slowed cognitive decline in patients over 70 years old
at the time of enrollment. Unfortunately, treatment in this
study was halted after cardiovascular complications were
discovered with the use of these drugs in other clinical trials.**
In ADAPT, treatment with either celecoxib or naproxen was
terminated prematurely because of cardiovascular safety
concerns; as a result, treatment with either celecoxib or
naproxen lasted a median of 14.8 months, as opposed to the
originally planned 7 years. Although a follow-up study on these
subjects revealed no change in the risk of AD development 6
years after discontinuation of treatment,’” other follow-up
analyses have yielded additional insights. Analysis from the first
four years after randomization demonstrated an increased risk
for AD development among celecoxib- and naproxen-treated
patients,*” consistent with the worsening of cognitive decline
seen in some populations who begin NSAID use after age 65.**
Later reanalysis of the ADAPT study removed from the data set
patients with any symptoms of cognitive impairment at the start
of the trial and those who developed AD in the first 2.5 years of
observation, thereby limiting the study to patients who were
cognitively intact at the outset of the trial. In this post hoc
analysis, naproxen-treated patients showed significantly reduced
rates of AD.’’ Moreover, CSF samples taken from a
randomized subset of these patients demonstrated that
naproxen significantly reduced the tau/Ap42 ratio, a biomarker
positively correlated with the risk of cognitive decline and AD
among elderly populations.”’ While these data come from a
post hoc analysis of a trial initially designed for different
measures, they offer a hint of support for the preventive role of
NSAIDs in AD.

One possibility is that long-term NSAID use prrotects against
AD only when initiated long before cognitive decline begins.
The failure of previous clinical trials in AD patients likely
reflects the paradoxically detrimental effects of NSAID use
when cognitive decline leading to AD has already begun. Future
clinical studies will thus need to examine the longer-term eftects
of NSAID treatment beginning in younger patients. These
trials, however, will be challenging to pursue both in terms of
time and funding. Moreover, the side effects associated with
NSAID use suggest that identifying the downstream mecha-
nism for NSAID protection could yield safer, more targeted
interventions. Translational studies to identify these mecha-
nisms in animal models may thus offer key insight for AD
prevention strategies.

To date, more than 20 studies have assessed the effects of
NSAID treatment in transgenic mouse models overexpressing
mutant APP or PS1 or both, as listed in Table 1. Many of these
studies have focused on the ability of NSAIDs to modulate
brain Af levels, because NSAIDs such as ibuprofen modulate y-
secretase activity to produce less Af42 from APP in cultured
cells.®® In general, the studies that have administered NSAIDs
to mice after the onset of amyloid plaque deposition®*~>” have
found reduced amyloid plaque load and microglial activation in
the brains of AD model mice treated with NSAIDs such as
ibuprofen over the course of several months. However, it is
important to note that this effect depends on which PS1 mutant
is used in the model, because many familial PS1 mutations
render the protein insensitive to y-secretase modification by
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NSAIDs.*® Indeed, ibuprofen treatment reduces inflammatory
markers but has no effect on Af levels or working memory in
the 5x-FAD model containing one such mutant form of PS1.>
The above data are consistent with the proposed Af-lowering
mechanism for NSAID protection against AD. Yet other studies
have found that NSAIDs can reverse spatial memory deficits in
Tg2576 APPg,,. mice without altering Af levels or markers of
inflammation, calling in to question the hypothesis that
NSAIDs achieve protection through reduced Af42 generation
or even through anti-inflammatory effects. Moreover, ibuprofen
treatment before plaque onset in the slow-progressing R1.40
model prevents the onset of neuronal cell cycle re-entry, a
marker of vulnerable neurons in AD, without altering APP
processing or Af levels.”’ These conflicting results suggest the
need for animal studies that mirror the effects of NSAIDs in
human patients as much as possible to uncover the mechanisms
at work in the reduced risk of AD. In addition, the molecular
targets and downstream signaling effects of NSAIDs may yield
more specific answers.

B DETRIMENTAL AND BENEFICIAL EFFECTS OF
PROSTAGLANDIN SIGNALING IN AD

NSAIDs inhibit cyclooxygenase enzymes—the constitutively
expressed COX-1 and the inducible COX-2, cytosolic enzymes
that generate PGH, from membrane stores of arachidonic acid.
PGH, is further modified to produce the prostaglandins PGE,,
PGD,, PGI,, and PGF,,, and the thromboxane TXA,. While the
effect of NSAIDs to oppose inflammation has led to a
generalized view of COX activity as toxic in neuroinflammatory
disease, recent studies demonstrate a diversity of both toxic and
protective functions for the prostaglandin products of COX-1
and COX-2. This divergence became vividly clear in the clinical
development and subsequent discontinuation of several
selective COX-2 inhibitors, originally aimed at inhibiting toxic
COX-2 activity while avoiding inhibition of protective COX-1
activity in the gut. More extensive clinical studies found an
unexpected increase in the rates of myocardial infarction and
thrombotic stroke among patients on COX-2 inhibitors;
however, this began only after 18 months of treatment.**®*
One hypothesized mechanism for the toxic effect of COX-2
inhibition lies in the balance of COX-2 derived prostacyclin,
which promotes vasodilation and restrains platelet activation,
and COX-1 derived thromboxane, which promotes vaso-
constriction and aggregation of platelets.”*** Another potential
mechanism may involve an off-target effect of compounds that
manifests very late after chronic COX-2 suppression. This
finding indicates that, while some prostaglandin pathways are
toxic, others are beneficial in a manner that is likely context
dependent. Moreover, the general reluctance to use COX-2
inhibitors in the clinic underscores the need for identification of
more specific interventions downstream of COX activity.

To this end, a number of recent studies have investigated the
role of the downstream prostaglandin products and their
receptors in models of neurological disease. Among the
prostaglandins, PGE, is of particular interest because it is
found at relatively high concentrations in the brain.

PGE, levels are increased in the CSF of probable AD
patients® and in AD patients with mild memory impairment.®®
PGE, exerts its cellular effects through four distinct G protein-
coupled E-prostanoid receptors, EP1 to EP4. In vivo local-
ization of PGE, receptors in the brain has been limited because
of poor specificity and high background of available antibodies

to EP receptors; however in situ hybridization studies of mouse
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brain indicate that the EP1 and to a lesser extent the EP3 and
EP4 receptors are expressed basally in neurons of forebrain and
cerebellum (Allen Brain Atlas, www.alleninstitute.org). As
described in detail below, in settings of innate immune
neuroinflammation, expression levels of EP2 and EP4 tran-
scripts are induced in microglia. Activation of PGE, receptors
triggers intracellular signals that lead to modifications in
production of cAMP or phosphoinositol (PI) turnover. The
effects of PGE, are complex because PGE, can bind to four
distinct EP (for E-prostanoid) receptors, EP1 through EP4, that
have divergent second messenger systems. The EP2 and EP4
receptors are coupled to Gas, increasing cAMP production
upon PGE, binding; EP3 is coupled to Gai and decreases
cAMP production; while EP1 is coupled to Gaq and increases
intracellular Ca®* concentrations.”” Consistent with findings of
beneficial as well as toxic effects of COX activity, emerging
evidence indicates both protective and toxic functions for the
EP receptors in ways that are receptor-, context-, and cell-type-
specific, as reviewed in refs 68 and 69. However, a growing
number of studies on chronic inflammatory models suggest that
EP1, EP2, and EP3 receptors promote neuronal injury in
models of chronic neurodegenerative disease, whereas EP4
exerts largely beneficial effects.

Of the four EP receptors, the role of EP1 in inflammatory
neurodegenerative disease is least clear. EP1 exerts neurotoxic
effects in models of oxidative stress, where inhibition of EP1
signaling rescues dopaminergic neurons from 6-hydroxy-
dopamine mediated cell death.”” EPI also appears to play a
role in models of AD: genetic deletion of EP1 in the APPg,,-
PS1,gy mouse model of AD reduces amyloid plaque numbers
in the hippocampus.”' However, the specific role of EP1 in
microglia or other cell types remains to be specified.

EP2, by contrast, has been widely studied in models of
inflammatory neurodegeneration. Deletion of EP2 in the
APPg,,./PS1,py mouse model of AD results in decreased
brain lipid oxidation and reduced Af levels, potentially through
reduced activity of the APP cleaving enzyme BACE-1,”> an
enzyme whose expression and enzgmatic activity is responsive
to oxidative damage in neurons.” The functions of EP2 in
promoting oxidative damage extend more generally to models
of LPS-induced innate immune activation, where EP2 deletion
completely abolishes the increase in brain lipid oxidation after
immune activation.”* Here, at least some of the toxicity of EP2
is due to activity in microglia: cultured microglia from EP2
deficient mice fail to mount a neurotoxic oxidative response to
LPS.” Moreover, EP2 is a central player in the neurotoxic
response of microglia to Af: as in the case of LPS, cultured
microglia exposed to A promote neuron death, but not when
the microglia are deficient for EP2. Here, EP2 may promote
further damage in models of AD, because signaling throug7h
EP2 suppresses the ability of microglia to phagocytose Af.”°
Consistent with this finding, lethally irradiated APPg,./PS1 g
mice show reduced cerebral Af burden when their microglial
populations are reconstituted with EP2-deficient bone marrow-
derived cells compared with wild-type cells.”” The mechanism
behind this effect may lie at least partially in the ability of EP2
signaling to suppress expression of the scavenger receptor
CD36, a key mediator of Af phagocytosis by microglia.”® To
specifically assess the role of microglial EP2 in models of AD,
recent studies using the Cre/loxP system to delete EP2 in
microglia’® have shown increased brain insulin-like growth
factor levels, restored working memory, and increased synaptic
density in APPg,./PS1 gy mice lacking EP2 specifically in
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microglia.*” Thus, microglial EP2 may promote toxicity in AD
through the multiple mechanisms of reducing Af clearance,
increasing the microglial oxidative response to Af, and
suppressing protective growth factor production.

The EP3 receptor, though less studied so far in models of
AD, appears to possess similar properties to the EP2 receptor.
Deletion of EP3 in APPg,./PS1g mice reduces inflammatory
protein expression, markers of oxidative stress, Af levels, and
BACE-1 activity.”' Here again, the response of BACE-1 to
oxidative damage’® may underlie some of the antiamyloido-
genic effects of EP3 deletion, or EP3 may regulate the clearance
of Af by microglia. These studies suggest that, although EP1I,
EP2, and EP3 receptors signal through distinct and even
opposing G-protein coupled pathways, they each contribute to
oxidative stress and damaging inflammatory responses in
chronic models of AD.

In contrast, the EP4 receptor appears to exert protective
effects in models of innate immunity and AD, as well as
neuroprotective effects against hypoxic damage in models of
stroke.®” As detailed above, stimulation of the innate immune
response through peripheral injection of LPS in mice elicits a
brain inflammatory response characterized by microglial
activation, cytokine secretion, and production of reactive
oxygen and nitrogen species that increase brain lipid oxidation.
Direct stimulation of EP4 receptors in cultured microglia
dramatically reduces this response to LPS,**** suggesting that
EP4 signaling is sufficient for attenuation of the microglial
innate immune response. The substrate for this divergence
between EP2 and EP4 inflammatory signaling may lie in
functions encoded in the extended carboxy-tail of EP4, which
binds proteins that signal to inhibit inflammatory NF-xB
transcriptional activity.” In line with this, EP4 appears to be
necessary for resolution of the inflammatory response. In wild-
type mice, cytokine and oxidative enzyme expression in the
brain is significantly elevated by 6 h after LPS injection but
largely returns to baseline by 24 h. In mice with selective
deletion of EP4 in microglia, this inflammatory response in the
brain persists at least to 24 h.** The anti-inflammatory effect of
EP4 signaling appears to extend to the periphery as well:
genetic deletion or pharmacological inhibition of EP4
exacerbates inflammation and tissue damage in a model of
ulcerative colitis.”> These findings strongly implicate EP4
signaling as a pivotal factor in resolving the innate immune
response in inflammatory disease. Recent studies have extended
this to models of AD as well: pharmacological stimulation of
the EP4 receptor in cultured microglia reduces the inflamma-
tory response to Aff and promotes phagocytic clearance of Af,
while conditional deletion of the EP4 receptor in microglia
exacerbates inflammatory responses, Af accumulation, and
synaptic protein loss in APPg,,,/PS1,5, mice.”' Taken together,
these data support an anti-inflammatory and protective role for
microglial EP4 signaling in models of AD.

The above data suggest a complex mechanism in which
signaling by one ligand, PGE,, may promote both an initial
inflammatory response (e.g, through EP2 or EP3) and a
compensatory resolution of immune activation through EP4.
Given the findings above, several potential therapeutic
strategies emerge to combat the damaging inflammatory
response in AD: suppressing the toxic effects of EP1, EP2,
and EP3 signaling or harnessing the protective effects of EP4
signaling. In the AD brain in particular, the balance among EP
receptors appears to be weighted toward maladaptive pro-
inflammatory signaling, as EP3 protein levels increase while
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EP4 protein levels decrease in the brains of mild cognitive
impairment (MCI) and AD patients.””®" This mechanism also
presents a potential explanation for the contrasting protective
and detrimental effects of NSAIDs seen in studies of patients at
different stages of disease progression. It may be that inhibition
of prostaglandin production is beneficial only at early stages
when it can adequately suppress toxic signaling through EP2
and EP3 while preserving beneficial signaling through EP4.

As an additional layer of complexity, COX-1, COX-2, and EP
receptors are expressed in other cell types including neurons,
where their effects and contributions to AD progression may be
distinct from those in microglia. COX-2 itself is a neuronal
immediate early gene whose expression is rapidly induced in
response to NMDA-dependent synaptic activity in the cortex
and hippocampus.®® Excessive neuronal COX-2 activity may be
another contributing factor to AD, because neuronal over-
expression of COX-2 in the APPg, /PSl gz mouse model
worsens spatial working memory behavior.”” In light of this,
neuronal COX-2 may be yet another target of NSAIDs that
could contribute to their protective effects, in addition to their
suppression of damaging pathways in the neuroinflammatory
response.

B CONCLUSION: THE NEED FOR MOLECULAR,
CELLULAR, AND TEMPORAL SPECIFICITY IN AD
RESEARCH

In light of the clinical and animal model studies discussed
above, there may be limited value in pursuing interventions
aimed at broad-scale inhibition of COX activity in AD without
regard to timing, cellular specificity, or downstream signaling
complexity. The mixed evidence for preventive effects of
NSAIDs in AD and the contrasting effects of NSAIDs in
different mouse models at different pathological stages
accentuate the need to identify which mechanism(s) underlie
NSAID protection so that more targeted strategies can be
pursued. Within prostaglandin signaling, the balance between
protective and toxic signaling through different PGE, receptors
underscores the need for additional detailed investigations of
cell- and receptor-specific strategies. In the wider neuro-
inflammatory response to A, these studies add to a growing
consensus that it is too simplistic to think of the inflammatory
response in AD as entirely damaging or entirely protective.
Instead, future studies targeting individual components of the
neuroinflammatory response may yield new insights in the
search for preventive and therapeutic strategies against AD.
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