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Abstract
Cyclooxygenase (COX)-1 and -2 metabolize arachidonic acid to prostanoids and reactive oxygen
species, major players in the neuroinflammatory process. While most reports focused on the inducible
isoform, COX-2, the contribution of COX-1 to the inflammatory response is unclear. In the present
study the contribution of COX-1 in the neuroinflammatory response to intracerebroventricular
lipopolysaccharide (LPS) was investigated using COX-1 deficient (COX-1−/−) mice or wild type
(COX-1+/+) mice pretreated with SC-560, a selective COX-1 inhibitor. Twenty four hours after LPS
injection, COX-1−/− mice showed decreased protein oxidation and LPS-induced neuronal damage
in the hippocampus compared to COX-1+/+ mice. COX-1−/− mice showed a significant reduction of
microglial activation, proinflammatory mediators, and expression of COX-2, iNOS, and NADPH
oxidase. The transcriptional downregulation of cytokines and other inflammatory markers in
COX-1−/− mice was mediated by a reduced activation of NF-κB and STAT3. Administration of
SC-560 prior to LPS injection also attenuated the neuroinflammatory response by decreasing brain
levels of prostaglandin (PG)E2, PGD2, PGF2α, and thromboxane B2 (TXB2), as well as the expression
of pro-inflammatory cytokines and chemokine. These findings suggest that COX-1 plays a previously
unrecognized role in neuroinflammatory damage.
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INTRODUCTION
Two different isoforms of cyclooxygenase (COX), COX-1 and COX-2, catalyze the conversion
of arachidonic acid to prostaglandins (PGs) - PGE2, PGI2, PGF2α, PGD2, and thromboxane
A2 - (1) which are potent activators of a large family of G protein-coupled receptors and mediate
specific biological responses in various tissues and cells (2).

Classically, COX-1 has been considered as the constitutively expressed isoform, primarily
responsible for homeostatic PG synthesis, and COX-2 as the isoform induced in response to
inflammatory stimuli and thus, the most appropriate target for anti-inflammatory drugs (3,4).
However, this distinction is not appropriate for the central nervous system (CNS), where
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COX-2 is constitutively expressed at high levels (5), and COX-1 can be up-regulated in certain
pathological conditions such as global cerebral ischemia (6), N-methyl-D-aspartate induced
excitotoxicity (7), traumatic brain injury (8), and in activated microglia associated with amyloid
plaques (9).

Neuroinflammation, which is substantially mediated by activation of microglia (10), is a critical
component of the pathogenesis of certain neurodegenerative disorders, including Alzheimer’s
disease (AD) (11). Reactive microglia release inflammatory mediators such as cytokines,
chemokines, prostanoids, and reactive oxygen and nitrogen species, all of which may
contribute to neuronal injury (12).

Several independent epidemiological studies indicate that chronic use of non steroidal anti-
inflammatory drugs (NSAIDs) can reduce the risk of developing AD (13–16), supporting the
inflammatory cascade hypothesis. However, large clinical trials, mostly using selective COX-2
inhibitors, have failed to show any beneficial effect in AD patients with mild to severe
symptoms (17–20). This suggests that an early treatment is crucial to stop the mechanisms
underlying the disease before the onset of the symptoms and that preferential COX-1 inhibition
may be more beneficial than selectively targeting COX-2. Therefore, a full understanding of
the physiological, pathological, and/or neuroprotective role of COX isoforms may help to
develop better therapeutic strategies for the prevention or treatment of AD.

Mice with a null mutation of the COX gene have been useful for investigating the role of each
COX isoform in both physiological and pathological conditions in the CNS (21). To directly
address the role of COX-1 in CNS responses to inflammatory stimuli, we assessed the effect
of intracerebroventricular (icv) injection of lipopolysaccharide (LPS) on acute
neuroinflammatory response in COX-1 deficient (COX-1−/−) and wild type (COX-1+/+) mice.
LPS specifically activates immune response in the CNS through a Toll-like receptor 4-
dependent signaling pathway that may be functionally important to determine the degree of
inflammatory response through microglial activation (22). In the present study we examined
the neuroinflammatory response 24 h after LPS injection based on our preliminary time course
study indicating that most of the inflammatory markers, including markers for microglia,
astrocytes, and cytokines peaked at 24 h. Additionally, previous reports have shown sustained
inflammation at this time point after LPS injection (23,24). We show that COX-1−/− mice are
more resistant than wild-type mice to LPS-induced neuronal death and exhibit a marked
reduction in inflammatory response.

MATERIALS AND METHODS
Animals and LPS administration

The study was approved by the National Institutes of Health (NIH) Animal Care and Use
Committee in accordance with NIH guidelines on the care and use of laboratory animals. Three-
month-old male COX-1 wild-type (COX-1+/+) and homozygous (COX-1−/−) mice on a C57BL/
6–129/Ola genetic background were used (25). To avoid significant genetic background or
stain differences between COX-1+/+ and COX-1−/− mice, all mice used in this study were
obtained by heterozygous by heterozygous mating of COX-1+/− mice and therefore all
contained the same strain and genetic background.

Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg, i.p.) and
positioned in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Vehicle (sterile saline,
5 μl) or LPS (E. coli serotype 0127:B8; 5 μg in 5 μl of sterile saline) was administered into the
cerebral lateral ventricle using a 10 μl syringe with a fine needle (World Precision Instruments,
Sarasota, FL) and a syringe pump (Stoelting, Wood Dale, IL) at a rate of 1 μl/min. This dose
of LPS and time point (24 h) induced an optimal neuroinflammatory response in a preliminary
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pilot study and has been used to produce neuroinflammation in different laboratories (24,26,
27). The coordinates for the sterotaxic injections were −2.3 mm dorsal/ventral, −1.0 mm lateral,
and −0.5 mm anterior/posterior from the bregma (28). COX-1+/+ mice received the selective
COX-1 inhibitor SC-560 (Cayman Chemical, Ann Arbor, MI; 30 mg/kg, i.p.) (29) or vehicle
(40% DMSO in 0.1 M phosphate buffer, pH 7.4) once a day for 7 days. On the last day, SC-560
was given 30 min prior to LPS injection.

Tissue preparation and histology
Mice were transcardially perfused with saline followed by 4% paraformaldehyde. Brains were
postfixed overnight in the same medium and placed in 30% sucrose, before sectioning (30
μm). Staining with FJB and Cresyl violet was performed using slight modifications of the
technique described by (30,31). Immunohistochemistry and double immunofluorescence were
performed as previously reported (31). Mouse anti-CD11b (1:100; BD Biosciences, San Jose,
CA), mouse anti-CD45 (1:100; BD Biosciences), mouse anti-FcγRII/III (1:100; BD
Biosciences), and mouse anti-scavenger receptor A (SRA; 1:100; Serotec, Raleigh, NC), and
biotinylated tomato lectin (TL;1:2000; Vector Laboratories, Burlingame, CA), mouse anti-
glial fibrillary acidic protein (GFAP; 1:200; Sigma-Aldrich), mouse anti-nitrotyrosine (1:100;
Chemicon, Temecula, CA), rabbit anti-P-p65 (1:100; Cell signaling, Beverly, MA), and rabbit
anti-P-STAT3 (1:100; Cell Signaling) were used as primary antibodies.

Quantitative real-time PCR
Total RNA extraction and reverse transcription were performed as previously reported (32).
Quantitative PCR was performed using the Applied Biosystems Assay-On-Demand Gene
Expression protocol (32). For relative comparison of each gene, we analyzed the Ct value of
real-time PCR data with the ΔΔCt method normalizing by phosphoglyceratekinase 1 (Pgk1)
as an endogenous control.

Prostaglandin assay
Prostanoids were extracted by homogenization of the tissues as previously described (33) and
the levels of PGE2, PGF2α and TXB2 (Oxford Biomedical, Oxford, MI), and PGD2 (Cayman
Chemical) was determined using specific enzyme immunoassay (EIA) kits .

Western blot analysis
Membrane and cytosolic fractions were prepared using the Compartment Protein Extraction
Kit (Chemicon) according to the manufacturer’s instructions. Western blot analyses were
carried out as described previously (32). Mouse anti-p67phox, p47phox, gp91phox, Rac1 (BD
Biosciences), and calnexin (Stressgen, Victoria, BC, Canada) were used as primary antibodies.

Detection of protein oxidation
The extent of protein oxidation was assessed by measuring protein carbonyl levels with an
OxyBlot Protein Oxidation Detection Kit (Chemicon) according to the protocol of the
manufacturer (31).

Quantitative ELISA for transcription factor activation
Nuclear proteins were prepared by using a compartmental protein extraction kit (Chemicon,
Temecula) according to the manufacturer’s protocol. NF-κB and STAT3 activation was
assayed using Active Motif (Carlsbad, CA, USA) ELISA-based transactivation TransAM kit
containing a 96-well plate with immobilized oligonucleotides encoding an NF-κB and STAT
consensus site (58).
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Statistics
All data are expressed as mean ± SEM. Statistical significance was assessed with one- or two-
way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test using GraphPad
Prism version 4.00 (GraphPad Software, San Diego, CA). Significance was taken at P < 0.05.

RESULTS
COX-1−/− mice show decreased degenerating neurons after LPS

We assessed neuronal damage in the brain at 24 h after LPS injection using the fluorescent
marker Fluoro Jade B (FJB), which selectively labels injured neurons (34). LPS-injected
COX-1−/− mice (Fig. 1D and H) showed fewer FJB-positive cells in the hippocampus than
COX-1+/+ mice (Fig. 1B and F). However, FJB-positive neurons were not detected in the
hippocampus of vehicle-injected mice of COX-1+/+ or COX-1−/− mice (Fig. 1A, C, E, and G).
LPS administration caused neuronal damage in other periventricular areas of brain (data not
shown).

In adjacent sections stained with cresyl violet, a similar distribution of cell loss and gliosis was
found in the hippocampus in LPS-injected COX-1+/+ mice (Fig. 1J and N) compared with
vehicle-injected COX-1+/+ mice (Fig. 1I and M). Nissl staining showed that hippocampal
pyramidal cells in COX-1−/− mice (Fig. 1L and P) were more preserved than in COX-1+/+ mice
(Fig. 1J and N).

LPS-induced glial activation is decreased in COX-1−/− mice
To determine whether reduced neuronal death after LPS in COX-1−/− mice was due to a
decreased glial response, we examined the expression of CD11b and CD45, markers for
microglia, and GFAP, a marker for astrocytes, 24 h after LPS injection. LPS significantly
increased the expression of CD11b, CD45, and GFAP mRNA compared to vehicle injected
mice (P < 0.01; Fig. 2A-C). However, the induction was less in COX-1−/− mice than in
COX-1+/+ mice (P < 0.05; Fig. 2A-C).

Sections adjacent to those used for FJB and Nissl staining were used to determine
immunoreactivity to GFAP, CD11b, CD45, Fcγ receptor II/III (FcγRII/III), and scavenger
receptor A (SRA). LPS injection increased immunoreactive GFAP-positive astrocytes in the
hippocampus of COX-1+/+ mice (Fig. 2F and G) compared to LPS-injected COX-1−/− mice
(Fig. 2J and K). In vehicle-injected mice, only a few faintly CD11b or CD45 immunoreactive
resting microglia with specifically small cell bodies, thin, and ramified processes were
observed in the hippocampus of both COX-1+/+ and COX-1−/− mice (Fig. 3A and E). Intense
immunoreactive CD11b- and CD45-positive microglia with enhanced staining intensity,
enlarged cell bodies, and thickening of processes were observed 24 h after LPS injection in the
hippocampus of COX-1+/+ mice (Fig. 3B and F). Although, increased CD11b and CD45
immunostaining intensity was observed in LPS-injected COX-1−/− mice (Fig. 3D and H)
compared to vehicle-injected COX-1−/− mice (Fig. 3C and G), CD11b- and CD45-positive
cells retained a resting morphology with specifically small cell bodies, thin, and ramified
processes (Fig. 3D and H). Staining with other microglial markers selectively labeling
phagocytic microglial phenotype (35), FcγRII/III (Fig. 3I-L) and SRA (Fig. 3M-P), gave
immunostaining patterns similar to CD11b (Fig. 3A-D) and CD45 (Fig. 3E-H).

Expression of inflammatory mediators is reduced in COX-1−/− mice after LPS
We determined the expression of proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and
a chemokine, MCP-1, using quantitative Real-time PCR. LPS significantly increased the
expression of IL-1β, IL-6, MCP-1, and TNF-α mRNA in both COX-1+/+ and COX-1−/− mice

Choi et al. Page 4

FASEB J. Author manuscript; available in PMC 2008 May 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(P < 0.01; Fig. 4A). However, the mRNA levels of these cytokines were less marked in the
COX-1−/− compared to COX-1+/+ mice (P < 0.05; Fig. 4A).

We also measured whether brain levels of PGE2, a major proinflammatory PG (36), and other
PGs, PGD2, PGF2α, and TXB2, were altered by COX-1 deficiency 24 h after LPS injection.
As shown in Fig. 4B, in vehicle-injected mice, there were no significant differences in PGE2,
PGD2, PGF2α, and TXB2 levels between COX-1+/+ and COX-1−/− mice. Following LPS
injection, levels of brain PGE2, PGD2, PGF2α, and TXB2 were significantly increased in
COX-1+/+ mice as compared to vehicle-injected COX-1+/+ mice (P < 0.01; Fig. 4B). However,
brain PGE2, PGD2, PGF2α, and TXB2 levels after LPS were significantly attenuated in
COX-1−/− mice compared to COX-1+/+ mice (P < 0.05, P < 0.01, respectively; Fig. 4B). Then,
we determined mRNA levels of enzymes involved in PG synthesis: PLA2, COX-2, and terminal
PGE2 synthases using quantitative real time-PCR. Brain mRNA levels of cPLA2, COX-2, and
mPGES-1 were increased in LPS-injected COX-1+/+ mice (P < 0.01; Fig. 4C-E). However,
cPLA2, COX-2, and mPGES-1 mRNA expression were significantly decreased in LPS-injected
COX-1−/− mice (Fig. 4C-E). The expression of sPLA2 and mPGES-2 mRNA was similar in
COX-1+/+ and COX-1−/− mice after LPS injection (data not shown).

To determine whether selective pharmacological inhibition of COX-1 in the brain could
recapitulate some of the changes observed in the COX-1−/− mice, we measured expression of
proinflammatory mediators after LPS in COX-1+/+ mice pre-treated with a selective COX-1
inhibitor, SC-560, or vehicle. Pretreatment of COX-1+/+ mice with SC-560 reduced the mRNA
expression of IL-1β, IL-6, MCP-1, and TNF-α in COX-1+/+ mice (P < 0.05, P < 0.01,
respectively; Fig. 5A), similarly to the decrease level observed in the COX-1−/− mice.
Furthermore, pretreatment with SC-560 significantly inhibited LPS-induced PGE2, PGD2,
PGF2α, and TXB2 production in the COX-1+/+ mice (P < 0.01, Fig. 5B).

Inducible nitric oxide synthase (iNOS), NADPH oxidase, and myeloperoxidase (MPO), major
sources of reactive oxygen species in the inflammatory process, are expressed in glial cells,
and may be involved in the neuroinflammatory injury. Therefore, we examined gene
transcription and protein expression of ROS-generating enzymes in COX-1+/+ and
COX-1−/− mice 24 h after LPS injection using quantitative real time-PCR and Western blotting.
In response to LPS, COX-1−/− mice showed a less marked increase in iNOS and MPO mRNA
levels compared to LPS-injected COX-1+/+ mice (P < 0.01; Fig. 6A and B). Similarly, mRNA
levels of NADPH oxidase cytosolic component p47phox and membrane component gp91phox

were significantly elevated at 24 h after LPS injection in both genotypes compared with vehicle-
injected controls (P < 0.01; Fig. 6C and D). However, COX-1−/− mice showed less of an
increase in the expression of p47phox and gp91phox mRNA than COX-1+/+ mice (P < 0.05, P
< 0.01, respectively; Fig. 6C and D). Immunolocalization of p67phox revealed that microglia
expressed this protein (Fig. 6E). By Western blotting we confirmed that components of
NADPH oxidase were reduced after LPS, in COX-1−/− mice compared to COX-1+/+ mice (Fig.
6F). NADPH oxidase activation is accompanied by the translocation of its cytosolic component
p67phox from the cytosol to the membrane, which leads to ROS production (37). LPS injection
increased translocation of p67phox to the membrane in both COX-1+/+ and COX-1−/− mice
(P < 0.01; Fig. 6G and H). However, the increase was lower in COX-1−/− mice compared to
COX-1+/+ mice (P < 0.05; Fig. 6G and H).

LPS-induced oxidative stress is reduced in COX-1−/− mice
A significant part of LPS-induced neurotoxic process is mediated by oxidative damage (38),
which can be evaluated by assessing protein carbonyls and nitrotyrosine levels (39). Therefore,
we investigated whether protein carbonyls and nitrotyrosine levels were altered in COX-1−/−

mice 24 h after LPS injection. In vehicle-injected mice, brain levels of protein carbonyls (Fig.
7A and B) were similar between COX-1+/+ and COX-1−/− mice. Levels of protein carbonyls
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(Fig. 7A and B) were significantly increased in LPS-injected compared to vehicle-injected
COX-1+/+ mice. However, in LPS-injected COX-1−/− mice there were no significant change
in protein carbonyls (Fig. 7A and B) compared to vehicle-injected COX-1−/− mice. Sections
adjacent to those used for FJB and Nissl staining in Fig. 1 were used to determine nitrotyrosine
immunoreactivity in the hippocampus. Nitrotyrosine immunoreactivity was increased in the
hippocampus of LPS-injected COX-1+/+ mice (Fig. 7D) compared to vehicle-injected
COX-1+/+ mice (Fig. 7C). In contrast, very few nitrotyrosine immunoreactive cells were
detected in the hippocampus of LPS-injected COX-1−/− mice (Fig. 7F).

LPS-induced microglial transcription factor activation is decreased in COX-1−/− mice
Activation of NF-κB and signal STAT3 transcription factors plays a critical role in the
production of inflammatory mediators by activated microglia (40). To determine the
transcriptional mechanism underlying the decreased inflammatory response to LPS observed
in the COX-1−/− mice, we determined NF-κB p65 and STAT3 binding activity. NF-κ binding
activity was significantly increased in LPS-injected COX-1+/+ compared to vehicle-injected
COX-1+/+ mice (P < 0.01; Fig. 8A), but was not increased in LPS-injected COX-1−/− mice
(Fig. 8A). STAT3 binding activity was also significantly increased 24 h after LPS injection in
both COX-1+/+ and COX-1−/− mice compared to the vehicle-injected COX-1+/+ mice (P <
0.01; Fig. 8B). However, the increase in STAT3 activation in COX-1−/− mice was less than in
COX-1+/+ mice (P < 0.01; Fig. 8B). The action of STAT signaling may be very transient, as
its activation can induce the negative regulator, such as suppressors of cytokine signaling
(SOCS), and exert a control on STAT phosphorylation (41). Increased expression of SOCS3
mRNA after LPS administration was not significantly different between COX-1+/+ and
COX-1−/− mice (data not shown).

To characterize the cellular localization of activated NF-κ p65 and STAT3, double-
immunofluorescence staining was performed with a combination of antibodies against P-p65
and CD11b or P-STAT3 and CD11b. Increased immunofluorescence of P-p65 (Fig. 8C) and
P-STAT3 (Fig. 8D) was seen in the hippocampus, consistent with Western blot analyses (data
not shown). Merged images of immunofluorescence on the same sections revealed that LPS-
activated NF-κ p65 and STAT3 were colocalized within activated microglia in both wild-type
and COX-1−/−, indicating that activation of these transcription factors that mediated the
transcription of inflammatory mediators occurred specifically in microglial cells (Fig. 8B and
D).

DISCUSSION
We report that 24 h after LPS injection COX-1 genetic deletion attenuates microglial and
astrocyte activation, reduces proinflammatory cytokines expression, decreases protein
carbonyls and nitrotyrosine levels, as well as the activation of NADPH oxidase, expression of
iNOS and MPO, and prevents the loss of neuronal cells in the hippocampus. These data suggest
that COX-1 facilitates activation of glial cells and supports inflammatory processes that evolve
in neuronal damage. Selective pharmacological inhibition of COX-1 with SC-560 prior to LPS
injection also significantly reduced LPS-induced prostaglandin production as well as the
mRNA expression of pro-inflammatory cytokines.

LPS-induced neurodegeneration was likely mediated by activated microglia and increased
proinflammatory cytokines and chemokines. The direct involvement of microglial activation
and the subsequent release of inflammatory mediators in the process of neurodegeneration are
supported by in vitro evidence that LPS does not induce cell death in neuron-enriched culture
condition and that cell-free supernatant from LPS-stimulated microglia cultures induces
significant cell death in pure neuronal culture (42,43). In this regard, cytokines such as IL-1β
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and TNF- α are thought to contribute to neuronal death in models of acute CNS injury as well
as in chronic neurodegenerative disease (44).

The signal transduction cascade of TNF-α, IL-1β, and IL-6 has a point of convergence in the
upstream NF-κ-inducing kinase and STAT3. Upon induction of these signal transduction
pathways, NF-κ and STAT3 translocate to the nucleus, where they induce transcription of many
genes critical in the inflammatory response, including cytokines and chemokines (40,45).
When microglia are stimulated by LPS, the cascade of intracellular signaling events lead to
NADPH oxidase and iNOS activation and the subsequent release of oxygen radicals and NO
in activated microglia. The induction of O2

−, as well as NO, from activated microglia can
enhance the production of more potent free radicals such as peroxynitrite (ONOO−). In
addition, O2

− and NO act as potent cell signaling molecules and amplify production of LPS-
induced TNF-α and PGE2 by up-regulation of COX-2 (38). These initial effects combined with
the activation of secondary signaling cascades activate a robust immune response that
consequently causes neuronal injury and death (46). Therefore, the inhibition of microglial
production of reactive oxygen and nitrogen species may be neuroprotective. We show that
genetic deletion of COX-1 significantly reduces LPS-induced expression of both O2

− and NO-
forming enzymes. Indeed, the levels of nitrotyrosine and protein carbonyls, which are
biomarkers of oxidative stress, were reduced in LPS-injected COX-1−/− compared to
COX-1+/+ mice.

In the past decade, COX-2 has been viewed as the major player in inflammation and in
inflammatory processes associated with certain neurodegenerative diseases, including AD.
This has led to the preferential use of selective COX-2 inhibitors to reduce chronic
inflammation and pain and to avoid undesired side effects of NSAIDs (3). Although, the precise
role and contribution of COX-1 to the inflammatory cascade in neurodegenerative diseases has
not been clearly established, we have recently shown that COX-1 mRNA expression was
selectively upregulated in rat hippocampus during normal aging, possibly increasing the
susceptibility of the aging brain to neuroinflammation (47). Interestingly, significant COX-1-
dependent PGE2 production is also reported in several experimental animal models of brain
injury such as global cerebral ischemia and NMDA-induced excitotoxicity (6,7,29). In
addition, COX-1-expressing microglia accumulated in ischemic and traumatic lesions (8,48),
as well as in amyloid plaques of AD patients (9). In the present study, we found that LPS-
induced PGE2 production and the mRNA expression of enzymes involved in the release and
metabolism of AA, including cPLA2, COX-2, and mPGES-1, are significantly reduced in
COX-1−/− mice. While one could speculate that the reduced neuroinflammatory response to
LPS may be caused by a decreased COX-2 expression and PGE2 production, ongoing studies
from our laboratory indicate that COX-2−/− mice, in contrast, show increased glial activation
and inflammatory markers after LPS injection compared to their wild types (Aid et al.,
unpublished observations). Importantly, icv LPS did not induce increases in the mPGES-1
mRNA or COX-2 immunoreactivity in neurons (49), supporting the idea that COX-2 activation
and PGE2 production occurs mainly in non-neuronal cells such as microglia in COX-1+/+ mice.
These results suggest that COX-1 activity can exacerbate LPS-induced production of PGE2 by
microglia. In turn, augmented PGE2 secretion may act in an autocrine and paracrine manner
to further potentiate microglial function. Overall, these data suggest that COX-1 plays a key
role in the neuroinflammatory response.

The results from epidemiological data indicating that NSAIDs are effective in preventing or
delaying the onset of AD combined with the failure of COX-2 selective inhibitors in clinical
trials in AD patients with moderate to severe AD suggest that an early treatment is crucial to
stop the mechanisms underlying the disease before the onset of the symptoms or that COX-2
selective inhibitors are not effective in delaying the progression of AD. In this regard, an
intriguing hypothesis is that the protective effects of NSAIDs may be related to COX-1 rather
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than COX-2 inhibition. Supporting this hypothesis, COX-1 selective inhibitors (SC-560 and
valeryl salicylate), but not COX-2 selective inhibitors (SC-236 and DuP-697), reduce
Aβ1–42-induced PGs production and neurotoxicity in postmortem human microglia and in
murine cortical neurons (50,51). Furthermore, a small double blind, placebo-controlled study
with indomethacin, a preferential COX-1 inhibitor (52), appeared to protect mild to moderately
impaired AD patients from cognitive decline (53). Interestingly, COX-1 is prominently
expressed by microglia in rodent and human brain (9,54) and appears to be increased in AD
brain (9) and in activated microglia in association with amyloid deposits (50). In contrast,
COX-2 has not been detected in microglia and astrocytes in AD (55). These combined data
suggest that COX-2 may not be the exclusive COX isoform responsible for pathophysiological
consequences in neurodegenerative diseases, especially in AD, but that COX-1 also plays a
critical role in the process of neuroinflammation and neurodegeneration.

In summary, we show that, likely because of its predominant expression in microglia, COX-1
facilitates activation of glial cells and supports inflammatory processes and that genetic
deletion of COX-1 significantly attenuates the neuroinflammatory response, oxidative stress
and neuronal damage in response to LPS. Therefore, COX-1 may represent a viable therapeutic
target to treat neuroinflammation.
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Figure 1.
Effects of COX-1 deficiency on LPS-induced neuronal cell death. Representative
photomicrographs of FJB (A-H) and Nissl staining (I-P) in the hippocampus of COX-1+/+ and
COX-1−/− mice that received icv injection of LPS or vehicle 24 h before sacrifice. Lower panels
(E-H and M-P) show higher magnification of respective boxed area in the upper panels (A-D
and I-L). Scale bars, 300 μm (A-D, I-L); 100 μm (E-H, M-P).

Choi et al. Page 12

FASEB J. Author manuscript; available in PMC 2008 May 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of COX-1 deficiency on LPS-induced expression of glial markers. Quantitative real
time-PCR analysis of microglia marker CD11b (A), CD45 (B), and astrocyte marker GFAP
mRNA (C) in COX-1+/+ and COX-1−/− mice that received icv injection of LPS or vehicle 24
h before sacrifice. Data are mean ± SEM (n = 6). *P < 0.05, **P < 0.01, compared to vehicle-
injected COX-1+/+ mice; #P < 0.05, compared to the corresponding LPS-injected COX-1+/+

mice. Effects of COX-1 deficiency on LPS-induced activation of astrocytes. (D-K)
Representative photomicrographs of GFAP immunohistochemistry in the hippocampus for
COX-1+/+ and COX-1−/− mice that received icv injection of LPS or vehicle 24 h before
sacrifice. High magnification images of GFAP immunostaining (E, G, I, and K) in the
hippocampus are shown in D, F, H, and J, respectively. Scale bars, 300 μm (D, F, H, and J);
100 μm (E, G, I, and K).
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Figure 3.
Effects of COX-1 deficiency on LPS-induced activation of microglia. (A-P) Representative
photomicrographs of CD11b (A-D), CD45 (E-H), FcγRII/III (I-L), and SRA (M-P)
immunohistochemistry in the hippocampus for COX-1+/+ and COX-1−/− mice that received
icv injection of LPS or vehicle 24 h before sacrifice. The insets of A-H, J, L, N, and P show
morphology of microglia at higher magnification. Scale bar, 100 μm (A-P).
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Figure 4.
Effects of COX-1 deficiency on LPS-induced expression of cytokines and chemokine. (A)
Quantitative real time-PCR analysis of IL-1β, IL-6, MCP-1, and TNF-α mRNA for
COX-1+/+ and COX-1−/− mice that received icv injection of LPS or vehicle 24 h before
sacrifice. Effects of COX-1 deficiency on LPS-induced brain PG levels and on the expression
of enzymes in the AA metabolic pathway. COX-1+/+ and COX-1−/− mice received icv injection
of LPS or vehicle 24 h before sacrifice. (B) Brain PGE2, PGD2, PGF2α, and TXB2 levels, as
detected by specific immunoassay kits. (C-E) Quantitative Real-time PCR analysis of cPLA2
(C), COX-2 (D), mPGES-1 mRNA (E). Data are mean ± SEM (n = 4-6). **P < 0.01 vs.
corresponding vehicle-injected COX-1+/+ mice; #P < 0.05, ##P < 0.01 vs. corresponding LPS-
injected COX-1+/+ mice.
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Figure 5.
Effects of SC-560 on LPS-induced gene expression of proinflammatory cytokines and on brain
prostaglandin levels. COX-1+/+ mice were treated for 7 days with SC-560 (30 mg/kg, i.p.) or
vehicle before LPS injection. (A) Quantitative Real-time PCR analysis of IL-1β, IL-6,
MCP-1, and TNF-α mRNA. (B) Immunoassay of brain PGE2, PGD2, PGF2α, and TXB2 levels.
Data are mean ± SEM (n = 6–9). **P < 0.01 vs. corresponding vehicle-injected COX-1+/+

mice; #P < 0.05, ##P < 0.01 vs. corresponding LPS-injected COX-1+/+ mice.
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Figure 6.
Effects of COX-1 deficiency on LPS-induced expression of ROS-generating enzymes. (A-D)
Quantitative Real-time PCR analysis of iNOS (A), MPO (B), p47phox (C), and gp91phox mRNA
(D) for COX-1+/+ and COX-1−/− mice that received icv injection of LPS or vehicle 24 h before
sacrifice. (E) Immunofluorescence photomicrographs of p67phox immunoreactivity within the
activated microglia. Scale bars, 25 μm. (F) Expression of NADPH oxidase components in
COX-1+/+ and COX-1−/− mice that received icv injection of LPS or vehicle 24 h before
sacrifice. (G) Activation of NADPH oxidase by LPS. Representative immunoblot of
translocation of p67phox to the membrane in COX-1+/+ and COX-1−/− mice that received icv
injection of LPS or vehicle 24 h before sacrifice. (H) Quantification of p67phox levels expressed
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as the ratio of membrane to total. Data are mean ± SEM (n = 6). **P < 0.01 vs. corresponding
vehicle-injected COX-1+/+ mice; #P < 0.05, ##P < 0.01 vs. corresponding LPS-injected
COX-1+/+ mice.
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Figure 7.
Effects of COX-1 deficiency on LPS-induced oxidative stress. COX-1+/+ and COX-1−/− mice
received icv injection of LPS or vehicle 24 h before sacrifice. (A) Representative immunoblot
of protein carbonyls. (B) Quantification of protein carbonyls. Data are mean ± SEM (n =
4). **P < 0.01 vs. corresponding vehicle-injected COX-1+/+ mice; #P < 0.05, ##P < 0.01 vs.
corresponding LPS-injected COX-1+/+ mice. (C-F) Representative photomicrographs of
nitrotyrosine immunohistochemistry in the hippocampus. Scale bar, 100 μm.
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Figure 8.
Effects of COX-1 deficiency on LPS-induced activation of transcription factors NF-κB and
STAT3. COX-1+/+ and COX-1−/− mice received icv injection of LPS or vehicle 24 h before
sacrifice. ELISA-based immunoassay of NF-κ p65 (A) and STAT3 DNA binding activity (B).
Data are mean ± SEM (n = 6). **P < 0.01 vs. corresponding vehicle-injected COX-1+/+

mice; #P < 0.05, ##P < 0.01 vs. corresponding LPS-injected COX-1+/+ mice.
Immunofluorescence photomicrographs of P-p65 (C) and P-STAT3 immunoreactivity (D)
within the activated microglia in the hippocampus, stained with anti-CD11b (green) and anti-
P-STAT3 (red). Nuclei were counterstained with DAPI (blue). Scale bar, 100 μm (C and D).
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