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Abstract
We have recently reported that cyclooxygenase (COX)-2-deficiency affects brain upstream and
downstream enzymes in the arachidonic acid (AA) metabolic pathway to prostaglandin E2 (PGE2),
as well as enzyme activity, protein and mRNA levels of the reciprocal isozyme, COX-1. To gain a
better insight into the specific roles of COX isoforms and characterize the interactions between
upstream and downstream enzymes in brain AA cascade, we examined the expression and activity
of COX-2 and phospholipase A2 enzymes (cPLA2 and sPLA2 ), as well as the expression of terminal
prostaglandin E synthases (cPGES, mPGES-1, and -2) in wild type and COX-1−/− mice. We found
that brain PGE2 concentration was significantly increased, whereas thromboxane B2 (TXB2)
concentration was decreased in COX-1−/− mice. There was a compensatory up-regulation of COX-2,
accompanied by the activation of the NF-κB pathway, and also an increase in the upstream cPLA2
and sPLA2 enzymes. The mechanism of NF-κB activation in the COX-1−/− mice involved the up-
regulation of protein expression of the p50 and p65 subunits of NF-κB, as well as the increased
protein levels of phosphorylated IκBα and of phosphorylated IKKα/β. Overall, our data suggest that
COX-1 and COX-2 play a distinct role in brain PG biosynthesis, with basal PGE2 production being
metabolically coupled with COX-2 and TXB2 production being preferentially linked to COX-1.
Additionally, COX-1 deficiency can affect the expression of reciprocal and coupled enzymes,
COX-2, Ca2+-dependent PLA2, and terminal mPGES-2, to overcome defects in brain AA cascade.
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Introduction
Prostaglandins (PGs) are important end-products of the arachidonic acid (AA) cascade, the
metabolic pathway in which AA is first released from the sn-2 position of membrane
phospholipids by a phospholipase A2 (PLA2) (Kudo and Murakami 2002) and then
metabolized to bioactive eicosanoids, lipid mediators that have potent and diverse bioactivities
in the central nervous system (CNS). PGs can modulate synaptic transmission and remodeling,
neurotransmitter release, hypothalamic-pituitary-adrenal axis, sleep/wake cycle, and appetite
(Adams et al. 1996; Kaufmann et al. 1997; Narumiya et al. 1999). In addition to these
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physiological roles, data indicate that PGs also participate in pathological processes in the CNS,
including neurodegenerative disorders such as Alzheimer's disease (AD), amyotrophic lateral
sclerosis (ALS) (Griffin et al. 1994; Montine et al. 1999; Almer et al. 2002; Ilzecka 2003), and
psychiatric disorders such as schizophrenia and mood disorders (Nishino et al. 1989; Rapoport
and Bosetti 2002; Sublette et al. 2004).

The PLA2 family of enzymes can be divided into two main classes, a Ca2+-independent
iPLA2 and a Ca2+-dependent PLA2, which includes a cytosolic PLA2 (cPLA2) and a secretory
PLA2 (sPLA2). cPLA2 is regulated post-transcriptionally by a low concentration of calcium
and is activated by phosphorylation by protein kinase C and by mitogen-activated protein
kinase (Leslie 1997). Cyclooxygenase (COX), which exists in two major isoforms, COX-1 and
-2, catalyzes the second step in the conversion of AA to PGH2 (Smith et al. 2000). In most
tissues, COX-1 is thought to be responsible for the production of PGs associated with
homeostatic functions, whereas COX-2 is usually induced in several cell types in response to
inflammatory stimuli (Kaufmann et al. 1997). However, COX-2 is expressed at relatively high
basal levels in the brain, and is thought to contribute to synaptic plasticity and memory
consolidation (Yamagata et al. 1993; Minghetti 2004).

The PGH2 intermediate can be subsequently metabolized by terminal PG synthases to
biologically active PGs such as PGE2 and thromboxane A2 (TXA2) (Murakami et al. 2002;
Wang and Kulmacz 2002). Recently, three distinct PGE2 synthase (PGES) enzymes have been
identified, a cytosolic form (cPGES) (Tanioka et al. 2000) and two membrane-associated PGES
isoforms (mPGES-1 and -2) (Jakobsson et al. 1999; Tanikawa et al. 2002). Since PGE2 exerts
actions on the plasma membrane and intracellular compartments via it receptors (Tsuboi et al.
2002), and because its precursor PGH2 is extremely short lived, a coordinated interaction
between COX and PGES is essential to produce PGE2 for actions on its vicinal receptors. A
rather simplified model proposed that mPGES-1 is preferentially coupled with COX-2
(Murakami et al. 2000), whereas COX-1 is coordinately associated with the specific cPGES
for PGE2 biosynthesis (Tanioka et al. 2000). In several cell lines mPGES-2 promotes PGE2
production via both COX-1 and COX-2 in the immediate and delayed responses (Murakami
et al. 2003). However, the coordination and intracellular localization of the COXs and PGES
are still unclear (Ivanov and Romanovsky 2004; Vazquez-Tello et al. 2004). In this regard, we
have recently shown that in brain from COX-2−/− mice basal protein levels of mPGES-2 are
selectively downregulated, whereas there is no change in the protein expression of either
mPGES-1 and cPGES, suggesting that COX-2 is metabolically coupled with mPGES-2 under
basal conditions (Bosetti et al. 2004).

Some of the enzymes controlling the various steps of the AA cascade are regulated at the
transcriptional level (Lindstrom and Bennett 2004). In particular, NF-κB transcription factor
seems to be involved in the transcriptional regulation of cPLA2, sPLA2 and COX-2 (Tay et al.
1994; Andreani et al. 2000; Tanabe and Tohnai 2002). In resting cells, NF-κB is sequestered
in the cytoplasm in complexes with its endogenous inhibitor IκB. In response to various stimuli,
IκB undergoes phosphorylation by IκB kinases (IKK), ubiquitination, and subsequent
proteasome-dependent degradation. Then, free NF-κB dimers rapidly translocate to the nucleus
to initiate transcription by binding to regulatory κB motifs on target genes (Chen 2005).

Little is known about the individual role of each COX isoform in the brain. An increasing
number of observations indicate that physiological and pathophysiological functions of two
COX enzymes are complex and interrelated (Parente and Perretti 2003; Schwab and
Schluesener 2003). Recent data suggest that COX-1 activity may significantly contribute to
PGs synthesis and oxidative damage in the brain (Pepicelli et al. 2005). The genetically
modified COX-deficient (−/−) mice provide an alternative approach to nonsteroidal anti-
inflammatory drug treatment for understanding the roles of COX-1 and COX-2 in both
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physiological and pathological conditions. We recently demonstrated that brain PGE2 and
mPGES-2 expression are decreased in the COX-2−/− mice despite compensatory increases in
COX-1 and Ca2+-dependent PLA2, suggesting that COX-2 plays a key role for physiological
production of PGE2 (Bosetti et al. 2004). In order to elucidate the individual roles of COX
isoforms in brain and their coupling to upstream and downstream enzymes in the AA cascade,
we examined the expression and activity of COX-2 and terminal synthases (cPGES, mPGES-1,
and -2), as well as the expression and activity of the PLA2 enzymes (cPLA2 and sPLA2) in
wild type and COX-1−/− mice.

Materials and methods
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 in this study (Langenbach et al. 1995). The
mice were housed at 25°C in our animal facility with a 12 hr light/dark cycle with free access
to food and water. 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.

Determination of brain PGE2 and TXB2 concentrations
Mice used to measure PGE2 and TXB2 levels (eight for each group) were killed with an
overdose of sodium pentobarbital (100 mg/kg, i.p.), then subjected to high-energy head-
focused microwave irradiation (4.8 kW, 1.1 sec, Cober Electronics, Stanford, CT, USA) to
stop metabolism. Microwaved brains were weighed and extracted with 18 volumes of hexane:
2-propanol (3:2, by volume) using a glass Tenbroeck homogenizer. The prostanoids were
purified from the lipid extract as described by Powell (Powell 1985) and the concentrations of
PGE2 and TXB2 were determined using specific enzyme-linked immunosorbent assay
(ELISA) kits (Oxford Biomedical, Oxford, MI, USA).

Homogenization and Western blot analysis
Mice used for protein and mRNA analysis were killed with an overdose of sodium pentobarbital
(100 mg/kg, i.p.) and immediately decapitated. The brains were removed, immediately frozen
on dry ice, and stored at −80°C until used. Tissues were subsequently homogenized in a lysis
buffer containing 25 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1 mM EDTA with Complete
Protease Inhibitor Cocktail (Roche, Indianapolis, IN, USA). The homogenates were incubated
at 4°C for 30 min and then centrifuged at 14,000 × g for 20 min. Protein concentrations of the
homogenates were measured by the bicinchoninic acid (BCA) method (Bio-Rad, Hercules,
CA, USA).

For Western blotting, 50 μg of brain homogenates were separated on Criterion gels (Bio-Rad),
and blotted onto a polyvinylidene difluoride membrane (Bio-Rad). The membranes were then
incubated overnight at 4°C with specific primary antibodies (1:1,000 unless otherwise noted)
for cPLA2 (Cell Signaling, Beverly, MA, USA), phospho-cPLA2 (Cell signaling), sPLA2
(Cayman, Ann Arbor, MI, USA), COX-2 (Cayman), cPGES (Cayman), mPGES-1 (1:200;
Cayman), mPGES-2 (Cayman), p65 (1:500; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), p50 (1:500; Santa Cruz), IκBα (Cell Signaling), phospho-IκBα (Cell Signaling),
phospho-IKKα/β (Cell Signaling). An antibody against β-actin (1:4,000; Sigma-Aldrich, St.
Louis, MO, USA) was used to confirm equal loading among the samples. Then the membranes
were immunoblotted with a secondary anti-rabbit horseradish peroxidase-conjugated IgG
antibody (Bio-Rad). The blots were visualized by using enhanced chemiluminescence plus
western blotting detection system (Amersham Biosciences, Piscataway, NJ, USA). The protein
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level was quantified by measuring the integrated optical density of the bands and normalized
to β-actin.

Measurement of PLA2 and COX-2 activity
The enzymatic activities of PLA2 and COX-2 were measured as reported (Bosetti et al.
2004) using specific cPLA2, sPLA2, or COX Assay kits (Cayman) as directed by the
manufacturer. Briefly, each brain was homogenized in a lysis buffer containing 10 mM Tris-
HCl, pH 7.8, 1% Nonidet P-40, 0.15 M NaCl, and 1 mM EDTA, then chilled on ice for 30 min
and centrifuged at 10,000 × g for 15 min at 4°C. cPLA2 activity was determined in the
supernatant in the presence of the specific inhibitors for iPLA2(10 μM bromoenol lactone,
BEL) and sPLA2 (50 μM thioetheramide-PC, TE-PC), which were incubated with the samples
for 15 min at 25°C prior to the assay. sPLA2 activity was measured using the 1,2-dithio analog
of diheptanoyl phosphatidylcholine, which serves as a substrate for most PLA2 enzymes, with
the exception of cPLA2. Bee venom PLA2 was run as a positive control in the same assay to
show a linear increase in the absorbance over the time range chosen. Absorbance was measured
every minute after adding the substrate, for a total of 11 min. cPLA2 and sPLA2 enzymatic
activity was calculated by measuring the absorbance at 414 nm, using the DTNB extinction
coefficient of 10.66 per mM per cm, and reported as nmol/min/g of cytosolic protein. The
peroxidase activity of COX was assayed colorimetrically by monitoring the appearance of
oxidized N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) at 590 nm.

RNA isolation and cDNA synthesis
Brain total RNA was extracted using RNeasy Lipid Tissue Midi Kit (Qiagen, Valencia, CA,
USA) as directed by the manufacturer. Five micrograms of total RNA were reverse transcribed
using a High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA). Five
micrograms of each RNA sample was incubated similarly in the absence of reverse
transcriptase to ensure that PCR products resulted from amplification from the specific mRNA
rather than from genomic DNA contamination.

Real-Time Polymerase Chain Reaction
The expression of COX-2, cPLA2, sPLA2, mPGES-1, and mPGES-2 was measured by real-
time quantitative RT-PCR, using the ABI PRISM 7000 Sequence Detection System (Applied
Biosystems). Specific primers and probes were purchased from the available Assays-on-
Demands (Applied Biosystems). To normalize the amount of cDNA present in each reaction,
we used phosphoglyceratekinase 1 (pgk1) as an endogenous control. A reaction mix was
prepared containing Taqman Universal PCR Master Mix, Assay-On-Demand primers and
probe and Rnase-free water. Template cDNA (1 μl) was added, in triplicate, to each well of
the MicroAMp optical 96-well reaction plate (Applied Biosystems), such that the final volume
in each well was 20 μl. Appropriate no-template controls were run on each plate in triplicate.
The thermal cycling conditions were set at 50°C for 2 min and 95°C for 10 min, followed by
15 sec at 95°C (melting step) and 1 min at 60°C (annealing/extending step) for 40 cycles. Data
were analyzed using sequence detection systems software (Applied Biosystems). A threshold
value was placed in the exponential phase of the amplification plot, where the levels of
fluorescence were increasing linearly. Data were analyzed using the relative quantification
technique. Results were expressed as relative levels of target gene in the COX-1−/−, compared
with wild-type samples (the calibrator). The amount of target gene normalized to the
endogenous control (pgk1) and relative to the wild-type was calculated using the ΔΔCT method
(Livak and Schmittgen 2001). Briefly, the target amount = 2−ΔΔCT, where ΔΔCT = {[CT (target
KO) − CT (pgk1 KO)] − [CT (target WT) − CT (pgk1 WT)]}. For the ΔΔCT method to be valid,
the amplification efficacies of the target and endogenous control genes must be approximately
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equal (± 0.1), where the efficacies are calculated from the slopes of the standard curves of the
target and the endogenous control using the formula efficacy = 10−1/slope.

NF-κB activation assay
Nuclear proteins were prepared by using a compartmental protein extraction kit (Chemicon,
Temecula, CA, USA) according to the manufacturer's protocol. NF-κB 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 consensus
site (5′-GGGACTTTCC-3′). The active form of NF-κB contained in the nuclear extract
specifically binds to this oligonucleotide. The primary antibody used to detect NF-κB
recognizes an epitope on p65 that is accessible only when NF-κB is activated and bound to its
target DNA. A horseradish peroxidase (HRP)-conjugated secondary antibody provides a
sensitive colorimetric readout that is quantified by a spectrophotometer at 450 nm with a
reference wavelength of 655 nm. For competition experiments, NF-κB wild type and mutated
consensus oligonucleotides were used at a concentration of 40 pmol per well.

Statistical analysis
Results are expressed as mean ± SEM. Statistical analysis was performed using unpaired t-test.
P values < 0.05 were considered statistically significant.

Results
Brain prostaglandin concentrations in wild type and COX-1−/− mice

To examine the effect of COX-1-deficiency on COX-derived products, the concentrations of
PGE2 and TXB2 were determined in microwaved brains of wild type and COX-1−/− mice.
Endogenous brain PGE2 levels showed a 36.6 % increase (p < 0.05) in COX-1−/− mice (Fig.
1A). In contrast, brain TXB2 levels were decreased by 64.8 % (p < 0.05) in COX-1−/− compared
with wild type mice (Fig. 1B).

Compensatory increase in the protein expression of COX-2 in COX-1−/− mice
To see whether there was a compensatory activation of the reciprocal isoenzyme in
COX-1−/−mice, we examined gene and protein expression of COX-2 in wild type and
COX-1−/− mice using real-time PCR and Western blot analysis. COX-2 protein level was
significantly increased in COX-1−/− mice (p < 0.05, Fig. 2B). However, the expression of
COX-2 mRNA was not significantly changed (Fig. 2A), suggesting that the compensatory
effects on COX-2 occurred at the post-transcriptional level. Supporting the observation of
increased COX-2 protein level, COX-2 activity also was increased in COX-1−/− mice compared
with wild type (p < 0.05, Fig. 2C).

PG synthases expression in wild type and COX-1−/− mice
Previous in vitro studies have indicated a functional coupling between COX enzymes and
different terminal PG synthases (Murakami et al. 2000; Tanioka et al. 2000). Additionally, we
recently demonstrated a selective downregulation of mPGES-2, but not of mPGES-1 or cPGES,
in brain from COX-2−/− mice under basal conditions (Bosetti et al. 2004). To see the effect of
COX-1 deficiency on downstream enzymes, we examined the expression of different PGES
and thromboxane synthase (TXS) in wild type and COX-1−/− mice. The protein expression of
mPGES-1 or cPGES was not significantly different in COX-1−/− mice compared with wild
type (Fig. 3A and B). In contrast, we observed a significant reduction of brain mPGES-2 protein
in COX-1−/− mice (p < 0.05, Fig. 3A). The mRNA level of mPGES-2, normalized to the level
of endogenous control pgk1 and compared with the wild-type, was also decreased in the
COX-1−/− mice (p < 0.05, Fig. 3B).
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In line with our observation that brain TXB2 concentration was decreased in COX-1−/− mice,
levels of TXS protein were significantly decreased in COX-1−/− mice compared with wild type
(p < 0.05, Fig. 3C), suggesting a selective coupling of COX-1 with the TXB2 biosynthetic
pathway.

Brain Ca2+-dependent PLA2 activity and expression in wild type and COX-1−/− mice
Since PLA2 plays a key role in initiating and regulating PG biosynthesis by supplying AA to
COX-1 and COX-2, we next investigated the expression and enzymatic activity of PLA2 in
wild type and COX-1−/− mice. The enzymatic activity of both cPLA2 and sPLA2 was increased
in the COX-1−/− mice compared with wild-type (p < 0.05, Fig. 4A).

To account for the increased cPLA2 and sPLA2 activities, we measured the mRNA and protein
levels of each enzyme by Western blotting and real-time PCR. Brain cPLA2 mRNA and protein
levels were significantly increased in the COX-1−/− mice compared with wild-type (p < 0.05,
Fig. 4B and C). Western blot analysis and real-time PCR showed that also sPLA2 protein levels,
but not mRNA levels, were increased in the COX-1−/− compared with wild-type (p < 0.05, Fig.
4B and C).

Since phosphorylation of serine residues, and in particular of serine 505 is important in the
activation of cPLA2 (Clark et al. 1995), levels of phospho-cPLA2 were measured by Western
blotting. Brain Ser505-phosphorylated cPLA2 was significantly increased in the COX-1−/−

mice compared with wild-type (p < 0.01, Fig. 4D).

Brain NF-κB activation in the COX-1−/− mice
To gain insight into the potential mechanism by which COX-1 deficiency causes the up-
regulation of reciprocal and upstream enzymes in the AA cascade, we investigated the DNA
binding activity of NF-κB, which has been shown to be essential for the induction of the COX-2,
cPLA2, and type IIA sPLA2 genes in many cell types [reviewed in:(Andreani et al. 2000;
Lindstrom and Bennett 2004)]. Nuclear and cytosolic proteins were isolated from wild-type
and COX-1−/− mice and analyzed using an ELISA-based TransAM NF-κB kit. As shown in
Fig. 5A, activation of NF-κB was significantly increased in COX-1−/− compared with wild-
type mice (p < 0.05). To confirm the specificity of the NF-κB assay, we preincubated nuclear
proteins with oligonucleotides containing either the specific NF-κB-binding consensus
sequences (wt competitor) or mutant sequences (mut competitor) prior to the NF-κB activity
assay. Nuclear proteins preincubated with an excess of oligonucleotide having NF-κB-binding
consensus sequences showed a marked decrease in NF-κB-binding activity in both wild type
and COX-1−/− mice (Fig. 5A, p < 0.01), whereas mutant oligonucleotides were ineffective in
competing with the binding of NF-κB to its target sequences (Fig. 5A).

To examine whether the increase in NF-κB activation was accompanied by an increased
expression of NF-κB subunits, we measured cytosolic protein levels of p65 and p50 protein.
Western blotting showed a significant increase in both cytosolic p65 and p50 protein expression
(p < 0.05, Fig. 5B), consistent with the observed increase in NF-κB activity.

Since NF-κB activation also depends on the phosphorylation and degradation of IκB, we also
examined protein levels of phospho-IκBα and of the upstream kinases phospho-IKKα/β in wild
type and COX-1−/−mice by Western blot. The protein level of phospho-IκBα was significantly
increased in the COX-1−/− compared with wild-type mice (p < 0.05, Fig. 5C). However, there
was no significant change in total cellular IκBα expression (Fig. 5C), resulting in a markedly
increase in the ratio of phospho-IκBα to total IκBα. As shown in Fig. 5D, protein levels of
phospho-IKKα/β were also increased in COX-1−/− mice compared with wild type (p < 0.05).
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Discussion
In this study, we found that brain PGE2 concentration was significantly increased in
COX-1−/− mice, likely as a result of a compensatory up-regulation of COX-2 and of the up-
regulation of the expression and activity of the upstream cPLA2 and sPLA2 enzymes. These
effects were accompanied by the activation of the NF-κB pathway. In contrast, COX-1
deficiency caused a significant decrease in brain TXB2 levels, suggesting a metabolic coupling
of COX-1 with TX synthase. Our findings indicate that COX-1 deficiency can affect the
expression of reciprocal and coupled enzymes: COX-2, PLA2, and terminal PGES to overcome
defects in the brain prostaglandin synthesis, and suggest a possible direct modulation of the
NF-κB pathway by the COX-2 derived PGE2.

The ability of COX-2 to compensate for the loss of COX-1 activity and PGs production in the
COX-1−/− mouse is controversial and may reflect tissue-specific functional importance of the
individual COX enzymes (Zhang et al. 2002). A previous report using qualitative
immunohistochemistry showed no apparent compensatory increase of COX-2
immunoreactivity in the frontal cortex of COX-1−/− mice (Li et al. 1999). The compensatory
up-regulation of COX-1 that we have previously reported in brain of COX-2−/− mice (Bosetti
et al. 2004) and the up-regulation of COX-2 that we found in this study are in agreement with
previous reports indicating an increase in COX-1 and COX-2 mRNA expression in brain of
COX−/− mice (Zhang et al. 2002). The different effect of COX-1 and COX-2 deficiency on the
brain levels of PGE2 indicates that the two COX isoforms play a unique and indispensable
function in the brain. In this regard, data on brain PGE2 concentration in COX-1−/− mice are
discrepant. A recent study reported that the brains of COX-1−/− mice had 70% lower levels of
PGE2 than those of wild type animals (Ayoub et al. 2004). On the other hand, the present study
as well as another report using stimulated and unstimulated immortalized lung fibroblasts
(Kirtikara et al. 1998) showed that COX-2-dependent PGE2 concentration was higher in
COX-1−/− mice than in wild type animals. It is possible that differences in the animal strains,
experimental conditions (e.g., microwaved versus non-microwaved brain tissue), as well as
tissue-specific functional parameters could account for such differences.

Our observations that basal brain PGE2 concentration is decreased in the COX-2−/− mice,
despite the compensatory increase in COX-1 expression, and that in contrast it is increased in
COX-1−/− mice, where COX-2 is upregulated, indicates that COX-2 is the major contributor
to the basal PGE2 production in brain. Since the brain PGE2 level in COX-1−/− mice was higher
than that observed in wild-type mice, one possibility is that the increased availability of AA
substrate due to increased PLA2 activity and expression, combined with the compensatory
upregulation of the constitutive COX-2 protein and activity, leads to a synergistic increase in
PGE2 formation, which not only compensates for the loss of COX-1 activity but also accounts
for the higher PGE2 concentration in the brain of COX-1−/− mice. Since nitric oxide (NO), has
been shown to stimulate COX activity (Di Rosa et al. 1996; Salvemini 1997), we also
investigated a possible involvement of NO in the up-regulation of COX-2 activity by examining
gene expression of neuronal nitric oxide synthase (nNOS) and inducible NOS (iNOS) in the
brain of wild type and COX-1−/− mice using real-time PCR. However, the expression of nNOS
and of iNOS was not significantly changed in the brain of COX-1−/− mice (data not shown).
Factors other than increased PLA2- derived AA availability might also contribute to the
increased COX-2 activity, for instance reactive oxygen species (Fujimoto et al. 2004).

Induction of COX-2 in COX-1−/− mice could lead to an increased PGH2 availability for PG
biosynthesis. However, we found that brain TXB2 concentration was significantly reduced in
COX-1−/− mice, and this decrease was accompanied by a down-regulation of TXS enzyme,
suggesting that thromboxane production is preferentially coupled with the upstream COX-1
isoenzyme. This finding is consistent with our previous report indicating that valproate, when
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administered chronically to rats at therapeutically relevant concentrations, downregulates both
COX-1 and COX-2 protein levels, as well as brain concentrations of both PGE2 and TXB2
(Bosetti and Weerasinghe 2003). Our data suggest that, providing an increase in AA availability
through an up-regulation of the PLA2 enzymes, metabolic coupling between upstream and
downstream enzymes and, possibly, compartmentalization of the substrate and the enzymes,
drive brain PG biosynthesis towards specific end-products. Therefore, although further studies
are required to determine whether compensatory changes of AA cascade reflect peripheral
changes in COX-deficient mice, compensatory expression of the reciprocal COX isoenzyme
appears to be organ-specific and may reflect tissue-specific functional importance of the
individual COX enzyme. It should also be noted that, although we examined the whole brain
tissue, regional disparities might occur as a consequence of the different regional distribution
of COX-1 and COX-2 in specific brain regions.

Although levels of PGE2 were increased in brain of COX-1−/− mice, we did not find a
significant change in mPGES-1 or cPGES protein expression. In contrast, we observed a
significant reduction of mPGES-2 expression in COX-1−/− mice. The selective down-
regulation of mPGES-2 expression compared with mPGES-1 and cPGES, in both COX-1−/−

and COX-2−/− mice (Bosetti et al. 2004) suggests that mPGES-2 may be metabolically coupled
with both COX-1 and COX-2 for basal PGE2 formation.

Although evidence supports a compensatory up-regulation of COX-2 in COX-1−/− mice, the
mechanism that controls this compensation has not been fully elucidated. Kanekura and
colleagues (Kanekura et al. 2002) have reported that constitutive COX-2 activity was
transcriptionally enhanced in fibroblasts derived from COX-1−/− mice through the activation
of NF-κB and that COX-1−/− cells contained higher levels of activated NF-κB than either wild
type or COX-2−/− cells. In the present study we show that the increase in brain NF-κB activation
in the COX-1−/− mice involves the up-regulation of the NF-κB subunits as well as both IκBα
and upstream IKKα/β phosphorylation. These results are consistent with our recent study
showing that brain NF-κB DNA binding activity, as well as the phosphorylation state of both
IκBα and p65 proteins, were decreased in the COX-2−/− mice (Rao et al. 2005).

Since we have previously reported that brain PGE2 level is decreased in the COX-2−/− mice
(Bosetti et al. 2004), our combined results from COX-1−/− and COX-2−/− mice suggest that in
addition to the well-known capability of NF-κB to regulate COX-2 expression, PGE2 levels,
in turn, also might modulate NFκB activity. Although further studies are needed to understand
the mechanism of the direct interaction between PGE2 and NF-κB, it is possible that the
increase in brain basal PGE2 level can lead to increased p65 expression and NF-κB activity in
COX-1−/− mice, whereas a decrease in brain basal PGE2 level in COX-2−/− mice can lead to
decreased activation of p65 and NF-κB activity (Rao et al. 2005). Consistent with this
observation, a previous study reported that COX-2 and PG metabolites may affect NF-κB
activation through a positive or negative feedback control mechanism dependent on different
PG metabolites (Poligone and Baldwin 2001). For instance, PGE2 may activate the
transcriptional activation domain of p65 in order to regulate NF-κB activity and PGJ2 can
inhibit NF-κB activation via the inhibition of the IKK enzyme. Furthermore, a recent report
indicates a positive feedback regulation of COX-2 and cPLA2 expression by PGs (Vichai et
al. 2005), suggesting that PG levels play an important role in mediating the up-regulation of
COX-2 protein expression and activity that we observe in COX-1−/− mice. Although we cannot
exclude that NF-κB activation is the primary cause of the compensatory up-regulation of
COX-2 and PGE2, the absence of a change in the gene expression of other target genes of NF-
κB such as IL-1β, iNOS and nNOS, in the COX-1−/− mice (data not shown) suggests that
COX-1 deficiency does not cause a general NF-κB dependent gene-induction, but it appears
to be a more specific, PG-dependent, process. Since the mRNAs of these target genes are highly
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unstable, it is possible that compensatory post-transcriptional mechanisms are activated to keep
their mRNA levels normal.

It is possible that the increase in PGE2 levels or other PG metabolites may trigger a positive
feedback mechanism that can enhance COX-2 expression. Growing evidence indicates that
post-transcriptional mechanisms are important in controlling COX-2 expression. An AU-rich
element within the 3′-untranslated region (3′-UTR) of COX-2 mRNA can affect both mRNA
stability and protein translation (Dixon et al. 2000; Cok and Morrison 2001). Additionally, the
strength and duration of the induction of COX-2 mRNA, protein, and PGE2 release induced
by IL-1β has been reported to be primarily the result of PGE2-dependent stabilization of COX-2
mRNA and stimulation of translation (Faour et al. 2001). Similarly, COX-2 protein level and
enzyme activity are elevated by increasing its mRNA stability and its effect is controlled by
various signaling pathways, including NF-κB (Tamura et al. 2002). Therefore, it is possible
that posttranscriptional regulation affecting mRNA degradation, stabilization, or translation
may be responsible for the changes in the COX-2 protein levels and enzymatic activity in the
COX-1−/− mice, although it should be noted that results obtained under activating conditions
may not necessarily reflect what occurs under basal conditions.

Taken together, our data suggest that brain basal PGE2 production is preferentially coupled
with COX-2, whereas TXB2 production is preferentially coupled with COX-1, and that the
compensatory overexpression of COX-2 in the COX-1−/− mice involves the activation of the
NF-κB pathway with a mechanism involving increased expression of p50 and p65 subunits,
increased phospho-IκBα and increased phospho-IKKα/β. Considering the increasingly
recognized role of NF-κB in normal physiological conditions of the CNS, including behavior,
neurotransmitter release and synaptic activity (Meffert and Baltimore 2005), the differential
effect of COX-1 and COX-2 deficiency on this important pathway is likely to have several
functional consequences on gene expression of other NF-κB brain target genes, synaptic
activity, and behavior. Furthermore, the differential regulation of NF-κB pathway in
COX-1−/− and COX-2−/− mice could also account for their different response to pathological
conditions such as ischemia, excitotoxicity, and inflammation. The use of NF-κB inhibitors in
COX-1−/− and COX-2−/− mice could help to clarify these issues. Further studies are required
to elucidate the individual roles of the different COX enzymes, as well as of coupled upstream
and downstream enzymes in brain signal transduction and in pathological conditions involving
the activation of the arachidonic acid cascade, such as neuroinflammation and excitotoxicity.
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Fig. 1.
Brain endogenous PGE2 (A) and TXB2 (B) levels in wild type and COX-1-/- mice.
Prostaglandins were analyzed using specific immunoassay kits. Results are expressed as mean
± SEM of eight independent samples, each assayed in duplicate. *p ≤ 0.05 versus wild type.
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Fig. 2.
Brain COX-2 mRNA, protein and enzymatic activity levels in wild type and COX-1−/− mice.
(A) Brain COX-2 mRNA expression was measured using real-time PCR. COX-2 mRNA levels
were normalized to an endogenous reference (pgk1) in the COX-1−/− mice relative to the wild
type, using the ΔΔCT method. The results are expressed as mean ± SEM of six independent
samples, each assayed in triplicate. (B) Representative immunoblots illustrating COX-2 (72
kDa) and β-actin (42 kDa) protein levels. Relative integrated density values of COX-2 protein
level normalized to β-actin protein level in brain from COX-1−/− mice is expressed as
percentage of protein levels in wild type mice. Each sample derived from an individual mouse
brain (n = 12). *p ≤0.05 versus wild type. (C) Brain COX-2 enzymatic activity in wild type
and COX-1−/− mice was assessed colorimetrically using a commercial COX activity assay kit
that measures the peroxidase activity of COX. The results are expressed as mean ± SEM of
twelve independent samples, each assayed in duplicate.
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Fig. 3.
Brain PGES and TXS expression in wild type and COX-1−/− mice. (A) Representative
immunoblots of the different PGES enzymes. Relative integrated density values of brain PGES
enzymes, normalized to β-actin protein levels, in COX-1−/− mice were expressed as percentage
of wild type. Each sample derived from an individual mouse brain (n = 12). *p < 0.05 versus
wild-type. (B) Brain mPGES-1 and -2 mRNA levels measured by real-time PCR and
normalized to an endogenous reference (pgk1) in the COX-1−/− mice relative to the wild type,
using the ΔΔCT method. Results are mean ± SEM of six independent samples, each assayed
in duplicate. (C) Representative immunoblot of TXS protein. Relative integrated density values
of TXS protein levels normalized to β-actin protein level in brain from COX-1−/− mice are
expressed as percentage of values in wild type mice. Each sample derived from an individual
mouse brain (n = 12).
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Fig. 4.
Brain Ca2+-dependent PLA2 enzymatic activity, protein and mRNA expression in wild type
and COX-1−/− mice. (A) Brain Ca2+-dependent cPLA2 and sPLA2 activity was assessed using
cPLA2 and sPLA2 activity assay kits. The results are expressed as mean ± SEM of twelve
independent samples, each assayed in duplicate. (B) Brain cPLA2 and sPLA2 mRNA
expression measured by real-time PCR and normalized to an endogenous reference (pgk1) in
the COX-1−/− mice relative to the wild type, using the ΔΔCT method. The results are means ±
SEM of six independent samples, each assayed in duplicate. (C) Representative immunoblots
illustrating cPLA2 (110 kDa), sPLA2 (14 kDa), and β-actin (42 kDa) proteins. Relative
integrated density values of cPLA2 and sPLA2 in brain from COX-1−/− mice are reported as
percentage of values in wild type mice. Each sample derived from an individual mouse brain
(n = 12). (D) Representative immunoblots illustrating phospho-cPLA2 (110 kDa) and β-actin
(42 kDa) protein. Relative integrated density values of phospho-cPLA2 in brain from
COX-1−/− mice are expressed as percentage of wild type. Each sample derived from an
individual mouse brain (n = 12). *p ≤ 0.05, **p ≤ 0.01 versus wild type.

Choi et al. Page 16

J Neurochem. Author manuscript; available in PMC 2006 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Brain NF-κB pathway in wild type and COX-1−/− mice. (A) NF-κB DNA binding activity was
assayed using an ELISA-based TransAM NF-κB kit. The results are expressed as mean ± SEM
of six independent samples, each assayed in duplicate. #p ≤ 0.05 versus wild type. ***p ≤ 0.001
versus no competitor. (B) Representative immunoblots illustrating p65 and p50 subunits of
NF-κB. Relative integrated density values of p65 and p50 protein, normalized to β-actin protein
levels in brain from COX-1−/− mice, are expressed as percentage of values in wild type mice.
Each sample derived from an individual mouse brain (n = 12). (C) Representative immunoblots
of Phospho-IκBα and IκBα proteins. Integrated density values of Phospho-IκBα protein relative
to IκBα protein levels in brain from COX-1−/− mice are expressed as percentage of wild type.
Each sample derived from an individual mouse brain (n = 12). (D) Representative immunoblots
of Phospho-IKKα/β and β-actin proteins. Relative integrated density values of Phospho-
IKKα/β protein in brain from COX-1−/− mice are expressed as percentage of wild type. Each
sample derived from an individual mouse brain (n = 12). *p ≤ 0.05, **p≤ 0.01 versus wild
type.
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