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Systemic injection of lipopolysaccharide (LPS) is a widely used model of immune/inflammatory challenge, which can invoke a host of CNS
responses, including activation of the hypothalamic-pituitary-adrenal (HPA) axis. Inducible vascular prostaglandin E2 (PGE2 ) synthesis
by endothelial (ECs) and/or perivascular cells (PVCs) (a macrophage-derived vascular cell type) is implicated in the engagement of HPA
and other CNS responses, by virtue of their capacity to express cyclooxygenase-2 (COX-2) and microsomal PGE2 synthase-1. Evidence
from genetic and pharmacologic studies also supports a role for the constitutively expressed COX-1 in inflammation-induced activation
of the HPA axis, although histochemical evidence to support relevant localization(s) and regulation of COX-1 expression is lacking. The
present experiments fill this void in showing that COX-1 immunoreactivity (IR) and mRNA are detectable in identified PVCs and
parenchymal microglia under basal conditions and is robustly expressed in these and ECs 1–3 h after intravenous injection of LPS (2
�g/kg). Confocal and electron microscopic analyses indicate distinct cellular/subcellular localizations of COX-1-IR in the three cell types.
Interestingly, COX-1 expression is enhanced in ECs of brain PVC-depleted rats, supporting an anti-inflammatory role of the latter cell
type. Functional involvement of COX-1 is indicated by the observation that central, but not systemic, pretreatment with the selective
COX-1 inhibitor SC-560 attenuated the early phase of LPS-induced increases in adrenocorticotropin and corticosterone secretion. These
findings support an involvement of COX-1 in bidirectional interplay between ECs and PVCs in initiating vascular PGE2 and downstream
HPA response to proinflammatory challenges.

Introduction
Interplay between the immune and neuroendocrine systems has
been extensively documented (for review, see Black, 2002). In-
flammatory/immune stimuli, such as systemic administration of
lipopolysaccharide (LPS) (or endotoxin) or the proinflammatory
cytokine interleukin-1� (IL-1�) activate the hypothalamic-pituitary-
adrenal (HPA) axis (Dinarello, 1984, 1991; Besedovsky et al., 1986;
Sapolsky et al., 1987) and other acute phase responses, including
lethargy, somnolence, fever, and anorexia, referred to collectively as
sickness behavior (Hart, 1988; Konsman et al., 2002). Several studies
have supported the local release of prostaglandin E2 (PGE2) as a
dominant effector of this activation (Ericsson et al., 1997; Scam-
mell et al., 1998; Schiltz and Sawchenko, 2002). Two cell types of
the cerebral vasculature, endothelial cells (ECs) and perivascular

cells (PVCs) (a subset of brain resident macrophages) have been
implicated in the transduction of circulating immune signals pre-
sented by IL-1� or LPS (Schiltz and Sawchenko, 2002). PGE2

released from the vasculature acts in a paracrine manner to stim-
ulate nearby catecholamine neurons (medullary neurons that ex-
press PGE2 receptors) that project to the paraventricular nucleus
of hypothalamus (PVH), activating neurosecretory neurons that
release corticotropin-releasing factor (CRF) and govern HPA se-
cretory responses (Ericsson et al., 1994, 1997; Li et al., 1996;
Schiltz and Sawchenko, 2007).

Prostaglandins are generated via a complex multienzymatic
pathway (Murakami et al., 2002). Arachidonic acid (AA), formed
from membrane phospholipids by the action of phospholipase
A2, is the principal substrate for cyclooxygenases (COXs), which
catalyze the rate-limiting conversion of AA to prostaglandin H2

(PGH2). Tissue-specific prostaglandin synthases convert PGH2

into different prostanoids. Microsomal PGE2 synthase-1 (mPGES-1) is
the dominant and best-studied terminal PGE2 synthase in brain. As
in the case with COX-2, mPGES-1 is upregulated in brain ECs by
immune stimuli (Yamagata et al., 2001), and its activity is related
to acute phase responses (Jakobsson et al., 1999; Forsberg et al.,
2000). Nevertheless, there remain unresolved issues concerning
the mechanisms, regulation, and functional significance of immune
challenge-induced cerebrovascular prostanoid production.

One of the more contentious debates centers on the involve-
ment of inducible (COX-2) versus constitutively expressed

Received May 20, 2009; revised Aug. 20, 2009; accepted Sept. 4, 2009.
This work was supported by National Institutes of Health Grant NS-21182 and was conducted in part by the

Clayton Medical Research Foundation. P.E.S. is a Senior Investigator of the Clayton Medical Research Foundation.
Fellowship support was provided by the Spanish Ministry of Education and Science (B.G.B., J.S.), CIBERsam (B.G.B.),
and the Carlos III Health Institute (J.S.). We thank Dr. R. Langenbach (National Institutes of Health/National Institute
of Environmental Health Sciences) for generously providing COX-1 null mice and Carlos Arias, Kris Trulock, and Casey
Peto for excellent assistance with surgery/histology, imaging/graphics, and electron microscopy, respectively.

*B.G.-B. and J.S. contributed equally to this work and should be considered first coauthors.
Correspondence should be addressed to Dr. Paul E. Sawchenko, Laboratory of Neuronal Structure and Function,

The Salk Institute, 10010 North Torrey Pines Road, La Jolla, CA 92037. E-mail: sawchenko@salk.edu.
DOI:10.1523/JNEUROSCI.2373-09.2009

Copyright © 2009 Society for Neuroscience 0270-6474/09/2912970-12$15.00/0

12970 • The Journal of Neuroscience, October 14, 2009 • 29(41):12970 –12981



COX-1 isoforms in generating cerebrovascular PGE2 production
and initiating downstream HPA responses to proinflammatory
challenges. COX-2 induction is readily demonstrable in ECs
and/or PVCs after such challenges, and its expression correlates
with several acute phase endpoints across a range of experimental
conditions. However, the time required for de novo enzyme syn-
thesis poses stern questions as to the relevance of prostanoids
generated in this manner in initiating rapid acute phase re-
sponses. Recent evidence from genetic and pharmacologic stud-
ies support a role for COX-1, in showing attenuated LPS-induced
neuroinflammatory (Choi et al., 2009) and HPA (Elander et al.,
2009) responses in COX-1 null mice and febrile responses by
pretreatment with a selective COX-1 inhibitor (Zhang et al.,
2003). Attaching a significance to these findings is limited by
the fact that neither basal nor challenge-induced expression of
cerebrovascular COX-1 has been reported. The present study
aimed to fill this void and provide additional evidence for
COX-1 functional involvement in immune challenge-induced
HPA activation.

Materials and Methods
Animals. Adult male Sprague Dawley albino rats (260 –340 g) were used
in most experiments. They were housed individually in a temperature-
controlled room on a 12 h light/dark cycle with food and water available
ad libitum and were adapted to handling for at least 5 d before any
manipulation. COX-1-deficient and littermate wild-type mice, gener-
ously provided by Dr. Robert Langenbach (National Institutes of Health/
National Institute of Environmental Health Sciences, Research Triangle
Park, NC) (Langenbach et al., 1995), were bred from heterozygote mat-
ings and used for experimentation immediately on arrival in our labora-
tory. All experimental protocols were approved by the Institutional
Animal Care and Use Committee of The Salk Institute.

Intravenous administration of IL-1� and LPS. The procedures for im-
planting catheters and intravenous infusions in rats have been described
previously (Ericsson et al., 1994). Briefly, indwelling jugular catheters
(polyethylene PE 50) containing sterile, heparin–saline (50 U/ml) were
implanted under isoflurane anesthesia. The sealed catheter was posi-
tioned with its internal SILASTIC (Dow Corning) tip at the atrium and
was exteriorized at an interscapular position. After 2 d recovery, awake
and freely moving rats (n � 5 per group) were removed briefly from their
home cage, injected with 2 �g/kg recombinant rat IL-1� (generously
provided by Dr. Ron Hart, Rutgers University, Piscataway, NJ) or its
vehicle (1 ml/kg, 0.01% BSA, 0.01% ascorbic acid, 10 mM Tris-HCl, and
36 mM sodium phosphate buffer, pH 7.4) and returned to their home
cages. In similar experiments, groups of rats were injected with lipopoly-
saccharide at 2 �g/kg (serotype 055:B5; Sigma) or sterile saline (1 ml/kg).
Another set of animals (n � 5 per treatment) was similarly prepared to
receive intravenous injections of the COX-1-selective inhibitor SC-560
(10 mg/kg), the COX-2-selective inhibitor NS-398 (5 mg/kg), or vehicle
(10% ethanol in 0.04 M PBS, pH 7.4), 15 min before intravenous admin-
istration of IL-1� or LPS. Doses of SC-560 and NS-398 were within the
ranges at which these drugs selectively interfere with COX-1-dependent
(gastric mucosal prostanoid production) versus COX-2-dependent (in-
flammatory) mechanisms, in vivo (Arai et al., 1993; Futaki et al., 1993;
Masferrer et al., 1999).

Intraventricular injections. Groups of rats (n � 5) were anesthetized
with ketamine/xylazine/acepromazine (25:5:1 mg/kg, s.c.) and ster-
eotaxically implanted with 26 gauge guide cannulae (Plastics One) ter-
minating within a lateral ventricle. The cannulae were affixed to the skull
with dental acrylic adhering to jewelers screws partially driven into the
skull and were sealed with dummy stylets cut to terminate flush with the
tip of the cannula. Seven to 10 d later, and 2 d after implantation of
jugular catheters, the stylets were removed and replaced with 30 gauge
injection cannulae that extended 1.0 mm beyond the tip of the guide.
Rats were given intracerebroventricular injections of SC-560 (50 �g in 5
�l), NS-398 (25 �g in 5 �l), or vehicle (10% ethanol in 0.04 M PBS, pH
7.4) through the injection cannula connected to a 50 �l Hamilton syringe

with PE 50 tubing. Five minutes after central injection, IL-1 (2 �g/kg), LPS (2
�g/kg), or their respective vehicles was administered intravenously. One to
3 h later, the animals were anesthetized and perfused for histology.

Liposome preparation and delivery. Liposomes were prepared following
the protocol described by N. Van Rooijen, Vrije Universiteit Medical
Center, Amsterdam, The Netherlands (Van Rooijen and Sanders, 1994).
Briefly, these are polylamellar phosphatidylcholine/cholesterol mem-
branes that encapsulate clodronate (used at a concentration of 250 mg/
ml), are mannosylated to facilitate receptor-mediated uptake, and
labeled with the carbocyanine dye DiI (D282; Invitrogen) to enable de-
tection of cells that have incorporated them. For intracerebroventricular
injection, rats were anesthetized with ketamine/xylazine/acepromazine
(25:5:1 mg/kg, s.c.) and mounted in a stereotaxic frame. Control (encap-
sulating PBS) or clodronate liposomes were gently shaken to resuspend
them, equilibrated to room temperature, and injected in a volume of 50
�l over 10 min into a lateral ventricle using a 26 gauge needle mounted
onto stereotaxic arm and attached via polyethylene tubing to a 1000 �l
gastight syringe (Bee Stinger; BAS). Rats were allowed 5–7 d to recover
before testing, the point at which depletion of brain macrophages is maximal
and before any substantial repopulation from bone marrow-derived pro-
genitors (Van Rooijen and Sanders, 1994; Polfliet et al., 2001).

Perfusion and histology. At appropriate time points, rats were anesthe-
tized and perfused via the ascending aorta with 4% paraformaldehyde in
0.1 M borate buffer, pH 9.5, and the brains were removed, postfixed for
3 h, and cryoprotected overnight. Regularly spaced series of 30-�m-thick
coronal sections were collected in cryoprotectant solution and stored at
�20°C until processing.

Immunohistochemistry. COX-1 was localized using a monoclonal anti-
body (catalog #160110; Cayman Chemical) raised against COX-1 purified

Figure 1. COX-1 antibody validation. Top, Western blots of brain extracts from rats (left) and
mice (right) probed with a monoclonal antibody against COX-1 protein. Hypothalamic extracts
from rats killed 2 h after intravenous injection of saline (Sal) or LPS (2 �g/kg, i.v.) show a single
major band migrating at �70 kDa, corresponding to the molecular weight of COX-1 monomer.
Cortical (left two bands) and hypothalamic (right) extracts from wild-type (wt) mice also display
a single band at 70 kDa that is not detected in COX-1 knock-out mice (KO). Both blots were
reprobed with �-actin (bottom) to provide a loading control. Bottom, Bright-field micrographs
showing COX-1-IR (top row) and COX-2-IR (bottom row) in wild-type mice (wt; left) and COX-
1-deficient mice (COX-1�/�; right) killed 3 h after LPS injection (100 �g/kg, i.p.). Wild-type
mice display COX-1-IR in vascular and parenchymal cells, whereas no labeling is observed in
knock-out mice. Both genotypes display qualitatively similar labeling for COX-2 in vascular cells
only. These findings indicate that the COX-1 antiserum does not cross-react with the structurally
related COX-2 enzyme. Scale bar, (bottom 4 panels) 50 �m.
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from ovine seminal vesicles. Immunolabeling for
COX-1 immunoreactivity (IR) was initially
performed on free-floating sections using a con-
ventional avidin–biotin immunoperoxidase pro-
cedure (Sawchenko et al., 1990). Sections were
incubated with the primary antiserum at a dilu-
tion of 1:1000 for COX-1 at 4°C for 48 h. The
primary antiserum was localized using Vectastain
Elite reagents (Vector Laboratories), and the re-
action product was developed on ice using a
nickel-enhanced glucose oxidase method (Shu et
al., 1988). The specificity of the antisera was eval-
uated in Western blots (see below) and by direct
colabeling for COX-1 mRNA. In addition, label-
ing was compared in COX-1 null mutant mice
and wild-type littermates injected with sterile sa-
line or LPS (100 �g/kg, i.p.).

Toidentifythecell type(s)displayingCOX-1-like
immunoreactivity, a dual-immunofluorescence
protocol was used. Sections were incubated with
antisera for COX-1 and either the anti-ionized
calcium binding adaptor molecule 1 (Iba-1),
used here as marker for parenchymal microglia
and PVCs, or von Willebrand factor, a marker for
ECs. Iba-1 was localized using a rabbit polyclonal
antiserum generated against a synthetic peptide,
PTGPPAKKAISELP (catalog #019-19741; Wako
Bioproducts). The serum recognizes a single
band of appropriate relative molecular weight
(�17 kDa) in Western blots, and immunolocal-
ization in normal brain includes cells of typical
microglial morphology, as well as PVCs and
meningeal macrophages (Imai and Kohsaka,
2002). von Willebrand factor was localized using
a rabbit polyclonal antiserum generated to local-
ize human von Willebrand factor (A0082, lot
128; Dakopatts). According to the specifications
of the manufacturer, this antiserum recognizes
von Willebrand factor/factor VIII complexes
in a range of species, including rat, and yields a
single precipitate corresponding to von Wille-
brand factor in crossed electrophoresis of human
plasma. In brain tissue sections, it supported dis-
crete and continuous labeling of the vasculature,
consistent with endothelial localization.

The respective primary antisera were incu-
bated for 48 h at 4°C. Subsequently, the sec-
tions were incubated for 1–2 h at room
temperature with Alexa 555-conjugated donkey anti-rabbit IgG (1:200;
Invitrogen) and Alexa 488-conjugated donkey anti-mouse IgG (1:200;
Invitrogen) to localize von Willebrand factor and Iba-1 or COX-1, re-
spectively. Control experiments included incubation of tissue sections
from control and challenged animals with each antiserum singly and
then with both secondary antisera to ensure that the latter did not cross-
react with the inappropriate primary antiserum or with each other. Im-
aging was performed using a Leica SP2 TCS AOBS spectral confocal
microscope.

Fos protein was detected by immunoperoxidase labeling using a rabbit
polyclonal antiserum raised against a synthetic peptide corresponding to
4–17 residues of human Fos protein (catalog #Ab-5; Oncogene Science).
Staining in normal and immune-challenged rats was eliminated by pread-
sorbing the antiserum overnight with 30 �M synthetic immunogen.

Cell counts. Quantitative assessment of the effects of LPS and/or clo-
dronate liposome treatment on vascular COX-1 expression was per-
formed by assessing the density (number of cells per unit vascular area) in
a regularly spaced series of sections through the hypothalamus at the level
of the paraventricular nucleus of rats challenged with intravenous injec-
tion of 2 �g/kg LPS or vehicle 7 d after having received intracerebro-
ventricular injection of liposomes encapsulating PBS (control) or

clodronate (n � 4 per group). This involved imaging two to three
randomly selected 0.58 mm 2 fields per section in a complete series,
counting the number of profiles identified on morphological grounds
(see Results) as corresponding to perivascular or endothelial cells,
and tracing the perimeter of vessels to allow areal calculations using
NIH ImageJ software (version 1.42; http://rsb.info.nih.gov/ij/).

In addition, material from groups (n � 4) of COX-1 knock-out and
littermate wild-type mice challenged with intraperitoneal injection of 10
or 100 �g/kg LPS or saline and perfused 3 h later was used for analysis of
cellular activation (Fos induction) profiles in select CNS cell groups.
Counts of the number of Fos-immunoreactive cells were generated in
regularly spaced series of sections through cell groups of interest and
were corrected for double counting error (Abercrombie, 1946).

Hybridization histochemistry. Techniques for probe synthesis, hybrid-
ization, and autoradiographic localization of mRNA signal were adapted
from Simmons et al. (1989). In situ hybridization was performed using
35S-labeled sense (control) and antisense cRNA probes labeled to similar
specific activities from a 2.8 kb COX-1 cDNA encompassing the entire
coding sequence (GenBank accession number BC081816), from the
Mammalian Genome Consortium and distributed by Invitrogen (clone
identification number 7129757). Identity of the cloned cDNA was con-

Figure 2. COX-1 mRNA localization. Lower (top row) and higher (middle row) magnification dark-field images of sections
through comparable levels of forebrain showing COX-1 mRNA in the brain parenchyma and in CNS blood vessels from rats killed 1 h
after intravenous injection of saline (left) or LPS (2 �g/kg; right). Labeling associated with vessels is indicated by arrows (top) or
asterisks (middle). Note also evenly scattered small grain clusters over the parenchyma, presumably corresponding to glial label-
ing, which is more salient in LPS-treated rats. Bottom row, Bright-field photomicrographs showing concurrent localization of
COX-1-IR (brown) and COX-1 mRNA signal (black silver grains). COX-1-immunoreactive cells in both the parenchyma (presumed
microglial; left) and vessels (right) are overlain (arrowheads) by COX-1 mRNA signal, further supporting specificity of immunolo-
calization. ac, anterior commissure; CP, caudoputamen; lv, lateral ventricle; lot, lateral olfactory tract; OT, olfactory tubercle. Scale
bars: top row, 400 �m; middle row, 200 �m (scale bar in the middle right panel applies to top two rows); bottom row, 25 �m.
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firmed by partial DNA sequencing. Sections were mounted onto poly-L-
lysine-coated slides and dried under vacuum overnight. They were
postfixed with 10% paraformaldehyde for 30 min at room temperature,
digested with 10 �g/ml proteinase K for 15 min at 37°C, and acetylated
for 10 min. Probes were labeled to specific activities of 1–3 � 10 9 dpm/�g
and applied to the slides at concentrations of �10 7 cpm/ml, overnight at
56°C in a solution containing 50% formamide, 0.3 M NaCl, 10 mM Tris, 1
mM EDTA, 0.05% tRNA, 10 mM dithiothreitol, 1� Denhardt’s solution,
and 10% dextran sulfate, after which they were treated with 20 �g/ml
ribonuclease A for 30 min at 37°C and washed in 15 mM NaCl/1.5 mM

sodium citrate with 50% formamide at 70°C. Slides were then dehydrated
and exposed to x-ray films (Kodak Biomax MR; Eastman Kodak) for
18 h. They were coated with Kodak NTB-2 liquid emulsion and exposed
at 4°C for 3– 4 weeks, as determined by the strength of signal on film.
Slides were developed with Kodak D-19 and fixed with Kodak rapid fixer.

Electron microscopy. Rats previously implanted with jugular catheters
received intravenous injections of saline (n � 2) or LPS (100 �g/kg; n �
3) as described above were perfused 3 h later with saline, followed by
3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.0. Vibratome sections, 50 �m thick, were taken from comparable
regions of hypothalamus and medulla. Sections were fixed in 1% os-
mium tetroxide with 1.5% potassium ferricyanide, dehydrated with eth-
anol and propylene oxide, and infiltrated with Spurr’s resin. The sections
were embedded, thin sectioned, and counterstained with uranyl acetate
and lead citrate. The material was examined in a JEOL 100 CX II trans-
mission electron microscope.

Western blot analysis. Rats prefitted with jugular catheters were rapidly
anesthetized 0 –3 h after intravenous injections of saline (n � 2) or LPS (2
�g/kg; n � 3) and briefly perfused transcardially with saline. Hypothal-
amus and medulla were dissected, collected, snap frozen, and stored at
�80°C until analysis. Dissected blocks of hypothalamus and medulla
were homogenized in lysis buffer (25 mM Tris-HCl, pH 7.8, 150 mM

NaCl, and 1 mM EDTA). Before homogenization, protease inhibitors
PMSF, NaF (1 mM), aprotinin, leupeptin, and pepstatin (1 �g/ml each)
were added. The homogenates were centrifuged at 14,000 � g for 20 min.
Protein concentrations were determined using a BCA Protein Assay kit
(Pierce Chemical). Proteins were then boiled in sample buffer containing
SDS, basal Eagle’s medium, and glycerol at 95°C for 5 min. Ten micro-
grams of protein were then separated by 12% SDS-PAGE. Proteins were
transferred to nitrocellulose membrane (0.2 �m; Bio-Rad) and incu-
bated in primary antibodies diluted in 5% milk in PBS with 0.1% Tween
20 overnight at 4°C. COX-1 primary antibody was detected with anti-
mouse horseradish peroxidase-linked secondary antibodies (1:1000; Cal-
biochem) and developed with an enhanced chemiluminescence Western
blot detection kit (Supersignal West Pico; Pierce Chemical).

Stress hormone assays. Separate groups of animals (n � 5) were im-
planted with indwelling jugular catheters as above 2 d before LPS or
IL-1� injections. Blood samples (300 �l) were taken before intravenous
injection of IL-1 or LPS, at 30 min and then hourly through 3 h after
injection. They were collected into chilled EDTA-containing tubes and
centrifuged; plasma was stored at �20°C until assay. ACTH was mea-
sured using a two-site immunoradiometric assay obtained in kit form
(DiaSorin), with intra-assay and interassay coefficients of variation of
3 and 9%, respectively, and a sensitivity of 5 pg/ml. Plasma corticosterone
was measured without extraction, using an antiserum raised in rabbits against a
corticosterone–BSAconjugateand[125I]corticosterone–BSAastracer(MPBio-
medicals). The sensitivity of the assay was 0.8 �g/dl; intra-assay and interassay
coefficients of variation were 5 and 10%, respectively.

PGE2 assays. Tissue PGE2 levels were measured by enzyme immuno-
assay (EIA) using reagents in kit form (Prostaglandin E2 EIA Kit–Mono-
clonal; Cayman Chemical). Rats (n � 5 per treatment) were rapidly
anesthetized and briefly perfused transcardially with saline to minimize
confounding effects of circulating PGE2 sources. Hypothalamus and me-
dulla were dissected, collected, snap frozen, and stored at �80°C until

Figure 3. Basal and regulated COX-1 expression in the cerebral vasculature. Bright-field images of COX-1-immunoreactive labeling of vessels from control (saline-injected) and IL-1- or
LPS-challenged rats (both at 2 �g/kg, i.v.) that are otherwise untreated (top row) or in ones pretreated with intracerebroventricular clodronate liposome (Clod-Lips) injection to deplete PVCs
(bottom). Under basal conditions, small circular profiles (red arrowheads) are associated with the vessel; the adjoining parenchyma contains more strongly labeled glial-like cells/processes (blue
arrowheads). Enhanced COX-1-immunoreactive vascular labeling after IL-1 or LPS challenges takes two forms, one in which the circular (perinuclear-like) labeling seen under basal conditions is more
intense and associated with punctate cytoplasmic labeling (red arrowheads and outlines) and the other comprising homogeneously stained round (nuclear-like) profiles (green arrows). In liposome-pretreated
rats, cells displaying perinuclear plus cytoplasmic labeling (presumed PVCs) are not seen, whereas labeling of the other cell type (presumed endothelia) is enhanced. Scale bar, 25 �m.
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analysis. Samples were sonicated in 300 �l of homogenization buffer (0.1
M phosphate buffer, pH 7.4, 1 mM EDTA, and 10 �M indomethacin to
prevent ex vivo synthesis of PGs), purified by incubation in ethanol at 4�
sample volume for 5 min at 4°C, and then centrifuged at 3000 � g for 10
min. They were acidified with glacial acetic acid to pH 3.5, and PGE2 was
extracted using SPE (C-18) columns rinsed with methanol and water.
After application of samples, columns were washed with water and hex-
ane, and PGE2 was eluted with ethyl acetate. Samples were then evapo-
rated to dryness under nitrogen and resuspended in EIA buffer. Levels of
PGE2 were measured in a 96-well plate and read at 405 nm. The sensitiv-
ity of the assay was 15 pg/ml; intra-assay and interassay coefficients of
variation were 6.6 and 15.5%, respectively, at 62.5 pg/ml.

Statistics. Data in text and figures are expressed as mean � SEM. They were
analyzed by ANOVA, followed by the Newman–Keuls test for individual pair-
wise comparisons. p � 0.05 was considered statistically significant.

Results
Validation of a COX-1 antibody
As described below, COX-1-IR was detected in unmanipulated
rats in a vascular cell type (PVCs) and parenchymal microglia,
and in these as well as ECs, of LPS-challenged animals (n � 5 per
group). Western blot analyses of tissue extracts from hypothala-
mus or medulla of intact and LPS-challenged rats revealed a sin-
gle major band at �70 kDa, corresponding to the predicted size
of COX-1 protein. Total COX-1 protein levels did not vary mark-
edly across experimental conditions in these samples (Fig. 1).
Western blots performed on extracts from the brains of wild-type
mice revealed a single major band migrating at �70 kDa, consis-
tent with previous characterizations of COX-1 in mouse brain
(Bosetti et al., 2004), which was not detected in similar extracts
from COX-1-deficient mice. In addition, COX-1 immunostain-
ing of both parenchymal and vascular cells was detectable in the
brains of wild-type mice but not in COX-1 null mutants, under
either basal or LPS-stimulated conditions. Staining for the induc-
ible COX-2 isoform of the same LPS-challenged mice was not
qualitatively affected by COX-1 deficiency (Fig. 1).

Additional support for the specificity of immunolocalization
was derived from rat brains prepared for hybridization histo-
chemical localization of COX-1 mRNA (Fig. 2). In material from

unmanipulated or saline-injected animals, grain clusters indica-
tive of positive hybridization signals were seen over blood vessels,
with more numerous smaller ones, presumably corresponding to
microglia (see below), distributed evenly throughout the brain
parenchyma. Frank increases in the apparent number of labeled
vascular cells were seen in rats killed 1 h after an LPS challenge (2
�g/kg, i.v.). Although parenchymal labeling was more salient
(grain clusters appearing more concentrated) in LPS-treated an-
imals, because microglia are known to undergo morphological
changes in response to LPS insults [retraction and thickening of
processes (Streit et al., 1988)], it is not clear whether this may
represent altered COX-1 expression in this cell type. In concur-
rent dual-labeling experiments, the great majority of vascular and
parenchymal cells exhibiting COX-1 immunoreactivity were
overlain by positive mRNA signals.

Cellular distribution and regulation of COX-1-IR
In unmanipulated rats and controls that received intravenous
injections of saline, COX-1-IR was expressed in vascular and pa-
renchymal elements (Fig. 3). Vascular-associated labeling took
the form of ring-like structures, whose size (6 – 8 �m in diameter)
suggested perinuclear staining, which was associated with faint
patches of cytoplasmic labeling. More prominent were evenly
scattered small cellular profiles in the brain parenchyma bear-
ing one or more fine tortuous processes and resembling qui-
escent microglia. Within 1–3 h after an IL-1 or LPS challenge,
labeling of both cell types was markedly enhanced, with the ring-like
labeling now clearly identifiable as nuclear-associated and patchy
reaction production more prominent in the cytoplasm (Figs. 3, 4).

Figure 4. Two vascular cell types display COX-1-IR. Bright-field photomicrograph from an
LPS-treated rat (2 �g/kg, i.v.) showing two distinct labeling patterns of vascular COX-1-
immunoreactive cells. One, which we interpret as representing nuclear/perinuclear labeling of
endothelial cells (arrows), appears as relatively homogeneous staining of round profiles 7–9
�m in diameter. The second, of presumed PVCs, appears as dense perinuclear staining associ-
ated with patches of reaction product in the cytoplasm. Scale bar, 10 �m.

Figure 5. Regulation of COX-1-IR in vascular cell types. Mean � SEM density (cell number
per square millimeter vascular area) of cells identified on morphological grounds as perivascular
(black bars) or endothelial cells (gray) as a function of treatment status. Under control (Con)
conditions, COX-1 is detected only in perivascular cells, and their number is not significantly
affected at 1 h after an LPS challenge. LPS does, however, result in enzyme induction in endo-
thelia and a highly reliable increase in total vascular COX-1-positive cell density. Perivascular cell
depletion after intracerebroventricular clodronate liposome (Lip) treatment results in enhanced
endothelial COX-1 expression under both control and LPS challenge conditions. n � 3 per
group. *p � 0.001 versus saline-injected counterparts. †p � 0.001 versus LPS-injected control
animals.
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Labeling of microglial-like cells was also more pronounced,
with shorter and thicker processes characteristic of microglial
activation (Streit et al., 1988) also apparent. In addition, immune-
challenged rats also displayed COX-1 staining of an additional vas-
cular cell type, a uniform faint to moderate labeling of round
profiles, reminiscent of the nuclear labeling for COX-2 commonly
reported in such preparations (Schiltz and Sawchenko, 2002).

Suspecting that the ring-like and evenly stained vascular cell
types conformed to PVCs and ECs, respectively, we performed an
assessment of COX-1 labeling in rats pretreated 5–7 d earlier with
clodronate liposomes, which deplete PVCs and enhance endo-
thelial responses to an LPS challenge (Schiltz and Sawchenko,
2003). This procedure resulted in the absence of ring-like COX-1
labeling and a marked enhancement of profiles exhibiting more
uniform nuclear staining in control rats and animals subjected to
either immune challenge (Fig. 3).

COX-1 response to LPS in vascular-associated cells
To clarify how regulatory influences are exerted on COX-1-IR
in vascular associated cells, we assessed the density of COX-1-
positive cells exhibiting endothelial or perivascular morphol-
ogy per unit of vascular area at 1 h after an LPS challenge in
control rats and in ones pretreated with clodronate-
containing liposomes. In control rats treated with saline, vas-
cular COX-1-IR was detected only in perivascular cells, whose
number was not reliably altered after an LPS challenge ( p �

0.10) (Fig. 5). LPS did, however, pro-
voke a marked induction of COX-1-IR
in endothelial cells of normal rats
(1326 � 96 cells/mm 2) and a highly re-
liable increase in total vascular density
of labeled cells ( p � 0.001). Liposome-
mediated perivascular cell depletion re-
sulted in an upregulation of basal
COX-1 expression in endothelia and a
near doubling of the total number of
vascular (endothelial) cells displaying
COX-1-IR (2521 � 134 cells/mm 2)
(Fig. 5). In contrast, a more general
measure of relative brain COX-1 pro-
tein level taken by quantitative Western
blot analysis of rat and mouse brain homog-
enates (n�3 per group) revealed no reliable
differences between control and LPS-
treated animals ( p values �0.10; data not
shown). This suggests that relatively stable
levels of parenchymal COX-1 expression
may dilute immune challenge-induced al-
terations in vascular-associated cells.

Phenotype of vascular and parenchymal
COX-1-expressing cells
Dual immunolabeling was performed to
solidify the phenotype of COX-1-expressing
cells. Costaining using Iba-1 to mark
both microglia and PVCs (Fig. 6) re-
vealed COX-1 labeling of smaller and
larger subsets of Iba-1-positive paren-
chymal cells and vascular-associated cells
displaying ring-like nuclear/perinuclear
staining. Costaining was observed in un-
treated or saline-injected control rats and
was more prominent in IL-1- or LPS-

challenged animals. Confocal analysis of Iba-1/COX-1 labeling of
microglia from control and LPS-stimulated rats provided clear
indications of the thickening and retraction of processes character-
istic of microglial activation. In none of these experiments did round
vascular profiles displaying uniform COX-1 staining in stimulated
rats colocalize with Iba-1. These did, however, consistently costain
for an endothelial marker, von Willebrand factor.

Fine structure
To further characterize the cellular disposition of COX-1-IR,
an ultrastructural analysis was undertaken. Preembedding
staining for COX-1-IR of sections through the medulla and
ventral forebrain derived from two saline-challenged and three
LPS-challenged rats (100 �g/kg, i.v.) labeled multipolar cells in
perivascular spaces between the endothelial basal lamina and the
glial limitans (Fig. 7). They were distinguished by a relatively high
density of lysosomes, multivesicular bodies, and vacuoles of vary-
ing sizes, consistent with previous descriptions of PVCs (Graeber
and Streit, 1990; Schiltz and Sawchenko, 2002). COX-1 reaction
product in PVCs was closely and continuously associated with
the nuclear membrane and, more sporadically, with the Golgi
apparatus and endoplasmic reticulum, mainly in the perinu-
clear region. Such PVC labeling was detectable in control rats
and more prominent on LPS-challenged ones. This contrasts
with COX-1 labeling of ECs, which was seen only in stimulated
animals, in the form of patches of reaction product around, but

Figure 6. Phenotype of vascular and parenchymal COX-1-expressing cells. Sections through the medulla of IL-1�-challenged
(top row) or LPS-challenged (bottom two rows) rats colabeled for COX-1 and either Iba-1, a microglial and PVC marker (top two
rows), or von Willebrand factor (vWF), which marks ECs discretely (bottom). COX-1 localizes to both PVCs (arrows) and microglia
(arrowheads), with areas of overlap appearing yellow in the merged images (right). COX-1-IR is also present in many round,
Iba-1-negative profiles, which colocalize extensively with von Willebrand factor (bottom row). Scale bars, 50 �m.
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never clearly within, the nucleus and occasionally in cytoplasmic
organelles identified as lysosomes or multivesicular bodies.

COX-1-IR was also detected in small parenchymal profiles
that exhibited morphological features of microglia, including
scant and relatively dense cytoplasm, and nuclei with numerous

heterochromatin condensations (Fig. 7). The subcellular distri-
bution of reaction product in microglia differed from that seen in
vascular cells in being densely and evenly distributed throughout
the cytoplasm. Rare examples were also seen of microglia in
which labeling was ostensibly restricted to the plasma membrane.

Figure 7. Fine structure of COX-1-immunoreactive vascular and parenchymal cells. Immunoelectron micrographs showing features of COX-1-immunoreactive labeling of perivascular
(top), microglia (middle), and endothelial (bottom) cells. In PVCs, COX-1-IR displays a continuous association with the nuclear membrane (nm, arrows in A) and is also observed in
portions of the endoplasmic reticulum (er) near the nucleus (n; see B). In microglial cells, identified on the basis of size, and relatively scant and electron-dense cytoplasm, reaction
product in microglia was densely distributed throughout the cytoplasm (C) but, in a few cases, was restricted to the cytoplasmic membrane (D, arrowheads). COX-1-immunoreactive
labeling of EC patchy accumulations of reaction product associated with the nuclear membrane (E, F ). In addition, COX-1-immunoreactive labeling was occasionally observed in
lysosomes or multivesicular bodies (MVB in G). gl, Glia limitans; SM, smooth muscle cell. Scale bars, 1 �m.
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LPS-induced CNS activational profiles
in wild-type and COX-1-deficient mice
Tissue from COX-1 null and wild-type
control mice killed 3 h after saline or LPS
injection (10 or 100 �g/kg, i.p.) was used
to examine central activational profiles
(Fos protein induction) in a cluster of in-
terconnected central autonomic cell
groups implicated in HPA and other acute
phase responses (Fig. 8). These included
the oval subnucleus of the bed nucleus of
the stria terminalis (BSTov), the central
nucleus of the amygdala (CeA), the PVH,
the lateral parabrachial nucleus (PBl), and
medial division of the nucleus of the soli-
tary tract (NTSm). In wild-type mice,
each cell group examined displayed reli-
able increases in the number of Fos-
immunoreactive neurons after either LPS
challenge. Reponses to the lower dose of
LPS were significantly reduced in the
BSTov and PVH of COX-1 null mice, al-
though in none of the regions examined
were responses of knock-out mice to 10
�g/kg LPS reliably greater than controls.
Under the higher endotoxin dose, COX-
1-deficient mice showed significantly re-
duced Fos induction in all cell groups
examined, with values from only the
NTSm and the PBl remaining reliably el-
evated over control (saline-injected) lev-
els. Thus, COX-1 deficiency markedly
reduced LPS-mediated engagement of
central autonomic circuitry, including in
cell groups implicated directly in HPA
control.

Central, but not systemic, inhibition of
COX-1 activity reduces LPS-induced
HPA secretory responses
To assess the functional involvement of
COX-1, the effect of pretreatment with
central (50 �g in 5 �l, i.c.v.) or systemic

Figure 8. Attenuated CNS activational profiles in COX-1-deficient mice. Mean�SEM number of Fos-immunoreactive cells in select CNS cells at 3 h after intraperitoneal injection of saline or 10 or 100�g/kg
LPS. LPS provoked graded and reliable increases in Fos-IR in each cell group examined (all p�0.5 versus saline-injected controls; Sal). Reponses to lower dose of LPS were significantly reduced in the BSTov and
PVH of COX-1 null mice, although in none of the regions examined were LPS responses reliably greater than controls. In response to the higher endotoxindose, COX-1-deficient mice showed significantly reduced
Fos induction in all cell groups examined, with values from only the NTSm and the PBl remaining reliably elevated over control (saline-injected) levels. n�4 per group. *p�0.05, **p�0.01, ***p�0.001,
differs significantly from COX-1 knock-out counterpart. †p � 0.05, differs significantly from saline-injected counterpart. WT, Wild type; KO, knock-out.

Figure 9. Central inhibition of COX-1 (but not COX-2) activity reduces LPS-induced HPA axis secretory responses.
Mean � SEM plasma levels of ACTH (top) and corticosterone (middle) and of brain tissue (hypothalamic) PGE2 levels
(bottom) in rats pretreated centrally (left column) or systemically (right column) with the selective COX-1 inhibitor SC-560
(SC; 50 �g in 5 �l, i.c.v., or 10 mg/kg, i.v.), the selective COX-2 inhibitor NS-398 (NS; 25 �g in 5 �l, i.c.v., or 5 mg/kg, i.v.),
or vehicle (Veh) before intravenous injection of LPS (2 �g/kg) or saline. Central, but not systemic, COX-1 blockade, but not
COX-2 blockade, significantly attenuated ACTH and corticosterone secretory responses, as well as tissue (hypothalamic)
PGE2 concentrations, at this time point. *p � 0.05 versus saline-injected animals. n � 5 per group. †p � 0.05 versus
vehicle-pretreated groups challenged with LPS.
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(10 mg/kg, i.v.) administration of selective COX-1 (SC-560; 50
�g, i.c.v.; 10 mg/kg, i.v.) or COX-2 (NS-398; 25 �g, i.c.v.; 5 mg/kg
i.v.) inhibitors on basal and LPS-induced plasma ACTH and cor-
ticosterone titers were determined. Blood samples were collected
at 1 h after LPS injection, a time at which we found both hor-
monal responses and tissue PGE2 levels to near maximal under
the same LPS challenge conditions (J. Serrats, B. García-Bueno,
and P. Sawchenko, unpublished observations). Pretreatment
with SC-560 did not significantly affect basal levels of either hor-
mone when delivered by either route (Fig. 9). Central, but not
systemic, administration of the blocker reliably blunted LPS-
induced elevations of ACTH (by 40%) and corticosterone (37%).
At the dosage levels used, COX-2 inhibition via NS-398 did not
significantly affect stress hormone levels via either route of
administration.

Regional (hypothalamic and medullary) tissue levels of PGE2

in these same animals were affected in parallel, with the LPS-
induced increment being significantly dampened (by 56% in hypo-
thalamus) by intracerebroventricular pretreatment with SC-560
( p � 0.05), whereas systemic administration of this drug had no
reliable effect. In addition, by neither route of administration did the
COX-2 inhibitor NS-398 significantly alter tissue prostanoid levels.

Finally, to determine the time frame over which central
COX-1 is involved in LPS-induced HPA activation, intracerebro-
ventricular SC-560 or vehicle was administered to separate
groups of rats with indwelling jugular catheters to permit
repeated blood sampling. In this experiment, drug treatment signif-
icantly attenuated the ACTH and corticosterone responses only
at the earliest time point examined (30 min) after LPS administration
(Fig. 10).

Discussion
We have localized COX-1 expression to two cerebrovascular cell
types implicated in immune-to-brain signaling, as well as to pa-
renchymal microglia, and demonstrated sensitivity of vascular cells
to proinflammatory challenges. Negative regulation of endothelial
COX-1 expression by unidentified factor(s) originating in PVCs is
also indicated. Genetic or pharmacological disruption of COX-1 at-
tenuates endotoxin-stimulated engagement of HPA control cir-
cuitry and secretory responses, supporting a role for COX-1-
dependent prostanoid synthesis in this acute phase response.

Relationship to previous studies
Although COX-1 mRNA and protein expression are detectable in
normal brain tissue (Ivanov et al., 2002; Aid et al., 2008), we are
unaware of previous evidence for cerebrovascular enzyme expres-
sion under basal or endotoxin-stimulated conditions. Our findings
thus seem to challenge evidence that brain COX-1 is insensitive to
proinflammatory challenges (Ivanov and Romanovsky, 2004). This
apparent disparity may be explained by the fact that COX-1 is nor-
mally expressed principally by parenchymal (microglial) cells that
may be LPS unresponsive but that could serve to dilute regulatory
effects on vascular enzyme expression. Our failure to detect LPS
effects on COX-1-IR in brain homogenates is consistent with this
view.

Previous evidence supporting COX-1 localization to CNS
vascular or glial cells has been gathered primarily in injury or
disease models. Accumulation of COX-1-expressing macro-
phages and upregulation by ECs and microglia has been re-
ported after spinal injury in rats (Schwab et al., 2000a) and
after focal cerebrovascular ischemia or traumatic brain injury
in humans (Schwab et al., 2000b, 2002). Similar observations

have been reported in microglia of Alzheimer’s disease pa-
tients (Yermakova et al., 1999). Increased COX-1 mRNA has been
demonstrated in the choroid plexus of endotoxin-challenged pigs
(Vellucci and Parrott, 1998). Others, however, have failed to detect
COX-1 mRNA in brain under basal or LPS challenge conditions
(Lacroix and Rivest, 1998; Cover et al., 2001), giving rise to the
prevailing view that immune challenge-induced prostanoid pro-
duction is driven primarily or exclusively by the inducible COX-2
isoform. This idea found support in studies using pharmacologic
or genetic disruption of COX-1 that failed to implicate the en-
zyme in HPA (Blais et al., 2005) or febrile (Li et al., 1999) re-
sponses to LPS.

Work with pharmacologic inhibitors has supported COX-1
involvement in HPA responses to diverse challenges (Bugajski
et al., 2001, 2002; Bugajski and Gadek-Michalska, 2003; Reim-
snider and Wood, 2006), including LPS (Gadek-Michalska and
Bugajski, 2004). Two studies, in particular, have rekindled inter-
est in COX-1 involvement in CNS acute phase responses. Zhang et
al. (2003) compared the effects of selective COX inhibitors on
LPS-induced fever and CNS activational profiles, finding that
COX-1 blockade resulted in protracted hypothermia and attenu-
ated Fos induction in a similar set of central autonomic cell

Figure 10. Inhibition of COX-1 activity disrupts the early phase of LPS-induced HPA
secretory responses. Time course of changes induced by LPS (2 �g/kg, i.v.) in mean �
SEM plasma levels of ACTH (top) and corticosterone (bottom) in rats pretreated centrally
with the selective COX-1 inhibitor SC-560 (50 �g, i.c.v.), or vehicle. Only at the earliest
time point examined (30 min after LPS) did COX-1 blockade significantly alter (reduce)
both stress hormone responses, to levels that did not differ reliably from prestress (0 min)
values. These data support the hypothesis that COX-1 is involved in the initial stages of the
activation of the HPA axis. n � 4 per group. *p � 0.05 versus vehicle-pretreated control;
ns, nonsignificant versus basal (0 min) value.
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groups that we find to be under-responsive in COX-1-deficient
mice. These include the PVH, the seat of neurosecretory neurons
that express CRF and initiate HPA responses to stress
(Sawchenko et al., 1996, 2000), and the NTS, which, along with
the ventrolateral medulla, provides a major input to the PVH
implicated in mediating cytokine/LPS-induced HPA activation
(Ericsson et al., 1994; Schiltz and Sawchenko, 2007). Recently,
Elander et al. (2009) reported that rapid HPA responses to LPS
were blunted by nonselective COX inhibition but were unaf-
fected by COX-2 blockade or genetic deletion of the terminal
synthase (mPGES-1) to which COX-2 activity is coupled, indirectly
implicating COX-1 in the process. In this study, Fos induction in
COX-1-deficient mice was comparable with that of wild-type con-
trols. The basis for the disparity in the latter regard between this
and the present study is unclear, particularly because the same
knock-out line and similar LPS treatment parameters were used
in each. We note, however, that we do not believe that the pro-
found dampening of LPS-induced Fos-IR in COX-1 null mice is
necessarily indicative of a dominant role for COX-1 mechanisms
in HPA activation. We have encountered examples in the central
cardiovascular system in which hypertensive stimuli of brief du-
ration may elicit induction of c-fos mRNA but not detectable
Fos-IR, whereas sustained elevations in blood pressure to similar
peak levels give rise to comparable c-fos message and protein
responses (Chan and Sawchenko, 1994, 1998). Thus, the salience
of an acute stimulus seems an important determinant of the
strength of Fos signals, and, because COX-1 is implicated in
the initial phase of LPS-induced HPA activation, we suspect
that the absence of this early drive in knock-out mice results in
diminution of Fos induction to a degree that overestimates
COX-1 involvement.

Distribution and regulation of COX-1
We have characterized an antibody that supports basal COX-1-
immunoreactive localization to PVCs and microglia of the CNS;
enzyme expression in PVCs and ECs is enhanced after LPS chal-
lenge. This identifies a substrate for studies cited above support-
ing COX-1 involvement in immune-to-brain signaling and a
potential means of accounting for the rapidity of prostaglandin-
dependent acute phase responses, which is not readily explained
by the delayed activity expected of an inducible (COX-2) enzyme.
We find distinct cellular/subcellular distributions of COX-1-IR
in different cell types: diffusely cytoplasmic in microglia, nuclear/
perinuclear in ECs, and perinuclear with patchy cytoplasmic ac-
cumulations in PVCs. The staining pattern in ECs is similar to
that described for COX-2 (Schiltz and Sawchenko, 2002), whose
overexpression can affect a range of nuclear functions via
mechanisms that are unclear and not necessarily prostanoid
mediated (Parfenova et al., 2001). In PVCs, the distribution of
labeling is akin to that reported for COX-1 in cultured mono-
cytes or endothelial cells (Spencer et al., 1998; Parfenova et al.,
2001), in which association with nuclear pores has implicated
the enzyme in trafficking across the nuclear membrane and
transcriptional regulation.

Using liposome-based targeting methods, we have identi-
fied PVCs as imparting a potent restraining influence on EC
activity, including LPS-induced COX-2 (Schiltz and
Sawchenko, 2003) and, now, COX-1 expression. Identifying
the molecular mediator(s) of this anti-inflammatory effect
will have broad implications for understanding the transit of
immune signaling across the blood– brain barrier to involve,
for example, microglia, which must be considered along with

vascular cells as potential sources of prostaglandins for engag-
ing CNS response systems.

It is worth noting that a COX-1 splice variant, first identified
in dogs (Chandrasekharan et al., 2002), has been suggested to
represent a distinct isoform, COX-3. In rodents and humans,
however, COX-3 encodes proteins whose amino acid sequences
are completely divergent from those of COX-1 or COX-2 and
that do not display appreciable COX activity (Kis et al., 2005). It
is thus unlikely that COX-3 represented a confounding factor in
our studies.

COX-1 in immune challenge-induced HPA activation
Present findings of attenuated LPS-induced Fos expression in
HPA-relevant cell groups of COX-1-deficient mice and of dimin-
ished stress hormone responses in rats pretreated centrally, but
not systemically, with a selective COX-1 inhibitor support recent
reports (Zhang et al., 2003; Elander et al., 2009) implicating the
enzyme in centrally mediated acute phase reactions. Time course
analyses indicate COX-1 involvement in the initial phases of LPS-
induced HPA activation. Interestingly, Ivanov et al. (2002) report
downregulation of COX-1 mRNA in hypothalamus and periph-
eral tissues during the later phases of LPS-induced fever, consis-
tent with COX-1 influences being exerted over particular time
domains. Caution is warranted in interpreting the results of such
pharmacologic interventions, because off-target effects of isoform-
selective COX inhibitors may occur with variations in dose or
experimental setting (Brenneis et al., 2006). Supporting the va-
lidity of the present findings are the observations that a selective
COX-2 inhibitor failed to affect LPS-induced HPA secretory re-
sponses or tissue PGE2 levels at a time point at which COX-1
blockade was effective and that COX-1-deficient mice displayed a
compatible dampening of LPS-induced recruitment of HPA con-
trol circuitry.

General implications
Our studies demonstrate cerebrovascular COX-1 expression un-
der resting conditions that is responsive to inflammatory chal-
lenges, suggesting an involvement of COX-1 in bidirectional
interplay between ECs and PVCs in sculpting vascular PGE2 pro-
duction and early downstream responses of the HPA axis. Addi-
tional work is needed to parse its role and those of COX-2 and
terminal synthases in producing spatially and temporally coordi-
nated prostanoid production to achieve appropriate adaptation
to inflammatory/immune insults.

Because of the risk for adverse vascular events linked to the use
of COX-2 inhibitors, attention has turned to alternate targets in
prostanoid biosynthesis for managing inflammatory disease.
COX-1-dependent proinflammatory effects have been impli-
cated in a wide range of neurodegenerative disorders, and work in
various models supports prominent involvement of microglial
COX-1 in neuroinflammation (Schwab et al., 2002; Pepicelli et
al., 2005; Candelario-Jalil et al., 2007; Choi et al., 2008, 2009).
Attempting to globally target COX-1 or its associated PGE2 syn-
thase (cPGES) would incur the same risk of peptic ulceration and
dyspepsia that limit the utility of nonselective COX inhibitors. In
this regard, attributes of PVCs may provide leverage in achieving
selective targeting. This cell type expresses COX-1 basally, is sen-
sitive to inflammatory stimuli, and negatively regulates the vas-
cular endothelium and, hence, the transit of immune signals
across the blood– brain barrier. PVCs derive from bone marrow
progenitors that can be manipulated ex vivo, and the feasibility of
using these precursors as vehicles for gene therapy has been es-
tablished (Priller et al., 2001).
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