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1 We characterized the regulation of cyclooxygenase-2 (COX-2) at the mRNA, protein and
mediator level in two rat models of acute in¯ammation, carrageenan-induced paw údema and
mechanical hyperalgesia.

2 Carrageenan was injected in the hind paw of rat at low (paw údema) and high doses
(hyperalgesia). COX-2 and prostaglandin E2 (PGE2) levels were measured by RT±PCR and
immunological assays. We also determined the distribution of COX-2 by immunohistochemistry.

3 The injection of carrageenan produced a signi®cant and parallel induction of both COX-2 and
PGE2. This induction was signi®cantly higher in hyperalgesia than in paw údema. This was
probably due to the 9 fold higher concentration of carrageenan used to provoke hyperalgesia.

4 Immunohistochemical examination showed COX-2 immunoreactivity in the epidermis, skeletal
muscle and in¯ammatory cells of rats experiencing hyperalgesia. In paw údema however, only the
epidermis showed positive COX-2 immunoreactivity.

5 Pretreatment with indomethacin completely abolished the induction of COX-2 in paw údema
but not in hyperalgesia.

6 These results suggest that multiple mechanisms regulate COX-2 induction especially in the more
severe model. In carrageenan-induced paw údema, prostanoid production have been linked through
the expression of the COX-2 gene which suggest the presence of a positive feedback loop
mechanism.

Keywords: Prostaglandin; cyclooxygenase; in¯ammation; antibodies
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Introduction

Prostaglandin synthases, also known as cyclooxygenases

(COX), are enzymes catalyzing the synthesis of prostaglandin
H2 from arachidonic acid. Prostaglandin H2 is the common
precursor for the synthesis of prostaglandins, prostacyclins

and thromboxanes (Smith et al., 1991). Non-steroidal anti-
in¯ammatory drugs (NSAIDs) are used as anti-in¯ammatory,
anti-pyretic and analgesic agents and mediate their e�ect

through the inhibition of COX activity (Herschman, 1996;
Vane & Botting, 1995). Two isoforms of COX were cloned and
characterized in mammals. The COX-1 enzyme is expressed in
many tissues such as the platelets, the kidney and the gut

(Funk et al., 1991; Kargman et al., 1996). This isoform was
associated with many of the side e�ects related to NSAIDs
therapy such as gastro-intestinal irritation and ulceration

(Wallace et al., 1994) and kidney impairment (Murray &
Brater, 1993). In contrast, the expression pattern of the COX-2
gene is very restricted. However, a wide variety of agents such

as pro-in¯ammatory cytokines, lipopolysaccharides and
growth factors induce expression of the COX-2 gene (Hemple
et al., 1994; Jones et al., 1993; Lee et al., 1992). Many reports
demonstrated that selective COX-2 inhibitors have anti-

in¯ammatory and analgesic e�ects similarly to those of

conventional NSAIDs but with a substantially improved side

e�ect pro®le (Bjarnason et al., 1997; Furst, 1997; Lane, 1997).
The injection of carrageenan to the hind paw of rats is a

common model to study in¯ammation and in¯ammatory pain.

Carrageenan causes údema, an increase in paw volume, and an
exacerbated sensitivity to thermal and mechanical stimuli
which is known as hyperalgesia. Conventional NSAIDs, COX-

2 inhibitors and prostaglandin E2 (PGE2) monoclonal
antibodies are e�ective anti-in¯ammatory agents in these
models (Chan et al., 1995; Khanna et al., 1997; Riendeau et
al., 1997; Zhang et al., 1997). In the paw údema model, COX-2

levels are elevated with a concomitant increase in prostaglan-
din production (Kennedy et al., 1993; Portanova et al., 1996;
Seibert et al., 1994; 1997; Zhang et al., 1997). However, a

detailed biochemical and histological characterization of
COX-2 induction in carrageenan-induced in¯ammation is
lacking. Moreover, it is not known how NSAIDs a�ect the

induction of COX-2 in these models. The concentration of
carrageenan used to test for mechanical hyperalgesia needs to
be substantially higher than in the údema model. Moreover,
carrageenan-induced paw údema and hyperalgesia di�er in

their drug-dosing regimen. The paw údema protocol is an
assay in which the drug is given prophylactically before the
in¯ammatory stimulus while hyperalgesia is a reversal assay.

In this paper, we investigated the regulation of COX-2 in
carrageenan-induced paw údema and hyperalgesia. We show*Author for correspondence; E-mail: francois_nantel@merck.com
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that carrageenan increases COX-2 and PGE2 levels in both
models but this induction is greater and more widespread in
hyperalgesia than in údema. We show that indomethacin

blocks COX-2 induction in paw údema but not in hyperalgesia
suggesting that a positive feedback loop regulates COX-2
expression in the paw údema model.

Methods

In vivo experiments

All in vivo experiments were approved by the Animal Care

Committee at the Merck Frosst Center for Therapeutic
Research according to guidelines established by the Canadian
Council on Animal Care. The animals were fasted for 16 ± 18

before each experiment. In carrageenan-induced paw údema
(Chan et al., 1995; Otterness & Moore 1988), male Sprague-
Dawley rats (150 ± 200 g) received oral administration of
either the vehicle (1% methocel) or indomethacin

(10 mg kg71). One hour later, a water displacement
plethysmometer (Ugo-Basile, Italy) measured the initial paw
volume. Carrageenan (50 ml of a 1% solution in saline) was

then administered by intraplantar injection in the left hind
paw. The animals were then sacri®ced at various time points
between 1 and 3 h following carrageenan injection. Paw

údema was measured at the various time points by paw
volume and the increase in paw volume due to údema was
calculated. In carrageenan-induced hyperalgesia (Chan et al.,

1995; Randall & Selitto, 1957), carrageenan (150 ml of a 3%
solution in saline) was administered by intraplantar injection
to male Sprague-Dawley rats (90 ± 110 g). The animals were
sacri®ced at various time-points between 0 and 3 h following

the carrageenan injection. Vehicle (1% methocel) or
indomethacin (10 mg kg71) was administered orally 2 h.
following the carrageenan injection. The vocalization

response of the rat to increased pressure on the carragee-
nan-injected paw using an algesiometer (Ugo-Basile, Italy)
was recorded at the 3-h time point.

Paw sample preparation

Rat paws were removed below the ankle and degloved to

remove the bone. The tissues were immediately frozen in liquid
nitrogen and stored at 7808C until needed. The tissues were
then ground to a powder using a mortar and a pestle under
liquid nitrogen and used as described below.

COX-2 mRNA analysis

mRNA was puri®ed using the Perkin Elmer mRNA
puri®cation kit following the manufacturer's instructions.
COX-2 and b-Actin mRNA levels were determined by

quantitative reverse transcription-polymerase chain reaction
(RT ±PCR) using the GeneAmp RNA±PCR kit (Perkin
Elmer) using 50 ± 100 ng of poly A+ RNA for each assay.

Reverse transcription of mRNA was done in a 20 ml volume
containing 16PCR bu�er II, 5 mM MgCl2, 1 mM dNTP,
1 U ml71 RNase inhibitor, 2.5 U ml71 MMLV reverse
transcriptase and 2.5 mM random hexamers. The samples

were incubated at 428C for 15 min. and at 998C for 5 min
prior to the addition of 80 ml of PCR mix containing 16PCR
bu�er II, 2 mM MgCl2, 2.5 U AmpliTaq DNA polymerase,

2 U TaqStart antibody (Clontech) and the appropriate
primers at a ®nal concentration of 0.15 mM. The primers for
ampli®cation of b-Actin were obtained from Clontech. For

COX-2, the primer used were GACGATCAAGATAGT-
GATCGAAGAC and AAGCGTTTGCGGTACTCAATG.
The PCR ampli®cation was performed in a Perkin Elmer

9600 thermal cycler at 958C for 60 s and at 608C for 90 s.
Aliquots (20 ml) were taken after 20, 25, 30 and 35 cycles and
analysed by electrophoresis using an 1.8% agarose gel
followed by transfer to a ZetaProbe nylon membrane

(BioRad). The identity and intensity of the PCR products
were determined by Southern blotting with a ¯uorescein-
labelled (Amersham) probe (COX-2: AAAAGCAGCTC-

TGGGTCGAAC, b-Actin probe was obtained from Clon-
tech) using a Storm FluorImager. Linearity of ampli®cation
was observed between 20 ± 25 cycles for b-actin and 30 ± 35

Figure 1 Regulation of COX-2 in carrageenan-induced paw údema and hyperalgesia. (a) COX-2 mRNA levels as determined by
RT±PCR (see Methods) under conditions of carrageenan-induced paw údema and hyperalgesia. Data is expressed as fold of the
intensity of COX-2-speci®c band obtained from ipsilateral (injected) paw over that of contralateral (non-injected) paw. Both sets of
data have also been corrected for b-actin. Data are mean+s.e.mean of 12 ± 24 determinations. (b) COX-2 protein levels as
determined by ELISA under conditions of carrageenan-induced paw údema and hyperalgesia. Data is expressed as fold of COX-2
levels in ipsilateral over contralateral paws and are mean+s.e.mean of 6 ± 12 determinations. (c) PGE2 levels in paws under
conditions of carrageenan-induced paw údema and hyperalgesia. Data is expressed as pg per paw and are mean+s.e.mean of 6 ± 12
determinations. *P50.05 over value obtained at time zero.
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cycles for COX-2. COX-2 mRNA levels were then normal-
ized to b-actin to correct for variations in mRNA
concentrations.

COX-2 protein analysis

Pulverized paws were solubilized in extraction bu�er

(phosphate-bu�ered saline (PBS), 0.5% Tween-20, 100 mM
leupeptin, 0.05 mg ml71 pepstatin, 10 mM E-64, 50 mg ml71

Pefabloc) for 1 h at 48C with gentle agitation, then subjected to

centrifugation at 2000 r.p.m. for 5 min. at 48C. The protein
extracts were routinely stored at 7808C. COX-2 protein was
measured using a quantitative ELISA assay employing a

rabbit polyclonal antibody raised against puri®ed ovine(ov)
COX-2 (Cayman) (Kargman et al., 1995; 1996). All incuba-
tions were conducted at room temperature with agitation.

Nunc Immunosorb 96-well plates were coated with 200 ml per
well of anti-COX-2 antibody diluted to 3 mg ml71 in either
PBS (údema range) or PBS containing 10% SuperBlock Bu�er
(Pierce) (hyperalgesia range). The plates were then incubated

for 1 h, emptied by inversion and washed three times with
200 ml per well of undiluted SuperBlock bu�er. Samples (50 ml
per well) were then added and the plates were incubated for a

further 3 h. They were then washed three times with 200 ml per
well of PBS containing 0.05% Tween 20 using a Skatron plate
washer. Biotinylated second antibody (3 mg ml71 in PBS,

0.05% Tween 20, 10% SuperBlock) was added (100 ml per
well) and the plate incubated for 1 h. The plates were washed
again as described above and incubated with horseradish

peroxidases-linked streptavidin (Pierce) (100 ml of 0.3 mg ml71

in PBS, 0.05% Tween 20, 10% SuperBlock) for 1 h. Finally,
the plates were washed three times with 250 ml per well of PBS
containing 0.05% Tween 20. Peroxidase activity was mon-

itored at 450 nm using 100 ml TMB/Peroxide substrate
solution (Pierce). Puri®ed ovCOX-2 (Cayman) was used as
the standard at a concentration ranging from 5 ± 100 ng ml71

(údema) or 50 ± 1250 ng ml71 (hyperalgesia) in PBS, 0.5%
Tween, 10% SuperBlock. This assay is linear with respect to
increasing COX-2 immuno-reactivity at concentrations up to

1000 ng ml71 of COX-2 and shows no detectable cross-
reactivity with ovCOX-1 (Cayman).

PGE2 analysis

Pulverized paws were suspended in 1 ml acetone and

incubated for 30 min at 48C with gentle agitation. The
samples were then centrifuged at 20006g for 5 min at 48C,

Figure 2 Photomicrographs of COX-2 immunoreactivity in rat paws under control conditions (Left column) and 3 h following
injection of carrageenan under the paw údema (centre column) and hyperalgesia protocols (right column). (a ± c) Epidermis; (d ± f)
Loose connective tissue; (g ± i) Skeletal muscle. Positive COX-2 immunoreactivity (brown staining) can be detected in the epidermis
in paw údema (b) and in the epidermis (c), loose connective tissue (f) and skeletal muscle (i) in hyperalgesia.

Figure 3 E�ect of indomethacin on carrageenan-induced paw
údema and hyperalgesia. (a) paw údema observed 3 h following
the injection of carrageenan in vehicle or indomethacin-pretreated
animal (10 mg kg71 p.o.). Data are expressed as per cent of volume
increase observed in control animals. (b) Hyperalgesia response
observed 3 h following the injection of carrageenan in vehicle or
indomethacin-treated animal (10 mg kg71 p.o.). Data are expressed
as percent of vocalization response observed in control animals. Data
are mean+s.e.mean of 8 ± 10 determinations. *P50.05.
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the supernatants were removed and evaporated to dryness
under vacuum. The resulting samples were then solubilized
in sample bu�er (from the manufacturer) and PGE2 levels

measured using a commercial PGE2 EIA kit (Assay Design
Inc.).

Statistical analysis

The data was analysed using the unpaired Student t-test
method. Results were considered signi®cant when P50.05.

Histology and COX-2 immuno-histochemistry

Rat paws were removed, degloved and ®xed in 4%
paraformaldehyde in PBS. The tissues were dehydrated,
embedded in para�n and sectioned in 5 m-thin slices on

silane-coated slides. Prior to immunohistochemical detection
of COX-2, the para�n was removed and the tissues were
rehydrated by washing twice for 3 min in xylene, twice in
ethanol, twice in 95% ethanol and once in water. The tissues

were blocked in SuperBlock in PBS (Pierce) for 30 min. at
room temperature (RT) and incubated for 1 h with a
biotinylated rabbit anti-ovCOX-2 antibody (5 mg ml71, see

above) in PBS with 10% SuperBlock. The tissues were
washed twice in PBS with 0.05% Tween 20 and treated for
15 min with peroxidase suppressor (Pierce). They were

washed again as described above and incubated with
horseradish peroxidase-linked streptavidin (Pierce) at
0.3 mg ml71 in PBS with 10% SuperBlock for 30 min at

RT. The COX-2 immuno-reactivity was revealed using
Enhanced DAB substrate (Pierce). The tissue slides were
counterstained with Gill's hematoxilin (Fisher) and mounted
using an aqueous mounting media.

Results

COX-2 induction and PGE2 production in carrageenan-
promoted in¯ammation

In both models of in¯ammation, carrageenan injection in the
hind paw induced a signi®cant increase in the expression of

COX-2 mRNA (Figure 1a) and protein (Figure 1b) as well as
production of PGE2 (Figure 1c). Maximal levels of COX-2
were observed at 1 h following carrageenan injection while

PGE2 levels peaked at 2 h. The levels of COX-2 expression and
the production of PGE2 were higher in hyperalgesia than in
údema, which is probably due to the higher concentration of

carrageenan used in hyperalgesia.
Histological evaluation of in¯amed paws at 3 h post-

carrageenan show a disorganization of the connective tissues

and an in®ltration of in¯ammatory cells in both models. The
in¯ammation observed in the hyperalgesia model appears
more severe than in paw údema. Numerous large eosin-
labelled cells, potentially macrophages and eosinophils, are

observed in the loose connective tissues of the in¯amed paws.
Although these cells are also present in control paws, they were
prominently located between the loose connective tissue and

the skeletal muscle and large blood vessels. In contrast, these
cells were more widespread throughout the loose connective
tissue of the in¯amed paw. The localization of COX-2

immuno-reactivity (IR) indicates that there is a di�erential
expression pattern of COX-2 in carrageenan-promoted paw
údema as compared to hyperalgesia (Figure 2). Under basal

conditions, no COX-2 IR could be detected (Figure 2a,d,g). In
paw údema, COX-2 IR is observed in the stratum corneum of
the epidermis (Figure 2b) but not in connective tissues or in the
skeletal muscle (Figure 2e,h). In hyperalgesia, COX-2 IR was

Figure 4 E�ect of indomethacin on the regulation of COX-2 protein and PGE2 levels in carrageenan-induced paw údema (a,c) and
hyperalgesia (b,d). Indomethacin (10 mg kg71 p.o.) or vehicle (methocel) was given 1 h prior (údema) or 2 h after (hyperalgesia)
carrageenan injection. Paws were taken at indicated time and PGE2 (a,b) and COX-2 protein (c,d) levels were analysed as described
in Methods. PGE2 levels are expressed as pg per paw. COX-2 protein levels are expressed as fold of carrageenan-treated over
control paws. Data are mean+s.e.mean of 8 ± 12 determinations. *P50.05 over value obtained at time zero.
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not only detected in the stratum corneum of the epidermis
(Figure 2c) but also in small in®ltrated cells in the connective
tissues (Figure 2f) and in skeletal muscle cells (Figure 2i).

These results suggest that the induction of COX-2 is larger and
more widespread in hyperalgesia than in paw údema.

E�ect of indomethacin on COX-2 induction and PGE2

production

We tested the e�ect of the non-selective COX inhibitor

indomethacin on the induction of COX-2 and the production
of PGE2 in both models. These two models di�er in their
drug-dosing regimen. In the paw údema protocol, the drug is

given 1 h before carrageenan. The hyperalgesia protocol,
however, is a reversal assay with the drug given 2 h following
the carrageenan provocation. As shown in Figure 3 and

reported previously (Chan et al., 1995; Riendeau et al., 1997),
indomethacin prevents the development of údema and
inhibited hyperalgesia as measured by paw volume and
vocalization response. In agreement with these data,

indomethacin signi®cantly inhibited PGE2 production in both
paw údema and hyperalgesia (Figure 4a,b). Interestingly,
however, the carrageenan-promoted COX-2 induction in paw

údema was also completely abrogated by the inhibitor
(Figure 4c). However, COX-2 levels remained elevated in
hyperalgesia following the administration of indomethacin

(Figure 4d). To verify whether the di�erent e�ects of
indomethacin on COX-2 induction in the two models
depended on the drug dosing regimen, we tested whether

pretreatment for 1 h with indomethacin would inhibit the
COX-2 induction occurring in hyperalgesia. As can be seen in
Figure 5, indomethacin did not a�ect the COX-2 induction at
1 and 2 h post carrageenan injection although it completely

blocked the production of PGE2 (not shown). At the 3 h time
points, COX-2 levels were even signi®cantly higher in the
indomethacin-treated animals. In order to elucidate the

mechanism of action of indomethacin in paw údema, we
assessed the regulation of COX-2 mRNA in a similar time-
course study following oral dosing of indomethacin during

carrageenan-induced paw údema (Figure 6). In control

animals, carrageenan induced a 5 fold increase in COX-2
mRNA in the ipsilateral (injected) paw. In the contralateral
(non-injected) paw, COX-2 mRNA levels were not a�ected.

In the treated group, a 1 h pre-treatment with indomethacin
caused a signi®cant reduction in COX-2 mRNA in both
paws. The injection of carrageenan at time zero in the
indomethacin-treated rats induced a signi®cant (P50.05)

increase in COX-2 mRNA but those never went over the
levels measured in the uninjected paws of the control animals.
These results indicate that indomethacin inhibits COX-2

expression at the mRNA level.

Discussion

Carrageenan injection in the hind paw of the rat is one of the

most commonly used models of in¯ammation and in¯amma-
tory pain. Multiple physical and behavior responses can be
followed to assess the extent of injury and its prevention or
reversal by NSAIDs. The doses of carrageenan used in paw

údema and thermal hyperalgesia assays are similar (Chan et
al., 1995; Higgs et al., 1980; Khanna et al., 1997; Penning et al.,
1997; Portanova et al., 1996; Riendeau et al., 1997; Seibert et

al., 1994; Zhang et al., 1997). In this study, we show that
údema is accompanied by an induction of COX-2 in the
epidermis. The onset of mechanical hyperalgesia, however,

requires a much higher dose of carrageenan (Chan et al., 1995;
Randall & Selitto, 1957; Riendeau et al., 1997) and the
hallmarks of in¯ammation in this model are more severe. The
induction of COX-2 in hyperalgesia is more widespread than in

údema since COX-2 IR could be detected not only in the
epidermis, but also in skeletal muscle and in¯ammatory cells.
In agreement with the COX-2 induction data, higher levels of

PGE2 are produced with the more severe provocation. An
in®ltration of in¯ammatory cell was also observed in both
assays which is in agreement with the previously reported

in®ltration of leukocytes and neutrophils by carrageenan in the

Figure 5 E�ect of indomethacin pre-treatment on the regulation of
COX-2 protein and PGE2 levels in carrageenan-induced hyperalgesia.
Indomethacin (10 mg kg71 p.o.) or vehicle (methocel) was given 1 h
prior to carrageenan injection. Paws were taken at indicated time and
COX-2 protein levels were analysed as described in Methods. COX-2
protein levels are expressed as fold of carrageenan-injected over
saline-injected paws. Data are mean+s.e.mean of eight determina-
tions. *P50.05 over value obtained at time zero. #P50.05 between
indomethacin-treated and untreated curves.

Figure 6 E�ect of indomethacin on the regulation of COX-2 mRNA
in carrageenan-induced paw údema. Indomethacin (10 mg kg71 p.o.)
or vehicle (methocel) was given orally 1 h prior to intraplantar
injection of carrageenan. Ipsilateral (injected) and contralateral (non-
injected) paws were taken at indicated time, mRNA was isolated and
both COX-2 and b-actin mRNA levels analysed by RT±PCR. Data
are expressed as fold+s.e.mean of the intensity of the COX-2-speci®c
band over that of b-actin obtained from the injected and non-injected
paws of eight animals. *P50.05 between ipsilateral and contralateral
curves. #P50.05 between data obtained at time zero and in naive
animals.
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pleural cavity (Almeida et al., 1980; Higgs et al., 1980; Vinegar
et al., 1987).

The pivotal role of PGE2 in carrageenan-induced údema

and thermal hyperalgesia was suggested by other groups
(Mnich et al., 1995; Portanova et al., 1996; Zhang et al., 1997).
A neutralizing monoclonal antibody against PGE2 was shown
to inhibit carrageenan-induced údema and thermal hyper-

algesia as e�ciently as indomethacin. Although many
components have been implicated in the in¯ammatory
response, these studies placed prostanoid synthesis either as

an early element or as an important link in the chain of events
leading to carrageenan-invoked in¯ammatory responses.

Our data extend these ®ndings and suggest that distinct and

multiple mechanisms regulate the expression of COX-2. These
depend on the initial extent of in¯ammatory stimuli such as the
dose of carrageenan. Moreover, the present study on the COX-

2 induction in carrageenan-induced paw údema suggests the
presence of a prostanoid-dependent positive feedback loop
since this induction is inhibited by indomethacin. This positive
feedback mechanism was also proposed in a chronic model of

in¯ammation, the rat adjuvant arthritis. In this model,
therapeutic administration of a selective COX-2 inhibitor,
SC-58125, reduced the expression of both COX-2 mRNA and

protein levels (Anderson et al., 1996). Further evidence
supporting the importance of PGE2 in this feedback loop
comes from recent papers describing the induction of COX-2

expression by prostaglandins in human and mouse cell lines
(Murakami et al., 1997; Tjandrawinata et al., 1997). In these
studies, a stable analogue of PGE2, 16, 16-dimethyl PGE2,

induces the expression of COX-2 mRNA in human PC-3 and
mouse MC3T3-E1 cells. In the MC3T3-E1 cells, a selective EP1

receptor agonist also induced COX-2 mRNA expression
implicating at least the EP1 receptor in this autoampli®cation

loop (Suda et al., 1998). Together, these studies and ours
suggest that the regulation of COX-2 by prostanoids occurs at
the transcriptional level. The contribution of other prostanoid

in the induction of COX-2 remains to be clearly established.
We have observed that the injection of PGE2 in the paw does
lead to increased levels of COX-2 protein (D. Denis,

unpublished observation). From the data presented in our
study, it would appear that the prostanoid-dependent
regulation of COX-2 in carrageenan-induced paw údema
occurs in the epidermis. The reasons indomethacin had such a

limited e�ect on the induction of COX-2 in hyperalgesia
probably relates to the higher levels of in¯ammatory mediators
produced. This would also account for the wider distribution

of COX-2 in this model. Under these conditions, the feedback
loop may still operate but the levels of the other in¯ammatory
mediators are high enough to drive the expression of COX-2. It

would also appear that prostanoids may have an inhibitory
e�ect on COX-2 induction. This is suggested by the
observation that the levels of COX-2 in hyperalgesia are
higher at the 3 h time point if the animals are pretreated with

indomethacin. There is precedent to that e�ect when one
considers that PGE2 has been shown to inhibit tumor necrosis
factor-a production by human monocytes (Brideau et al.,

1999). Since this cytokine is known to induce COX-2 (Arias-
Negrete et al., 1995) and there is a large in®ltration of
monocytes to the site of in¯ammation, this suggest that this

mediator and others are involved in the sustained action of
COX-2 in this model. Therefore, it is possible that prostanoids
are instrumental in the induction of COX-2 at early time points

and in its down-regulation later on. What remains to be
determined is the implication of each individual prostanoid
receptor in this pathway. Distribution studies and the use of
speci®c receptor antagonists will help to clarify this issue.

Another aspect which has not been covered in the current
study is the exact contribution of COX-1 and COX-2 in the
production of PGE2 and the induction of COX-2 in these

models. The inhibitor used in the current study, indomethacin,
is equally e�ective at inhibiting both COX-1 and COX-2. It has
been reported that part of the PGE2 produced following

carrageenan injection in the foot pad may be produced by the
COX-1 enzyme (Smith et al., 1998). This would be true
especially at the early time points before COX-2 protein is

present. A complete characterization using selective COX-1
and COX-2 inhibitors would help to clarify this point.

In conclusion, we showed that carrageenan-induced paw
údema and mechanical hyperalgesia present distinct patterns

of expression and regulation of COX-2. The induction of
COX-2 can be blocked by the non-selective NSAID
indomethacin in paw údema but not in mechanical hyper-

algesia. This result implies that prostanoids, possibly acting
through a positive feedback loop, are implicated in the COX-2
induction observed in paw údema.
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