
COX-2 expression and function in the hyperalgesic response to
paw inflammation in mice

Naveen K. Jain1, Tomo-o Ishikawa1, Igor Spigelman2, and Harvey R. Herschman1

1 Departments of Biological Chemistry and Pharmacology, UCLA School of Medicine

2 Division of Oral Biology & Medicine, School of Dentistry, University of California, Los Angeles, CA, USA

Abstract
Peripheral inflammation and edema are often accompanied by primary and secondary hyperalgesia
which are mediated by both peripheral and central mechanisms. The role of cyclooxygenase-2
(COX-2)-mediated prostanoid production in hyperalgesia is a topic of substantial current interest.
We have established a murine foot-pad inflammation model in which both pharmacologic and genetic
tools can be used to characterize the role of COX-2 in hyperalgesia. Zymosan, an extract from yeast,
injected into the plantar surface of the hind paw induces an edema response and an increase in COX-2
expression in the hindpaw, spinal cord and brain. Zymosan-induced primary hyperalgesia, measured
as a decrease in hindpaw withdrawal latency in response to a thermal stimulus, is long-lasting and
is not inhibited by pre-treatment with the systemic COX-2 selective inhibitor, parecoxib (20 mg/kg).
In contrast, the central component of hyperalgesia, measured as a reduction in tail flick latency in
response to heat, is reduced by parecoxib. Zymosan-induced primary hyperalgesia in Cox-2−/− mice
is similar to that of their Cox-2+/+ littermate controls. However, the central component of hyperalgesia
is substantially reduced in Cox-2−/− versus Cox-2+/+ mice, and returns to baseline values much more
rapidly. Thus pharmacological data suggest, and genetic experiments confirm, (i) that primary
hyperalgesia in response to zymosan inflammation in the mouse paw is not mediated by COX-2
function and (ii) that COX-2 function plays a major role in the central component of hyperalgesia in
this model of inflammation.

Introduction
Cyclooxygenases (COX) are the key enzymes in the synthesis of prostaglandins, prostacyclins
and thromboxanes. The cyclooxygenases convert free arachidonic acid, following its release
from membrane phospholipids by phospholipases, to prostaglandin H2 (PGH2), the common
precursor for all prostanoids. There are two cyclooxygenases; cyclooxygenase-1 (COX-1) is
generally constitutively expressed. In contrast, cyclooxygenase-2 (COX-2), an inducible COX
isoform, is expressed in inflammatory cells and tissues in response to cellular activation by
endotoxin, cytokines, mitogens and other stimuli [1]. Non-steroidal anti-inflammatory drugs
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(NSAIDs), which inhibit both COX-1 and COX-2 enzymatic activity, and COX-2 selective
inhibitors (coxibs) are widely used for the treatment of pain and inflammatory conditions [2].

Acute inflammatory responses are characterized by an increase in vascular permeability and
cellular infiltration, leading to edema. After inflammation, allodynia and hyperalgesia occur,
generally because of an increase in PGE2 in the inflamed tissue and in the spinal cord that is
associated with an induction and activation of COX-2 [3–5]. The COX-2 enzyme is the major
source of PGE2 in many inflammatory pain models; consequently COX-2-selective inhibitors
are potent antihyperalgesic agents. In rat models of carrageenan, zymosan or formalin-evoked
hyperalgesia, coxibs markedly reduce pain symptoms [6–8].

Zymosan, a yeast cell wall extract, is a phagocytic stimulant which induces inflammatory
reactions that are accompanied by the synthesis of eicosanoids and cytokines [9,10]. Zymosan-
induced paw inflammation in the rat is well characterized and is frequently used to study edema
and hyperalgesia responses [11,12]. In contrast, the literature on similar mouse peripheral
inflammation models is relatively scant [13,14], and detailed analysis of COX-2 gene activation
and function in the hyperalgesic response to paw inflammation in mice is not well studied
[15–17]. Because of the advantages of mouse genetics and the ability to make murine transgenic
and knockout models, inflammation models in this species should facilitate our understanding
of the role of COX-2 in inflammation and hyperalgesia.

We describe here the development of a murine foot-pad inflammation model to characterize
the role of COX-2 in inflammatory responses and the accompanying hyperalgesia that follow
intraplantar zymosan administration. By combining pharmacologic approach (using a selective
COX-2 inhibitor) and a genetic manipulation (using COX-2 knockout mice), we have explored
both the molecular response of the Cox-2 gene to this inflammatory stimulus and the functional
role of COX-2 in peripheral and central components of hyperalgesia.

Materials and methods
Animals

Experiments were performed on C57BL/6 mice (8–10 weeks old, 20–30 g; Charles River,
USA), Cox-2−/− knockout mice (C57BL/6 and 129 background) [18] and their Cox-2+/+

littermate controls. All mice were housed under standard laboratory conditions and kept under
a 12/12 hour light/dark cycle. Mice were fed a standard NIH-31 modified 6% mouse/rat pellet
diet 7013 (Teklad, Madison, WI) and water ad libitum. Behavioral studies were carried out
between 0900 and 1800 h. All experimental protocols have been approved by the Animal
Research Committee, University of California, Los Angeles, USA.

Zymosan-induced hindpaw inflammation
To induce inflammation, mice received intraplantar injections of zymosan (Sigma, St. Louis,
MO) in 30 μl of phosphate buffered saline (PBS) in the right (ipsilateral) hindpaw and 30 μl
of PBS in the left (contralateral) hindpaw. Hindpaw edema was measured with a calibrated
dental caliper with 1 mm gradations, and is expressed as percent change in dorso-ventral
hindpaw thickness relative to baseline values observed before intraplantar injection.

Measurement of thermal hyperalgesia
A modified Hargreaves apparatus (model #390, IITC instruments, Woodland Hills, CA) was
used to assess thermal hyperalgesia by application of a focused radiant heat source to the
hindpaw [19]. Prior to testing, the mice were allowed to acclimate for 30 minutes to the testing
environment; a 10×10×20 cm translucent plastic box with a 3 mm glass bottom (preheated to
30 °C) through which the thermal stimulus was applied. Each mouse was tested three times,
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to obtain consistent baseline paw withdrawal latencies (PWL). The stimulus intensity was
adjusted to yield a baseline hindpaw withdrawal latency of approximately 7–9 seconds for
naïve mice, with a cutoff set at 20 seconds to avoid tissue damage. Three responses were
measured alternately in both ipsilateral and contralateral hindpaws, with a 5–10 minute interval
for each experimental point. After two days of baseline testing, thermal hyperalgesia was
assessed at times indicated following intraplantar zymosan injection.

Measurement of tail-flick latency
A modified Hargreaves apparatus was also used to measure tail-flick latency (TFL). Radiant
heat was directed toward the proximal part of the tail and the TFL was observed and timed
with a photo cell counter. The intensity of the radiant heat was adjusted for a baseline TFL of
approximately 5–7 seconds for naïve mice, with a 15 seconds cutoff set to avoid tissue damage.
Control mice for TFL studies were injected with PBS (30 μl) in the ipsilateral hindpaw.

RT-PCR for COX-2
Paw tissues were homogenized in Trizol Reagent (Invitrogen, Carlsbad, CA). RNA was
extracted from homogenate supernatants according to the manufacturer’s instructions. RNA
concentrations were determined spectrophotometrically. Single stranded cDNA was
synthesized from 1 μg of total RNA, using oligo dT primer and AMV reverse transcriptase
(Takara RNA PCR Kit, Takara Bio Inc., Otsu, Japan). PCR was performed using Takara Taq.
The oligonucleotide primers used for PCR analysis were: COX-2 (forward), 5′-
CAAGCAGTGGCAAAGGCCTCCA-3′; COX-2 (reverse), 5′-
GGCACTTGCATTGATGGTGGCT-3′; GAPDH (glyceraldehyde-3-
phosphatedehydrogenase, forward), 5′-CATGGAGAAGGCCGGGGCCC-3′; GAPDH
(reverse), 5′-GACGGACACATTGGGGGTAGG-3′. PCR was performed for 45 cycles.
Cycling conditions were 94° for 30 seconds 60° for 30 seconds and 72° for 1.5 minutes. PCR
products were analyzed using 1.5% agarose gel electrophoresis; DNA was visualized by
staining with ethidium bromide. RT-PCR product sizes for COX-2 and GAPDH were 459 and
415 nucleotides respectively.

Western blot for COX-2
Tissue samples were lysed and homogenized in RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate and 0.1% SDS in 1× PBS) containing a proteinase inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN). After centrifugation, supernatant proteins (100 μg) were
separated in 10% SDS polyacrylamide gels and transferred to nitrocellulose membranes. The
membranes were blocked with 5% skim milk and incubated with polyclonal antibodies against
COX-2 (1000-fold dilution, Cayman Chemical, Ann Arbor, MI) or 14-3-3 (500-fold dilution,
Santa Cruz Biotechnology Inc, Santa Cruz, CA), used as a loading control. The ECL detection
system (Amersham Biosciences, Piscataway, NJ) was used to detect the signals on X-ray film.
The film was scanned and analyzed for quantification using NIH image software.

Immunostaining for COX-2
Hindpaws were fixed with 10% formalin and embedded in paraffin, and sections (4 μm) were
cut. Some sections were stained with hematoxylin & eosin, while others were processed for
COX-2 immunostaining. The sections were deparaffinized with xylene, and antigen retrieval
was performed with citrate buffer [20], then blocked with 5% normal goat serum in PBS and
incubated with rabbit anti-COX-2 (100-fold dilution, overnight at 4°C, Cayman Chemical) in
PBS with 5% normal goat serum. The slides were then washed three times at room temperature
with PBS; each wash was 5 min. The sections were incubated with biotinylated goat anti-rabbit
IgG (300-fold dilution, at room temperature, Vector Labs, Burlingame, CA). After washing in
PBS, sections were processed with the ABC kit (Vector labs), according to the manufacturer’s
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instructions. Slides were examined with a BX60 microscope (Olympus, Melville, NY). Images
were captured with a Macrofire 599831 camera and processed with Pictureframe software
(Optronics, Goleta, CA).

Reagents
Zymosan A was from Sigma, USA. Parecoxib sodium was gift from Panacea Biotec Ltd. (New
Delhi, India). Parecoxib was dissolved in PBS, and administered intraperitoneally (10 ml/kg
of body weight) 0.5 hr prior to zymosan injection.

Statistical analysis
Results are presented as means ± S.E.M. Significant differences were determined by unpaired
Student’s t-test. p<0.01 was considered statistically significant.

Results
Paw inflammation and COX-2 expression following intraplantar zymosan administration in
C57BL/6 mice

We first determined the dose-response relationship for zymosan concentration and hindpaw
inflammation in C57BL/6 mice. Intraplantar injection of zymosan (0.5, 1.0 or 2.0% w/v)
produces pronounced, dose-dependent edema (Fig. 1A). This inflammatory response is time-
dependent and long-lasting; up to 14 days following zymosan administration. Injection of
saline into the contralateral hindpaw does not result in significant edema (data not shown).

To determine the time course and the location of COX-2 expression in response to zymosan
injection we performed Western blotting, RT-PCR and immunohistological studies. COX-2
protein and mRNA are not detectable in saline-injected hindpaws. A zymosan (2%) injection
that induces maximal edema induces COX-2 protein and mRNA accumulation in the hindpaw,
peaking at 12--24 hours and 6 hours respectively, and subsequently returning to baseline values
(Figs. 1B, 1C and 1D). Zymosan injected paws exhibit massive accumulation of degenerating
neutrophils within the space between the muscles of the digits, and in the muscles and tendons
of the primary palmar pad (Fig. 1E). Additionally there is a severe generalized subcutaneous
edema with moderate to severe infiltration of neutrophils, fewer macrophages and minimal
numbers of lymphocytes. In contrast, the cell architecture of contralateral, saline-injected paws
remains normal. Immunohistological staining with anti-COX-2 antibody confirms the local
accumulation of COX-2 protein in epidermal cells and infiltrating inflammatory cells of the
ipsilateral, zymosan-injected paw.

Hyperalgesia in response to intraplantar zymosan administration
To determine the hyperalgesic response in mice following inflammation resulting from
intraplantar zymosan injection, we used the Hargreaves thermal hyperalgesia test [19]. Prior
to intraplantar zymosan injection, there are no significant differences in baseline hindpaw
withdrawal latencies (HWL) for the right and left (ipsilateral and contralateral) hindpaws of
C57BL/6 mice (data for contralateral hindpaws are not shown). At all tested zymosan doses,
thermal hyperalgesia is observed in the ipsilateral, zymosan-injected hindpaws. The
hyperalgesic response occurs within 6 hrs of zymosan administration, and is long-lasting.
Doses of 1% and 2% induce similar hyperalgesia, suggesting that a maximal hyperalgesic
response to inflammation occurs at these concentrations (Fig. 2A). No hyperalgesia occurs in
the contralateral, saline-injected paw (data not shown).

To study central mechanisms of hyperalgesia following peripheral tissue injury, we used the
tail-flick latency (TFL) test. In this test, reduced latency is attributable to central nervous system
mechanisms since thermal activation of primary afferent fibers that innervate the tail does not
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directly activate primary afferents innervating the inflamed hindpaw [8]. All tested zymosan
doses induce a significant reduction in TFL after intraplantar injection, indicating central
sensitization (Fig. 2B). Zymosan doses of 1% and 2% induce similar reductions in TFL,
suggesting a maximal centrally-mediated hyperalgesic response to the peripheral (hindpaw)
inflammation is occurring at these doses. TFL remains unchanged throughout the study period
in mice injected with saline in the ipsilateral paw (data not shown).

Zymosan-induced peripheral inflammation is accompanied by COX-2 induction in the spinal
cord and brain

Since we observed a central component of hyperalgesia following intraplantar zymosan
administration (Fig. 2B), we also examined COX-2 induction in the brain and spinal cord.
Control mice were injected with saline in the intraplantar hindpaw region; experimental mice
were injected with zymosan (2%). Brain and spinal cord tissue extracts were prepared 24 hrs
following injection. Western blots demonstrate that COX-2 protein levels are elevated in the
spinal cord and in brain in response to zymosan-induced peripheral inflammation (Fig. 3).

Selective COX-2 inhibition decreases the central component of hyperalgesia, but not primary
hyperalgesia

Elevated COX-2 expression, both in the inflamed hindpaw and in the central nervous system
following intraplantar zymosan injection, prompted us to examine whether blocking COX-2
activity with the selective COX-2 inhibitor parecoxib can abrogate local edema and either
primary hyperalgesia (measured by the HWL test) and/or the central component of
hyperalgesia (measured by the TFL test). A single administration of parecoxib (20 mg/kg, i.p.)
[21] significantly ameliorated local edema (Fig. 4A) and the central component of hyperalgesia
(Fig. 4C), but had no effect on primary hyperalgesia (Fig. 4B) in this experimental paradigm
during the first 24 hrs after zymosan administration.

Deletion of the Cox-2 gene confirms a prominent role for COX-2 in centrally-mediated
hyperalgesia

The pharmacological data for parecoxib (Fig. 4) suggest that COX-2 plays a role in both paw
edema and in the centrally-mediated component of hyperalgesia. To validate this
pharmacological response, we further measured edema and hyperalgesia induced by zymosan
(2%) in C57BL/6/129 Cox-2−/− mice and their wild-type Cox-2+/+ littermates.

The hindpaw edema in C57BL/6 mice (Fig. 1) and C57BL/6/129 Cox-2+/+ mice (Fig. 5A) in
response to zymosan (2%) intraplantar injection appears to be essentially the same. However,
the inflammatory response in C57BL/6/129 Cox-2−/− mice following zymosan injection is
significantly reduced, relative to that observed in Cox-2+/+ littermates (Fig. 5A), suggesting
that COX-2 does contribute to zymosan-induced edema. The decrease of inflammatory
response in the Cox-2−/− mouse (Fig. 5A) during the first 24 hours after zymosan administration
appears similar to the anti-inflammatory effect of parecoxib pre-treatment in wild-type mice
(Fig. 4A), confirming that COX-2 induction does contribute to zymosan-induced paw edema.

Zymosan-induced primary hyperalgesia in C57BL/6 wild type mice (Fig. 2) and C57BL/6/129
Cox-2+/+ mice (Fig. 5B) are indistinguishable. Hindpaw withdrawal latency in naïve,
uninjected C57BL/6/129 Cox-2−/− mice is slightly, but significantly longer (HWL = 10.94 ±
0.25 seconds) in comparison to their C57BL6/129 Cox-2+/+ littermates (HWL = 8.95 ± 0.31
seconds) in response to thermal stimuli (Fig. 5B). Zymosan produces profound, long-lasting
hyperalgesia in Cox-2−/−mice. Despite a significant reduction in the degree of inflammation/
edema in the hindpaws of Cox-2−/− mice receiving 2% zymosan relative to their Cox-2+/+

littermates (Fig. 5A), no difference in hindpaw withdrawal latency is observed in Cox-2−/−

mice, when compared to wild-type littermates (Fig. 5B); primary hyperalgesia to thermal
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stimuli appears to be independent of Cox-2 gene expression in this murine experimental
paradigm.

Baseline TFL is similar between naïve, uninjected C57BL/6 Cox-2+/+ mice (6.50 ± 0.20
seconds, Fig. 2B) and C57BL/6/129 Cox-2+/+ mice (6.86 ± 0.41 seconds, Fig. 5C). In contrast,
naïve (untreated) Cox-2−/− mice have a significantly longer tolerance to tail warming (9.67 ±
0.24 seconds) than their Cox-2+/+ littermates (Fig. 5C). Intraplantar zymosan (2%) injection
elicits a decrease in TFL of Cox-2−/− knockout mice, as it does in Cox-2+/+ mice. The absolute
reduction in TFL in C57BL/6/129 Cox-2+/+ mice and Cox-2−/− mice is the same; 24 hr after
zymosan injection TFL in both Cox-2+/+ mice and Cox-2−/− mice is reduced by 3.5 seconds.
However, in the Cox-2+/+ mice this is a 56% reduction in TFL, while in Cox-2−/− mice, maximal
TFL reduction is only 36% of the control value. Moreover, the centrally-mediated TFL
hyperalgesic response fully recovers to baseline values in Cox-2−/− mice, but is persistent in
Cox-2+/+ mice. Thus, the centrally-mediated component of hyperalgesia appears to be
substantially diminished as a consequence of Cox-2 gene deletion. Western blot analysis
confirms the absence of COX-2 protein expression in the hindpaws of the zymosan-injected
Cox-2−/− mice (inset of Panel B, Fig. 5).

Discussion
Edema and hyperalgesia occurring in response to inflammatory stimuli are generally attributed
at least in part to increased prostaglandins in the inflamed tissue, spinal cord and brain, as a
result of inflammation-induced COX-2 expression [3,4,6,8,14,21–23]. Because of the
advantages offered by mouse genetics and the ability to modify the genes of mice, development
of well characterized, easily monitored inflammation models in the mouse should aid in our
understanding of inflammatory hyperalgesia mechanisms.

Zymosan and carrageenan are potent inflammatory stimuli, often used to study inflammation-
induced edema and hyperalgesia in rodents. Carrageenan–induced paw inflammation in mice
and rats has been well studied, and commonly used in the development of non-steroidal anti-
inflammatory drugs (NSAIDs) and coxibs [5,22,24]. In contrast, zymosan – while well studied
in rat paw inflammation models – has not been as extensively utilized in murine footpad studies
[15].

Intraplantar zymosan injection into the hindpaws of mice produces pronounced, dose- and
time-dependent edema (Fig. 1). In contrast, zymosan-induced paw inflammation in rats is
maximal at 0.5–1.0 hr post-injection and returns to baseline at 24–48 hrs [11,12]. The sustained
edema we observe in the mouse paw in response to zymosan administration also differs from
the biphasic response reported for carrageenan-induced edema in the mouse paw [17].

Histologically, the zymosan-injected mouse hindpaws exhibit severe generalized subcutaneous
edema with moderate to severe infiltration of neutrophils, fewer macrophages and minimal
numbers of lymphocytes. These histology results are also similar to the infiltration pattern
observed in zymosan-induced inflammation in a murine air pouch model [10].
Immunohistochemical localization of COX-2 protein in the inflamed hindpaw following
zymosan injection is similar to that observed in the rat paw following carrageenan-induced
inflammation [25].

Parecoxib pre-treatment prior to zymosan injection produces a significant reduction in paw
edema. The parecoxib concentration used in these experiments has been shown to be optimally
effective in several analgesic assays and in a paw edema assay [26]. To determine
unequivocally the role of COX-2 in paw edema in this model, we examined the response in
mice unable to express COX-2. The edema response observed in response to zymosan injection
is also reduced significantly in Cox-2−/− mice, relative to that observed in littermate
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Cox-2+/+ mice; moreover, the reduction in zymosan-induced hindpaw edema in Cox-2−/− mice
over the first 24 hours is similar to that observed in parecoxib-treated wild-type mice (compare
Fig. 5A and Fig. 4A). These data demonstrate that inflammation-induced COX-2 production
does contribute to zymosan-induced paw edema. In contrast to our result with zymosan-
induced edema in Cox-2−/− mice, Dinchuk et al. 1995 [27] reported no differences in
carrageenan-induced edema between Cox-2−/− mice and wild-type littermate controls.

The localized primary hyperalgesia accompanying inflammation induced by intraplantar
zymosan or carrageenan injection is classically monitored by a decrease in paw withdrawal
latency in response to a thermal stimulus [19]. We observe long-lasting (at least 14 days; Fig.
2A) thermal hyperalgesia following intraplantar zymosan injection, in contrast to the more
transient response previously reported in mice [13]. Doses of 1% and 2% zymosan induce
similar hyperalgesia (Fig. 2A), suggesting a maximal primary hyperalgesic response to
zymosan-induced inflammation in the mouse paw occurs at these concentrations.

Primary hyperalgesia in the hindpaw inflammation model is thought to result from release of
pro-inflammatory mediators that include bradykinin, cytokines and prostaglandins [28].
Carrageenan-induced inflammation in the rat hindpaw is accompanied by increased tissue
concentrations of PGE2 and PGI2 [6,29]. Systemic injections of monoclonal antibody to
PGE2, which cannot cross the blood-brain barrier, and rofecoxib, a selective COX-2 inhibitor,
reverse carrageenan-mediated hyperalgesia in this model [6,30] suggesting that COX-2-
dependent prostaglandin production plays a major role in primary hyperalgesia. In contrast to
these results for the rat hindpaw edema model, we observe no parecoxib-mediated reduction
in paw withdrawal latency in mice following intraplantar zymosan injection (Fig. 4B).
Consistent with this observation, Mazario et al. 2001 [14] reported that the selective COX-2
inhibitor rofecoxib is not effective in reversing hyperalgesia to mechanical stimulation in
carrageenan-evoked paw inflammation in mice. Together, these data suggest potential species
differences in the relative contribution of COX-2 to primary hyperalgesia in rodents.

To determine whether the pharmacologic data suggesting that COX-2 does not play a role in
peripheral hyperalgesia (as measured by paw withdrawal latency) in mice following zymosan-
induced paw inflammation are correct, we examined hindpaw withdrawal latency following
intraplantar zymosan injection in Cox-2−/− mice. Zymosan (2.0%) produces profound,
maximal, long-lasting primary hyperalgesia in Cox-2−/− mice (Fig. 5B). Despite a reduction
in the edema response in the hindpaws of Cox-2−/− mice receiving 2% zymosan relative to
their Cox-2+/+ littermates, unambiguous lack of COX-2 expression as a result of Cox-2 gene
deletion has no effect on hindpaw withdrawal latency; zymosan-induced peripheral
hyperalgesia is not mediated by COX-2 dependent pathways in this murine model.

We used the tail-flick latency test to evaluate the role of COX-2 in the central nervous system
component of hyperalgesia during zymosan-induced hindpaw inflammation in the mouse.
Zymosan concentrations of 1% and 2% induce similar reductions in TFL, suggesting a maximal
centrally-mediated hyperalgesic response (Fig. 2B). As reported in other studies in mice [13,
16], we observe elevated COX-2 levels in the brain and spinal cord in response to peripheral
inflammation, as might be expected if COX-2 plays a role in central sensitization. Parecoxib
administration to wild type mice significantly ameliorates central sensitization, measured as
reduction in TFL following intraplantar 2.0% zymosan injection (Fig. 4C). Alternatively,
mechanical stimuli to assess mechanical hyperalgesia and allodynia could be used to study
central mechanisms of COX-2 involvement in this model of peripheral inflammation.

Cox-2−/− mice that have not been injected with zymosan have a significantly longer tolerance
to tail warming than do their littermate controls (Fig. 5), suggesting that “constitutive” COX-2
expression plays a role in centrally mediated pain perception in the absence of any
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inflammation. Recently, Martin et al. 2007 [31] reported, using parecoxib inhibition of COX-2
enzyme activity, that constitutive COX-2 expression mediates central nociception in humans.
Intraplantar zymosan (2%) injection elicits a reduction in tail flick latency in Cox-2−/− mice,
as it does in Cox-2+/+ mice. However, centrally-mediated component of hyperalgesia persists
for a much greater length of time in wild-type mice receiving 2% zymosan than it does in the
Cox-2−/−mice. Further, at this high zymosan dose, deletion of the Cox-2 gene is more effective
at ameliorating central sensitization than is parecoxib administration, suggesting an incomplete
inhibition of COX-2 in the pharmacologic experiment. Both the pharmacologic data and the
data obtained from the Cox-2−/− mouse suggest that COX-2 plays an important role in central
sensitization after peripheral inflammation in the mouse, consistent with reported data for rat
models of inflammation [4,8,32,33].

Conclusion
In conclusion, zymosan injection in the mouse paw induces edema, peripheral COX-2
expression, primary hyperalgesia, central nervous system COX-2 expression and central
sensitization. Pharmacologic and genetic data demonstrate that COX-2 function plays a role
in zymosan-induced edema and the centrally-mediated component of hyperalgesia in this
experimental paradigm. However, despite local COX-2 induction in response to zymosan
injection in the mouse paw, pharmacologic and genetic data demonstrate that lack of COX-2
function does not alter primary hyperalgesia. Murine models in which the COX-2 protein can
be overexpressed in a targeted, cell type specific fashion [34] and, conversely, murine models
in which the Cox-2 gene can be inactivated in a targeted, cell type specific fashion [35], have
been developed recently. Consequently, it should now be possible to determine in which central
nervous system cell types COX-2 function is required for the centrally-mediated component
of hyperalgesia.
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Abbreviations
NSAID  

nonsteroidal anti-inflammatory drug

COX  
cyclooxygenase

COX-1  
cyclooxygenase-1

COX-2  
cyclooxygenase-2

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

HPWL  
hindpaw withdrawl latency

PGE2  
prostaglandin E2
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PGH2  
prostaglandin H2

PGI2  
prostaglandin I2, TFL, tail flick latency
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Fig. 1.
(A) Zymosan (0.5, 1.0 and 2% w/v) induces paw edema following intraplantar injection in
C57BL/6 mice. Zymosan suspensions (30 μl) were injected into the right (ipsilateral) hindpaw
and PBS was injected into the left (contralateral) hindpaw. Paw thickness was measured at the
times shown following zymosan injection. Data are expressed as percent increase in paw edema
and are presented as means ± SEM for 6 mice per group. (B) Western blots were performed
on homogenates prepared from mouse hindpaws at the times shown following intraplantar
zymosan injection (30 μl). 100 μg of total protein was loaded in each well. Antibody to 14-3-3
protein was used as a loading control. (C) Quantification of the data from panel B. Data are
expressed as the ratios of COX-2/14-3-3 intensities from optical density analyses, and are
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presented as means ± SEM for three mice at each time point. (D) RT-PCR for COX-2 mRNA
was performed on homogenates prepared from mouse hindpaws at the times shown following
intraplantar zymosan A injection (2%, 30 μl). GAPDH mRNA was analyzed as a control. (E)
Histological appearance of mouse hindpaws 24 hrs following intraplantar zymosan (2%, 30
μl) and contralateral PBS (30 μl) administration. H&E staining and COX-2 immunostaining
(brown color) are shown for the contralateral paw (left two panels) and the ipsilateral paw
(right two panels). K; keratin layer, E; epidermal layer, Ec; eccrine tubular glands, I; infiltrating
inflammatory cells. Scale bar: 100 μm.

Jain et al. Page 12

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(A) Zymosan-induced thermal hyperalgesia in C57BL/6 mice. Zymosan suspensions (0.5, 1.0
and 2%; 30 μl) were injected into the right (ipsilateral) hindpaw and PBS was injected as a
control treatment into the left (contralateral) hindpaw. Hindpaw (HWL) withdrawal latency
data are expressed as time (in seconds) to paw withdrawal, and are presented as means ± SEM
for 4–6 mice per group. *p<0.01, ipsilateral HWL compared to contralateral HWL (not shown)
at each time point. (B) Tail-flick latency (TFL) following zymosan-induced paw inflammation,
for the mice described in Panel A. TFL data are expressed as means ± SEM for 4–6 mice per
group. *p<0.01 for each time point, compared to TFL prior to zymosan/saline injection.
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Fig. 3.
COX-2 protein accumulation in the brain and spinal cord following intraplantar zymosan
administration in the paws of C57BL/6 mice. Western blots were performed on homogenates
prepared from the brains and spinal cords of mice 24 hrs after intraplantar zymosan injection
(2.0%; 30 μl). 100 μg of total protein was loaded in each well. Antibody to 14-3-3 protein was
used as a loading control.
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Fig. 4.
Effect of parecoxib on (A) hindpaw edema, (B) hindpaw withdrawal latency and (C) tail-flick
latency following intraplantar zymosan administration in the ipsilateral hindpaw and PBS in
the contralateral hindpaw. Parecoxib (20 mg/kg, i.p., 30 min prior to the zymosan challenge)
or vehicle was administered. Data are presented as means ± SEM (6 mice per group). *p<0.01
compared to vehicle-treated group.
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Fig. 5.
Comparison of (A) hindpaw edema, (B) hindpaw withdrawal latency and (C) tail-flick latency
in Cox-2−/− and Cox-2+/+ C57BL6/129 mice, following intraplantar zymosan administration.
(A) Intraplantar zymosan (2%, 30 μl) induced paw edema. Zymosan suspension (2%) was
injected into the right (ipsilateral) hindpaw and PBS was injected as a control treatment into
the left (contralateral) hindpaw. Data are presented as means ± SEM (5–6 mice per group).
*p<0.01 for all values for Cox-2−/− mice when compared to the same time points for
Cox-2+/+ mice. (B) Intraplantar zymosan (2%)-induced Hindpaw withdrawal latency (HWL)
for Cox-2−/− and Cox-2+/+ mice. Data are presented as means ± SEM for 5–6 mice per group.
*p<0.01 for ipsilateral HWLs of Cox-2−/− when compared to ipsilateral HWLs of Cox-2+/+
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mice. (C) Intraplantar zymosan (2%)-induced tail-flick latency (TFL) in Cox-2−/− and
Cox-2+/+ mice. Data are presented as means ± SEM (5–6 mice per group). *p<0.01 for all time
points for Cox-2−/− mice TFL values, when compared to Cox-2+/+ mice. The inset in panel B
shows Western blots for COX-2 and 14-3-3 proteins in the hindpaws of Cox-2−/− mice and
Cox-2+/+ mice 20 hrs after zymosan injection. Note the complete absence of the COX-2 protein
signal in the Cox-2−/− mouse.
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