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eripheral Formalin Injection Induces Long-Lasting Increases in
yclooxygenase 1 Expression by Microglia in the Spinal Cord

ei-Yu Zhang,* You Wan,† Zhen-Kang Zhang,* Alan R. Light,‡ and Kai-Yuan Fu*
Center for Temporomandibular Disorders and Orofacial Pain, Peking University School and Hospital of
tomatology, Beijing, China.
Neuroscience Research Institute, Peking University Health Science Center, Beijing, China.
Department of Anesthesiology, University of Utah, Salt Lake City, Utah.

Abstract: Activated glia are a source of substances known to enhance pain, including centrally
synthesized prostaglandins. We have previously shown that microglia are activated in the spinal cord
following peripheral formalin injection. In the present study, we investigated cyclooxygenase (COX-1
and COX-2) expression in the spinal cord using immunohistochemistry and Western blots in the
formalin pain model, to further understand how spinal glia modulate pain processing. We show that
both COX-1 and COX-2 are constitutively expressed in the spinal cord. Hind paw formalin injection
increased COX-1 expression, beginning at 1 day after injection and lasting at least 2 weeks, the
duration of experiments. The COX-2 expression changed considerably less, with a significant increase
of COX-2 protein level only observed at 2 h after injection. Double labeling studies showed that
COX-1 was expressed in microglia and COX-2 was expressed in neurons. These data indicate that both
COX-1 and COX-2 are increased in the spinal cord following formalin injection, but the time course
and cellular sources are different, suggesting that both COX-1 (longer time points) and COX-2 (very
short time points) may be involved in spinal modulation in the formalin pain model. Our study also
suggests that spinal microglial activation may play a role in long-term hyperalgesia through the
increased expression of COX-1.
Perspective: This article reports that COX-1 expression by microglia is increased in the spinal cord
after peripheral formalin injection into the rat hind paw. This result could potentially help clinicians
understand how COX-1 may be involved in pain processing and the role microglial activation plays in
pain mechanisms.

© 2007 by the American Pain Society

Key words: Formalin test, pain, prostaglandins, glia, COX-1, COX-2.
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rostaglandins (PG) are involved in peripheral mech-
anisms of hyperalgesia. Recently it has been increas-
ingly accepted that prostaglandins also play a role

n spinal mechanisms of hyperalgesia. Prostaglandin E2

PGE2) is synthesized in the spinal cord after acute noci-
eptive stimulation, peripheral inflammation, intrathe-
al injection of substance P, and mechanical injury to the
pinal cord.6,11-13,15,16,24,25,30,31,38,41 Spinally synthesized
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nd released PGE2 has been shown to increase release of
xcitatory neurotransmitters in the spinal cord28,34 as
ell as directly depolarize dorsal horn neurons,1 there-

ore leading to central sensitization in the pain pathway,
esulting in augmented pain responses to a normally
ainful stimuli (hyperalgesia) and pain responses to nor-
ally nonpainful stimuli (allodynia).
Prostaglandin E2 is produced upon metabolism of ara-

hidonic acid by cyclooxygenase (COX), an enzyme that
onsists of 2 isoforms, COX-1 and COX-2. Recently,
OX-3, a COX-1 splice variant, has been shown to exist in
he spinal cord and may therefore also play a role in
entral pain processing.5,27 In general, COX-1 is constitu-
ively expressed in almost all tissues and considered to be
rimarily responsible for prostaglandin synthesis re-
uired for cell homeostasis, and COX-2 is highly inducible
n response to cytokines, growth factors, and other in-
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ammatory stimuli.32,33 In inflammatory pain animal
odels, hind paw injection of complete Freund’s adju-

ant (CFA) or carrageenan produces mechanical allo-
ynia and thermal hyperalgesia that is linked to in-
reases of COX-2 mRNA and protein levels in the lumbar
pinal cord.2,12,16,17,25,26 The inflammation-induced pain
ehaviors could be attenuated or reduced by intrathecal
dministration of COX-2 inhibitors.16,25,26,38,40 In con-
rast, COX-2 expression in the dorsal horn of the spinal
ord does not markedly change after spinal nerve in-
ury.4,42 Also, the selective COX-2 inhibitor rofecoxib
ailed to attenuate pain behaviors in this model.4 Inter-
stingly COX-1 expression as demonstrated by immuno-
istochemistry was increased in the spinal dorsal horn
fter hind paw incision injury and spinal nerve ligation
njury.43,44 Intrathecally administering ketorolac, a rela-
ively specific COX-1 inhibitor, and the specific COX-1
nhibitor SC569 dose dependently increased the mechan-
cal withdrawal threshold in the incision pain model.43 It
s very likely that both COX-1 and COX-2 are inducible
fter peripheral nociceptive stimulation and that both
re involved in spinal pain mechanisms although the cel-
ular sources and the role in pain transmission may be
ifferent.
In the central nervous system, COX-1 is constitutively
resent in ependymal cells, vascular endothelia, micro-
lia, astrocytes, and some neurons under normal condi-
ions.18 Cyclooxygenase 1 was up-regulated after hind
aw incision injury and spinal nerve ligation injury, and
he sources of COX-1 were from glial cells as judged by
ell morphology.43,44

There is mounting evidence that glia within the spinal
ord create and maintain pathologic pain, and it has
een hypothesized that activated glia can release a vari-
ty of substances known to enhance pain although the
etails by which they enhance pain are not yet
lear.22,23,35 In our previous studies, hind paw injection
f formalin produced long-lasting hyperalgesia and as-
ociated microglial activation in the lumbar spinal
ord.10,11 From that evidence, we hypothesized that mi-
roglial activation may play a role in spinal pain mecha-
isms through the release of COX-1 enzyme. In the
resent study, we investigated COX-1 as well as COX-2
xpression in the lumbar spinal cord by immunohisto-
hemistry and Western blot analysis, using a formalin
ain animal model, to further understand how spinal
lia modulates pain processing.

aterials and Methods

nimals and Treatments
Experiments were performed on adult (200-225 g)
ale Sprague-Dawley rats. All rats were housed at a

onstant temperature of 22°C on a 12/12-h light/dark
ycle with food and water available ad libitum. Exper-
mental rats were given subcutaneous injections of 100
L 5% formalin (diluted in .9% saline) into the plantar
urface of the right hind paw, and control rats were
njected with 100 �L .9% saline instead of formalin.

njections were made without anesthesia. The treat- (
ent and care of all animals used in the study were
pproved by, and followed the guidelines of, the Pe-
ing University Medical Sciences Center Animal Wel-
are Committee.

mmunohistochemistry
Twenty-four rats (4 rats at each time point) were
iven subcutaneous injections of 100 �L 5% formalin

nto the right hind paw. Tissue was collected from
hese rats at hours 2 and 6 and days 1, 3, 7, and 14 after
ormalin injection. Rats were killed with an overdose
f pentobarbital sodium and then subjected to trans-
ardiac perfusion (250 mL body-temperature .1 mol/L
hosphate-buffered solution (PBS) pH 7.4 followed by
00 mL ice-cold 4% paraformaldehyde/4% sucrose in

1 mol/L PBS pH 7.4). Four control rats were injected
ith 100 �L .9% saline and killed and perfused at 1 day
fter formalin injection. After perfusion, the lumbar
pinal cord (L4-5) was removed, postfixed in 4% para-
ormaldehyde fixative for 4 h, and then placed in a
0% sucrose solution (in .1 mol/L PBS) overnight at 4°C.
orty-micrometer-thick tissue sections were cut trans-
ersely on a cryostat and processed for COX-1 and
OX-2 immunohistochemical staining using the avi-
in-biotin technique (Elite Kit; Vector, Burlingame,
A).
For COX-1 immunohistochemistry, sections were pre-

ncubated with .1 mol/L PBS pH 7.4 containing 5% nor-
al horse serum (NHS) for 60 min at room temperature

fter being pretreated with .3% H2O2 in methanol for
0 min. Then tissues were incubated for 3 days at 4°C in
mouse monoclonal antiovine COX-1 antibody (1:300,

atalog no 160110; Cayman, Ann Arbor, MI) diluted in
BS containing .3% Triton-X 100 and 5% NHS. The
ntibody is known to cross-react with ovine, human,
ovine, rat, murine, and monkey COX-1. Subsequently,
he sections were incubated with the secondary bio-
inylated horse antimouse IgG (rat adsorbed; Vector
ab) overnight at 4°C. Sections were washed 3 times
ith PBS containing .3% Triton-X 100 between incu-
ation steps. 3,3=-diaminobenzidine (DAB) was used as
he chromagen. For COX-2 immunohistochemistry, the
taining procedure was the same as for COX-1 except
or the following procedures: 1) Blocking buffer was
0% normal goat serum (NGS) in PBS containing .3%
riton-X 100; 2) primary antibody polyclonal rabbit an-
imurine COX-2 (1:1000, catalog no 160126; Cayman)
iluted in PBS containing .3% Triton-X 100 and 10%
GS was used and incubated at 4°C for 2 days; and 3)

he secondary biotinylated goat antirabbit IgG was in-
ubated at 4°C overnight. The antibody to COX-2 is an
ffinity-purified polyclonal antibody raised against a
eptide corresponding to amino acids 584-598 of mu-
ine COX-2 and is known to cross-react with homolo-
ous regions of human, ovine, rat, and murine COX-2
ut not COX-1. Control sections without primary anti-
odies, omission of primary antibody or replacement
f primary antibody by normal horse/goat serum were
lways negative. All of the tissues for each time point

6 experimental rats and 1 saline-injected control rat)
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112 Pain-Related Expression of COX-1 by Microglia
ere processed for immunohistochemical staining to-
ether to ensure consistency in staining.
For double immunofluorescence, 30-�m-thick spinal

ections from formalin-injected animals at 2 h, day 3,
nd day 14 were incubated with polyclonal antiCOX-1
ntibody (1:400, catalog no 160109; Cayman), or
OX-2 antibody (1:400, catalog no 160126; Cayman)
or 2 nights at 4°C and monoclonal neuronal-specific
uclear protein (NeuN) (neuronal marker, 1:800;
hemicon), GFAP (astrocyte marker, 1: 400; Dako), and
X-42 (microglia marker, 1:200; Serotec) for 1 night at
°C, followed by a mixture of FITC- and TRITC-conju-
ated secondary antibodies (Jackson) for 40 min at
7°C. The stained sections were examined with Bio-
ad confocal microscopy, and images were captured
ith a CCD spot camera.

estern Blotting
The animals were killed by decapitation at 2 and 6 h

nd 1, 3, 7, and 14 days after injection (6 rats at each
ime point). Another 6 control rats were injected with
aline in the paw, instead of formalin and were killed 1
ay after injection. Lumbar enlargement segments of
he spinal cord were removed, quickly frozen in liquid
itrogen and stored at �80°C for later use. The L4-5
pinal cord segment was first isolated. Then the spinal
egment was cut into a left and right half from the
entral midline. Finally, the right half was further split
nto the dorsal and ventral horn at the level of the
entral canal. The dorsal horns were homogenized in
0 mmol/L Tris/HCl, 2 mmol/L EDTA, pH 7.4, 1 mmol/L
henylmethyl-sulfonyl fluoride, and 10 �g/mL leupep-
ine and sonicated 4 � 15 s at 30% power. After re-
oval of cellular debris, protein from combined nu-

lear and microsomal fractions was obtained by
entrifugation at 100,000g for 1h. A 60 �g sample of
rotein that was quantified by BCA protein assay kit
PIERCE) was submitted to SDS–polyacrylamide gel
lectrophoresis (5% stacking, 12% separation gel) and
ransfered to PVDF filter (Millipore) by semidry blot-
ing. The membrane was blocked with 5% bovine se-
um albumin (BSA)/Tris-buffered saline (TBST) pH 7.6
or 1 h at room temperature and incubated overnight
t 4°C with the rabbit polyclonal antiCOX-1 antibody
Cayman) diluted 1:500 in 5% BSA/TBST or with the
abbit polyclonal antiCOX-2 antibody (Santa Cruz) di-
uted 1:500 in 5% BSA/TBST. Immunoreactive proteins
ere detected using horseradish peroxidase– conju-
ated antirabbit secondary antibody and visualized us-

ng chemiluminescence reagents provided with the lu-
inol reagent (Santa Cruz) according to the
anufacturer’s protocol and exposed onto films for

-10 min.

tatistical Analysis
For the quantification of Western blotting results,

he COX-1 and COX-2 bands were scanned into a com-
uter and the density of the blot calculated by Total

AB 1.00 software. Values for COX-1 and COX-2 were t
orrected for �-actin values and expressed as fold in-
rease compared with the respective saline-injected
ontrols with. All data were reported as mean � SEM.
ix rats were included in each time point and differ-
nces between time points were compared using
ne-way analysis of variance (ANOVA) with post hoc
onferroni test. The criterion for statistical signifi-
ance was P � .05.

esults

lantar Hind Paw Formalin Injection
nduced Long-Lasting Increased COX-1
xpression by Microglia
Cyclooxygenase 1 was constitutively expressed and

aint labeling was observed in the spinal cord in saline-
njected control rats (Fig 1A). The COX-1 immunoreactiv-
ty was located mainly in cells with glial morphology in
oth the dorsal and the ventral horn, and in the white
atter as well. The COX-1–immunoreactive (COX-1-IR)

lial-like cells were distributed throughout the gray mat-
er but were much more obvious in the superficial dorsal
orn (Fig 1).
Hind paw formalin injection dramatically increased
OX-1 expression as observed with immunohistochemis-
ry (Fig 1) and Western blot analysis (Fig 2). Increases
ere observed on day 1 after injection and lasted at least
weeks, the length of the experiments. The COX-1 im-
unoreactivity was increased more in the medial por-

ion of the ipsilateral spinal dorsal horn. The increased
OX-1-IR cells appeared to be in an activated state (re-
racted processes, swollen cell bodies, and clearly hyper-
rophic) and intensely stained (Figs 1C and 1D).
To identify the cell types that expressed COX-1 after
eripheral formalin injection, we performed immunoflu-
rescence staining for COX-1 (Fig 3A) and double immu-
ostaining of COX-1 on days 3 and 14 after injection with
everal cell-specific markers: NeuN (neurons), GFAP (as-
rocytes), and OX-42 (microglia). Cyclooxygenase 1 did
ot colocalize with either NeuN or GFAP (Figs 3B and 3C)
ut colocalized with OX-42 (Figs 3D-3F). At 2 weeks,
OX-1 expression still colocalized only with OX-42 (Fig
G), indicating no change in the types of cells expressing
OX-1. These results indicated that spinal COX-1 was ex-
ressed by microglia.

lantar Hind Paw Formalin Injection
nduced a Rapid Increase in COX-2
xpression by Neurons
COX-2 was also constitutively expressed in the spinal

ord in control rats (Fig 4A). Following hind paw formalin
njection, COX-2 expression was slightly increased in the
psilateral side of the spinal dorsal horn as observed with
mmunohistochemistry (Fig 4B) but changed consider-
bly less at several later time points. By double labeling
OX-2 and NeuN (neuronal marker), COX-2 was com-
letely colocalized with NeuN (Figs 4C-4E), not with ei-

her GFAP or OX-42. By Western blotting, a significant
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ncrease of COX-2 protein level in the dorsal spinal cord
as detected only at 2 h after injection (Fig 5).

iscussion
In the present study, hind paw formalin injection

aused a rapid short-duration increase (within 2 h) of
OX-2 protein expression by neurons in the spinal cord. It
lso caused a later dramatic increase in COX-1 expression
n microglia on the ipsilateral side of the dorsal horn,
redominantly in the medial portion of the superficial

igure 1. COX-1 immunoreactivity (IR) changes over time in the
A) Saline-injected control animal: small cells in the dorsal horn s
njection. (C) Glia-like cells deeply stained with COX-1, and morp
he spinal dorsal horn at day 3. (D) Strong increases in COX-1 IR

igure 2. Western blot bands (A) and quantification analysis (B)
eveal that COX-1 protein levels increase from 1 day and remain
levated for 2 weeks after injection. The �-actin data shown are
sed as a comparison standard. One-way ANOVA: F � 15.42; df
t41. **P � .01, compared with control.
umbar dorsal horn, the region representing the paw of
he hindfoot. The increase of COX-1 protein in the spinal
orsal horn began at 1 day after injection and lasted at

east 2 weeks. The time course of spinal COX-1 expression
aused by formalin injection closely matched the long-
erm pain behavior and microglia activation observed
ith OX-42 labeling which we and others have reported
reviously.9,11,29,37

he Formalin Test as Both a Short-Term
nflammatory Pain and a Long-Term
njury Pain Model
Injection of formalin into the rat’s hind paw produces 3
hases of nociceptive behavior. Most reports have used
nly the first 2 phases of the formalin test to study both
eripheral and central hyperalgesia. These first 2 phases
re used extensively as an inflammatory pain model.7

he first phase lasts 5-10 min and consists of paw guard-
ng, flinching, and biting. Following a quiet period, the
econd phase begins, lasts 1-1.5 h, and consists of overt
aw licking and biting. Peripheral inflammatory pro-
esses are involved in the second phase and the central
ensitization observed during this period plays an impor-
ant role in the formalin-induced hyperalgesia.36 After
he second phase, the animal emits no further overt pain
ehavior. The injected surface of the foot becomes anes-
hetic at this time, suggesting nerve as well as tissue
amage. However, testing of the opposite surface of the
oot (inject dorsal, measure plantar) demonstrates that
he paw remains hyperalgesic and allodynic for 8-20 h. At
4 h, the rat exhibits normal pain behavior, but at 48 h
fter injection, hyperalgesia and allodynia are again de-

teral side of the spinal dorsal horn following formalin injection.
ly stained. (B) COX-1 IR mildly increased at day 1 after formalin
gy clearly hypertrophic, in the superficial and medial portion of
in the superficial dorsal horn at 2 weeks. Scale bar 80 �m.
ipsila
light
ected, and these pain behaviors remain for up to 4
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114 Pain-Related Expression of COX-1 by Microglia
eeks.10,11 We interpret this long-term pain as having
ome similarities and some differences to that produced
y incision injury and nerve injury models. In those mod-
ls, microglial activation and COX-1 over-expression in
he spinal dorsal horn is also found.43,44 In our formalin
odel, we have previously reported microglial activation
eginning at day 1 after injection.10,11 The present study
emonstrates increasing microglia expression of COX-1

n the spinal dorsal horn at 1 day after injection. Because
ain behavior does not appear until a day after the initial
OX expression increases (pain behavior does not in-
rease until day 2), it appears that sufficient COX-1 ex-
ression may be required to synthesize enough PG to
nhance central sensitization in the pain pathway, ulti-
ately resulting in augmented pain responses. As with

ome other injury models, the formalin model represents
mixed inflammatory, tissue injury, and nerve injury
odel.

OX-2 Is Increased in Neurons at Early
ime Points During Inflammation Caused
y the Formalin Model and Other

nflammatory Pain Models
As reported by others,3,20,25 COX-2–immunostained

ells in the spinal cord were neurons. As in other re-
orts, we found little or no COX-2 in glial cells at any

igure 3. Formalin injection induces microglia expressing COX-1
taining for COX-1 in the medial portion of the spinal dorsal ho
f COX-1 with NeuN (red, B), a marker of neurons, and GFAP (
ctivated microglia labeling intensively with OX42: COX-1 (gree
OX-1 and OX-42 on day 14 after injection.
ime before or after our formalin injury model. d
COX enzymes have been previously studied exten-
ively with inflammatory models. These models used
reund’s adjuvant or carrageenan injections to pro-
uce a relatively selective inflammation of peripheral
issues and/or joints. In the central nervous system,
onstitutive COX-2 is considered the predominant
soform of COX and is highly regulated by different

ediators.14,19,25 After experimental induction of pe-
ipheral inflammation, a significant induction of
OX-2 gene expression and protein expression and
ynthesis of PGs in the spinal cord has been observed in
everal laboratories.2,8,12,13,16,17,25,26,38 The induction
f COX-2 mRNA is rapid, being maximal at 2-4 or 6 h
fter CFA or carrageenan injection.2,12,17,25 The maxi-
um elevation of COX-2 protein levels was observed

2 h after the induction of arthritis or CFA-induced
ind paw inflammation,8,25 with a slow return to base-

ine by about 72 h.2

Using the mixed model of formalin paw injection,
ntraperitoneal administration of ibuprofen reduced
aw flinching and blocked the elevated levels of
GE2-LI from the spinal cord.21 Both the nonselective
OX inhibitor indomethacin and selective COX-2 in-
ibitor NS-398 administered intrathecally or intraperi-
oneally 10 min before formalin injection, inhibited
he formalin induced phase 2 flinching behavior in a

e ipsilateral side of the spinal dorsal horn. Immunofluorescence
). Scale bar 100 �m. (B-C) Double immunofluorescence labeling
), a marker of astrocytes. (D-F) COX-1 immunofluorescence in
, OX42 (red, E), and merged (yellow, F). (G) Double labeling of
in th
rn (A
red, C
ose-dependent manner.39 These reports suggest that
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OX-2 is important in mediating at least early pain
ehavior evoked by the formalin pain model.
Consistent with the results of these inflammation stud-

es, in the present study COX-2 was induced rapidly and
as significantly elevated at 2 h after formalin injection.

igure 4. COX-2 is expressed in the ipsilateral side of the spinal
njection (B), showing that COX-2-IR cells increased in both the s
mmunofluorescence labeling of COX-2 (green, C) at 2 h after fo
ompletely merged with NeuN (yellow, E).

igure 5. Western blot bands (A) and quantification analysis (B)
eveal COX-2 protein levels increase only at 2 h after injection.
he �-actin data shown are used as a comparison standard.
ne-way ANOVA: F � 6.806; df � 34. **P � .01, compared with
tontrol.
OX-1 Is Increased at Later Time Points
nd Remains Increased for Several Days
r Weeks in the Formalin Model and in

njury and Neuropathic Pain Models,
ossibly Mediating This Enhanced Pain
Unlike COX-2, we found that COX-1 was expressed
y microglia and expression increased at a later time
oint and remained elevated for at least 2 weeks after
ormalin injection. When administered either before
r after formalin injection into the hindpaw, intrathe-
al administration of the specific COX-1 inhibitor SC-
60 (100 �g) increased paw withdrawal threshold to
ontrol levels on day 3 after formalin injection. Nor-
ally, formalin injection causes greatly decreased paw
ithdrawal thresholds on day 3 after injections. How-
ver, the COX-2 inhibitor NS-398 (50 �g) had no such
ffect (data not shown). These data suggest that
OX-1, but not COX-2, may mediate long-term
nhanced pain. Cyclooxygenase 2, however, may me-
iate early pain enhancement, as described in the pre-
eding section. These data also suggest that COX-2
xpression at an early time point is not necessary for

ater COX-1 expression or long-term pain enhance-
ent.
Cyclooxygenase 1 has also been found to increase in

he ipsilateral spinal dorsal horn days after paw incision
njury and peripheral nerve injury. As in our experiments,
OX-1 elevation was associated with mechanical hyper-
ensitivity, and preoperative inhibition of COX-1 reduced

al horn in a saline-injected animal (A) and at 2 h after formalin
ficial and the deep dorsal horn. Scale bar 160 �m. (C-E) Double
n injection with NeuN (red, D), a marker of neurons. COX-2 was
dors
uper
he hyperalgesia.43-45 Moreover, COX-2 expression in the



s
s

i
fl
e
n

p
l
l
fi
d
d
t
t
n
t

e
t
f
P
t
c
n
p

C
s
c
t
g
d
l
g

R

1
o
r

2
S
r
3

3
S
g
r

4
W
i
9

5
s
a
r
A

6
N
E
2

7
s
b

8
N
d
u
r

9
r
h

1
c

116 Pain-Related Expression of COX-1 by Microglia
pinal dorsal horn did not markedly change following
pared nerve injury (SNI) neuropathic pain model.4

Thus, it is possible that COX-2 expression is important
n mediating enhanced pain caused by peripheral in-
ammation at least at early time points, whereas COX-1
xpression is important in mediating pain caused by
erve injury.
However, it is possible that both COX-2 and COX-1
lay important roles in long-term hyperalgesia, at

east in the formalin model. Previous studies in our
aboratory have shown that afferent input during the
rst 2 h after the formalin injection is necessary for the
evelopment of long-term hyperalgesia and allo-
ynia.10 Thus, it is possible that neural events during
he first 2 h are necessary but not sufficient for long-
erm pain and that the expression of both COX-2 in
eurons for short-term pain and COX-1 by microglia in

he longer term are necessary and sufficient for the t

iceptor activity, peripheral edema, spinal microglial activa-

t
N

1
a
j

1
B
g
v
N

1
i
s
b

1
f

1
s
p
1

1
K
c
e
h

1
T
n
t

1
a
h

1
P
r
s

2
K
u

stablishment of the entire pain behavior profile in
he formalin injection model. The COX enzymes do not
unction in isolation but catalyze the production of
GE2, and through this mechanism they may enhance
he release of other pain modulators by spinal astro-
ytes and microglia, such as interleukin 1�, tumor
ecrosis factor �, nitric oxide, and adenosine triphos-
hate.22,23,35

In summary, the present data confirmed that both
OX-1 and COX-2 were constitutively expressed in the
pinal cord.2,3,8,20,38 Both COX-1 and COX-2 are in-
reased in the spinal cord after formalin injection, but
he time course and cellular sources are different, sug-
esting that both COX-1 and COX-2 may be involved in
ifferent modes of spinal pain modulation in the forma-

in pain model. Our study also suggests that spinal micro-
lial activation may play a role in pain processing

hrough the increased expression of COX-1.
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