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IL-33, a new member of the IL-1 family, signals through its receptor
ST2 and induces T helper 2 (Th2) cytokine synthesis and mediates
inflammatory response. We have investigated the role of IL-33 in
antigen-induced hypernociception. Recombinant IL-33 induced cuta-
neous and articular mechanical hypernociception in a time- and
dose-dependent manner. The hypernociception was inhibited by
soluble (s) ST2 (a decoy receptor of IL-33), IL-1 receptor antagonist
(IL-1ra), bosentan [a dual endothelin (ET)A/ETB receptor antagonist],
clazosentan (an ETA receptor antagonist), or indomethacin (a cyclo-
oxygenase inhibitor). IL-33 induced hypernociception in IL-18�/� mice
but not in TNFR1�/� or IFN��/� mice. The IL-33-induced hypernoci-
ception was not affected by blocking IL-15 or sympathetic amines
(guanethidine). Furthermore, methylated BSA (mBSA)-induced cuta-
neous and articular mechanical hypernociception depended on TNFR1
and IFN� and was blocked by sST2, IL-1ra, bosentan, clazosentan, and
indomethacin. mBSA also induced significant IL-33 and ST2 mRNA
expression. Importantly, we showed that mBSA induced hypernoci-
ception via the IL-333 TNF�3 IL-1�3 IFN�3 ET-13 PGE2 signaling
cascade. These results therefore demonstrate that IL-33 is a key
mediator of immune inflammatory hypernociception normally asso-
ciated with a Th1 type of response, revealing a hitherto unrecognized
function of IL-33 in a key immune pharmacological pathway that may
be amenable to therapeutic intervention.

cytokines � inflammation � pain � rheumatoid arthritis � hyperalgesia

IL-33 is a recently described member of the IL-1 family that
includes IL-1� and IL-18. Like IL-1� and IL-18, IL-33 was found

to have strong immunomodulatory functions (1). However, unlike
IL-1� and IL-18, which mainly promote T-helper 1 (Th1)-
associated responses, IL-33 predominantly induces the production
of Th2 cytokines (IL-5 and IL-13) and increases the levels of serum
Ig. IL-33 was recently found to be the ligand for the orphan receptor
ST2 (1), which also is known as T1, DER4, or Fit (2–5). The
interaction between IL-33 and ST2 was sufficient to trigger the
activation of NF-�B and all three MAPKs (p38, ERK1/2, and
JNK1/2) in a mast cell line. In vitro, IL-33 enhanced IL-5 and IL-13
production by polarized Th2, but not Th1, cell lines. In addition, the
administration of human IL-33 into naı̈ve mice provoked innate
type 2 cytokine, IgE production, and eosinophilia (1).

The ST2 gene encodes two isoforms of ST2 protein: ST2L, a
transmembrane form, and soluble ST2 (sST2) (6), a secreted form
that can serve as a decoy receptor of IL-33 (1). ST2L is preferen-
tially expressed on Th2, but not Th1, cells (7, 8) and can profoundly
suppress innate and adaptive immunity (9, 10). ST2 also is ex-
pressed on mast cells, macrophages, and fibroblasts. We have
previously shown that sST2 is a potent inhibitor of collagen-induced
arthritis in mice (11), suggesting that the IL-33–ST2 signaling
pathway is a key mediator of rheumatoid arthritis (RA). Arthritic
lesions are accompanied by movement limitation secondary to
articular hyperalgesia, and there is consistent evidence that cyto-
kines induce hypernociception (hyperalgesia and/or allodynia in
experimental animals) (12–15). Therefore, we have investigated the
role of IL-33 in immune inflammatory hypernociception in mice.

We report here that IL-33 is a key mediator of methylated BSA
(mBSA)-induced cutaneous and articular mechanical hyperno-
ciception. IL-33 mediates hypernociception via the sequential
TNF�3 IL-1�3 IFN�3 endothelin 1 (ET-1)3 prostaglandin
(PG) E2 signaling cascade. These results therefore reveal a
hitherto uncharacterized important pathway of antigen-induced
hypernociception normally associated with Th1 response. Fur-
thermore, our results suggest that IL-33 may be a potential
therapeutic target for immune inflammatory hypernociception.

Results
IL-33 Mediates Cutaneous Mechanical Hypernociception. IL-33 in-
traplantar (i.pl.) injection induced mechanical hypernociception
in mice in a dose- and time-dependent manner (Fig. 1A). The
response was significant from 0.5 h, reaching maximal response
between 3 and 5 h, decreasing thereafter to a control level at
48 h. The IL-33-induced hypernociception was restricted to the
ipsilateral paw at the doses used (data not shown), indicating a
local effect. A 70 ng per paw dose and readout at 3 h were chosen
for subsequent experiments. IL-33-induced cutaneous hyperno-
ciception was significantly inhibited by the treatment with sST2-
Fc, but not by the Fc control (Fig. 1B), indicating the specificity
of the IL-33-induced effect. Furthermore, IL-33-induced cuta-
neous hypernociception was inhibited by local morphine treat-
ment, and the effects of morphine were reversed by naloxone
(opioid receptor antagonist) (Fig. 1C), confirming that the
reaction observed was related to hypernociception. IL-33-
induced hypernociception also was significantly inhibited by IL-1
receptor antagonist (IL-1ra), bosentan, clazosentan, or indo-
methacin, but was not affected by guanethidine (Fig. 1D).
IL-33-induced hypernociception was markedly reduced in
TNFR1�/� (Fig. 1E) and IFN��/� mice (Fig. 1F). In contrast,
IL-33-induced hypernociception was normal in IL-18�/� mice
(Fig. 1G) and was not affected by a blocker of IL-15 (sIL-15R�)
(Fig. 1H). Conversely, IL-15-induced hypernociception (16) was
not affected by sST2 (Fig. 1I). Thus, IL-33-induced hypernoci-
ception depends on IL-1�, TNF�, IFN�, ET, and prostanoids,
but is independent of IL-15, IL-18, and sympathetic amines.

IL-33 Mediates Antigen-Induced Cutaneous Mechanical Hypernocicep-
tion. We next investigated the role of IL-33 in immune inflam-
matory hypernociception. Mice were immunized s.c. and
boosted 7 days later with mBSA or ovalbumin (OVA) in
complete Freund’s adjuvant (CFA) and challenged i.pl. on day
21 with mBSA or OVA, respectively. The mBSA challenge
induced considerable hypernociception that was attenuated by
sST2 in a dose- and time-dependent manner (Fig. 2A). The
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OVA-induced hypernociception also was significantly inhibited
by sST2 (Fig. 2B). Furthermore, the mBSA challenge induced
markedly enhanced expression of IL-33 (Fig. 2C) and ST2 (Fig.
2D) in the injection site. These results suggest that IL-33/ST2
signaling play a significant role in the antigen-induced hyperno-
ciception. Consistent with this finding, mBSA-induced mechan-
ical hypernociception was significantly inhibited by treatment
with IL-1ra, bosentan, clazosentan, or indomethacin (Fig. 2E).
Moreover, mBSA failed to induce hypernociception in
TNFR1�/� (Fig. 2F) or IFN��/� (Fig. 2G) mice.

IL-33 Induces Mechanical Articular Hypernociception. To further
confirm the role of IL-33 in inflammatory hypernociception, we
used a recently described articular mechanical hypernociception
method (17). IL-33 administrated in the tibiotarsal joint induced
dose- and time-dependent articular hypernociception (Fig. 3A).

The IL-33-induced articular hypernociception was inhibited by
treatment with sST2, IL-1ra, bosentan, clazosentan, or indo-
methacin, but not by guanethidine (Fig. 3B). IL-33 also failed to
induce articular hypernociception in TNFR1�/� (Fig. 3C) or
IFN��/� (Fig. 3D) mice. Thus, IL-33 induces cutaneous and
articular hypernociception by the same mechanism.

IL-33 Mediates mBSA-Induced Articular Mechanical Hypernociception.
We then investigated whether IL-33 also mediates antigen-
induced articular hypernociception, a disease model akin to RA.
Mice were immunized and boosted with mBSA, as in Fig. 2, and
challenged intraarticularly (i.a.) in the tibiotarsal joint on day 21
with mBSA. Mice immunized and challenged with mBSA
showed marked hypernociception in an antigen dose- and time-
dependent manner, peaking at 24 h and largely subsiding by 72 h
after the challenge (Fig. 4A). The mBSA-induced articular
hypernociception was significantly reduced by the treatment with
sST2 (Fig. 4B), suggesting the involvement of the IL-33/ST2
pathway. Furthermore, the antigen-induced articular hyperno-

Fig. 1. IL-33 induces mechanical cutaneous hypernociception. (A) Mice
received i.pl. injection of IL-33 (23.3–210 ng per paw). (B) Mice were treated
with sST2 (30–300 �g per mouse) 30 min before IL-33 (70 ng per paw) injection.
(C) Mice were treated with morphine (2–12 �g per paw) 2 h after IL-33
injection. Another group of mice was treated with naloxone (1 mg/kg) 1 h
before morphine (6 �g per paw) treatment, and hypernociception was eval-
uated 3 h after IL-33 injection. (D) IL-33 (70 ng) was injected i.pl. in mice
pretreated with IL-1ra (30 mg/kg i.v.,15 min before IL-33), bosentan (100
mg/kg p.o., 1 h), clazosentan (10 mg/kg s.c.,15 min), indomethacin (Indo, 5
mg/kg i.p., 30 min), and guanethidine (guan, 30 mg/kg s.c.,1 h). (E–G) IL-33
induced minimal hypernociception in TNFR1�/� (E) or IFN��/� (F) mice, com-
pared with WT mice but normal response in IL-18�/� mice (G). (H and I) sIL-15R�

or M4-control protein (30 �g per mouse i.p., 30 min) did not affect IL-33-
induced hypernociception (H) nor did sST2 (100 �g per mouse i.p., 30 min)
affect IL-15 (50 ng per paw)-induced hypernociception (I). Data are means �
SEM (n � 4–6), representative of two independent experiments. *, P � 0.05,
compared with saline group. #, P � 0.05, compared with vehicles group; ƒ, P �
0.05, compared with the lowest dose tested.

Fig. 2. Role of IL-33 in mBSA-induced cutaneous hypernociception. (A)
mBSA-immunized or sham-immunized (sham-Im) mice were treated with sST2
(30–300 �g per mouse/i.p.) or Fc control (300 �g) 15 min before challenged i.pl.
with mBSA (90 �g per paw) or saline (25 �l per paw). (B) OVA-immunized mice
were treated with sST2 (100 �g per mouse/i.p.) or Fc control (100 �g) 30 min
before challenged i.pl. with OVA (3 �g) or saline (25 �l). (C and D) mBSA-
immunized mice were challenged i.pl. with saline or mBSA, and sham-Im mice
received mBSA. The s.c. plantar tissue samples were collected 2 h after chal-
lenge for qPCR analysis of IL-33 (C) and ST2 (D) mRNA expression. (E–G) mBSA
was injected i.pl. in mice pretreated with IL-1ra, bosentan, clazosentan, or
indomethacin at doses described in Fig. 1 (E), and mBSA induced significantly
reduced response in TNFR1�/� (F) or IFN��/� (G) mice compared with WT mice.
Cutaneous hypernociception was evaluated 3 h after antigen challenge oth-
erwise indicated. Data are means � SEM (n � 4–6), representative of two
independent experiments. *, P � 0.05, compared with saline group; #, P �
0.05, compared with vehicles group; ƒ, P � 0.05, compared with the lowest
dose tested.
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ciception also was significantly reduced by IL-1ra, bosentan,
clazosentan, or indomethacin (Fig. 4B). Consistent with the
previous finding, mBSA did not induce articular hypernocicep-
tion in TNFR1�/� (Fig. 4C) or IFN��/� (Fig. 4D) mice.

Molecular Events of IL-33-Mediated Hypernociception. We then in-
vestigated the molecular mechanism by which IL-33 mediates
mechanical hypernociception. We began with TNF�. Data in Fig.
5A show that TNF�-induced hypernociception was markedly in-
hibited by IL-1ra, bosentan, clazosentan, or indomethacin. Fur-
thermore, TNF� failed to induce hypernociception in IFN��/�

mice (Fig. 5B). These results demonstrate that TNF� acts upstream
of IL-1�, IFN�, ET, and PG. We then determined the association
of IL-1� in this cascade of events. We found that IL-1�-induced
hypernociception was significantly blocked by bosentan, clazosen-
tan, or indomethacin (Fig. 5C). However, IL-1� induced normal
hypernociception in TNFR1�/� mice (Fig. 5D), but not in IFN��/�

mice (Fig. 5E). These results show that IL-1� acts upstream of IFN�
and further confirm that IL-1� acts downstream of TNF�. We then
determined the relationship of IFN�, ET, and PG. IFN�-induced
hypernociception was completely blocked by bosentan or indo-
methacin, but was not affected by IL-1ra (Fig. 5F). These results
confirm that IFN� acts downstream of IL-1� and further show that
IFN� acts upstream of ET-1, which is a well known inducer of PG
(18, 19).

To further confirm these results, we ascertained the role of
IL-33 in the induction of TNF�, IL-1�, and IFN� in the mBSA-
or IL-33-induced hypernociception. Mice were immunized,
boosted, and challenged i.pl. with mBSA as above. Some mice
also were injected i.pl. with IL-33. Then 0.5 or 2 h after i.pl.
injection, mice were killed and the plantar tissue was removed
and homogenized, and the concentrations of cytokine were
determined by ELISA. Mice challenged with mBSA produced
significant amounts of TNF�, which was markedly inhibited by
prior treatment with sST2, but not by the Fc control (Fig. 6A).
Consistent with these results, IL-33 also induced significant

Fig. 3. IL-33 induces mechanical articular hypernociception. (A) Mice were
injected i.a. with IL-33 (100–900 ng per joint), and articular hypernociception
was evaluated over 1–24 h. (B) IL-33 (300 ng per joint) was injected in mice
pretreated with sST2, IL-1ra, bosentan, clazosentan, indomethacin, or
guanethidine as described in Fig. 1. (C and D) TNFR1�/� (C) and IFN��/� (D) mice
showed significantly reduced IL-33-induced articular hypernociception, com-
pared with WT mice. Articular hypernociception was evaluated 5 h after IL-33
injection unless indicated otherwise. Data are means � SEM (n � 5), repre-
sentative of two independent experiments. *, P � 0.05, compared with saline
group; #, P � 0.05, compared with controls/WT groups; ƒ, P � 0.05, compared
with the lowest dose tested.

Fig. 4. Role of IL-33 in mBSA-induced articular hypernociception. (A) mBSA-
immunized or sham-Im mice were challenged i.a. with 30–120 �g of mBSA or
25 �l of saline. Articular hypernociception was evaluated after 1–72 h. (B)
mBSA-immunized mice were treated with sST2, IL-1ra, bosentan, clazosentan,
or indomethacin as described in Fig. 1 and then challenged i.a. with 120 �g of
mBSA. (C and D) mBSA failed to induce hypernociception in TNFR1�/� (C) or
IFN��/� (D) mice. Articular hypernociception was evaluated 24 h after mBSA
challenge unless indicated otherwise. Data are means � SEM (n � 5), repre-
sentative of two independent experiments. *, P � 0.05, compared with saline
group; #, P � 0.05, compared with control/WT groups.

Fig. 5. Molecular mechanism of hypernociception. (A) Mice were pretreated
with IL-1ra, bosentan, clazosentan, or indomethacin as described in Fig. 1 and
then injected i.pl. with 100 pg of TNF�. Hypernociception was determined 3 h
after TNF� injection. (B) TNF� failed to induce hypernociception in IFN��/�

mice. (C) Mice were pretreated with bosentan, clazosentan, or indomethacin
before injected i.pl. with 1 ng of IL-1�, and hypernociception was determined
as above. (D and E) IL-1� induced normal hypernociception in TNFR1�/� mice
(D), but failed to do so in IFN��/� mice (E). (F) IFN� (3 ng)-induced hypernoci-
ception was blocked by bosentan and indomethacin, but not by IL-1ra. Data
are means � SEM (n � 5), representative of two independent experiments. *,
P � 0.05, compared with saline group; #, P � 0.05, compared with the
vehicle/WT groups.
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amounts of TNF�, which also was abolished by pretreatment
with sST2 (Fig. 6A). The mBSA challenge also induced signif-
icant amounts of IL-1�, which was not evident when the mice
were pretreated with sST2 (Fig. 6B). Furthermore, the mBSA
challenge failed to induce IL-1� production in TNFR1�/� mice
(Fig. 6B). The i.pl. injection of IL-33 induced significant amounts
of IL-1�, which was again abolished by pretreatment with sST2
(Fig. 6C). IL-33 failed to induce IL-1� in TNFR1�/� mice,
whereas i.pl. injection of TNF� induced significant amounts of
IL-1� (Fig. 6C). Finally, substantial amounts of IFN� were
induced by i.pl. challenge of mBSA or IL-33 (Fig. 6D). Con-
firming the leading role of IL-33 in antigen-induced hypernoci-
ception, mBSA induced IL-33 and ST2 expression (Fig. 2 C and
D), whereas i.pl. injection of TNF�, IL-1�, or IFN� failed to
induce IL-33 or ST2 message as determined by quantitative PCR
(qPCR) (data not shown). Therefore, this series of experiments
established the following cascade of events in immune inflam-
matory hypernociception: antigen3 IL-333 TNF�3 IL-1�3
IFN� 3 ET-1 3 PG.

IL-33 Induces PreproET-1 mRNA Expression and PGE2 Production. To
further confirm the effector mechanism of the IL-33-mediated
hypernociception, we determined the ability of IL-33 to induce
preproET-1 and PGE2. Mice were immunized, boosted, and chal-
lenged i.pl. with mBSA or injected i.pl. with IL-33, TNF�, IL-1�, or
IFN� as described for experiments presented in Fig. 6. Mice were
killed 2 h later, and plantar tissues were harvested. The mRNA of
preproET-1 was assayed by the qPCR and PGE2 level determined
by an RIA. preproET-1 mRNA expression was induced by mBSA,
IL-33, TNF�, IL-1�, and IFN� (Fig. 7A). PGE2 also was induced

by IL-33, and this induction was completely abolished by the
pretreatment of the mice with sST2, IL-1ra, bosentan, clazosentan,
or indomethacin (Fig. 7B). Furthermore, IL-33 failed to induce
PGE2 synthesis in TNFR1�/� or IFN��/� mice (Fig. 7C). There-
fore, these results clearly demonstrate the pivotal role of IL-33 in
the immune inflammatory hypernociception via the TNF� 3
IL-1� 3 IFN� 3 ET-1 3 PGE2 signaling cascade.

Discussion
IL-33 is a newly discovered cytokine that acts through the ST2/IL–
1RAcP (IL-1 receptor accessory protein) receptor complex (1, 20,
21) and is closely associated with Th2-type immune functions (1, 7,
8) and mast cell activation (1, 22, 23). We have previously demon-
strated that Th1 cytokines induce hypernociception, whereas Th2
cytokines such as IL-4 and IL-13 inhibit hypernociception (24–27).
Thus, data presented here showing a pronociceptive role of IL-33
may seem contraintuitive. Furthermore, IL-33 also can induce the
production of IFN�, albeit indirectly via TNF� and IL-1�, suggest-
ing that IL-33 is a pleiotropic cytokine with functions beyond its
dominant role in the induction of Th2 cell activities. This finding
parallels the pleiotropic role of IL-18 (28–30), whose receptor was
found to be selectively expressed on Th1, and not Th2, cells (31).
Interestingly, both IL-33 and IL-18 receptors consists of a common
IL-1RAcP chain, which is essential to induce cell activation and
cytokine production (20, 21, 32) and may confer the pleiotropic
nature of the cytokines. Thus, although IL-33 and IL-18 predom-
inantly act on Th2 and Th1 cells, respectively, these two cytokines
are able to amplify the functions of other cell types depending on
the cytokine milieu and the activation state of the cells.

sST2, a decoy receptor of IL-33, can attenuate experimental
asthma (33) and RA (11). Treatment with sST2 also diminished
LPS-induced production of inflammatory cytokines such as

Fig. 6. IL-33 and mBSA induce proinflammatory cytokine production. (A)
TNF� synthesis in the plantar skin tissue induced by mBSA immunized and
challenged or IL-33 injection was markedly inhibited by pretreatment with
100 �g of sST2. (B) IL-1� synthesis also was inhibited by sST2, and mBSA failed
to induce significant amount of IL-1� in TNFR1�/� mice. (C) IL-1� synthesis was
blocked by sST2. IL-33 failed to induce IL-1� synthesis in TNFR1�/� mice,
whereas TNF� induced IL-1� production. (D) Both mBSA and IL-33 induced
IFN� synthesis. Paw skin samples were collected 0.5–2 h after i.pl. injection.
Doses of antigen and cytokines used were the same as in Figs. 2 and 5. Results
are mean � SEM (n � 5), representative of two independent experiments. *,
P � 0.05, compared with saline group; #, P � 0.05, compared with the Fc or WT
groups.

Fig. 7. IL-33 induces preproET-1 mRNA expression and PGE2 production. (A)
mBSA-immunized or sham-Im mice were challenged i.pl. with saline, mBSA,
IL-33, TNF�, IL-1�, or IFN� (doses as in Fig. 5). Paw skin samples were collected
2 h after challenge and analyzed for preproET-1 (ET-1 precursor) mRNA
expression by qPCR. (B) Mice were pretreated with sST2, IL-1ra, bosentan,
clazosentan, or indomethacin (as in Fig. 1) and then injected i.pl. with IL-33.
PGE2 present in the plantar skin was determined 2 h later by RIA. (C) IL-33
failed to induce significant amount of PGE2 in TNFR1�/� or IFN��/� mice. Data
are means � SEM (n � 5), representative of two independent experiments.
Vehicle group is the mean for all vehicle controls plus Fc control groups. *, P �
0.05, compared with saline group; #, P � 0.05, compared with the control/WT
groups.
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TNF�, IL-1�, and IFN� (9, 34). IL-33 also has been detected in
asthma (35) and in the synovial membrane of patients with RA
(D.X. and F.Y.L., unpublished data). These reports strongly
suggest a proinflammatory role of IL-33. Data reported here
provide the hitherto unrecognized pronociceptive role of IL-33,
a key feature of inflammation exemplified by cutaneous and
articular responses induced by mBSA.

Our results demonstrate that antigen-induced articular hyperno-
ciception can be mediated by IL-33, which in turn triggers the TNF�
3 IL-1� 3 IFN� 3 ET-1 3 PGE2 signaling cascade. We have
previously demonstrated the role of these mediators in hypernoci-
ception (12, 16, 18, 19, 27) and that antigen-induced hypernocicep-
tion also could be mediated by IL-15 (12) and IL-18 (19). IL-15-
induced hypernociception was independent of IL-18 or TNF�, but
was completely dependent on IFN� (12). IL-18-mediated hyper-
nociception was independent of IL-15 and TNF�, but was also
completely dependent on IFN� (19). In contrast, IL-33-mediated
mechanical hypernociception reported here was independent of
IL-15 or IL-18, but was largely dependent on TNF� and IFN�.
Furthermore, considering the demonstrations of IFN�-indepen-
dent effects of IL-15 and IL-18 (36), it is conceivable that IFN�
production also can be triggered independently of IL-15 and IL-18,
as we observed for IL-33. It is likely that IL-15, IL-18, and IL-33 act
in parallel and via distinct initial pathways, but collectively transmit
the hypernociceptive signal through IFN�, which in turn induces the
production of ET-1 and PGE2 (12, 19). These findings are in line
with the multifactorial nature of immune inflammatory hyperno-
ciception, which is mediated by a network of different cytokines
often acting in parallel, in sequence, or maybe in synergy.

Data presented here demonstrate that IL-33 is a hitherto unrec-
ognized cytokine that plays a key role in mediating antigen-induced
mechanical hypernociception. Therefore, IL-33 could be a major
contributor to articular movement limitation in RA. Our demon-
stration that IL-33 induces hypernociception via the TNF�3 IL-1�
3 IFN� 3 ET-1 3 PGE2 pathway not only reveals a previously
uncharacterized signaling pathway but also suggests targets for
potential therapeutic intervention for a range of inflammatory
diseases.

Materials and Methods
Animals. Adult BALB/c, C57BL/6, IL-18�/�, TNFR1�/�, and IFN��/� mice of both
sexes were used in this study. IL-18�/� mice were generated in C57BL/6 mice
and back-crossed to BALB/c mice for eight generations (37). IFN��/� and
TNFR1�/� mice were obtained from The Jackson Laboratory. All mice were
bred and maintained in the Faculty of Medicine of Ribeirao Preto (FMRP) at
the University of São Paulo (USP). Animal care and handling procedures were
in accordance with the International Association for the Study of Pain guide-
lines and with the approval of the FMRP Ethics Committee of the USP.

Reagents. The following materials were obtained from the sources indicated:
murine IL-15 and IFN� (Peprotech); guanethidine, OVA, and mBSA (Sigma–
Aldrich); IL-1� and TNF� (National Institute of Biological Standards and Control);
and indomethacin (Prodome). IL-33 (38); sIL-15R�, a soluble fragment of IL-15R�-
chain lacking transmembrane and cytoplasmic domains; M4 mutant control
protein (39); and sST2, a Fc fusion protein (32), were generated as previously
described. The doses of reagents used in vivo were chosen based on previous
reports (11,16,40–43): 100mg/kgbosentan (p.o.,given1hbefore treatment), 10
mg/kgclazosentan(s.c., 15min),30mg/kgguanethidine (s.c., 1h),30mg/kg IL-1ra
(i.v., 15 min), 5 mg/kg indomethacin (i.p., 30 min), 2–12 �g per paw of morphine
(2 h), 1 mg/kg naloxone (i.p., 1 h), 30–300 �g per mouse of sST2 (i.p., 30 min), 30
�gpermouseofsIL-15R�orM4controlprotein (i.p.,30min),23.3–210ngperpaw
or 100–900 ng per joint of IL-33, and 90 �g per paw or 30–120 �g per joint of
mBSA. In the mBSA-induced articular hypernociception model, the inhibitors
weregivenatthetimeindicatedabove,plusareinforcingdoseat21hexceptsST2
(one treatment only as indicated above). Drug treatments, genetic deficiencies,

and the immunization procedure did not affect the baseline response of the mice
to mechanical stimulation (data not shown).

Electronic Pressure Meter Test. Cutaneous hypernociception. The mechanical
hypernociception test (44) consisted of evoking a hindpaw flexion reflex with a
hand-held force transducer (electronic anesthesiometer, IITC; Life Science)
adapted with a 0.5-mm2 polypropylene tip. The endpoint was the removal of the
paw, followed by clear flinching movements. After the paw withdrawal, the
intensity of the pressure was automatically recorded, and the value for the
response was obtained by averaging three measurements. The animals were
tested before and after treatments. The results are expressed by � withdrawal
threshold (in grams) calculated by subtracting the mean measurements 3 h after
stimulus from the zero-time mean measurements. Withdrawal threshold was
8.6 � 0.5 g (mean � SEM, n � 40) before injection of the hypernociceptive agents.
Articular hypernociception. Experiments were performed as described previ-
ously (17). Similar to cutaneous hypernociception measurement, an increasing
perpendicular force was applied to the central area of the plantar surface,
inducing the flexion of the tibiotarsal joint. A nonnociceptive tip probe with
area size of 4.15 mm2 was used. The results were expressed as the flexion-
elicited withdrawal threshold (in grams).

Immunization Procedure. Mice were injected s.c. with 500 �g of mBSA or 100
�g of OVA emulsified in CFA on day 0. The mice were boosted with the same
preparations on day 7. Control sham-immunized mice received the same
emulsions without mBSA or OVA. Mice were challenged on day 21 by i.pl. or
i.a. injection of 90 �g of mBSA or 3 �g of OVA (16, 43).

Cytokine Measurements. At indicated times after the i.pl. injection of inflam-
matory stimuli, animals were terminally anesthetized, and the plantar skin
tissues were removed and homogenized in 500 �l of buffer containing pro-
tease inhibitors. TNF�, IL-1�, and IFN� concentrations were determined by
ELISA using paired antibodies (BD Bioscience).

Real-Time PCR. qPCR was performed as described (45). Briefly, mice were killed
2 h after i.pl. injection, and the plantar cutaneous hind paw tissues were
harvested. Samples were homogenized in TRIzol reagent, and total RNA was
extracted by using the SV Total RNA Isolation System (Promega). qPCR was
performed in an ABI Prism 7500 sequence detection system by using the
SYBR-green fluorescence (Applied Biosystems). The primers used were: pre-
proET-1 (16), sense: 5�-TGT GTC TAC TTC TGC CAC CT-3�, antisense: 5�-CAC CAG
CTG CTG ATA GAT AC-3�; IL-33, sense: 5�-TCC TTG CTT GGC AGT ATC CA-3�,
antisense: 5�-TGC TCA ATG TGT CAA CAG ACG-3�; ST2, sense: 5�-GCA ATT CTG
ACA CTT CCC ATG-3�, antisense: 5�-ACG ATT TAC TGC CCT CCG TA-3�; and
�-actin, sense: 5�-AGC TGC GTT TTA CAC CCT TT-3�, antisense: 5�-AAG CCA TGC
CAA TGT TGT CT-3�. The expression of �-actin mRNA was used as a control for
tissue integrity in all samples.

Determination of PGE2 Production. Two hours after i.pl. injection of IL-33 or
mBSA, paw skin tissue samples were collected in 0.5 ml of a mixture of acetone,
1 M HCl, and water (10:1:5, vol/vol/vol). After homogenizing with a polytron,
the samples were centrifuged at 2,000 � g for 20 min at 4°C, and the
supernatant was decanted before drying the pellet in a centrifugal evaporator
at 37°C. The pellet was reconstituted in 500 �l of Tris�HCl buffer (1.22% of Tris,
pH adjusted with HCl to 7.8–8.0). The concentrations of PGE2 were deter-
mined by RIA (Amersham) (16).

Statistical Analyses. Results are presented as means � SEM. Each experiment
was performed at least twice. Two-way ANOVA was used to compare the
groups and doses at all times when the hypernociceptive responses were
measured at different times after the stimulus injection. The analyzed factors
were treatments, time, and time versus treatment interaction. One-way
ANOVA followed by Bonferroni’s t test was performed for each time. P � 0.05
was considered significant.
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