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The hypernociceptive effects of cytokines [TNF-�, keratinocyte-
derived chemokine (KC), and IL-1�] and their participation in
carrageenan (Cg)-induced inflammatory hypernociception in mice
were investigated. Nociceptor sensitization (hypernociception)
was quantified with an electronic version of the von Frey filament
test in WT and TNF receptor type 1 knockout mice (TNF-R1�/�).
TNF-�-induced hypernociception was abolished in TNF-R1�/� mice,
partially inhibited by pretreatment with IL-1 receptor antagonist
(IL-1ra) or indomethacin and unaffected by Ab against KC (AbKC)
or guanethidine. IL-1ra and indomethacin pretreatment strongly
inhibited the hypernociception induced by IL-1�, which was not
altered by AbKC or guanethidine or by knocking out TNF-R1.
KC-induced hypernociception was abolished by AbKC, inhibited by
pretreatment with indomethacin plus guanethidine, and partially
inhibited by IL-1ra, indomethacin, or guanethidine. In contrast,
KC-induced hypernociception was not altered by knocking out
TNF-R1. Cg-induced hypernociception was abolished by adminis-
tration of indomethacin plus guanethidine, diminished in TNF-
R1�/� mice, and partially inhibited in WT mice pretreated with
AbKC, IL-1ra, indomethacin, or guanethidine. TNF-�, KC, and IL-1�
concentrations were elevated in the skin of Cg-injected paws. The
TNF-� and KC concentrations rose concomitantly and peaked
before that of IL-1�. In mice, the cytokine cascade begins with the
release of TNF-� (acting on TNF-R1 receptor) and KC, which stim-
ulate the release of IL-1�. As in rats, the final mediators of this
cascade were prostaglandins released by IL-1� and sympathetic
amines released by KC. These results extend to mice the concept
that the release of primary mediators responsible for hypernoci-
ception is preceded by a cascade of cytokines.

inflammation � prostaglandins � TNF � hyperalgesia � pain

Cytokines are produced by various cells types in response to
a variety of stimuli and constitute a link between cellular

injury or recognition of nonself and the development of local and
systemic signs and symptoms of inflammation (1–5). Acute
inflammatory pain is characterized by hypernociception due to
the sensitization of primary sensory nociceptive neurons, also
referred to as hyperalgesia or allodynia (6). After tissue injury,
specific primary mediators are released that act on membrane
neuronal metabotropic receptors to trigger the activation of
second messenger pathways. Eicosanoids and sympathetic
amines are the most important primary mediators ultimately
responsible for mechanical hypernociception in rats (7–9). These
mediators activate second messenger pathways (cAMP, protein
kinase A, and PKC) responsible for lowering the nociceptor
threshold and increasing neuronal membrane excitability. In this
state, nociceptor activation and impulse transmission by the
primary nociceptive neurons are facilitated (7, 10–17).

In the last decade, it has been shown that inflammatory stimuli
do not directly stimulate the release of primary hypernociceptive
mediators but that their release is preceded by a cascade of
cytokines (18). In this context, our group developed the concept
that, in rats, inflammatory stimuli cause mechanical hypernoci-
ception by a well defined sequential release of cytokines. It was

shown in rats that carrageenan (Cg) induces mechanical hyper-
nociception through a cascade of cytokines released by resident
or migrating cells initiated by production of bradykinin (19). The
first cytokine released is TNF-�, which triggers the release of
IL-6�IL-1� and cytokine-induced neutrophil chemoattractant-1
(CINC-1) responsible for stimulation of the synthesis of pros-
taglandins and release of sympathetic amines, respectively (20–
22). The suggestion of a cascade of cytokines was further
supported by data from rat paws and tail models. In mechanical
(von Frey filaments) and thermal (hot plate) hypernociception
induced by complete Freund’s adjuvant, there was a sequential
release of TNF-�3IL-1�3nerve growth factor (23, 24). Also,
systemic administration of LPS (i.p.) sensitized rat tail f lick
responses by means of TNF through releases of IL-1� (25, 26).

These experiments strongly suggest that in rats there is a
cascade of release of cytokines that constitutes a link between
the injuries and the release of primary hypernociceptive medi-
ators. This concept allows us to understand why the inhibition of
one (IL-1� or TNF-�) or several (glucocorticoids) cytokines
causes analgesia (27–30). The clinical success of anti-TNF-� in
rheumatoid arthritis also exemplifies this concept (31), which
opposes to the idea that inflammatory hyperalgesia results from
a ‘‘soup of mediators.’’ The relevance of this concept, however,
depends on its confirmation in species other than rats. In mice,
writhing responses to zymosan and acetic acid were mediated by
TNF-�, IL-1�, and IL-8, but these cytokines appeared not to be
released sequentially but, rather, were acting concomitantly and
synergistically (32). This discrepancy might be a result of the
different tests applied or be a species difference or both.

Recently, we adapted an electronic anesthesiometer to detect
mechanical inflammatory hypernociception in mice. This tech-
nique detects inflammatory hypernociception and allows the
quantification of peripheral analgesic drugs with different mech-
anisms of action (33). In the present study, this mechanical
method was used to investigate the hypernociceptive effects of
TNF-�, IL-1�, and keratinocyte-derived chemokine (KC) (rat
CINC-1 and human IL-8-related chemokine) (34–36) and their
role in Cg-induced inflammatory mechanical hypernociception
in mice. In an attempt to further clarify the role of the cytokines
in hypernociception, knockout mice for TNF receptor type 1
(TNF-R1�/�) were tested because this receptor has been shown
to participate in neurophatic pain after nerve injury (37).

Methods
Nociceptive Mechanical Test. We use the term hypernociception
rather than hyperalgesia or allodynia to define nociceptor sen-
sitization (38). Mechanical hypernociception was tested in mice
as reported in ref. 33. In a quiet room, mice were placed in acrylic
cages (12 � 10 � 17 cm) with wire grid floors 15–30 min before

Abbreviations: Cg, carrageenan; TNF-R1�/�, TNF receptor type 1 knockout; KC, keratino-
cyte-derived chemokine; AbKC, Ab against KC; i.pl., intraplantar; CINC-1, cytokine-induced
neutrophil chemoattractant-1; IL-1ra, IL-1 receptor antagonist.

§To whom correspondence should be addressed. E-mail: shferrei@fmrp.usp.br.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0409225102 PNAS � February 1, 2005 � vol. 102 � no. 5 � 1755–1760

PH
A

RM
A

CO
LO

G
Y



the start of testing. The test consisted of evoking a hindpaw
flexion reflex with a hand-held force transducer (electronic
anesthesiometer, IITC Life Science, Woodland Hills, CA)
adapted with a 0.5-mm2 polypropylene tip. The investigator was
trained to apply the tip perpendicularly to the central area of the
hindpaw with a gradual increase in pressure. The end point was
characterized by the removal of the paw followed by clear
flinching movements. After the paw withdrawal, the intensity of
the pressure was automatically recorded. The value for the
response was obtained by averaging three measurements. The
animals were tested before and after treatments. The results are
expressed by the � withdrawal threshold (in grams) calculated by
subtracting the zero-time mean measurements from the time
interval mean measurements. Withdrawal threshold was 9.8 �
0.5 g (mean � SEM; n � 30) before injection of the hyperno-
ciceptive agents.

Cytokine Measurements. At indicated times after the inflamma-
tory stimuli injection, animals were killed, the skin tissues were
removed from the injected and control paws (saline and naive).
The samples were homogenized in 500 �l of the appropriate
buffer containing protease inhibitors, and TNF-�, IL-1�, and
KC levels were determined by ELISA as described in ref. 23. The
results are expressed as picograms of each cytokine per paw. As
a control, the concentrations of these cytokines were determined
in naive mice and animals injected with saline.

Experimental Protocol. Mechanical hypernociception was mea-
sured in mice before and after the intraplantar (i.pl.) injection of
one of the following substances: Cg (30–300 �g per paw), TNF-�
(1–1,000 pg per paw), KC (1–10 ng per paw), and IL-1�
(10–1,000 pg per paw). The antihypernociceptive effects of
indomethacin (5 mg�kg delivered i.p. 30 min before stimuli
injection), a standard cyclooxygenase inhibitor; guanethidine (30
mg�kg delivered s.c. 60 min before stimuli injection), a sympa-
thomimetic neuron-blocking agent (39); Ab against KC (AbKC;
500 ng in 15 �l delivered i.pl. 5 min before stimuli injection); and
IL-1 receptor antagonist (IL-1ra; 500 ng in 15 �l delivered i.pl.
5 min before stimuli injection) on the hypernociceptive effects of
Cg (100 �g), TNF-� (100 pg), KC (10 pg), and IL-1 � (1,000 pg)
were investigated. The hypernociception was determined 3 h
after the i.pl. injections of the stimuli. The hypernociceptive
effects of Cg (100 �g), TNF-� (100 pg), KC (10 ng), and IL-1�
(1,000 pg) injected into the hindpaw of TNF-R1�/� mice were
also evaluated 3 h after the injections.

The concentrations of the TNF-�, KC, and IL-1� on hindpaw
were determined 0.5, 1.0, 3.0, and 5.0 h after i.pl. injection of Cg
(100 �g) in WT mice. The concentrations of these cytokines into
the hindpaws of TNF-R1�/� mice was also measured 3 h after Cg
(100 �g) or TNF-� (100 pg) injection.

Drugs. The following materials were obtained from the indicated
sources. Murine recombinant TNF-�, IL1-�, and human recom-
binant IL-1ra were provided by the National Institute for
Biological Standards and Control (South Mimms, Hertfordshire,
U.K.). Recombinant murine KC and AbKC were purchased
from PeproTech (Rocky Hill, NJ). Guanethidine was purchased
from Sigma. Cg was obtained from FMC (Philadelphia), and
indomethacin was obtained from Prodome Quı́mica e Farma-
cêutica (São Paulo, Brazil).

Animals. The experiments were performed on 25- to 30-g
C57BL�6 WT and TNF-R1�/� mice (University of São Paulo,
Ribeirão Preto, Brazil) housed in the animal care facility of the
School of Medicine of Ribeirão Preto and taken to the testing
room at least 1 h before experiments. Food and water were
available ad libitum. The mice were used only once. Animal care
and handling procedures were in accordance with the Interna-

tional Association for Study of Pain guidelines on the use of
animals in pain research, and they were approved by Animal
Ethnical Comity of Faculty of Medicine of Ribeirão Preto
(University of São Paulo).

Statistical Analysis. Results are presented as means � SEM for
groups of five animals (for in vivo experiments) or four animals
(for in vitro experiments), and they are representative of two
independent experiments. The differences between the experi-
mental groups were compared by ANOVA and, in the case of
statistical significance, individual comparisons were subse-
quently made with Tukey’s post hoc test. The level of significance
was set at P � 0.05.

Results and Discussion
IL-1�-Induced Mechanical Hypernociception. In an earlier study in
which the electronic pressure meter described above was applied
to the paws of mice, prostaglandin E2 produced a dose–
hypernociceptive response curve (33). In the present study,
IL-1� evoked mechanical hypernociception in a dose- and
time-dependent (10–1,000 pg; 1–5 h) manner (Fig. 1A). The
maximum hypernociception was observed with the dose of 1,000
pg of IL-1�. Larger doses did not give larger responses (data not
shown). Fig. 1 A shows that the hypernociception was already
significant 1 h after IL-1� (100 pg) injection, reached a plateau
between 3 and 5 h after injection, and had returned to control
levels by 24 h after injection (data not shown). There was no
difference between responses at 3 and 5 h. Pretreatment with
IL-1ra or indomethacin caused a marked inhibition of the
IL-1�-induced hypernociception (�94% and �75%, respec-
tively). These results indicate that, in mice, IL-1� causes hyper-
nociception by means of induction of prostanoids, which is in
agreement with results described for rats (40, 41). IL-1�-induced
hypernociception (1,000 pg) was not affected by pretreatment
with AbKC or guanethidine (Fig. 1B), nor was it altered in
TNF-R1�/� mice. Guanethidine coadministrated with indo-
methacin did not increase the inhibitory effect of indomethacin

Fig. 1. Mechanical hypernociception induced by i.pl. injection of IL-1�: the
role of TNF-�, KC, prostanoides, and sympathomimetic amines. (A) Dose– and
time–response curves of the hypernociception induced by i.pl. injection of
IL-1� (10, 100, and 1,000 pg per paw) or saline (SAL; control). The hypernoci-
ceptive effects were determined at 1, 3, and 5 h after the stimuli injection. (B)
Nociceptive response induced by IL-1� (1,000 pg per paw) in WT mice pre-
treated with 15 �l of saline (Sal) or TNF-R1�/� mice and pretreatment of WT
mice with 500 ng of AbKC, 500 ng of IL-1ra, 5 mg�kg indomethacin (Indo)
delivered i.p., 30 mg�kg guanethidine (Gua) delivered s.c., and indomethacin
plus guanethidine. The hypernociceptive responses were taken 3 h after IL-1�

injection. The results are expressed by the mean � SEM of five animals per
group. *, Statistically significant different time points (P � 0.05); **, statisti-
cally significant difference compared with the control group (P � 0.05).
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on IL-1�-induced hypernociception. Also, neither TNF-� nor
KC was produced in paw skin in response to IL-1� injection
(data not shown). Thus, prostanoids but not TNF-�, KC, or
sympathomimetic amines are involved in IL-1�-induced
hypernociception.

KC-Induced Mechanical Hypernociception. I.pl. injection of KC
evoked mechanical hypernociception in a dose- and time-
dependent (1–10 ng; 1–5 h) manner (Fig. 2A). The maximum
hypernociception was observed with the dose of 10 ng of KC and
the response reached a plateau within 3–5 h and returned to
preinjection levels within 24 h (data not shown). Larger doses did
not evoke larger responses (data not shown). There was no
difference between responses at 3 and 5 h. The KC-induced (10
ng) hypernociception was not altered in TNF-R1�/� mice but
was partially inhibited by i.pl. pretreatment with IL-1ra (�56%),
indomethacin (�64%) or guanethidine (�60%) and was more
effectively inhibited by the coadministration of indomethacin
and guanethidine (85%) (Fig. 2B). These results suggest that
prostanoids, sympathomimetic amines, and IL-1�, but not
TNF-�, are involved in KC-induced mechanical hypernocicep-
tion in mice. Consistent with this suggestion, KC induced IL-1�
production in WT mice paw skin at the same levels as in
TNF-RI�/� mice (see Fig. 6B). Thus, KC causes hypernocicep-
tion by means of an IL-1��prostaglandins pathway and by
stimulating the release of sympathetic amines. The participation
of prostanoids and sympathomimetic amines as primary medi-
ators of inflammatory hypernociception has already been shown
in mechanical tests in rats (8, 9, 42, 43).

TNF-�-Induced Mechanical Hypernociception. I.pl. injection of
TNF-� induced hypernociception in a dose- and time-dependent
(1–1,000 pg; 1–5 h) manner (Fig. 3A). The maximum hyperno-
ciceptive response was observed with the dose of 100 pg of
TNF-�. The hypernociception was already significant 1 h after
TNF-� injection, reached a plateau between 3 and 5 h after

injection, and returned to control levels by 24 h (data not shown).
There was no difference in responses at 3 and 5 h. TNF-�-
induced hypernociception was absent in TNF-R1�/� mice, and,
in WT mice, it was partially inhibited by pretreatment of paws
with IL-1ra (�60%) or indomethacin (�62%) (Fig. 3B). These
results suggest that the hypernociceptive effect of TNF-� de-
pends on TNF-R1 receptor activation, which mainly triggers the
secretion of IL-1�, which is responsible for prostaglandins
production. Consistent with this suggestion, the injection of
TNF-� (100 pg delivered i.pl.) stimulated the secretion of IL-1�
in paw skin that was absent in TNF-R1�/� mice (see Fig. 6B). It
is noteworthy that TNF-� hypernociception was not fully blocked
by combined pretreatment with guanethidine and indomethacin.
This result suggests that TNF-� either has a direct hypernoci-
ceptive effect or releases another nociceptor-sensitizing media-
tor. Although KC appeared not to be involved in the hyperno-
ciceptive effects of TNF-�, because AbKC antibody did not
inhibit the TNF-�-induced hypernociception (Fig. 3B), the i.pl.
administration of TNF-� appeared to stimulate a TNF-RI-
dependent release of KC (see Fig. 6A). A possible explanation
of this apparently contradictory result could be that the amounts
of KC released by TNF-�-injection were insufficient to cause
detectable hypernociception.

Cg-Induced Hypernociception. I.pl. injection of Cg in WT mice
evoked mechanical hypernociception in a dose- and time-
dependent (30–300 �g; 1–5 h) manner (Fig. 4A). The maximum
hypernociceptive response was observed with the dose of 100 �g
of Cg. Significant hypernociception was present 1 h after Cg
injection, reached a plateau between 3 and 5 h after injection,
and had returned to control levels within 24 h (data not shown).
The Cg-induced hypernociception was partially reduced in TNF-
R1�/� mice (�60%) (Fig. 4B). Pretreatment with AbKC and
IL-1ra that abolished the hypernociception induced by KC (Fig.
2B) and IL-1� (Fig. 1B), respectively, only partially reduced the

Fig. 2. Mechanical hypernociception induced by i.pl. injection of KC: the role
of TNF-�, IL-1�, prostaglandins, and sympathomimetic amines. (A) Dose– and
time–response curves of the hypernociception induced by i.pl. injection of KC
(1, 3, and 10 pg per paw) or saline (SAL; control). The hypernociceptive effects
were determined at 1, 3, and 5 h after the stimuli injection. (B) Nociceptive
response induced by KC (10 ng per paw) in WT mice pretreated with 15 �l of
saline (Sal) or TNF-R1�/� mice and pretreatment of WT mice with 500 ng of
AbKC delivered i.pl., 500 ng of IL-1ra delivered i.pl, 5 mg�kg indomethacin
(Indo) delivered i.p., 30 mg�kg guanethidine (Gua) delivered s.c., and indo-
methacin plus guanethidine. The hypernociceptive responses were taken 3 h
after KC injection. The results are expressed as the mean � SEM of five animals
per group. *, Statistically significant different time points (P � 0.05); **,
statistically significant difference compared with the control group (P � 0.05).

Fig. 3. Mechanical hypernociception induced by i.pl. injection of TNF-�: the
role of TNF-R1 receptor, KC, IL-1�, prostaglandins, and sympathomimetic
amines. (A) Dose– and time–response curves of the hypernociception induced
by i.pl. injection of TNF-� (1, 10, 100, and 1,000 pg per paw) or saline (SAL;
control). The hypernociceptive effects were determined at 1, 3, and 5 h after
the stimuli injection. (B) Nociceptive response induced by TNF-� (100 pg per
paw) in WT mice treated with 20 �l of saline (Sal) or TNF-R1�/� mice and
pretreatment of WT mice with 500 ng of AbKC delivered i.pl. 500 ng of IL-1ra
delivered i.pl. 5 mg�kg indomethacin (Indo) delivered i.p., 30 mg�kg guaneth-
idine (Gua) delivered s.c., and indomethacin plus guanethidine. The hyper-
nociceptive responses were taken 3 h after TNF-� injection. The results are
expressed as the mean � SEM of five animals per group. *, Statistically
significant different time points (P � 0.05); **, statistically significant differ-
ence compared with the control group (P � 0.05).
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effect of Cg (AbKC, �41%; IL-1ra, �48%) (Fig. 4B). Partial
inhibition of the Cg effect was also seen in WT mice pretreated
with indomethacin (�63%) or guanethidine (�43%) and was
abolished by pretreatment with both indomethacin and guaneth-
idine (�100%) (Fig. 4B).

These results can be interpreted as Cg stimulating the release
of TNF-� and KC and with TNF-� acting on TNF-R1 to
stimulate the release of IL-1�, which stimulates the release of
prostanoids. Cg also appears to directly stimulate release of KC,
which, besides releasing sympathomimetic amines, is itself par-
tially responsible for the hypernociception by also stimulating the
release of IL-1��prostanoids. This suggestion is further sup-
ported by measurements of the concentrations of TNF-�, KC,
and IL-1� in paw skin injected with Cg.

Cg-Induced Paw Inflammation: Detection of TNF-�, KC, and IL-1� in
Skin. To confirm the involvement of TNF-�, KC, and IL-1� in
Cg-induced hypernociception in mice, the levels of these cyto-
kines were measured in inflamed paw skin. The administration
of Cg (100 �g delivered i.pl.) stimulated the production of
TNF-�, KC, and IL-1� in WT mice (Fig. 5). The Cg-evoked
increase in TNF-� (Fig. 5A) and KC (Fig. 5B) in paw skin was
detected 30 min after Cg injection, peaked at 1 h, and diminished
thereafter (3–5 h). However, the Cg-evoked increased in IL-1�
(Fig. 5C) was significant 1 h after Cg injection and increased
progressively thereafter, reaching its maximum value at 5 h. The
i.pl. administration of Cg (100 �g) in TNF-R1�/� mice did not
alter the production of KC in paw skin (Fig. 6A) but halved IL-1�
production (Fig. 6B). TNF-� (100 pg delivered i.pl.) stimulated
the release of KC and IL-1� in WT but not TNF-R1�/� mice
(Fig. 6 A and B, respectively). Furthermore, the i.pl. adminis-
tration of KC (10 ng) stimulated the production of IL-1� (Fig.
6B) but not TNF-� (data not shown) in WT mice, and TNF-�
and KC were not detected in paw skin in response to IL-1�
injection (data not shown).

Role of Cytokines on Mechanical Inflammatory Hypernociception:
Similarities and Differences Between Mice and Rats. There are
qualitative similarities and differences between mice and rats in
terms of the cytokines released by inflammatory stimuli and the
hypernociceptive mechanisms of action of those cytokines.
TNF-�, IL-1�, and CINC�KC (human IL-8 counterparts pro-
duced by rats and mice, respectively) are released in rats and
mice challenged with nociceptive stimuli, and these cytokines
trigger two basic mechanical hypernociceptive inflammatory
pathways: the prostanoid and the sympathetic (18). In both
animal species, prostanoid release is stimulated by IL-1�, be-
cause indomethacin blocks the hypernociceptive effect of IL-1�
(40). However, TNF-�, which stimulates both pathways in rats
and only the prostanoid pathway in mice (21). Furthermore,
whereas CINC stimulates only the sympathetic component in
rats, KC stimulates both of the hypernociceptive pathways in
mice (22). Another species difference is the hypernociceptive
role of IL-6. Although IL-6 induces the production of prosta-
noids in both species, in rats, but not in mice, IL-6 is an
intermediate in TNF-�-induced IL-1� release, i.e., TNF-�3IL-
63IL-1�3prostanoids (21). In contrast, i.pl. injection of IL-6 in
mice caused hypernociception, which was inhibited by indometh-
acin but not by IL-1ra (data not shown), at a dose similar to that
which inhibited IL-6-induced hypernociception in rats.

The fact that indomethacin and IL1ra, at doses that abolished
IL-1� hypernociception, only partially inhibited Cg-induced
hypernociception in mice and rats suggested that, besides the
prostanoid component, Cg-induced paw inflammatory hyper-
nociception is mediated by another pathway: the sympathetic
component (8). In fact, the sympathetic amine blocker, guaneth-
idine, at a dose that inhibited KC�CINC-induced hypernocicep-
tion, also partially inhibited Cg-induced hypernociception. Also,
the association of guanethidine and indomethacin abolished Cg

Fig. 4. Mechanical hypernociception induced by i.pl. injection of Cg in WT
and TNF-R1�/� mice: effects of IL-1ra, AbKC, indomethacin, guanethidine, and
association of indomethacin and guanethidine. (A) Dose– and time–response
curves of the hypernociception induced by i.pl. injection of Cg (30, 100, and
300 �g per paw) or saline (SAL; control). The hypernociceptive effects were
determined at 1, 3, and 5 h after the stimuli injection. (B) Nociceptive response
induced by Cg (100 �g per paw) in WT mice pretreated with 15 �l of saline (Sal)
or TNF-R1�/� mice and pretreatment of WT mice with 500 ng of AbKC
delivered i.pl., 500 ng of IL-1ra delivered i.pl., 5 mg�kg indomethacin (Indo)
delivered i.p., 30 mg�kg guanethidine (Gua) delivered s.c., and indomethacin
plus guanethidine. The hypernociceptive responses were made 3 h after Cg
injection. The results are expressed by the mean � SEM of five animals per
group. *, Statistically significant different time points (P � 0.05); **, statisti-
cally significant difference compared with the control group (P � 0.05).

Fig. 5. I.pl. injection of Cg-stimulated TNF-�, KC, and IL-1� production in paw
skin. Concentrations of TNF-� (A), KC (B), and IL-1� (C) in mice paws injected
with 100 �g of Cg or saline (Sal) or in naive paws. At 0.5, 1, 3, and 5 h after
injection, mice were killed and paw skin samples were extracted for cytokines,
which were measured by ELISA. The results are expressed by the mean � SEM
of four animals per group. *, Statistically significant differences compared
with the control group (P � 0.05).

1758 � www.pnas.org�cgi�doi�10.1073�pnas.0409225102 Cunha et al.



hypernociception in both animal species (18). However, in
contrast to responses in rats, activation of the sympathetic
pathway in mice was not inhibited by a �-adrenoreceptor blocker
(atenolol), but it was inhibited by the nonselective �-antagonist-
phentolamine (results not shown). These observations confirm
that mechanical inflammatory hypernociception in both species
has a sympathetic component but that in mice sympathetic
hypernociception is transduced by another class of adrenore-
ceptor. Actually, in man, �-adrenoreceptor agonists are associ-
ated with the triggering of hyperalgesia (44, 45) and �-adreno-
receptor antagonists are ineffective in sympathetic pain
syndromes; although guanethidine, injected retrogradely into the
injured tissue, produces a long-lasting analgesia (46–48)

Another difference between rats and mice is the participation
of the kinin system as the trigger of the mechanical hypernoci-
ceptive cytokine cascade. In Cg-induced hypernociception in
rats, an early event is the activation of the plasma kinin system
with consequent production of bradykinin that induces TNF-�
production by means of the activation of B1 and B2 receptors
(18). In contrast, in mice, bradykinin-mediated inflammatory
hypernociception does not depend on cytokines; instead, bra-
dykinin directly activates the release of prostanoids and sympa-
thetic amines (data not shown). However, such direct activation
is not unique to mice, because, in rats, there is no requirement
for activation of the kinin system if the hypernociceptive stim-
ulus is of sufficient magnitude, e.g., a relatively large dose of
LPS (49).

Sequential release of cytokines has been also described in
complete Freund’s adjuvant-induced inflammatory hypernoci-
ception in rats. In this model, in both mechanical and thermal
hypernociception, TNF-� was the first cytokine released, and it
induced IL-1� secretion, and both acted to stimulate nerve
growth factor production. Nerve growth factor was believed to
act directly without the participation of prostanoids (23, 24).
However, it seems that its hypernociception is at least in part
mediated by leukotrienes and sympathetic amines (50, 51).
Furthermore, hypernociception in response to i.p. administra-
tion of LPS in rats is thought to be mediated by TNF-�-
dependent IL-1� release, which in turn activates subdiaphrag-
matic vagal afferents (26). In this model, it appears that
cytokine-mediated hypernociception is independent of prosta-
noids, suggesting a direct effect of IL-1�, although other primary
mediators may participate (e.g., sympathetic amines, leukotri-
enes, and�or endothelins). Thus, the results discussed above
reinforce the idea of a sequential–functional role of mediators in
inflammatory hypernociception, instead of a ‘‘soup of media-
tors’’ (52).

There are also discrepancies in the literature concerning the
sequential participation of the cytokines in inflammatory hy-

pernociception in mice. The use of different experimental
models may at least in part explain these differences. Although
in a model of overt nociception (writhing induced by acetic acid
or zymosan) the cytokines acted concomitant and synergistically
(32), in mechanical inflammatory hypernociceptive models,
cytokines appear to act sequentially, as discussed above. The paw
mechanical pressure tests are based on the triggering of a
behavioral end point by the application of a mechanical stimulus
to a paw previously sensitized by administration of an inflam-
matory stimulus. However, in writhing or formalin tests, the
number of successive characteristic behavioral responses (con-
tortions�stretches or licking behaviors) is triggered by i.p. or i.pl.
injections of strong injurious nociceptive stimuli without previ-
ous sensitization (53), and these can promote the concomitant
release of many different mediators by the injured cells. There-
fore, in these tests there is no time interval between the
sensitization and the stimulus triggering the behavior; i.e., the
sensitizing and activating nociceptor mediators may be release
together and act at the same time, making it difficult to analyze
the role of sensitizing mediators.

Fig. 7 summarizes the essential conclusions of this study: We
report that Cg-induced mechanical hypernociception in mice
depends on two key cytokines, TNF-� and KC. Both act through
IL-1� release and the release of prostanoids by the IL-1�. In
addition, KC acts additionally by means of sympathomimetic
amines. Finally, the TNF-�-related events largely depend on the
TNF-R1 receptor.

Fig. 6. Production of cytokines in TNF-R1�/� mice. Concen-
tration of KC (A) and IL-1� (B) in WT and TNF-R1�/� mice paws
injected with 100 �g of Cg, 100 pg of TNF-�, 10 ng of KC, or 25
�l of saline (Sal) or in naı̈ve paws. At 3 h after injection, mice
were killed, and paw skin samples were extracted for cyto-
kines, which were measured by ELISA. The results are ex-
pressed by the mean � SEM of four animals per group. *,
Statistically significant differences compared with the saline
group (P � 0.05); **, statistically significant differences com-
pared with the WT mice group (P � 0.05).

Fig. 7. Representative diagram of Cg-induced inflammatory hypernocicep-
tive cytokine cascade in mice. Shown is the sequential release (solid line,
stimulation) of inflammatory mediators initiated by Cg and intermediated by
cytokines and the final induction by prostanoids (PGs) and sympathetic amines
(SA). The cascade pharmacological and genetic approach susceptibility is also
shown (dotted line, inhibition) along with the other possibilities for TNF-�
action (question marks).
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Conclusion
Although there is a functional difference in the sequence of
release of cytokines in rats and mice, a group of cytokines
common to both species have roles in the injury and the
induction of hypernociception. These cytokines act in a distinct
sequence, but the final effect is indirect and mediated through
the release of prostanoids and sympathomimetic amines. Thus,
the present study reinforces the importance of cytokines in
inflammatory hypernociception. Therefore, if similar mecha-

nisms occur in man, the inhibition of cytokine production or
action appears to constitute a real target for a new therapeutic
approach to control the inflammatory pain.
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