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Cot/tpl2 (also known as MAP3KS8) has emerged as a new
and potentially interesting therapeutic anti-inflammatory
target. Here, we report the first study of Cot/tpl2 involvement
in acute peripheral inflammation in vivo. Six hours after an
intraplantar injection of zymosan, Cot/tpl2~'~ mice showed a
47% reduction in myeloperoxidase activity, concomitant with a
46% lower neutrophil recruitment and a 40% decreased lumi-
nol-mediated bioluminescence imaging in vivo. Accordingly,
Cot/tpl2 deficiency provoked a 25-30% reduction in luminol-
mediated bioluminescence and neutrophil recruitment to-
gether with a 65% lower macrophage recruitment 4 h following
zymosan-induced peritonitis. Significantly impaired levels of
G-CSF and GM-CSF and of other cytokines such as TNFe, IL-13,
and IL-6, as well as some chemokines such as MCP-1, MIP-1f3, and
keratinocyte-derived chemokine, were detected during the acute
zymosan-induced intraplantar inflammatory response in Cot/
tpl2~/~ mice. Moreover, Cot/tpl2 deficiency dramatically de-
creased the production of the hypernociceptive ligand NGF at the
inflammatory site during the course of inflammation. Most impor-
tantly, Cot/tpl2 deficiency significantly reduced zymosan-induced
inflammatory hypernociception in mice, with a most pronounced
effect of a 50% decrease compared with wild type (WT) at 24 h
following intraplantar injection of zymosan. At this time, Cot/
tpl2~/~ mice showed significantly reduced NGF, TNFe, and pros-
taglandin E, levels compared with WT littermates. In conclusion,
our study demonstrates an important role of Cot/tpl2 in the NGF,
G-CSF, and GM-CSF production and myeloperoxidase activity in
the acute inflammatory response process and its implication in
inflammatory hypernociception.

Activation of the pattern recognition receptors, which in-
clude Toll-like receptors (TLRs),® RIG-I-like receptors, NOD-
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like receptors, and C-type lectin receptors, by pathogen-asso-
ciated molecular patterns starts a program that culminates
in the development of an inflammatory process (for review, see
Ref. 1). TLRs as well as IL-1 receptors, despite their marked differ-
ences in their extracellular regions, have a conserved cytoplasmic
Toll/IL-1 receptor domain (for review, see Ref. 2). Cot/tpl2, also
known as MAP3KS, is the sole MAP3K that activates the MKK1/
2-ERK1/2 pathway in response to stimulation of the TLR/IL-1
receptor superfamily, as well as in response to the activation
of some receptors of the TNF family (3—10). However, Cot/tpl2
does not participate in the activation of ERK1/2 by stimulation
of the C-type lectin receptor dectin-1 (11).

In resting cells, Cot/tpl-2 forms a stable and inactive com-
plex with p105 NF-«B and ABIN2 (A20-binding inhibitor of
NF-kB2), among other proteins, to protect Cot/tpl-2 from
degradation. Adequate TLR/IL-1 receptor stimulation in-
duces the activation of the IKK complex; active IKKS kinase
phosphorylates p105 NF-«B, triggering its partial degradation
to p50 NF-kB (12-15). Cot/tpl2 is then dissociated from the
complex and with an adequate phosphorylation state (16 —19) is
capable of activating MKK1 and consequently ERK1/2 (6,
20-22) prior to being rapidly degraded through the protea-
some pathway (6, 20, 23). Cot/tpl2 is required to process pre-
TNFa to its mature secreted form in LPS-stimulated macro-
phages (24). In addition, in different isolated cell types Cot/tpl2
controls the secretion of other cytokines and chemokines such
as IL-8, MCP-1, MIP-18, KC, and IL-6 (3, 10, 24-27). More-
over, Cot/tpl2 activation is necessary for the production of PGE, in
LPS-stimulated macrophages (9). By studying Cot/tpl2-deficient
mice, Cot/tpl2 has been demonstrated to participate in LPS-in-
duced septic shock (7) and inflammatory bowel disease in vivo
(28). Hence, Cot/tpl2 fulfills a role in innate and adaptive immu-
nity that cannot be replaced by any other protein.

The MAP kinase ERK1/2 participates in many different
biological processes. The precise biological role in which
ERK1/2 is involved is given by the nature of the extracellular
signal and consequently the MAP3K, such as Raf or Cot/tpl2
that triggers its activation. Cot/tpl2 provides an alternative,
independent of other MKK1/2 kinases, mode of MKKI1-
ERK1/2 activation, thus providing a more specific target for
pharmacological manipulation, without fully disturbing the
ERK1/2 function. Thus, Cot/tpl2 has emerged as an attractive
target to develop new and improved anti-inflammatory drugs
(29, 30). Indeed, there is now enormous interest in the develop-
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ment of small compounds specifically to block Cot/tpl2 activity
to identify new therapeutic anti-inflammatory agents (31-36).

Zymosan has been extensively used as an inducer of acute
inflammation in mouse hindpaws. Here, we show that Cot/tpl2
mediates zymosan-induced inflammatory processes in vivo,
and, as inflammation often results in the development of pain,
Cot/tpl2 is involved in the maintenance of inflammatory hyper-
nociception in mice. Furthermore, we also demonstrate that
Cot/tpl2 modulates the number of neutrophils recruited to
inflammatory foci induced by zymosan injection in vivo as well
as the level of cytokines/chemokines, NGF, PGE,, and leukotri-
ene (LT) B, production at those sites.

EXPERIMENTAL PROCEDURES

Animals and Models of Inflammation—C57BL/6] WT and
C57BL/6] Cot/tpl2~/~ littermates were produced from het-
erozygotic mice, and their genotype was determined by PCR.
Male WT and Cot/tpl2~/~ mice 10—-14 weeks old were used
in the experiments. The zymosan-induced paw inflammation
model was employed by injecting freshly prepared zymosan
(300 wg, 30 wl of PBS; Invivogen) into the plantar region of
the left hindpaw to induce inflammation; peritoneal inflamma-
tion was induced by injecting freshly prepared zymosan (1 mg,
500 wl of PBS) intraperitoneally. Intraplantar tissue samples
were rinsed with saline and fixed by immersion in 4% formalin
for 24 h before they were dehydrated in alcohol, clarified in
xylene, and embedded in paraffin. Histological paraffin sections
(5 wm) were stained with Masson’s trichrome for analysis. Sec-
tions were studied with an Olympus Optical BX-50 micro-
scope, using planapochromatic 100X lens for bright-field
observation. Photomicrographs of selected fields were per-
formed with an Olympus DP 70, 12-bit digital camera.

Hindpaw Intraplantar Extracts and Intraplantar Cell Iso-
lation—Approximately 0.5 cm? of plantar tissue was harvested
and frozen immediately in liquid nitrogen. The plantar tissue
was homogenized in 1 ml of buffer (0.05% Tween 20, 10 mm
EDTA (pH 7.5) in PBS) to measure NGF as well as different
cytokines and chemokines. For RNA extraction, tissues were
resuspended in 1 ml Trizol and for Western blot analysis in the
lysis buffer described previously (37). The different samples
were triturated in special tubes with matrix Lysing A (MP, Bio-
medicals) through three cycles of 6 s on ice in the Fastprep-24
apparatus (MP, Biomedicals). The different homogenized ex-
tracts were subjected to a centrifugation at 14,000 X g for 10
min at 4 °C, and supernatants were frozen at —80 °C until used.
COX2 mRNA levels were determined by quantitative RT-PCR
analysis using specific COX2 TagMan primers (Applied Bio-
systems). Cot/tpl2 protein expression was determined in homog-
enized intraplantar extracts as described previously (37).
Intraplantar cells were isolated as described previously with
some minor modifications (38, 39). Briefly, intraplantar tissue
corresponding to six hindpaws was digested for 1 h at 37 °C in
800 wl of RPMI 1640 medium containing 10% FBS, 3 mg/ml
collagenase (Sigma), and 1 mg/ml hyaluronidase (Sigma), with
constant gentle rocking. The digested fragments were pressed
through a 50-um nylon filter (BD Biosciences) to remove par-
ticles. Isolated cells were washed twice in PBS and subjected to
flow cytometry analysis using the antibodies described below
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and according to a previously published method (40) with Tru-
Count tubes (BD Biosciences). Control experiments showed
that incubation of peritoneal cells with collagenase and hyal-
uronidase for 1 h at 37 °C did not alter the surface antigen phe-
notype of the cells (data not shown).

Luminol-mediated Bioluminescence Imaging in Vivo and
Measurement of Myeloperoxidase Activity in Intraplantar Ex-
tracts—The bioluminescence generated after luminol in-
traperitoneal injection was measured in the whole animals
as described previously (41). Briefly, after the intraplantar or
intraperitoneal zymosan injection, luminol (5 mg/100 wul;
Sigma) was intraperitoneally injected, and the biolumines-
cence was recorded in an IVIS lumina at the times indicated
(Xenogen). To avoid the absorption of the bioluminescence by
the black skin of the C57BL/6] mice, zymosan-induced perito-
nitis was performed in the C57 albinos [B6(Cg)-Tyr<c-2j>/]
C57] WT and Cot/tpl2~/~ mice. Myeloperoxidase (MPO)
activity was measured as described previously (42) with some
minor modifications. Briefly, intraplantar tissue was pulverized
in liquid N, and then homogenized in PBS and subsequently
snap-frozen in dry ice and thawed on three consecutive occa-
sions. Debris were removed by a centrifugation at 2,000 X g for
20 min at 4 °C, and the supernatant was frozen at —20 °C. Mea-
surement of MPO activity was performed in triplicate using 50
wl of intraplantar extracts or 50 ul of PBS with 0.5% HTAB, 150
ul of PBS, 15 ul 0f 0.22 M Na,PO,,, 20 111 0.034% H,0,, and 20 ul
of 18 mm TMB (Sigma) diluted in 8% dimethylformamide. After
a 5-min incubation at 37 °C the reaction was terminated with
H,SO, (50 wl, 0.18m), and absorbance measured (450 nm). Pro-
tein concentration was determined as described previously
(37).

Western Blotting of Bone Marrow-derived Macrophage Ex-
tracts—Bone marrow derived macrophages (BMDM) were cul-
tured as described previously (43), stimulated with zymosan (10
png/ml), and at the times indicated, the cell supernatants were
frozen in liquid nitrogen, and the cells (5 X 10°) were utilized to
prepare extracts for analysis in Western blots (37) using anti-
COX2 (Santa Cruz Biotechnology) and anti-ERK2 (Santa Cruz
Biotechnology) antibodies.

Flow Cytometry Analysis of Cytokines/Chemokines and of Iso-
lated Cells—Lavage of the peritoneal cavity was performed with
3 ml of PBS, and after a 30-s gentle manual massage, the peri-
toneal exudate containing fluid and leukocytes was retrieved.
After centrifugation, the peritoneal fluid was used to evaluate
the concentration of different chemokines and cytokines by
FACS analysis. Cells obtained from the peritoneal lavages were
washed twice in PBS, counted by two independent investigators
blind to the source of the samples, and resuspended in 1 ml of
PBS with 0.5% BSA. For phenotype analysis, peritoneal or
intraplantar isolated cells (0.3—0.5 X 10° cells/test) were pre-
treated with CD16/32 (2.4G2, Fc block; Cultek) for 20 min in
ice, and they were subsequently stained with antibodies raised
against the following proteins at a concentration of 5 pug/ml:
F4/80 (rat anti-mouse; eBioscience) for macrophage detection,
Ly-6G (rat anti-mouse; Pharmingen) for neutrophil identifica-
tion or their corresponding isotype controls (Pharmingen). The
samples were analyzed by flow cytometry after multiple wash-
ing, and the data were examined using the CXP program. To
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quantify simultaneously the concentration of TNFa, IL-1f,
IL-6, MIP-1a, MIP-18, KC, MCP-1, G-CSF, and GM-CSF in
plantar tissue extracts, culture supernatants or in peritoneal
exudates, CBA Cytometric (BD Biosciences) kits were utilized.
Fluorescence intensities were assayed by flow cytometry in a
FACS Canto Cytometer (BD Biosciences), and they were com-
pared with a standard curve generated for each cytokine to
determine the concentration in each sample. The data were
analyzed utilizing the FCAP Array program (BD Biosciences).

NGF, PGE,, and LTB, Measurement—NGF levels were de-
termined in mouse hindpaw extracts using the mouse NGF
Sandwich ELISA kit (Millipore), according to the manufac-
turer’s instructions. PGE, and LTB, were measured in BMDM
culture supernatants and in tissue plantar extracts using com-
mercially available PGE, and LTB, enzyme immunoassay kits
(Cayman Chemicals). The analysis was performed by the com-
pany blind to the source of the samples.

Measurement of Hindpaw Swelling and Evans Blue Extra-
vasation—The maximal dorso-plantar thickness and medio-
lateral width measured proximal to the toes were determined at
different times after zymosan (left hindpaw) or saline (right
hindpaw) injection using a digital caliper (Starrett). This instru-
ment has a resolution of 0.05 mm. Evans Blue plasma extrava-
sation was studied as described previously (44). Briefly, Evans
Blue (50 mg/kg) was injected intravenously into the lateral tail
vein and immediately afterward, zymosan was intraplantar-in-
jected into the left hindpaw and PBS into the right hindpaw.
After 4 h, the intraplantar tissue was removed, chopped up, and
incubated in formamide for 24 h at 56 °C. The Evans Blue
extracted was measured spectrophotometrically at 600 nm.

Behavioral Procedures—Behavioral tests were performed in a
low lit and quiet room, always by the same researcher who was
blind to the treatment. On the day of the behavioral experi-
ments, the animals were habituated to the apparatus for at least
30 min before beginning the behavioral testing. The animals
were placed in Plexiglas chambers (12 X 8 X16 cm) with a wire
mesh floor, and the plantar surface of the hindpaw was stimu-
lated using a hand-held force transducer (electronic anesthesi-
ometer, IITC Life Science) with a semiflexible polypropylene
probe tip (0.5-mm? diameter). The probe was applied perpen-
dicular to the central area of the paw, gradually increasing the
force until the animal withdrew its foot with a clear flinching
action. The left and right hindpaws were stimulated alterna-
tively three times, at intervals of at least 1 min, and the average
score of the three readings was taken as the threshold value for
paw withdrawal. All mice were tested before any inflammatory
procedure to establish a baseline level of responsiveness. In the
zymosan experiment, the baseline withdrawal threshold was
6.9 + 0.2g (n = 16). The results are presented as the difference
in withdrawal thresholds (in grams) before (¢ = 0) and after
injection of the inflammatory agents. The behavioral analysis
was performed 3, 6, 24, and 48 h after zymosan injection.

Statistical Analysis—The results are presented as the means *
S.E. The behavioral outcomes were compared by means of
a two-way ANOVA with a Tukey post hoc test, and the rest
of the data were analyzed with Student’s ¢ test. Values
were taken to be statistically significant at p < 0.05 (*, p < 0.05;
# p < 0.01; ***, p < 0.001).
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RESULTS

Cot/tpl2 Modulates Zymosan-induced MPO Activity in Mice
Hindpaws—Zymosan stimulates both dectin-1 and TLR2/6
receptors. Thus, to ensure a role of Cot/tpl2 in the zymosan
intracellular signaling through TLR2/6, we stimulated WT and
Cot/tpl2~/~ BMDM, which express low levels of dectin-1 but
high levels of TLR2/6 (45), with zymosan and found no increase
in the phosphorylation state of ERK1/2 in Cot/tpl2~/~ BMDM
(supplemental Fig. S1). Moreover, we ensured that Cot defi-
ciency does not modify the normal stratified skin epithelium or
epidermal-dermal organization in the hindpaws of the mice
(Fig. 1, A and B).

MPO is one of the principal components of the azurophilic
granules in neutrophils, and as such, it has been extensively
used as a marker of neutrophil infiltration and acute inflamma-
tion (46, 47). Luminol-mediated bioluminescence in vivo has
been recently reported to determine the MPO activity at the
inflamed site (41), thus the amount of bioluminescence pro-
duced after the luminol intraperitoneal injection was deter-
mined in vivo 0.5, 6, and 24 h following the injection with zymo-
san in the plantar region of the WT and Cot/tpl2~/~ mice left
hindpaw. There was a significant decrease in the biolumines-
cence generated in Cot/tpl2 ™/~ hindpaws 6 h after the injection
of zymosan (Fig. 1, C-E). The bioluminescence observed 24 h
later in both WT and Cot/tpl2~/~ hindpaws had returned to
almost basal levels (Fig. 1C). In concordance with these data,
Cot/tpl2~'~ hindpaw extracts 6 h following zymosan injection
showed a 47% decreased MPO specific activity compared
with zymosan-injected WT hindpaws extracts (Fig. 1F).
Because this decrease in MPO activity in Cot/tpl2~/~ hind-
paws could indicate a decrease in the number of infiltrated
neutrophils, the number of inflammatory cells was deter-
mined in zymosan-injected WT and Cot/tpl2~/~ hindpaws. To
this end, WT and Cot/tpl2 ™~/ intraplantar tissues 6 h following
intraplantar injection of zymosan were subjected to collagenase
and hyaluronidase digestion, and isolated cells were subse-
quently subjected to flow cytometry analysis (supplemental Fig.
S2). Cot/tpl2™/~ inflamed intraplantar tissue showed 46% less
neutrophils (Ly-6G"F4/807) than their WT counterpart (Fig.
1G), whereas no neutrophils could be detected in control WT
and Cot/tpl2~/~ hindpaws (data not shown).

Altered Inflammatory Cell Recruitment after Intraperitoneal
Zymosan Injection in Cot/tpl2~"~ Mice—To establish further
the role of Cot/tpl2 in the recruitment of inflammatory cells,
the number of cells recruited in response to zymosan-induced
peritonitis was evaluated in WT and Cot/tpl2~/~ mice. A sim-
ilar number of cells were observed in the peritoneum of WT
and Cot/tpl2~/~ mice 2 h after the initiation of inflammation
(Fig. 24), and even though after 4 h the number of cells
recruited to the peritoneal cavity increased, Cot/tpl2~/~ mice
showed 25% less cell recruitment. Flow cytometry analysis
of these cells demonstrated a significant decrease in the pro-
portion of macrophages (F4/80"Ly-6G~) in Cot/tpl2~/~
mice, whereas the percentage of neutrophils (Ly-6G " F4/807)
was similar in both groups (Fig. 2, B and C). Nevertheless, when
the reduction in the total number of cells recruited from the
peritoneum of Cot/tpl2~/~ mice was taken into account, Cot/
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FIGURE 2. Recruitment of inflammatory cells during zymosan-induced peritonitis in WT and Cot/tpl2™ observed 5 h after zymosan injec-
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65% in the number of macrophages recruited but also, a Taking into account the established role of GM-CSF and
decrease of approximately 25% in the total number of neu- G-CSF in recruiting and also maintaining macrophages and
trophils recruited (Fig. 2D). Accordingly, Cot/tpl2~’~ mice neutrophils active at the inflammatory site (54—56), we also

cant decrease in MCP-1 levels was
-

FIGURE 1. MPO activity in the hindpaws of zymosan-injected WT and Cot/tpl2~/~ mice. A, sections of naive hindpaws from WT and Cot/tpl2™/~ mice
stained with Masson’s trichrome. Scale bar, 100 um. B, Western blots of naive intraplantar lysates from WT and Cot/tpl2~’~ mice. C, means = S.E. (error bars) of
the X of the photon flux generated by the intraperitoneal injection of luminol at different times after zymosan injection (0.5, 6, and 24 h) in the hindpaws of WT
and Cot/tpl2~/~ mice (n = 8 for each type of mice). D, luminol-mediated bioluminescence images of the hindpaws from WT and Cot/tpl2~/~ mice 6 h after the
intraplantar zymosan injection. The images have been taken before and between 5 and 45 min after intraperitoneal injection of luminol at 5-min intervals (one
representative experiment with one Cot/tpl2 ™/~ and two from WT mice is shown). E, representation of the photon influx recorded in D. F, measurement of MPO
activity in the intraplantar tissue extracts of WT and Cot/tpl2 ™/~ mice hindpaws 6 h following zymosan (Zym) or just PBS (Cnt) injection. The value 1 is given to
0.D./mg protein of WT intraplantar extracts injected only with PBS. The means = S.E. of three independent experiments of four different pooled tissue extracts
from each condition are shown. G, total number of Ly-6G*F4/80 isolated from WT and Cot/tpl2 ™/~ intraplantar tissue 6 h following zymosan injection. The
means * S.E. of four independent experiments of six different pooled digested intraplantar tissues are shown.
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FIGURE 3. Zymosan induction of cytokines and chemokines in intraplantar tissues of WT and Cot/tpl2~/~
mice. The concentration of MIP-13, MIP-1a, KC, MCP-1, GM-CSF, G-CSF, TNF¢, IL-18,and IL-6 in the intraplantar
tissue extracts of WT and Cot/tpl2~/~ mice was determined 2, 5, and 24 h after the injection of zymosan by
FACS analysis with the CBA system. The means = S.E. (error bars) of three independent experiments of three

different pooled tissues extracts from each condition are shown.

studied the possible role of Cot/tpl2 in modulating the levels of
these mediators at the inflammatory site. In the hindpaws of
WT mice, maximal levels of GM-CSF were detected 5 h after
zymosan injection, and at this time, the GM-CSF levels in Cot/
tpl2~/~ were decreased significantly. Similarly, a decrease in
G-CSF in the hindpaws of Cot/tpl2-deficient mice was detected
2 h after zymosan injection.

TNFaq, IL-13, and IL-6 are the main proinflammatory cyto-
kines that activate the nociceptive terminals that innervate the
inflamed tissues (52, 53, 57). Thus, we also decided to evaluate
their levels during the course of zymosan-induced hindpaw
inflammation. In zymosan-injected hindpaws of Cot/tpl2~ '~
mice there was a tendency to produce lower TNFa, with a sig-
nificant reduction of approximately 20% 24 h following zymo-
san injection compared with WT littermates (Fig. 3). A signifi-
cant 30% decrease in IL-1f in zymosan-injected hindpaws of
Cot/tpl2~/~ mice was evident at 5 h. Furthermore, Cot/tpl2
deficiency also provoked lower levels of IL-6 within the first 2 h
after intraplantar zymosan-induced inflammation (Fig. 3).
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400 NGF, PGE,, and LTB, Production
in Zymosan-injected Intraplantar
Tissue of WT and Cot/tpl2~"~
Mice—NGF and PGE, are key par-
ticipants in the pain sensitization at
the inflamed site (52, 53, 58). The
rapid increase of NGF at the inflam-
matory site is dependent on, among
other signals, the concentration of
IL-18 and TNFa (58-60). The
quantification of NGF levels during
the progression of inflammation
in zymosan-injected WT and Cot/
tpl2~/~ hindpaws showed that Cot/
tpl2 is a master regulator of the
production of this pronociceptive
factor (Fig. 44).

On the basis of Cot/tpl2 capacity
to trigger PGE, as well as TNFa pro-
duction in LPS-stimulated BMDM,
Cot/tpl2 has been proposed as a
new interesting anti-inflamma-
tory target (29, 30). Indeed, COX2
expression is impaired in Cot/
tpl2-deficient BMDM within the
first 10 h of LPS stimulation (9).
Likewise, COX2 protein and PGE,
production were also impaired in
zymosan-stimulated ~ Cot/tpl2~/~
macrophages 8 h after zymosan
stimulation. However, after 24 h
only a minor decrease in PGE, levels
was evident in Cot/tpl2~/~ BMDM,
and there were no significant differ-
ences in the levels of COX2 in Cot/
tpl2~/~ compared with WT litter-
mates (Fig. 4B). More importantly,
the levels of PGE, in the extracts of
zymosan-injected intraplantar tis-
sues from both WT and Cot/tpl2~/~ mice unexpectedly
showed that Cot deficiency increased the concentration of
PGE, 2-fold 5 h after the intraplantar injection of zymosan;
however, 24 h following zymosan injection a 25% decrease was
observed (Fig. 4C). These data correlated with the levels of
COX2 mRNA detected in the zymosan-injected intraplantar
tissue of Cot/tpl2~/~ mice (Fig. 4D). LTB, is involved in the
expression of PGE, in zymosan-induced joint hypernocicep-
tion (61), and thus, LTB, was measured at different times after
zymosan injection in WT and Cot/tpl2~/~ hindpaws. Cot/tpl2
deficiency was associated with an increase in LTB, levels at 5 h,
although there was a significant decrease 24 h later (Fig. 4E).
LTB, could not be detected in either zymosan-activated WT or
Cot/tpl2~/~ BMDM at any of the different times (0, 1.5, 3, 8,
and 24 h) tested (data not shown).

Induction of Edema Formation in Zymosan-injected Hind-
paws of WT and Cot/tpl2~"~ Mice—The formation of edema
is a sign of inflammation, and there was a significantly
smaller increase in both medio-lateral width and dorso-
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plantar thickness in the zymosan-injected hindpaws of Cot/
tpl2~/~ mice than in WT 3 h after intraplantar zymosan
injection (Fig. 5, A and B). Accordingly, plasma extravasation

Cot/tpl2 Regulates Inflammatory Hypernociception

as measured by Evans Blue outflow revealed significantly less
extravasation in the paws of Cot/tpl2~/~ mice 4 h after the
intraplantar injection of zymosan (Fig. 5C). Nevertheless,
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FIGURE 5. Paw edema following the induction of inflammation by zymo-
san in hindpaws of WT and Cot/tpl2~/~ mice. A, width and thickness of
zymosan (left) and PBS (right) injected hindpaws from WT and Cot/tpl2~/~
mice before and at different times after injection. The values of hindpaw
width and thickness are expressed as the value between the diameter mea-
sured after induction of inflammation divided by the basal (before) diameter
in millimeters. Data are shown as the means = S.E. (n = 7), the value obtained
before the injection being considered as 100%. B, quantification of Evans Blue
extravasation over 4 h in zymosan-injected hindpaws from WT and Cot/
tpl2~/~ mice. Values of Evans Blue extravasation are expressed as the values
between the inflamed plantar tissue and its corresponding control. The graph
represents means = S.E. (error bars) (n = 9 for each condition).

similar levels of swelling were observed between the hind-
paws of WT and Cot/tpl2”™/~ mice 6 h and 24 h after the
induction of inflammation.

Cot/tpl2 Is Involved in Inflammatory Hypernociception in
Mice—Finally, we evaluated how the aforementioned modula-
tion of cytokine/chemokine, NGF, and PGE, production at the
inflammatory site observed in vivo as a consequence of the defi-
ciency of Cot/tpl2, affects the whole process of acute inflamma-
tion. Inflammatory pain is characterized by hypernociception
whereby the intensity of the sensitization to a painful stimulus
is preceded by and is directly dependent on the recruitment of
inflammatory cells and the release of inflammatory cytokines
and pronociceptive ligands (52, 53, 57). Thus, to evaluate the
importance of Cot/tpl2 in inflammation in vivo, we quantified
inflammatory hypernociception in the hindpaws of WT and
Cot/tpl2~/~ mice intraplantar-injected with zymosan. Overall,
there was a time-dependent reduction in mechanical hyperno-
ciception in Cot/tpl2™'~ mice compared with WT over a 48-h
time course, with the most striking differences evident at 24 h
after injection (Fig. 6). Furthermore, to evaluate the role of Cot/
tpl2 in peripheral acute inflammation with a ligand that actives
a TLR (TLR4), but not other pattern recognition receptors such
as dectin-1, we also studied the role of Cot/tpl2 inflammatory
hypernociception by injecting LPS into the hindpaws of the WT
and Cot/tpl-2~/~ mice, detecting again a significant decrease in
LPS-induced hypernociception in Cot/tpl2-deficient mice
(supplemental Fig. S5, A and B).

DISCUSSION

Cot/tpl2 controls ERK1/2 activation by TLR ligands, IL-1,
and TNFa (3-8, 10, 62), and its inhibition does not affect the
activation of the ERK1/2 pathway by other MAP3Ks. On the
basis of its capacity to trigger PGE, and TNFa production, Cot/
tpl2 has emerged as an attractive target to develop new and
improved anti-inflammatory drugs (for review, see Refs. 29, 30).
In this article we have studied the role of Cot/tpl2 in periph-
eral inflammation in vivo, demonstrating a role of Cot/tpl2 in
inflammatory hypernociception and providing evidence of
deficient neutrophil recruitment. MPO, one of the principal
components of the azurophilic granules in neutrophils, has also
emerged as a major factor controlling the acute inflammatory
process (48 —51), and our data demonstrate that Cot/tpl2-defi-
cient mice show decreased luminol-mediated bioluminescence
determined in vivo in two different zymosan-induced inflam-
mation models and decreased MPO activity measured in vitro
in intraplantar extracts of Cot/tpl2~/~ mice hindpaws injected
with zymosan. This loss of MPO activity is in accordance with
the lower number of recruited neutrophils at the inflamed site
in Cot/tpl2~/~ mice. The impaired recruitment of cells induced
by Cot/tpl2 deficiency is consistent with the decreased levels of
different chemotactic factors (53-56, 63, 64) such as MIP-1,

FIGURE 4. Involvement of Cot/tpl2 in the production of NGF, PGE,, and LTB, synthesis by zymosan. A, concentration of NGF in the intraplantar tissue extracts of
WT and Cot/tpl2~/~ mice hindpaws determined by ELISA 0, 2, 5, and 24 h after the injection of zymosan. The means + S.E. (error bars) of three independent
experiments of three different pooled tissues extracts from each condition are shown. B, Western blot showing COX2 expression in WT and Cot/tpl2~/~ BMDM
stimulated with zymosan (10 ug/ml). As control of total protein, loaded total ERK2 levels were tested. One representative experiment of the four performed is shown.
The PGE, concentration was measured in the supernatant of BMDM cells stimulated for 8 and 24 h. The means = S.E. of two independent determinations of three
different pooled supernatants from each condition are shown. C, PGE, concentration in intraplantar tissues of WT and Cot/tpl2 '~ mice 0, 2, 5,and 24 h after injection
with zymosan (300 pg, 30 ul). D, expression of COX2 mRNA detected by quantitative RT-PCR. Total RNA was extracted from zymosan-injected intraplantar tissues. The
means * S.E. of two independent determinations of four different pooled tissue extracts from each condition are shown. E, LTB, concentration in the samples
determined in C. Cand E, means = S.E. of two independent measurements of four different pooled tissue extracts from each condition.
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FIGURE 6. Cot/tpl2~'~ mice develop less hyperalgesia than the WT.
Mechanical hypernociception was assessed following zymosan injection (300
g, 30 ul) over a period of 48 h in WT (n = 8) and Cot/tpl2™/~ mice (n = 7).
A, time-response curve of zymosan-induced hypernociception in WT and
Cot/tpl2™/~ ™/~ mice. The results are presented as the means = S.E. (error
bars). **, p = 0.004, two-way ANOVA, Tukey post hoc. B, area under the curve
graph. The changes in nociceptive threshold and withdrawal latency were
calculated for each mouse as the area under the curve versus time (over a 48-h
period), and the results are presented as the means * S.E. *, p = 0.019, Stu-
dent’s t test.

KC, G-CSF, and/or GM-CSF detected within the first 5 h of
inflammation in Cot/tpl2~/~ mice.

Cot/tpl2 has an established essential role in the secretion of
MCP-1, MIP-1B, KC, and IL-6 in several isolated cell types
mainly following LPS stimulation but also, when stimulated
with IL-1 (3, 10, 24 -27). However, our data here indicate that
the contribution of Cot/tpl2 to the expression of a specific cyto-
kine or chemokine iz vivo is not as straightforward as detected
in single isolated cell types. It is important to note that Cot/
tpl2~/~ BMDM stimulated with zymosan show similar KC and
MCP-1 secretion levels as reported previously for LPS-stimu-
lated BMDM (data not shown). Indeed, and as expected in a
dynamic process, our data indicate that the role of Cot/tpl2 on
the production of certain inflammatory mediators varies during
the inflammatory response. This hypothesis is reinforced by the
fact that in the modulation of the hypernociceptive response
the main striking difference is observed at 24 h, but differences
in paw swelling by Cot/tpl2 deficiency are only observed at 3 h
following the zymosan-induced inflammation response. Never-
theless, here we demonstrate that the expression levels of GM-
CSF and G-CSF, with an active role in recruiting and maintain-

OCTOBER 29, 2010+VOLUME 285+NUMBER 44
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ing active macrophages and neutrophils at the inflammatory
focus (54 —56), are modulated by Cot/tpl2.

Cot/tpl2 has been proposed to be essential for the TNFa secre-
tion in response to LPS stimulation. The prior intravenously
administration of a Cot/tpl2 inhibitor in rats reduced TNF«a
plasma levels by 85% at 90 min following LPS administration (35).
Besides, Cot/tpl2™’~ mice hardly produce any TNFa within the
first 30 and 60 min after intraperitoneal injection of LPS/p-galac-
tosamine (7). Furthermore, Cot/tpl2~/~ mice show a 50%
decrease in TNFa levels in the peritoneum after 2 or 3 h of zymo-
san intraperitoneal injection (data not shown) (11). In contrast, in
zymosan-induced intraplantar inflammation, Cot/tpl2 hardly reg-
ulates TNFo production within the first 5 h following zymosan
injection, but a significant TNFa decrease by Cot/tpl2 deficiency is
observed 24 h after the induction of inflammation.

Cot/tpl2 controls the production of PGE, in LPS-stimulated
Cot/tpl2-deficient BMDM (62) as well as in IL-1 stimulated rheu-
matoid arthritis fibroblast-like synoviocytes (27). The expression
of COX2 is impaired in zymosan-stimulated Cot/tpl2-deficient
BMDM within the first 8 h of stimulation, as is PGE, production,
although these data do not correlate with that observed in vivo. In
this context, it is again clear that the tissue microenvironment is
more complex than isolated cell systems. LTB, plays an important
role in inflammatory hypernociception. It has been shown to
mediate the secretion of PGE, in zymosan-induced inflammation
in vivo (61), and zymosan induces LTB, in mast cells (65). Thus,
considering the correlation between the levels of PGE, and LTB,,
during the course of hindpaw inflammation, it remains possible
that PGE, levels that are increased in 5-h zymosan-injected Cot/
tpl2~/~ hindpaws but decreased 24 h after zymosan injection are
LTB,-mediated.

Inflammatory hypernociception is directly dependent on the
production of nociceptive mediators generated at the inflamed site
(53, 66, 67). PGE,, TNFa, NGF, IL-13, and IL-6 provoke the acti-
vation of nociceptive terminals that innervate the inflamed tissues
(52, 53, 58). Our data show that Cot/tpl2 controls the production
of NGF during the course of the zymosan-induced inflammation.
Decreased levels of IL-18 and IL-6 within the first 5 h after the
intraplantar injection of zymosan in Cot/tpl2~/~ mice were also
observed. At this time point, however, the Cot/tplZ_/ ~ mice
reflected a reduction of only approximately 15% in the hypernoci-
ceptive behavior compared with WT littermates. In this context, it
should be noted that at this time increased levels of PGE, in Cot/
tpl2~/~ zymosan-injected hindpaws were detected. Nevertheless,
24 h following intraplantar injection of zymosan, Cot/tpl2~/~
mice showed a 50% reduction in the hypernociceptive behavior,
together with reduced levels of NGF, TNFe, and PGE,,.

In conclusion, our data show that Cot/tpl2 regulates NGF
and LTB, production, the levels of GM-CSF and G-CSF, and
MPO activity along inflammatory response affecting the zymo-
san-induced acute inflammatory process and the resulting
hypernociception.
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