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ABSTRACT
Background: Monosodium urate (MSU) and calcium
pyrophosphate dihydrate (CPPD) crystal-induced interleu-
kin 1 b (IL1b) release contributes to inflammation in
subcutaneous air pouch and peritoneal models of acute
gout and pseudogout. However, consequences of IL1
inhibition have not been explored in more clinically
relevant models of crystal-induced arthritis.
Objective: To develop a novel mouse model of acute
gouty ankle arthritis and use it to assess the effects of
genetic deletion of IL1 receptor type (IL1R1) and of
exogenous mIL1 Trap (a high-affinity blocker of mouse
IL1a and IL1b) on pain, synovitis and systemic
inflammatory biomarkers.
Methods: MSU crystals were injected into the mouse
ankle joint and pain and ankle swelling were measured
over 4 days. The effects of IL1 inhibition were determined
in this model, and in the comparator models of crystal-
induced peritonitis and subcutaneous air pouch inflam-
mation.
Results: Both IL1R1-null mice and mice pretreated with
mIL1 Trap showed reduced neutrophil influx in MSU and
CPPD crystal-induced peritonitis and air pouch models
(p,0.05). In the ankle joint model, both IL1R1 knockout
mice and pretreatment with mIL1 Trap were associated
with significant reductions in MSU crystal-induced
elevations in hyperalgesia, inflammation, serum amyloid A
and the levels of multiple inflammatory cytokines and
chemokines (p,0.05). Additionally, it was found that
administration of mIL1 Trap after MSU crystal injection
reduced established hyperalgesia and ankle swelling.
Conclusions: IL1 inhibition both prevented and relieved
pain and ankle joint inflammation in response to intra-
articular MSU crystals in mice. Results suggested that IL1
Trap has the potential to both prevent and treat gouty
arthritis.

Acute gouty arthritis, an extremely painful condi-
tion,1 is provoked by activation of multiple
inflammatory mediators by uric acid crystals.2

This process is driven by neutrophil influx into
the joint and is associated with systemic manifes-
tations such as fever, leukocytosis and elevated
acute phase reactants.3–5

Monosodium urate (MSU) crystal-induced
release of interleukin 1b (IL1b),6 7 mediated by
NLRP3 inflammasome activation,8 is central to
experimental gouty inflammation.9 The NLRP3
inflammasome acts as an activating scaffold for
caspase-1, which cleaves and activates pro-IL1b
into mature IL1b.10 Macrophages from mice defi-
cient in inflammasome components cryopyrin,

ASC, or caspase-1, or in the IL1 receptor IL1R1,
have reduced neutrophil influx in response to MSU
crystals in vivo.9 11 Additionally, pharmacological
blockade of the IL1 pathway reduces neutrophil
influx in response to MSU using either recombi-
nant IL1 receptor antagonist (IL1ra; anakinra) or
blocking antibodies to IL1 and IL1R1.11 12

Consequences of IL1 blockade have not been
explored in the joint in gout animal models. In this
study we developed a mouse model of gout-like
joint hyperalgesia and inflammation in response to
MSU crystals in the ankle. Systemic IL1 inhibition,
using IL1R1 knockouts or mIL1 Trap, prevented
and suppressed ankle hyperalgesia and synovitis.

METHODS

Subjects
Male IL1R1 knockouts on a C57BL/6 background
and C57BL/6 age-matched control mice were
obtained from the Jackson Laboratory (stock no
003245; Bar Harbor, Maine, USA) and used between
the ages of 12 and 16 weeks. For mIL1 Trap and
colchicine studies, male C57BL/6 mice were obtained
from the Jackson Laboratory or Taconic Laboratories
(Hudson, New York, USA). Mice were individually
housed for at least 1 week before study on a
standard 12:12 h light–dark cycle (lights on 07:00).
Food and water were freely available. All experi-
ments were approved by the Regeneron Institutional
Animal Care and Use Committee.

Reagents
MSU crystals were prepared as described pre-
viously.13 Monoclinic calcium pyrophosphate dihy-
drate (CPPD) crystals were kindly provided by Dr
Kenneth Pritzker and incubated for 2 h at 200uC.
Both MSU and CPPD crystals were suspended at
25 mg/ml in sterile endotoxin-free phosphate-buf-
fered saline (PBS; Gibco, Carlsbad, California, USA)
and verified to be free of detectable lipopolysacchar-
ide contamination by Limulus amebocyte lysate
assay (Cambrex, East Rutherford, New Jersey, USA).

Murine IL1 Trap (5–35 mg/kg) was used for
pharmacological IL1 inhibition because the high
affinity human IL1 Trap (rilonacept) cross-reacts
poorly with rodent IL1b.14 mIL1 Trap was dissolved
in 10 mM phosphate, 100 mM NaCl, 0.004% poly-
sorbate 20, pH 6.5. Mouse Fc control protein was
dissolved in 10 mM Tris, 150 mM NaCl, 5% glycerol,
pH 7.5. Colchicine (Sigma-Aldrich, St Louis,
Missouri, USA) was suspended in saline at 1 mg/ml
and diluted into working solutions.
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Crystal-induced peritonitis and subcutaneous (SC) air pouch
models
Mice were intraperitoneally injected with 1 mg MSU or CPPD
crystals resuspended in 0.5 ml endotoxin-free PBS (Cambrex,
East Rutherford, New Jersey, USA). After 6 h, mice were killed
and their peritoneal cavities washed and harvested with 10 ml
stain buffer (BD Pharmingen, San Jose, California, USA). The air
pouch model was developed as previously described.13 Six hours
after crystal injection, air pouches of these mice were harvested
with 5 ml stain buffer. Isolated cells were incubated with the
monoclonal antibody CD16/CD32 (mouse BD Fc Block, BD
Pharmingen) to block FccRII/III receptors. Cells were then
stained with a neutrophil-specific monoclonal antibody (PE-Ly-
6G (R-phycoerythrin (R-PE)-conjugated rat anti-mouse Ly-6G
monoclonal antibody); BD Pharmingen) and sorted (MoFlo
high-speed cell sorter; Beckman Coulter, Fullerton, California,
USA). The total number of lavage neutrophils was determined
by dividing the number of cells counted by the percentage
lavage recovery. This number was multiplied by the percentage
Ly-6G-positive cells from the FACS count.

Crystal-induced ankle arthritis model and behavioural testing
MSU crystals (0.5 mg) suspended in 20 ml endotoxin-free PBS or
PBS control were injected intra-articularly into the tibio-tarsal
joint (ankle) of mice anaesthetised with 2.5% isoflurane. Mice
were assessed for nociceptive threshold and inflammation for up
to 4 days. Before behavioural testing, mice were acclimatised to
the testing room for at least 1 h. All behavioural measures were
taken by experimenters blind to genotype or treatment. Baseline
readings were obtained for each measure before injections.

To study thermal hyperalgesia after ankle injections, the
Hargreaves’ test was performed as previously described.15

Briefly, a radiant heat source was applied to the heel and the
latency for the animal to withdraw its foot was recorded. For
each mouse, three readings were obtained and the median
latency was used. The results are presented as the percentage
change from the baseline readings.

To test willingness to bear weight on injected ankles, the
weightbearing test was performed using an Incapacitance meter
(model 600, IITC Life Sciences, Woodland Hills, California,
USA). Each hind paw was placed on a transducer pad and the
weight distribution, in grams, was recorded over 4 s. The results
are presented as percentage weight distributed to the affected
limb.

The diameter of ankle joints was measured with callipers
while mice were anaesthetised under 2.5% isoflurane. The
results are presented as percentage change from baseline
diameter.

For histological analyses, at least 10 mice per group were
killed 1 day after ankle injection. The ankle region was isolated
and fixed in buffered neutral 10% formalin (VWR, West
Chester, Pennsylvania, USA), embedded in paraffin and
sectioned at 5 mm for staining with haematoxylin and eosin
(Histoserv, Germantown, Maryland, USA).

Mouse serum amyloid A (SAA) and cytokine profiling
Mice were killed one day after ankle injection and blood was
collected by cardiac puncture. Whole blood (100 ml) was
transferred to a serum separator tube (Microtainer Brand SST,
Becton Dickinson, Franklin Lanes, New Jersey, USA) and SAA

Figure 1 Blocking interleukin 1 (IL1)
reduced neutrophil influx in crystal-
induced peritonitis and air pouch models.
(A) IL1-R1 knockouts (KOs) show fewer
monosodium urate (MSU) crystal-induced
peritoneal neutrophils (phosphate-
buffered saline (PBS): n = 6 wild-type
(WT); n = 7 IL1R1 KO/MSU: n = 11 WT;
n = 10 IL1R1 KO). (B) mIL1 Trap dose-
dependently inhibited MSU-induced
peritoneal neutrophils (PBS: n = 4
vehicle; n = 4, 35 mg/kg mIL1 Trap/MSU:
n = 5, 12.5 mg/kg mFc; n = 6, 5 mg/kg
mIL1 Trap; n = 6, 15 mg/kg mIL1 Trap;
n = 5, 35 mg/kg IL1 Trap). (C) IL1R1 KOs
showed fewer MSU and calcium
pyrophosphate dihydrate (CPPD) crystal-
induced air pouch neutrophils (PBS: n = 6
WT; n = 5 IL1R1 KO/crystals: n = 6
each). (D) mIL1 Trap dose-dependently
decreased MSU-induced air pouch
neutrophils. mIL1 Trap decreased CPPD
crystal-induced air pouch neutrophils
(PBS: n = 5 vehicle/MSU: n = 6 vehicle;
n = 5, 5 mg/kg mIL1 Trap; n = 5, 15 mg/
kg mIL1 Trap; n = 5, 35 mg/kg mIL1
Trap/CPPD: n = 5 each). # p,0.001
compared with controls. Data expressed
as means (SEM).
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Figure 2 Blockade of the interleukin 1
receptor 1 (IL1R1) pathway reduced
thermal hyperalgesia and weightbearing
asymmetry in an in vivo model of acute
gout. (A) After intra-articular injection of
0.5 mg monosodium urate (MSU)
crystals into the ankle, thermal
hyperalgesia in the Hargreaves’ test,
occurred in wild-type mice (WTs); IL1R1
knockout mice (KOs) had significantly
reduced hyperalgesia (phosphate-buffered
saline (PBS): n = 5 per group; MSU:
n = 6 per group). (B) The effects of MSU
crystal ankle injection on weightbearing
distribution of the hind paws. IL1R1 KOs
showed decreased weightbearing
asymmetry on the injured hind paw
compared with WTs (PBS: n = 5 per
group/MSU: n = 6 per group). mIL1 Trap
(35 mg/kg) prevented the nociceptive
responses detected in the Hargreaves’
test (C) and in the weightbearing test (D)
in the same model (PBS: n = 5 per group/
MSU: n = 9 per group). No effects of PBS
ankle injections were detected in any of
the behavioural tests (A–D). *p,0.05
compared with WT or vehicle-treated
mice. Data are expressed as means
(SEM).

Figure 3 Inflammatory responses were
attenuated by interleukin 1 (IL1) signalling
deficiency in an in vivo acute gout model.
(A) IL1R1 knockout mice (KOs) showed
decreased ankle diameter after
monosodium urate (MSU) injection
compared with wild-type mice (WTs)
(phosphate-buffered saline (PBS): n = 5
per group/MSU: n = 6 per group). (B)
mIL1 Trap (35 mg/kg) significantly
decreased ankle diameter (PBS: n = 5 per
group/MSU: n = 9 per group).
Photomicrographs of median H&E-stained
ankles showed that IL1R1 KOs show less
cell recruitment to MSU crystals than
WTs (C), as do mIL1 Trap-treated mice
compared with vehicle-treated mice (D).
Arrows indicate ankle infiltrate. Blood
serum amyloid A (SAA) was measured
1 day after ankle injection. (E) SAA levels
were reduced in IL1R1 KOs relative to
WTs (PBS: n = 8 per group/MSU: n = 10
per group). (F) mIL1 Trap prevented
increased SAA (PBS: n = 6 vehicle;
n = 10 mIL1 Trap; MSU: n = 14 vehicle;
n = 12 mIL1 Trap). *p,0.05, +p,0.01,
#p,0.001 compared with WTs or
vehicle controls. Results expressed as
means (SEM).
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levels were measured using a mouse SAA ELISA kit (Biosource,
Carlsbad, California, USA), according to manufacturer’s instruc-
tions. Injected ankles were dissected and homogenised in a
protease inhibitor cocktail (1 tablet/50 ml, Boehringer
Manheim, Indianapolis, Indiana, USA) using a Mixer Mill
MM 300 (Qiagen, Valencia, California, USA). Homogenates
were centrifuged and supernatants analysed according to the
manufacturer’s instructions with a Luminex instrument
(Luminex, Austin, Texas, USA) and a mouse cytokine/
chemokine multiplex panel that detected 22 different proteins
(mIL1a, mIL1b, mIL2, mIL4, mIL5, mIL6, mIL7, mIL9, mIL10,
mIL12 (p70), mIL13, mIL15, mIL17, mIFNc, mIP10, mG-CSF,
mGM-CSF, mTNFa, mKC, mMCP1, mMIP-1a and mRantes)
(Millipore, Billerica, Massachusetts, USA).

Statistical analyses
Data are expressed as means (SEM) and were analysed using
analysis of variance (ANOVA) and post hoc tests to probe
significant effects (Bonferroni tests for one- or two-way
ANOVAs; Tukey HSD tests for three-way ANOVAs).

RESULTS
IL1 signalling mediates crystal-induced inflammation in the
peritoneum and synovium-like air pouch
We confirmed9 11 a marked decrease in neutrophil ingress in the
IL1R1 knockout (KO) mice compared with wild-type (WT)
mice in the MSU-induced peritonitis model (fig 1A). Next,
prophylactic subcutaneous (SC) injections of mIL1 Trap were
administered on alternate days for three treatments, with the
last given the day before MSU crystal injections. mIL1 Trap
produced a significant dose-dependent decrease in neutrophil
ingress (fig 1B). Similar decreases were seen using the CPPD

crystal-induced peritonitis model of pseudogout9 (online sup-
plementary figure 1). In contrast, intraperitoneal injection of
0.2 mg zymosan caused comparable neutrophil influx in IL1 R1
KOs and WTs (data not shown). Hence, IL1R1 KOs did not
exhibit a general deficiency in neutrophil recruitment.

To investigate the effects of IL1 inhibition on MSU and CPPD
crystal-induced inflammation in a synovitis model, we used SC
air pouches.13 16 In response to either MSU or CPPD, significant
reductions in neutrophil influx were detected in IL1R1 KOs
compared with WTs (fig 1C) and in mIL1 Trap-treated versus
vehicle-treated mice (fig 1D).

IL1 inhibition prevented hyperalgesia in a murine model of acute
gouty arthritis
Animals exhibited thermal hyperalgesia for 2 days after an
intra-articular ankle injection of MSU crystals, peaking 1 day
after injection (fig 2A). This thermal hyperalgesia was sig-
nificantly reduced in IL1R1 KOs compared with WTs. No
hyperalgesia was detected in mice of either genotype with ankle
injection of PBS (fig 2A).

Ankle injections of MSU, but not PBS, induced a significant
shift in weight bearing away from the affected limb in WTs,
peaking one day after injection (fig 2B). In contrast, IL1R1 KOs
showed significantly less weight redistribution. In the same
model, mIL1 Trap treatment significantly reduced both thermal
hyperalgesia in the Hargreaves’ test (fig 2C) and weight
redistribution in the weightbearing test (fig 2D).

Inhibition of IL1 reduced inflammation in a murine model of acute
gout
After injections of MSU, mice developed ankle swelling that
peaked after 1 day (figs 3A and B). Both IL1R1 KOs (fig 3A) and

Figure 4 Murine interleukin 1 (mIL1)
Trap was as efficacious as a high dose of
colchicine against neutrophil influx, pain
and swelling in in vivo gout models. No
synergism was detected for mIL1 Trap
and high-dose colchicine combination
therapy. (A) A dose-dependent decrease
in neutrophil influx was achieved with
increasing doses of colchicine
pretreatment in the monosodium urate
(MSU) crystal-induced peritonitis model
(phosphate-buffered saline (PBS): n = 6
per group/MSU: n = 6 per group). (B) In
the same model, mIL1 Trap (35 mg/kg)
pretreated mice showed a reduction in
the number of neutrophils equivalent to
the high dose of colchicine (2 mg/kg)
(PBS: n = 3, saline/MSU: n = 2, saline;
n = 6, Trap vehicle; n = 6, 35 mg/kg
mIL1 Trap; n = 6, 1 mg/kg colchicine;
n = 6, 2 mg/kg colchicine). (C and D)
Mice were treated with mIL1 Trap,
colchicine, or a combination of the two
drugs before injection of MSU crystals
into the ankles. (C) Thermal hyperalgesia
in the Hargreaves’ test was significantly
reduced by mIL1 Trap. (D) Ankle swelling
was significantly reduced by mIL1 Trap or
colchicine. *p,0.05, +p,0.01,
#p,0.001 compared with saline- or
vehicle-treated mice. Results are
expressed as means (SEM).
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mice treated with mIL1 Trap (fig 3B) showed significantly less
swelling.

Control injections of PBS into the ankle did not cause
inflammation as assessed histologically in any of the groups
(data not shown). Both WTs (fig 3C) and mice injected with
vehicle (fig 3D) exhibited a dramatic cellular infiltrate in the
ankle after MSU injection. In contrast, IL1R1 KOs (fig 3C) and
mice treated with mIL1 Trap (fig 3D) showed marked reduction
in this infiltrate.

The acute phase protein SAA rises during acute gout flares in
patients and subsequently decreases with treatment.17 MSU
crystal injections significantly increased SAA (figs 3E and F).
IL1R1 KOs developed less SAA elevation than WTs (fig 3E) and
mIL1 Trap blunted SAA induction (fig 3F).

mIL1 Trap is as effective as high doses of colchicine in
preventing pain and inflammation
Colchicine dose-dependently decreased neutrophil influx in
crystal-induced peritonitis (fig 4A). mIL1Trap was as effective
as the two highest doses of colchicine in preventing influx in
both MSU- and CPPD crystal-induced peritonitis (fig 4B; data
not shown). To test colchicine in the ankle model, we injected
1 mg/kg colchicine SC concurrent with the ankle injection and
then administered an additional 0.5 mg/kg on days 1–4 after
MSU. This dosing schedule was the highest colchicine regimen
tolerated without causing weight loss and lethargy (data not
shown). Mice were treated with mIL1 Trap, colchicine, or both
and then injected with MSU crystals into the ankle. Thermal
hyperalgesia was significantly reduced by mIL1 Trap, but not
colchicine, and no synergistic effect was detected with co-
treatment (fig 4C). Ankle swelling was decreased by both mIL1
Trap and colchicine in the first 3 days after ankle injection; the
combination therapy did not lead to any greater reduction
(fig 4D).

mIL1 Trap provides relief of established pain and inflammation
similar to colchicine
To study efficacy in relieving established pain and inflamma-
tion, mice were injected with a single tail vein intravenous
injection of mIL1 Trap (5 or 35 mg/kg) or colchicine (1 mg/kg)
1 day after ankle injection of MSU. Significant relief of thermal
hyperalgesia was achieved with both doses of mIL1 Trap and
with colchicine (fig 5A). In the weightbearing test, a significant
reduction of weightbearing redistribution was seen in mice
treated with 35 mg/kg mIL1 Trap or colchicine (fig 5B). Both
mIL1 Trap and colchicine significantly decreased ankle swelling
(fig 5C). Therefore, mIL1 Trap reduced hyperalgesia and
inflammation as effectively as colchicine even when adminis-
tered after the pain and inflammation were established.

IL1 inhibition attenuates cytokine and chemokine upregulation in
the ankle model
To identify cytokines and chemokines altered by ankle injection
of MSU crystals, as well as to study the role of IL1 in their
regulation, we performed cytokine and chemokine profiling on
ankles and serum samples collected 24 h after ankle injection.
Luminex profiling confirmed increased IL1b in MSU crystal-
injected ankles (table 1). Additionally, six other cytokines, IL6,
monocyte chemotactic protein-1 (MCP-1; CCL2), macrophage
inhibitory protein-1 (MIP-1a; CCL3), KC (CXCL1), tumour
necrosis factor a (TNFa) and granulocyte-colony stimulating
factor (G-CSF) were upregulated in the injected ankles and three
others, IL6, KC and G-CSF, in the serum. In contrast, IL1a was
significantly decreased with MSU treatment (online supple-
mentary fig 2). A significant attenuation of MSU-induced
increases in cytokines and chemokines was seen with genetic
deletion of IL1R1 and treatment with mIL1 Trap (table 1),
though normalisation of IL1a was not observed.

DISCUSSION
This study reinforced the hypothesis that IL1 signalling plays a
critical role in MSU and CPPD crystal-induced inflamma-
tion,9 11 12 including joint inflammation.2 3 18 19 Furthermore, we
described a novel mouse model of crystal-induced synovitis and
associated hyperalgesia. As previously reported in rat studies of
intra-articular injections of MSU crystals,20 21 we observed a
reluctance to place full weight on the injected hind leg and ankle
swelling. Additionally, as observed in rats,20 21 hyperalgesic

Figure 5 Murine interleukin 1 (mIL1) Trap was as efficacious as high-
dose colchicine in relieving established pain and swelling when given
1 day after ankle injection of monosodium urate (MSU) crystals.
(A) mIL1 Trap and colchicine treatments significantly reduced thermal
hyperalgesia for 3 days after treatment. (B) Mice treated with both mIL1
Trap and colchicine showed a significant decrease in the weightbearing
asymmetry. (C) Ankle diameter studies showed that mice treated with
mIL1 Trap and colchicine experienced similar reductions in ankle
diameter (n = 14, Trap vehicle; n = 16, mIL1 Trap; n = 15, colchicine for
A-C) *p,0.05 compared with vehicle treated mice. Results are
expressed as means (SEM).
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responses were fully developed within 1 day and subsided after
several days.

mIL1 Trap was generally as effective as genetic deletion of
IL1R1 against both inflammation and hyperalgesia in our
model. Colchicine was previously established to inhibit MSU-
induced neutrophil influx in rats,22 23 and here we showed that
mIL1 Trap worked as well as 1 or 2 mg/kg of colchicine.
However, these colchicine doses are near the mouse LD50 of
3 mg/kg intraperitoneally22 and identical to the 2 mg/kg dose
which reduced oedema by 71% but resulted in the death of 75%
of the animals in a rat study.23 Our finding that both mIL1 Trap
and maximum tolerated doses of colchicine relieve MSU crystal-
induced hyperalgesia does not necessarily indicate a common-
ality of mechanism. High-dose colchicine does, however,
suppress IL1b maturation and release.9

Luminex-based cytokine assays revealed upregulation of
multiple cytokine mediators of gouty inflammation, including
IL1b, at the injection site.18 24–29 Our observation that MSU
injection decreased IL1a was unexpected and strengthens the
argument that it is IL1b which mediates MSU-induced pain and
inflammation. Furthermore, it suggests that it is inhibition of
IL1b, not IL1a, which underlies the therapeutic effects of mIL1
Trap and genetic deletion of IL1R1. IL1 inhibition caused
significant reduction in multiple inflammatory cytokines,
including IL6, MCP-1 and KC,11 24 25 30 but did not completely
normalise the levels of these cytokines, suggesting contributions
from IL1-independent pathways. IL1R1 KOs showed more
attenuation than mice treated with mIL1 Trap, suggesting
potentially better inhibition with genetic deletion of the IL1
receptor than with pharmacological inhibition of IL1.

IL1 modulates other pain mediators such as nerve growth
factor, prostaglandin, substance-P and matrix metalloprotei-
nase-9,26 and also modulates neuronal excitability directly via
TRPV1, sodium channels, c-aminobutyric acid (GABA) recep-
tors and N-methyl D-aspartate (NMDA) receptors.27 The
beneficial effect of IL1b inhibition on gout-related pain could
therefore operate via a number of candidate mechanisms. Our
newly characterised mouse model could serve as a platform to
assess the relative contributions of these pathways.

In summary, IL1b drives both hyperalgesia and inflammation
in a mouse model of gout, and mIL1 Trap both prevents and
treats crystal-induced hyperalgesia and inflammation. The long-
acting IL1 blocker rilonacept, the human version of IL1 Trap,

was recently approved by the FDA for treatment of cryopyrin-
associated periodic syndromes.28 29 Our data suggest that IL1
Trap has therapeutic potential for both the prophylaxis and
treatment of acute gouty arthritis.
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