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Abstract
Background: Synovitis-associated pain is mediated by inflammatory factors that may include S100A8/9, which is
able to stimulate nociceptive neurons via Toll-like receptor 4. In this study, we investigated the role of S100A9 in
pain response during acute synovitis.
Methods: Acute synovitis was induced by streptococcal cell wall (SCW) injection in the knee joint of C57Bl/6 (WT)
and S100A9−/− mice. The expression of S100A8/A9 was determined in serum and synovium by ELISA and
immunohistochemistry. Inflammation was investigated by 99mTc accumulation, synovial cytokine release, and
histology at days 1, 2, and 7. To assess pain, weight distribution, gait analysis, and mechanical allodynia were
monitored. Activation markers in afferent neurons were determined by qPCR and immunohistochemistry in the
dorsal root ganglia (DRG). Differences between groups were tested using a one-way or two-way analysis of variance
(ANOVA). Differences in histology were tested with a non-parametric Mann–Whitney U test. p values lower than
0.05 were considered significant.
Results: Intra-articular SCW injection resulted in increased synovial expression and serum levels of S100A8/A9 at
day 1. These increased levels, however, did not contribute to the development of inflammation, since this was
equal in S100A9−/− mice. WT mice showed a significantly decreased percentage of weight bearing on the SCW hind
paw on day 1, while S100A9−/− mice showed no reduction. Gait analysis showed increased “limping” behavior in
WT, but not S100A9−/− mice. Mechanical allodynia was observed but not different between WT and S100A9−/−
when measuring paw withdrawal threshold. The gene expression of neuron activation markers NAV1.7, ATF3, and
GAP43 in DRG was significantly increased in arthritic WT mice at day 1 but not in S100A9−/− mice.
Conclusions: S100A8/9, released from the synovium upon inflammation, is an important mediator of pain response
in the knee during the acute phase of inflammation.
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Background
Synovitis is a hallmark of rheumatoid arthritis (RA) and
the majority of osteoarthritis (OA) patients. Both diseases have a huge socio-economical impact on society
[1]. Pain, the major clinical symptom for the RA and OA
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patients, is of unknown origin and correlates poorly with
radiographic disease scores, and very often, treatment responses are low. Therefore, there is an urgent need to
clarify the mechanisms behind pain perception in
rheumatic diseases. It is thought that part of the pain
perception in RA and OA is related to mediators of
synovitis [2–4].
In several studies, we demonstrated that S100A8/9 are
involved in inflammation and subsequent structural joint
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pathology, in humans and experimental RA and OA.
S100A8 and S100A9 are proteins that form heterodimers
and are abundantly expressed and released by neutrophils, monocytes, and activated macrophages. S100A8/9
heterodimers have been shown to signal via Toll-like receptor 4 (TLR4) and are important regulators of the innate inflammatory response [5]. We demonstrated
significantly higher levels of S100A8/9 levels in early OA
patients that show progression of disease regarding
Kellgren and Lawrence score [6], and pathology in experimental RA and OA strongly depends on S100A8/
9 [6, 7].
Since S100A8/9 can mediate synovitis in both RA and
OA models, it is difficult to investigate whether S100A8/
9 plays a direct role in pain perception. TLR4 has been
implicated in pain perception, is expressed by afferent
sensory neurons, and may play a role in local peripheral
nociception [8, 9]. A role for S100A8 was demonstrated
in the activation of these neurons, leading to the production of MCP-1 and the local influx of monocytes that
produce S100A8 in the dorsal root ganglion (DRG) [10].
Therefore, S100A8/9 may not only be involved in local
nociception but also in sensitization by monocyte influx
or local MCP-1 production in the DRG. Sensitization
leads to increased pain perception and is thought to be
involved in chronic pain that occurs in OA [11].
Activation of the peripheral C- and Aδ-fibers leads to
pain sensation [12]. Upon excitation of the peripheral pain
fiber, the neuron, with the cell body residing in the DRG,
is activated, and this may result in the upregulation of several marker genes, among which substance P, CGRP,
NPY, galanin, NAV1.7, P2RX3, α2δ1, ATF3, and GAP43,
depending on the cause and nature of the pain [13].
The hypothesis of this study is that S100A8/9 induces
pain as by direct activation of afferent nerve endings and
by sensitization of the peripheral nervous system locally
in the DRG, where it is produced by infiltrating
monocytes.
Synovitis is studied in streptococcal cell wall (SCW)
arthritis, which is based on local activation of the synovium by intra-articular deposition of SCW. SCW bind to
TLR2 rather than to TLR4 [14], which makes this a good
candidate to study the involvement of S100A8/9, a
known TLR4 ligand, in pain perception.
Several methods to measure different aspects of pain
have been described [15]. In this study, we used gait analysis and the incapacitance tester to study pain upon
static and dynamic loading and von Frey testing to determine allodynia, as a measure for pain sensitization.

Materials and methods
Animals

Synovial activation was elicited in male C57BL/6 mice
and in S100a9−/− mice backcrossed to the C57BL/6
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background for more than 12 generations. Myeloid cells
of S100a9−/− mice also lack S100A8 at the protein level
[16]. Mice were used between the age of 14 and 16
weeks. All animal studies were conducted according to
the Dutch law and approved by the Dutch Central Animal Experimentation Committee (project 2015-0014). A
total of 80 mice were used, 6–8 per experimental group.
SCW arthritis induction

SCW were produced as described previously [17]. After
randomization, unilateral arthritis was induced by intraarticular injection of 25 μg SCW (rhamnose content) in
6 μL PBS into the right knee joint of 20 WT mice and 10
S100a9−/− mice. As a sham control, saline was injected
into the right knee joint of 20 WT and 10 S100a9−/− mice.
At day 1 and day 7 after induction, serum was collected
and S100A8/9 levels were determined using an ELISA that
was designed in-house [18].
99m

Tc uptake measurement

To quantify joint swelling as a measure for inflammation, the uptake of 99mTc-pertechnetate was measured
[19]. The signal was expressed as a ratio relative to the
naive contralateral knee joint. Briefly, mice were injected
subcutaneously with 12 μCi 99mTc-pertechnetate and sedated. After 30 min, the amount of radioactivity was
assessed by measuring the gamma radiation with the
knee in a fixed position, using a collimated NaI scintillation crystal. Swelling was measured at baseline and at
days 1 and 7 after injection.
Isolation of the knee joints and DRG

On days 1 and 7 after induction of SCW arthritis, the
knee joints were isolated and fixed in 4% formaldehyde,
decalcified in formic acid, and subsequently dehydrated
and embedded in paraffin. From a part of the murine
joints, synovium was isolated for the preparation of
washouts and RNA isolation. Briefly, the synovium was
isolated from the murine knee joints using a standardized method comprising removal of the quadriceps and
section of the patella ligament. Tissue was put in RPMI
(Gibco, Invitrogen, Carlsbad, CA, USA), enriched with
0.1% BSA (Sigma–Aldrich) for 1 h at room temperature.
Prior to incubation, two 3-mm biopsies were taken for
RNA isolation. DRG were isolated at the L3–5 levels of
the spinal column. Briefly, the spines were isolated and
cut in half transversely, and the ipsilateral L3–5 were removed. DRG were fixed in 4% formaldehyde, subsequently dehydrated, and embedded in paraffin. Paraffin
sections were cut at 7 μM or 5 μM and mounted on
coated slides. Hematoxylin/eosin (H&E) staining was
performed to study the inflammatory cells and tissue
morphology. Of the knee joints, inflammation scored
using an arbitrary scoring system. The severity was
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determined using an arbitrary score (0–3), performed
blindly by two observer: 0, no influx; 1, mild cellularity;
2, higher cellularity; and 3, very high cellularity. Immunohistochemical (IHC) staining was performed on
S100A8 and S100A9 in WT mice. As primary antibodies,
anti S100A8 and S100A9 were used that were prepared
as described previously [5]. On DRG, IHC staining was
performed for F4/80, to detect monocytes/macrophages,
and for NAV1.7 (Alomone Labs, asc-008). For all IHC
detections, isotype-matched IgG was used as a negative
control. For S100A8, S100A9, and NAV1.7, IHC staining
was scored in a semi-quantitative manner by assessing
the diaminobenzidine (DAB) intensity using ImageJ
(NIH, Bethesda). Since DAB intensity is not linearly related to expression, the staining is qualified as semiquantitative. Briefly, photomicrographs were corrected
for background, area of interest was selected, and the
mean intensity of the area was assessed using the “H
DAB” plugin after color deconvolution. Quantification of
F4/80 staining in the DRG was done by counting the
amount of positive cells per field of view after
deconvolution.
Assessment of pain behavior

In order to reliably measure pain in animal models, using
more than one way to measure pain behavior in experimental models is highly recommendable [15]. None of the
available pain tests for rodents is specific only for pain,
since in all cases, behavior is studied, and behavior can
easily be influenced by other parameters. Therefore, in
our experiments, extreme care was taken to include a
proper adjustment period for acclimatization, sham controls were used, and baseline measurements were taken at
3 alternate days before the start of the experiments. By
taking these precautions, and by combining several
methods, pain measurements can be reliably performed,
and several groups have shown that these methods reflect
pain behavior since the use of analgesics normalizes behavior [20]. All measurements were performed by the
same observers (AB, EBD, and EG) who were blinded for
treatment and phenotype. Mice were randomized prior to
the start of the experiments. The methods we used were
(a) incapacitance testing, (b) gait analysis, and (c) von Frey
testing.
Incapacitance tester

To assess the weight distribution between the hind paws,
we used the Linton incapacitance tester (Linton Instruments, UK). Briefly, mice were put on the device and
due to the dimensions of the device, mice were forced to
stand on their rear legs, and the left and right legs were
positioned on two separate scales. Due to the hyperactive nature of mice in general, using the incapacitance
tester can be challenging, but reliable results have been
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obtained by many groups. We used a functionality of the
incapacitance tester that only starts measuring when the
mouse is in a stable position, as reflected by stable readings for at least 4 s, to ensure a reliable measurement.
The measurement itself lasted 1 s. Per mouse, 6 serial
measurements were made, and the mean was calculated.
Before the start of the measurements, mice were acclimatized to the incapacitance tester 3 times before the
start of the measurements at day − 7. Three baseline
measurements were made on days − 7, − 3, and day 0.
Subsequently, the effect of synovitis was measured at
day 1 and day 7 after injection of SCW. The results were
expressed as the percentage of total weight on the arthritic right leg compared to the combined weight on the
right and unaffected left leg.
Gait analysis using Catwalk-XT

To measure changes in gait parameters induced by injection of SCW, and to assess whether differences were
present between WT and S100A9−/− mice, gait analysis
was performed using the Catwalk-XT (Catwalk XT®,
Wageningen, The Netherlands). Within this system, the
mice are allowed to walk freely across a glass plate. A
high-speed camera is used to capture suitable runs over
a distance of 30 cm, which are selected using software
settings: maximal variation in run speed, 60%; minimal
time, 1 s; maximal time, 4 s. If these criteria were met,
the run was considered valid. A full stop of the mouse
during a run would render the run invalid. Per mouse, 3
valid runs were obtained, and for all data, the mean over
these runs was calculated. Footprints and footfall patterns were identified and digitally analyzed. Changes in
the footprint area, the duration of the stand phase of
each paw, and the terminal dual stance were measured
as a measure for pain behavior. The footprint area was
calculated as the mean width × length for each paw. The
stand phase was calculated as the mean duration of contact with the glass of each paw separately. The mean terminal dual stance represents the duration of the overlap
of the stand phase between the left and right joint, at the
moment the left paw is placed. It represents the time
that both hind paws are loaded in the final stand phase
of the right hind limb. An increase in time is a measure
for increased pain, as this can be considered an attempt
to decrease the loading of the right joint. This parameter
quantifies what could be called “limping.”
Assessment of allodynia using von Frey hairs

Mechanical allodynia in mice was tested using the up–
down staircase method as described by Dixon [21]. In
short, mice were placed on a metal grid (with 3-mmdiameter holes) within small Plexiglas cubicles, and a set
of 10 calibrated von Frey fibers (0.07, 0.16, 0.4, 0.6, 1,
1.4, 2, 4, 6, and 8 g, BioSeb, Vitrolles, France) was
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applied perpendicular to the plantar surface of the hind
paw until the fibers bowed and then held for 2 s. Paw
withdrawal was scored if within 5 s of removal of the
fiber the paw was withdrawn or licked. Each fiber was
applied 3 times, and a positive withdrawal response was
scored if 2 or 3 out of 3 applications resulted in paw
withdrawal. All testing and scoring were performed by
one researcher. Testing was initiated with the 0.6-g fiber;
if the response was negative, a fiber with increased force
was applied, and in the event of a positive response, a
weaker stimulus was applied. Sequential measurements
were separated by at least 5 min. When a fiber resulted
in a positive withdrawal response, 4 more additional fibers were tested. The 50% withdrawal threshold was interpolated as described in detail by Chaplan et al. [22].
Isolation of RNA (synovium and DRG) and subsequent
qPCR

Gene expression was determined using quantitative realtime PCR (qRT-PCR). DRG for RNA isolation were homogenized in RLT buffer using the MagNA Lyser Instrument (Roche). Total RNA was isolated using the
RNeasy MinElute kit (Qiagen) with a Proteinase K step
according to the manufacturer’s protocol. The RNA concentration was determined using a Nanodrop spectrophotometer and subsequently reverse transcribed into
cDNA. qRT-PCR was performed using specific primers
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(Table 1) and the SYBR Green Master Mix in the Applied Biosystems StepOnePlus real-time PCR system
(Applied Biosystems). Reactions were presented as
minus delta threshold cycle Ct (−ΔCt) values, calculated
by correcting the negative threshold cycle (−Ct) of the
gene of interest to the −Ct of the reference gene GAPD
H.
Statistical analysis

Statistical analyses were performed using Graphpad
Prism version 5.03. Differences between the groups were
tested using a one-way or two-way analysis of variance
(ANOVA). Differences in histology were tested with a
non-parametric Mann–Whitney U test. p values lower
than 0.05 were considered significant. Results are
expressed as mean values ± standard deviation (SD).

Results
Serum levels and synovial expression and release of
S100A8 and S100A9 are increased upon SCW injection

First, we determined whether in the acute synovitis
model of SCW induced arthritis in C57Bl/6 mice,
S100A8 or S100A9 genes and proteins were expressed.
After a single i.a. SCW injection, the expression of both
S100a8 and S100a9 mRNA was significantly upregulated
locally in the synovium. The peak expression was found
on day 1 (resp. 29- (ddCt 5.4 ± 2.1) and 34-fold increase

Table 1 Primers to measure expression in synovium and/or DRG using Q-PCR
Gene

Forward primer

Reverse primer

α2δ1(A2d1)

5′-gtcacactggattttctcgatgc-3′

5′-gggtttctgaatatctggcctga-3′

Atf3

5′-gaggattttgctaacctgacacc-3′

5′-ttgacggtaactgactccagc-3′

Cfos

5′-aaacccatcaccatcttcca-3′

5′-gtggttcacacccatcacaa-3′

Cgrp

5′-ttgtcagcatcttgctcctgtac-3′

5′-gcctgggctgctttcca-3′

Galanin

5′-ggcagcgttatcctgctagg-3′

5′-ctgttcagggtccaacctct-3′

Gap43

5′-tggtgtcaagccggaagataa-3′

5′-gctggtgcatcacccttct-3′

Gapdh

5′-ggcaaattcaacggcaca-3′

5′-gttagtggggtctcgctcctg-3′

Il1b

5′-ggacagaatatcaaccaacaagtgata-3′

5′-gtgtgccgtctttcattacacag-3′

Il6

5′-caagtcggaggcttaattacacatg-3′

5′-attgccattgcacaactcttttct-3′

Kc

5′-tggctgggattcacctcaa-3′

5′-gagtgtggctatgacttcggttt-3′

Mcp1

5′-ttggctcagccagatgca-3′

5′-cctactcattgggatcatcttgct-3′

Nav1.7

5′-cgacagcggcacaactaatc-3′

5′-agaatgcttgctctgctcatg-3′

Ngf

5′-tcgggccagtatagaaagct-3′

5′-ggggagcgcatcgagtttt-3′

Npy

5′-atgctaggtaacaagcgaatgg-3′

5′-tgtcgcagagcggagtagtat-3′

P2rx3

5′-aaagctggaccattgggatca-3′

5′-cgtgtcccgcacttggtag-3′

S100a8

5′-tgtcctcagtttgtgcagaatataaat-3′

5′-tttatcaccatcgcaaggaactc-3′

S100a9

5′-ggcaaaggctgtgggaagt-3′

5′-ccattgagtaagccattcccttta-3′

SubstanceP (Tac1)

5′-attcctttgttggactaatgggc-3′

5′-acgtcttctttcgtagttctgc-3′

Tnfa

5′-cagaccctcacactcagatcatct-3′

5′-cctccacttggtggtttgcta-3′

Trka

5′-gcctaaccatcgtgaagagtg-3′

5′-ccaacgcattggaggacagat-3′
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(ddCt 5.8 ± 1.8) compared to sham), and levels decreased
at day 2- to 8-fold increase for both (ddCt resp. 3.0 ± 1.6
and 3.0 ± 1.2) compared to sham and were back to baseline at day 7 (ddCt resp. 0.8 ± 1.1 and 0.9 ± 1.5). This upregulation in S100a8 and S100a9 mRNA was reflected
by increased protein levels in serum and synovial washouts (Fig. 1a, b).
Using immunohistochemistry we demonstrated that
levels of both S100A8 and –A9 peaked at day 1, decreased slightly at day 2 and were low, but still above
baseline at day 7 after SCW injection (Fig. 1c, d).
Increased S100A8/A9 expression after SCW injection does
not contribute to the development of inflammation

To study the involvement of S100A8/9 in synovitis, we
first determined swelling of the knee joint at day 1 and at
day 7 after SCW injection. Swelling increased, as determined by measuring the 99mTc-pertechnetate uptake R/L
ratio, 1 day after injection of SCW in WT mice (Fig. 2a).
At day 7, joint swelling was down to baseline levels. In
S100a9−/− mice, effectively lacking both S100A9 and
S100A8, swelling was induced to comparable levels as in
WT mice. Swelling at day 7 was not different from baseline levels. To determine whether S100A8/9 deficiency
leads to changes in cell influx, we scored local inflammation using histology (Fig. 2b–d). Inflammation was high at
day 1 and was decreased but still present at day 7 after induction. Interestingly, however, no differences in cell
numbers and cell types could be observed between WT
and S100a9−/− mice (Fig. 2d). Mediators for inflammation,
except TNFα and IL-1, were increased in synovial washouts during SCW arthritis, but none of the inflammatory
mediators (KC, MCP-1, IL-6) were significantly different
between WT and S100a9−/− (Fig. 2e).
SCW injection leads to increased nociceptive pain behavior
in the affected leg, which is absent in S100a9−/− mice

The lack of effect of S100A8/9 on inflammation presented us with the perfect conditions to determine the
role of S100A8/9 in pain irrespective of inflammation.
We first measured pain behavior defined by static loading of the right and left paws using an incapacitance
tester. At day 1 after induction, the percentage of total
weight on the right hind leg decreased from approximately 50% at baseline to just below 30%, p < .001
(Fig. 3a). In contrast, mice lacking S100A9 showed no
shift. Seven days after induction, incapacitance normalized almost completely to 44% in the WT and 48% in
the S100a9−/− and was no longer significantly different
from saline-injected controls.
Next, animals were allowed to walk freely, and gait
was monitored at day 1 after injection for 2 parameters,
the stand phase of each paw, and the terminal dual
stance (TDS). Remarkably, the stand phase of the right
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hind leg was unchanged 1 day after SCW injection, both
in WT and S100a9−/− mice. However, in WT mice, the
stand phase in the remaining legs, left hind and right
and left front legs, increased significantly (respectively
p < .001, p < .05, and p < .001). This increase was not observed in S100a9−/− mice (Fig. 3b). Next, the TDS was
determined from the Catwalk data. This parameter can
be described as “limping.” The TDS significantly increased in wild-type mice after injection of SCW, resulting in “limping” behavior (Fig. 3c). In contrast, no
change in TDS was observed in the S100a9−/− mice with
SCW arthritis, underlining the role of S100A8/9 in pain
perception.
SCW-induced mechanical allodynia does not differ
between WT and S100A9−/− mice

To determine whether S100A8/9 are contributing to
pain sensitization, we measured hind paw mechanical
allodynia using von Frey filaments. At day 1 after SCW
injection, allodynia could be clearly demonstrated
(p < .001) in WT mice (Fig. 4a). Saline-injected animals
did not differ from baseline and had a 50% paw withdrawal threshold of approximately 3 g, whereas SCWinjected mice showed a dip of approximately 1 g at day 1
after injection, which returned to baseline levels at day
7. In contrast to the parameters for general pain perception, allodynia in S100a9−/− was present (p < .001) and
did not differ from WT (Fig. 4b).
SCW synovitis does not cause cell influx or proinflammatory response in the DRG and no differences
between WT and S100A9−/− mice

To study the possible mechanisms that underlie differences in pain perception between WT and S100a9−/−,
we determined whether the inflammatory response in
the relevant DRGs (L3-L5) was different between WT
and S100a9−/−. In the joint, S100A8/9 in WT may bind
to the afferent neuronal ending, thus causing activation
of the neuronal bodies in the DRG. We did not find increased expression of MCP-1 in the DRG 1 or 7 days
after induction of synovitis (Fig. 5a). Also, other mediators that may signify cell influx or inflammation
(S100A8, IL-1β, NGF, and TNFα, the latter not shown)
were unchanged (Fig. 5b–d). Histological examination of
the DRG proved a lack of cell influx upon induction of
synovitis. This was confirmed by immunohistochemical
detection of F4/80, which was not different in DRG of
SCW versus saline-injected mice (Fig. 5e, f).
SCW injection results in increased expression of neuron
activation markers in DRG of WT mice but not in
S100a9−/− mice

Now that we could not demonstrate regulation of inflammatory response genes in the DRG, we detected
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Fig. 1 S100A8 and S100A9 expression is increased during SCW arthritis. a In synovial washouts, S100A8/9 was detected using an ELISA. Washouts
were obtained by washing synovial explants for 2 h in the culture medium at RT. Explants were isolated at baseline and at days 1, 2, and 7 (b).
Using immunohistochemistry, S100A8 and S100A9 (c) were detected in the knee joints at baseline and at days 1, 2, and 7 after induction of
synovitis. S100A8/9 is clearly increased at days 1 and 2 and wanes thereafter (n = 6 for all groups). d This is quantified using ImageJ. One-way
ANOVA with Tukey multiple comparison test was performed. ***p < 0.001; **p < 0.01; *p < 0.05. P, patella; F, femur; S, synovium
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Fig. 2 Synovitis is not different in WT versus S100A9−/− mice. a Swelling was the same for both WT and S100A9−/− mice and was high at day 1 and
back to baseline at day 7 (below threshold ratio of 1.1). Cell influx showed no difference between WT mice and S100A9−/−, both at days 1 (b, d) and 7
(c, d) after the induction of SCW arthritis. Protein levels of MCP-1, KC, and IL-6 were increased but not different between WT and S100a9−/− mice (e)
(N = 16 for a; n = 8 for other panels). Student t test was used for a. Two-way ANOVA was used with a Tukey post hoc test for the other panels. P,
patella; F, femur; S, synovium

genes that are involved in neuron function in the DRG
and may serve as markers for activation or damage: Substance P, CGRP, NPY, galanin, NAV1.7, P2RX3, α2δ1,
ATF3, and GAP43. First, we determined levels of mRNA
expression of these genes in WT mice injected i.a. with
SCW and compared this to WT mice that received saline (Table 2). One day after induction of SCW arthritis,
3 genes of this panel were upregulated: NAV1.7 (1.7fold), ATF3 (1.8-fold), and GAP43 (1.9-fold) (Fig. 6a–c).
Subsequently, regulation of these genes in DRG of

S100a9−/− mice after induction of SCW arthritis was absent. In contrast, even a downregulation of ATF3 compared to WT mice was observed (2.1-fold). At day 7
after induction of SCW, none of the genes were differentially expressed, in WT nor in S100a9−/−. The mRNA
findings of NAV1.7 were confirmed by immunohistochemistry on DRG, where enhanced staining was found
in WT compared to S100a9−/−, although protein levels
were not significantly different between WT and
S100a9−/− until day 7 (Fig. 6d, e).
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Fig. 3 S100A9−/− mice show less pain behavior than WT mice in SCW synovitis. a Wt mice showed a dip in the loading of the right, affected limb,
while S100a9−/− mice did not. Although the stand phase of WT mice was not different in the affected right hind limbs from controls, all other
limbs showed an increased stance (b). Particularly at the end of each stand of the affected joints, the left limb was used to unload the right hind
limb, as reflected in the TDS (c) in WT but not S100A9−/− mice. Found in two separate experiments (n = 8 each). Two-way ANOVA with a Tukey
post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001)

Discussion
Synovitis and bone marrow lesions have been proposed
to determine OA pain [23]. In RA, it is well accepted
that synovitis is an important source of pain, but also
here, mechanisms are poorly understood [24]. An intriguing question is whether key mediators can be identified in the joint that are particularly involved in the
generation and maintenance of pain caused by synovitis.
S100A8/A9 is a potent mediator of synovitis and joint
destruction during mouse and human OA and these
alarmins are produced within the joint throughout the
course of the disease. In the present study, we set out to
determine if and to what extent the S100A8/9 heterodimer is involved in pain that is mediated by synovitis. We
clearly demonstrate that the heterodimer S100A8/9 is
indeed involved in pain behavior in an experimental
model for synovitis. S100A8/9 seem particularly important in nociception, since we found a clear normalization
of joint loading and gait in S100a9−/−.
SCW synovitis is based on the activation of TLR2, rather than TLR4, which would disturb the measurement

of isolated effects of the TLR4 ligand S100A8/9 [14].
Interestingly, in contrast to other models [6, 7, 25], the
inflammation in the SCW model was not mediated by
S100A8/A9. This allowed us to study the direct effect of
S100A8/A9 in pain, independent of the differences in inflammation. The SCW arthritis model is a generalized
model for acute synovitis. The infiltrate is characterized
by cells of the innate immune system, like monocytes,
macrophages, and PMN, rather than lymphocytes, cell
types relevant for both RA and OA. Inflammation is an
important source of pain in many processes, including
arthritic diseases [10, 26]. It has been recently shown
that a 32-mer aggrecan fragment is a potent activator of
TLR2 and is involved in inflammation and pain in
models for OA [27, 28].
Much is still unknown about the involvement of the
DAMP S100A8/9, in pain perception. We studied
S100A8/9 involvement in 2 different aspects of pain: (1)
acute inflammatory or nociceptive pain, caused by direct
excitation by S100A8/9 of the relevant afferent nerve fibers, likely via TLR4 or RAGE, directly resulting in pain
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Fig. 4 Allodynia is induced during SCW synovitis, but not different between WT and S100A9−/−. Injection of saline did not induce changes in the
pain threshold, but injection of SCW lowered the threshold significantly at day 1 (a). Although the threshold recovered partly at day 7, it was still
significantly different from baseline. Allodynia in S100a9−/− mice did not differ from WT and showed a highly similar pattern, indicating that
S100A8/9 is not involved in sensitization. Significance was tested using a two-way ANOVA at n = 8 per group. A Tukey post hoc test was
performed to identify significantly different means (*p < 0.05; **p < 0.01; ***p < 0.001)

[8, 29]; (2) sensitization, induced by binding of TLR4 or
RAGE, and resulting in increased excitability of the afferent nerve fiber, via cell influx into the DRG or via
regulation of nociceptors or ion channels.
By comparing the differential effects of S100A8/9 on
the specific parameters, we deducted the involvement
of S100A8/9 in these different aspects of pain. The first
indication that pain caused by synovitis is mediated by
S100A8/A9 came from our finding that static weight
bearing, determined with the incapacitance tester [30,
31], was unchanged in S100a9−/− but not in WT mice.
Gait was analyzed to measure the dynamic loading of
the paws and “limping” [32]. These parameters were
quantified as (1) the mean stand phase of all four paws
and (2) the TDS. Both parameters have been described
before to reflect pain behavior [33, 34]. We found an
increase in stand phase in the unaffected paws in WT
mice, rather than a decrease of the stand phase of the
arthritic paw. It is assumed that the loading of unaffected limbs is increased to spare the affected limb.
This effect has been described before in a rat model for
arthritis [35]. TDS of the right hind paw is considered
an indicator of pain, and changes represent “limping”
behavior. This clear demonstration of lack of pain behavior when S100A8/9 is absent affirms the importance
of S100A8/9 in general pain behavior during synovitis.
To study the second aspect of pain, sensitization, we
determined the pressure-pain threshold (tactile allodynia) using von Frey filaments [36, 37]. Although clearly

present in WT and S100A9−/− mice, allodynia was equal
between the two groups, excluding a role for S100A8/9
in sensitization in acute synovitis.
Together, these data strongly suggest a role for the
TLR4 ligand S100A8/9 in acute nociception rather than
modulation of pain sensitivity. This is in line with a recent finding, in which TLR4 deficiency did not alter
sensitization [10]. Although S100A8 stimulation caused
excitation of afferent neurons, when a model for OA,
destabilization of the medial meniscus (DMM), was induced in the knee joints of Tlr4−/− mice, no effect on
sensitization was demonstrated. In contrast to these
findings, a study in which LPS was injected in the paw
of WT and Tlr4−/− mice did demonstrate a role for
TLR4 in this process [38]. This indicates that endogenous TLR4 ligands as formed in (osteo) arthritis models
may play a redundant role. S100A8/9 can bind to RAGE,
but most literature suggests a role for RAGE in neuropathic pain and central sensitization, for which the
current model is not suitable [39]. We therefore cannot
claim a role for this receptor. Future experiments could
include i.a. injection of S100A8 or S100A9 homodimers
to test the hypothesis that these compounds induce an
acute pain response, and using specific knockout mice,
this could shed light on the receptors that are involved
in this. However, it would be difficult to determine
whether this would be a direct effect on pain behavior or
indirect through the mediation of inflammation.
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(See figure on previous page.)
Fig. 5 No signs for inflammatory reaction in the DRG during acute synovitis. Ipsilateral DRG of both WT and S100a9−/− mice were isolated and used for both
RT-PCR of several genes involved in inflammation (n = 5) and for histological examination (n = 5). No significant differences in the expression of inflammationrelated genes (MCP1 (a), S100A8 (b), IL-1B (c), and NGF (d)) were observed. When the tissue was examined histologically, the H&E staining (magnification × 200)
did not show any alteration in mice injected with SCW from mice injected with saline. Also, no differences between WT and S100a9−/− mice were observed (e).
When monocytes/macrophages were specifically detected using F4/80 (magnification × 400), after quantification, no differences were observed between all
groups (e, f)

To shed more light on the cellular and molecular processes that may underlie the differences in pain behavior,
we studied the DRG, where the cell bodies of the Aδand C-fibers reside [40]. Ipsilateral DRG from L3–L5
were pooled, since the neuronal bodies of the afferents
from the knee joint reside at these levels, using retrograde fluorogold staining [41]. We tested the expression
of markers for neuronal inflammation, activation, and
neuropathy. No induction of markers for inflammation
was found, which is in contrast to previous studies
which were performed in a model for OA, the DMM
[10, 42]. Also in contrast to these studies, we did not observe an influx of monocytes in DRG, likely explained by
the lack of upregulation of MCP-1 by the DRG. The lack
of DRG inflammation in synovitis during acute SCWinduced arthritis refutes our hypothesis, derived from
the DMM-data, that influx of cells or production of
MCP-1 by the DRG would be responsible for the
sensitization in both WT and S100a9−/− mice [10, 43,
44]. An obvious difference between both models is the
acute nature of the SCW arthritis compared to the
DMM, with long-lasting mild synovitis. Whether the
DRG inflammation during DMM is S100A8/A9dependent is currently under investigation. Possibly in
the chronic variant of the SCW model, DRG inflammation is comparable to DMM, which will be subject to

future experiments [45]. The relevance of an acute flare
of inflammation during OA for joint pathology was demonstrated elegantly in a study in rats where an acute inflammation was induced during an induced instability
model for OA by intra-articular carrageenan injection.
This indeed caused acute pain and also led to more pronounced end-stage pathology [46].
Stimulation of TLR4 by LPS leads to the expression of
IL-1 and TNFα in the DRG [47]. In addition, TLR4 may
play a role in the conversion of acute to chronic pain,
which was demonstrated in a model for chronic arthritis,
where TLR4 was involved in sustaining sensitization
after the inflammation waned [48, 49].
Cytokines that are produced locally in the joint during
arthritis, like IL-1, TNFα, IL-6, and IL-17, have been
shown to modulate neurons [50]. However, in osteoarthritis, cytokine levels are considerably lower and therefore
may have less impact. In contrast, levels of S100A8/9 are
high [6], and therefore, S100A8/9 may play a particularly
relevant role in OA pain. In vitro stimulation of DRG
with S100A8 resulted both in the excitation of the neurons and the production of inflammatory mediators [10].
In a study in rats, macrophages were stimulated with
LPS in co-culture with DRG neurons, and this led to
apoptosis of neurons, suggesting a role for TLR4 in
neuropathy [51].

Table 2 Q-PCR results DRG. dCT ± SD *p < .05. Significance was calculated compared to the saline
Day 1

Day 7
S100A9−/−

WT
Saline

S100A9−/−

WT

SCW

Saline

SCW

Saline

SCW

Saline

SCW

α2δ1(A2d1)

− 13.1 ± 0.7

− 12.4 ± 0.9

− 12.5 ± 1.9

− 13.1 ± 1.2

− 12.8 ± 1.2

− 12.2 ± 0.5

− 13.1 ± 0.6

− 13.8 ± 1.7

Atf3

− 8.2 ± 0.3

− 7.5 ± 0.3*

− 7.5 ± 0.9

− 8.8 ± 0.5*

− 8.0 ± 0.5

− 7.7 ± 0.4

− 8.1 ± 0.7

− 7.4 ± 0.3

Cfos

− 10.1 ± 0.5

− 10.9 ± 0.4

− 10.6 ± 0.4

− 10.6 ± 0.4

− 11.2 ± 0.5

− 11.0 ± 0.4

− 9.8 ± 1.6

− 9.5 ± 1.3

Cgrp

− 0.4 ± 0.4

− 0.7 ± 0.6

− 0.7 ± 0.4

− 0.3 ± 0.5

− 0.7 ± 0.3

− 0.5 ± 0.3

− 0.6 ± 0.2

− 0.5 ± 0.3

Galanin

− 5.8 ± 0.3

− 5.8 ± 0.4

− 5.9 ± 0.5

− 6.0 ± 1.4

− 5.6 ± 0.7

− 5.6 ± 0.6

− 5.7 ± 0.4

− 5.0 ± 0.5

Gap43

− 3.2 ± 0.3

− 2.7 ± 0.2*

− 2.8 ± 0.6

− 3.2 ± 0.7

− 2.6 ± 0.5

− 2.5 ± 0.3

− 3.0 ± 0.3

− 2.7 ± 0.4

Nav1.7

− 5.2 ± 0.4

− 4.4 ± 0.5

− 4.9 ± 0.6

− 4.9 ± 0.8

− 5.1 ± 1.7

− 4.9 ± 0.7

− 5.0 ± 0.7

− 4.4 ± 0.5

Ngf

− 11.1 ± 0.3

− 11.5 ± 0.5

− 11.2 ± 0.3

− 11.6 ± 0.7

− 11.1 ± 0.5

− 11.3 ± 0.3

− 11.2 ± 0.9

− 10.8 ± 0.5

*

Npy

− 10.7 ± 0.3

− 11.4 ± 1.3

− 10.8 ± 1.1

− 11.7 ± 1.4

− 8.7 ± 1.1

− 8.5 ± 0.6

− 8.9 ± 0.5

− 8.5 ± 0.5

P2rx3

− 6.9 ± 0.4

− 6.8 ± 0.8

− 6.8 ± 0.6

− 7.0 ± 0.7

− 6.9 ± 0.4

− 6.1 ± 0.5

− 6.7 ± 0.6

− 6.6 ± 0.8

Subst P

− 1.6 ± 0.4

− 1.5 ± 0.6

− 1.8 ± 0.6

− 1.3 ± 0.3

− 1.6 ± 0.4

− 1.8 ± 0.2

− 1.8 ± 0.2

− 1.6 ± 0.3

Trka

− 8.5 ± 0.7

− 8.1 ± 1.1

− 8.2 ± 1.0

− 8.3 ± 0.5

− 8.5 ± 0.9

− 7.8 ± 0.5

− 8.7 ± 1.1

− 8.4 ± 0.4
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Fig. 6 Of a panel of activation markers, ATF3, NAV1.7, and GAP43 are differentially expressed in DRG of arthritis WT versus S100A9−/− mice. Three neuronal
activation markers showed a significant increase in WT mice after SCW injection: NAV1.7 (a), ATF3 (b), and GAP43(c). These differences were found only 1 day
after the injection of SCW. In S100a9−/− mice, no increase in these markers were found, for ATF3 even a small decrease. At day 7, protein level NAV1.7 also
seemed lower in S100a9−/− compared to saline-injected mice, whereas in WT mice, the expression seemed increased (d; magnification × 200). This was
quantified, and protein expression was lower at day 7 in S100a9−/− mice, compared to WT (e). Significance was tested using a two-way ANOVA at n = 5 per
group. A Tukey post hoc test was performed to identify significantly different means (*p < 0.05; **p < 0.01; ***p < 0.001)

Male mice showed TLR4-mediated hyperalgesia when
challenged with LPS, whereas the role of TLR4 in allodynia was comparable between male and female mice [52].
This, and other studies, indicate sex as an important factor in pain. In the present study, experiments were

performed in males only, which is a limitation of our
approach.
The neuronal markers that were differentially
expressed in the DRG were NAV1.7, ATF3, and GAP43,
which were increased in WT DRG and not S100a9−/−.
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These markers appear related to both nerve injury and
inflammatory pain since they are also expressed in collagen antibody-induced arthritis and signify activation of
the Aδ- and C-afferents [13]. The fact that they are differentially expressed in S100a9−/− is in line with the
demonstrated difference in pain behavior. They are related to nerve injury and this suggests that local joint inflammation during SCW causes damage to peripheral
afferent fibers [53]. However, we did not find clear signs
of nerve injury at this early time point, like prolonged
changes in pain behavior in this acute synovitis. Unfortunately, due to the experimental setup, we were not
able to further study local processes. Possibly, the neuronal markers for tissue inflammation, CGRP, substance
P, and α2δ1, but also TrkA, would have been differentially expressed [51, 54]. In a study in which the effect of
local macrophage activation in the DRG was studied, activated macrophages induced CGRP production by afferent neurons. Our lack of monocyte influx may at least
explain the lack of CGRP regulation [51]. Nevertheless,
we were able to confirm the effects of S100A8/9 on pain
behavior on a molecular level.

Conclusions
Here, we clearly demonstrate a role for S100A8/9 in pain
perception in a model involving synovitis. We did not find
evidence for a role of S100A8/9 in sensitization. These
findings have important implications for the development
of pain treatment in both arthritis and OA. In both types
of diseases, new treatments are much sought after. For
OA, no effective long-term pain treatment is available,
and these findings may provide evidence for a new approach, especially for inflammatory OA. TLR4 is
expressed on primary sensory neurons and is implicated
as a potential target in the treatment of pain during arthritis and OA pain in particular. The role of TLR4 in inflammation has been well established; however, targeted
treatment or prevention of neuropathic pain with TLR4
antagonists is still under investigation. Increasing evidence
suggests that the immune system plays an integral role in
the transition to pain but no treatment is currently available to target this pathway [9]. Given the involvement of
S100A8/9 in synovitis in several models [6, 7] and the direct role in pain that is demonstrated here, blocking
S100A8/A9 may prove a successful strategy for pain management in arthritic diseases.
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