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BACKGROUND AND PURPOSE
Store-operated calcium (SOC) channels are thought to play a critical role in immune responses, inflammatory diseases and
chronic pain. The aim of this study was to explore the potential role and mechanisms of SOC channels in collagen-induced
arthritis (CIA).

EXPERIMENTAL APPROACH
The CIA mouse model was used to examine the effects of the SOC channel inhibitor YM-58483 on CIA and arthritic pain.
Hargreaves’ and von Frey hair tests were conducted to measure thermal and mechanical sensitivities of hind paws. ELISA was
performed to measure cytokine production, and haematoxylin and eosin staining was used to assess knee histological
changes. Western blot analysis was performed to examine protein levels.

KEY RESULTS
Pretreatment with 5 or 10 mg·kg−1 of YM-58483 reduced the incidence of CIA, prevented the development of inflammation
and pain hypersensitivity and other signs and features of arthritis disease. Similarly, treatment with YM-58483 after the onset
of CIA: (i) reversed the clinical scores; (ii) reduced paw oedema; (iii) attenuated mechanical and thermal hypersensitivity; (iv)
improved spontaneous motor activity; (v) decreased periphery production of IL-1β, IL-6 and TNF-α; and (vi) reduced spinal
activation of ERK and calmodulin-dependent PKII (CaMKIIα).

CONCLUSIONS AND IMPLICATIONS
This study provides the first evidence that inhibition of SOC entry prevents and relieves rheumatoid arthritis (RA) and arthritic
pain. These effects are probably mediated by a reduction in cytokine levels in the periphery and activation of ERK and
CaMKIIα in the spinal cord. These results suggest that SOC channels are potential drug targets for the treatment of RA.

Abbreviations
CaMKIIα, calmodulin-dependent protein kinase IIα; CIA, collagen-induced arthritis; RA, rheumatoid arthritis;
SOC channels, store-operated calcium channels; SOCE, store-operated calcium entry; YM-58483,
4-methy-4′-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carboxanilide
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Introduction
Rheumatoid arthritis (RA) is an autoimmune and chronic
inflammatory disease that causes joint destruction and pain.
It is believed that the primary cause is associated with acti-
vation of immune cells. Inflammation is driven either by
B-cell or T-cell products stimulating the release of TNF-α and
other cytokines, which contribute to the development and
progression of RA. Although peripheral inflammation is the
basis of RA, pain is the most common symptom of RA at all
stages and adversely affects the patient’s quality of life. Pain
hypersensitivity is not always correlated with inflammation
intensity and for many patients, pain is not relieved upon the
reduction of inflammation (Lee, 2013). It has been shown
that mechanical pain thresholds at both primary (joint) and
secondary (non-joint) sites are significantly lower in RA
patients than in healthy controls (Gerecz-Simon et al., 1989),
suggesting that not only peripheral sensitization, but also
central sensitization contributes to arthritic pain. Similarly, in
the collagen-induced arthritis (CIA) mouse model of RA, pain
hypersensitivity occurs before inflammation develops (Inglis
et al., 2007; Bas et al., 2012), further suggesting alterations in
central pain sensitization. Taken together, these clinical and
experimental observations strongly support the view that
arthritic pain is the result of a complex physiological and
pathological interaction between central sensitization and
peripheral inflammation (Phillips and Clauw, 2013). The
primary treatments for arthritic pain, such as anti-
inflammatory drugs and biological agents, have historically
focused on reducing peripheral inflammation (Scott et al.,
2010). More recently, attention has been directed towards
treating the pain associated with RA (Lee, 2013), but there are
very few treatments specifically designed to relieve arthritic
pain. Therefore ongoing research is dedicated to identifying
novel therapeutic targets that, ideally, alleviate both the
peripheral inflammation and pain associated with RA.

It is well known that sustained Ca2+ entry is critical for
responses initiated by activation of T-cells and B-cells, includ-
ing proliferation and cytokine production (Di Sabatino et al.,
2009; Parekh, 2010). Store-operated calcium (SOC) channels
are highly Ca2+-selective cation channels that can be activated
by depletion of endoplasmic reticulum (ER) calcium stores.
SOC channel calcium entry (SOCE) is a major mechanism for
triggering Ca2+ influx in immune cells (Vig and Kinet, 2009).
There has been an explosive growth in establishing the

molecular mechanisms that mediate SOCE and the role of
this process in normal cellular function and disease states.
The first molecular component of the system, Orai1, was
identified and cloned in 2006 and it is now clear that the
system is comprised of three structurally related pore-forming
subunits (Orai1,2,3) located in the plasma membrane and
two calcium sensors (stromal interaction molecules STIM1,2)
located on the surface of the ER (Lewis, 2007). SOCE is impli-
cated in several disorders including allergies, multiple sclero-
sis, cancer and inflammatory bowel disease (Ma et al., 2010;
McCarl et al., 2010). One of the more important functions
mediated by SOC channels is the control of cytokine produc-
tion in immune cells. It has been shown that YM-58483, a
potent inhibitor of SOC channels, blocks SOCE in immune
cells and reduces cytokine production from these cells (Zitt
et al., 2004). Previous studies have also shown that YM-58483
inhibits red blood cell-induced delayed-type hypersensitivity
responses and reduces antigen-induced bronchial asthma
(Yoshino et al., 2007; Ohga et al., 2008b). Consistent with
these peripheral actions, we have recently demonstrated that
YM-58483 reduces oedema and local levels of TNF-α and
IL-1β in an inflammatory pain model (Gao et al., 2013).

Persistent pain or inflammation, such as that associated
with RA, has been shown to lead to a phenomenon called
central sensitization. This is a well-established form of syn-
aptic plasticity that involves an enhancement of the func-
tional state of neurons and circuits in nociceptive pathways
in the CNS. It results from increased membrane excitability
and synaptic efficacy as well as reduced inhibition and pro-
duces a state of heightened sensitivity in which noxious
stimuli are amplified and previously subthreshold stimuli
become noxious (Latremoliere and Woolf, 2009). There is
growing evidence that central sensitization contributes to the
pain experienced by patients with RA (Meeus et al., 2012;
Walsh and McWilliams, 2012), suggesting that an effective
therapeutic should target this mechanism as well as periph-
eral inflammation. We have previously shown that YM-58483
has the properties of a broad spectrum analgesic and inhibits
the hypersensitivity associated with neuropathic pain (Gao
et al., 2013).

Given the important roles of SOC channels in inflamma-
tion and pain, we hypothesized that inhibition of SOC chan-
nels would attenuate both the pathological and behavioural
manifestations of CIA and arthritic pain. Here, we demon-
strated that YM-58483 significantly decreases the clinical
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score and the histological joint inflammation, reduces
mechanical and thermal pain hypersensitivity, and improves
deficits in spontaneous movement in CIA mice. These find-
ings indicate that inhibition of SOC channels has anti-
arthritis and analgesic actions and these channels may
represent viable therapeutic targets for the treatment of RA.

Methods

Animals
Adult male DBA/1 mice, age 7–8 weeks, were used for all
studies. Experiments were done in accordance with the guide-
lines of the National Institutes of Health and the Committee
for Research and Ethical Issues of IASP and were approved by
the Animal Care and Use Committee of Drexel University
College of Medicine. Mice were housed in a room with a
12 h/12 h light/dark cycle, and habituated in the testing
room 2–3 days before experiments. All experiments were per-
formed with the experimenter blind to the drug treatments. A
total of 70 animals was used in the experiments described
here. All studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010).

Induction of arthritis
The CIA model is induced by immunization as described
previously (Luo et al., 2011). Briefly, 100 μg chicken type II
collagen (CII) was mixed with 100 μL complete Freund’s
adjuvant and injected i.d. on day 0 at the base of the tail. On
day 21, a booster injection of 100 μg chicken CII in 100 μL of
PBS was administered i.p. On day 28, 5 μg of lipopolysaccha-
ride (LPS) was injected i.p. to synchronize disease onset.
Normal mice were injected with PBS on days 0, 21 and 28.

Assessment of arthritis
The severity of arthritis was determined by a visual score of
0–4 per paw and summed for all four paws (i.e. maximum
score of 16 per animal) according to the following criteria: 0
= normal, 1 = erythema and swelling in the digits, 2 = ery-
thema and swelling in the mid-hind paw/mid-fore paw, 3 =
erythema and swelling in the ankle/wrist, and 4 = erythema
and severe swelling of the entire paw, including joint rigidity.
Scores were determined twice a week for the entire duration
of the experiment. Paw volume was measured before CII
injection to establish the baseline, and twice a week after CIA
developed using a modified plethysmometer as described pre-
viously (Gao et al., 2013). Volume change was determined by
subtraction of baseline from post-CIA measurements.

Histological assessment
Mice were killed after an overdose of isoflurane anaesthesia
and the inflamed hind knees were surgically removed. The
knees were fixed in 4% paraformaldehyde (PFD) for 48 h,
decalcified in 0.5 M EDTA for 1 week, and then kept in 30%
sucrose until they were cut into 10 μm sections. Tissue sec-
tions were stained with haematoxylin and eosin (Electron
Microscopy Sciences , Hatfield, PA, USA). From each knee
joint, three sections were taken at different depths. Histo-
pathological changes in the knee joints were measured using

a semi-quantitative scoring system to assess inflammation,
synovial hyperplasia, and cartilage and bone erosion as pre-
viously described (0–4 scale for each feature; maximum score
of 12 per mouse) (Luo et al., 2011; Ahmed et al., 2012).

Assessment of evoked pain (thermal and
mechanical sensitivity)
Thermal sensitivity was measured using the Hargreaves’
method as previously described (Gao et al., 2013). The base-
line latencies were set to approximately 10 s with a maximum
of 20 s as the cut-off to prevent potential injury. The latencies
were averaged over three trials, separated by 30 min intervals.
Mechanical sensitivity was measured using a series of von
Frey filaments (North Coast Medical, Inc., Gilroy, CA, USA) as
previously described (Gao et al., 2013). The smallest mono-
filament that evoked paw withdrawal responses on three out
of five trials was taken as the mechanical threshold. Pain
sensitivity was assessed before immunization to establish a
baseline level, before the onset of arthritis (21 and 28 days
after immunization), and up to 10 days after the onset of
arthritis (inflamed hind paws were assessed).

Assessment of spontaneous behaviour
The spontaneous activity of mice was tested using an open-
field system (Med Associates, Inc., St. Albans, VT, USA), which
automatically detects the free movements of mice. Activity
monitor software was used to record and quantify behav-
iours, including the distance travelled and vertical time.
Animals were acclimatized to the equipment 30 min before
the test. The spontaneous activity of mice was tested on day
36 in the pretreatment experiment. In the treatment experi-
ment, activity was tested before the onset of arthritis to estab-
lish the baseline, and on days 0, 5 and 10 after onset. All tests
were conducted for 30 min.

Measurement of TNF-α, IL-1β and IL-6 in
the paw
Mice were anaesthetized with isoflurane, and the inflamed
paws were removed. The entire paw was weighed and homog-
enized using a tissuemiser (Thermo Fisher Scientific, Pitts-
burgh, PA, USA) with three volumes of buffer containing
50 mM NaCl, 10 mM Tris, 2.5 mM MgCl2, 0.1 mM PMSF, and
protease inhibitor cocktails (Thermo Fisher Scientific, Rock-
ford, IL, USA), with pH adjusted to 7.4. The tissue samples were
centrifuged at 15 000× g for 10 min. Tissue supernatants were
collected for the assay. TNF-α, IL-1β and IL-6 concentrations
were measured by ELISA according to the manufacturer’s
instructions (R & D Systems, Minneapolis, MN, USA).

Measurement of phosphorylated ERK, p38,
JNK and calmodulin-dependent PKII
(CaMKIIα) proteins levels in the spinal cord
Mice were killed after an overdose of isoflurane anaesthesia.
The lumbar section of the spinal cord was dissected and
homogenized using a Dounce homogenizer in an ice-cold
RIPA buffer containing 50 mM Tris HCl, 150 mM NaCl,
0.2 mM EDTA, 1% Triton X-100, 2% SDS, 1% deoxycholate,
0.1 mM PMSF, and protease inhibitor cocktails (Thermo
Fisher Scientific). The lysed tissues were sonicated at a
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constant intensity of 2.5 for 10 s, and centrifuged at
18 000× g (4°C) for 5 min. The concentrations of total protein
were determined using a Pierce bicinchoninic acid protein
assay kit (Thermo Fisher Scientific) following the manufac-
turer’s instructions. Protein samples were heated at 100°C for
5 min, electrophoresed in 10% SDS polyacrylamide gel, and
transferred onto PVDF membranes (Millipore, Billerica, MA,
USA). The blots were blocked with 5% skimmed milk in
Tris-buffered saline–Tween 0.1% for 1 h at room temperature
and probed with rabbit anti-p-ERK (1:1000, Cell Signal,
Danvers, MA, USA), anti-ERK (1:10000, Cell Signal), anti-p-
p38 (1:1000, Cell Signal), anti-p38 (1:5000, Cell Signal), anti-
p-CaMKIIα (1:1000, Cell Signal), anti-CaMKIIα (1:1000, Cell
Signal), anti-p-JNK (1:1000, Cell Signal), anti-JNK (1:5000,
Cell Signal) and anti-GAPDH (1:10 000, ProSci, Inc., Poway,
CA, USA) primary antibodies at 4°C overnight. The blots were
washed and incubated for 1 h at room temperature with the
HRP-conjugated secondary antibody (1:10 000, Cell Signal),
then developed with enhanced chemiluminescence (Milli-
pore). The densitometry of protein bands was quantified
using Image J software (National Institutes of Health,
Bethesda, MD, USA).

Drug treatment
YM-58483 was purchased from Tocris (Minneapolis, MN,
USA). YM-58483 was dissolved in DMSO as a stock solution
and further diluted to final concentrations in 1% DMSO/
cremophor EL with saline for oral administration. For pretreat-
ment experiments, drugs were given from days 28 to 37 after
the first collagen injection. For treatment experiments, drugs
were given for 10 days, beginning from the day of onset.

Data analysis
Data are presented as mean ± SEM. Treatment effects were
statistically analysed with a one-way ANOVA. Pair-wise com-
parisons between means were tested using the post hoc Bon-
ferroni method. Error probabilities of P < 0.05 were
considered statistically significant. The Origin 8.1 software
(OriginLab Corp., Northampton, MA, USA) was used to
perform all statistical analyses.

Results

Pretreatment with YM-58483 prevents the
development of the symptoms of CIA
To determine whether SOC channels play a role in CIA, we
examined the effect of YM-58483, a potent SOC channel
inhibitor, on CIA in a mouse model that shares many hall-
marks with human RA. DBA1 mice were injected with colla-
gen on days 1 and 21. On day 27, collagen-treated mice were
divided into three treatment groups: vehicle control,
YM-58483 5 mg·kg−1 and 10 mg·kg−1. YM-58483 or vehicle
was administered daily from days 28 to 37. Mice started
developing CIA 28 days after first injection of collagen, with
small, but detectable increases in paw volume observed by
day 28 and increases in clinical severity score observed by day
32 (Figure 1A). The incidence of CIA in the control group was
70% and oral administration of YM-58483 from days 28 to 37
significantly decreased the incidence of CIA, with 29 and 21%

in 5 and 10 mg·kg−1 groups separately. Specifically, pretreat-
ment with YM-58483 completely prevented the increase in
clinical score observed in vehicle-treated mice and also sig-
nificantly inhibited the development of paw oedema
(Figure 1A), suggesting YM-58483 prevented the develop-
ment of collagen-induced inflammation.

Treatment with YM-58483 reduces the
symptoms of CIA
To determine whether YM-58483 can reverse or prevent the
worsening of inflammation and other signs and features of
arthritis disease, YM-58483 was administered for 10 days after
the onset of CIA. By the end of the 10 day treatment period,
the 10 mg·kg−1 dose of YM-58483 had significantly reduced
the clinical severity score, while the 5 mg·kg−1 dose prevented
the increase in clinic score observed in the vehicle-treated
control group (Figure 1B). Similarly, the higher dose of
YM-58483 significantly reduced the paw oedema while the
lower dose prevented the increase seen in the vehicle-treated
control group (Figure 1B). These results clearly demonstrate
that YM-58483 has therapeutic effects in this model, suggest-
ing an involvement of SOC channels in CIA.

YM-58483 reduces joint destruction in
CIA mice
RA is characterized by the presence of an inflammatory syno-
vitis accompanied by destruction of joint cartilage and bone
(Gravallese, 2002). In the present study, knee joint histology
was assessed at the end of the treatment by haematoxylin and
eosin staining. Joints from PBS-injected normal mice showed
no signs of histopathological changes with a histological
score of zero. CIA control mice showed pronounced infiltra-
tion of inflammatory cells, synovial hyperplasia, and erosion
of articular cartilage compared with the PBS-injected mice.
YM-58483 dose-dependently reduced synovial inflammation,
synovial hyperplasia and bone erosions and overall histologi-
cal score (Figure 2). These results suggest that YM-58483
can effectively inhibit the joint inflammation associated
with CIA.

YM-58483 attenuates thermal and
mechanical hypersensitivity in CIA mice
Pain is one of the first and most disabling manifestations in
patients with arthritis (Zatarain and Strand, 2006). Our pre-
vious study demonstrated that YM-58483 has strong analge-
sic effects (Gao et al., 2013), so we wanted to determine
whether these analgesic effects extended to arthritic pain.
CIA mice developed mechanical allodynia on day 21 and
thermal hyperalgesia on day 28 after the first injection of
collagen (Figure 3A); prior to the onset of most other symp-
toms of CIA. Both mechanical allodynia and thermal hyper-
algesia reached their peaks when CIA developed by day 32
and remained at peak levels for at least 10 days. YM-58483
dose-dependently reduced mechanical allodynia and pre-
vented the development of thermal hyperagesia when
administered before the onset of CIA (Figure 3A). Impor-
tantly, the 10 mg·kg−1 dose of YM-58483 significantly attenu-
ated mechanical allodynia, and completely reversed
thermal hyperalgesia when administered after pain was fully
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Figure 1
Effect of YM-58483 on clinical score and paw oedema in CIA mice. (A) Effect of pretreatment. YM-58483 or vehicle was administered daily from
days 28 to 37. Pretreatment with YM-58483 prevented the development of clinical signs (left panel) and significantly reduced the magnitude of
paw oedema (right panel) in CIA mice (n = 7–11). (B) Effect of treatment. YM-58483 or vehicle was administered for 10 days after the development
of symptoms. Treatment with YM-58483 resulted in a dose-dependent reduction in clinical signs and paw oedema (n = 6–9). Arrows indicate when
the drug was first administered. Values represent mean ± SEM; *P < 0.05, compared with control by one-way ANOVA.

Figure 2
Effect of treatment with YM-58483 on knee joint histology. (A and B) Representative photomicrographs of haematoxylin and eosin-stained sections
of synovium (A) and cartilage (B) from knee joints obtained after 10 days of drug treatment. Magnification is 10× and scale bar = 1000 μm. (C)
Combined histological score of inflammation, hyperplasia and erosion. Treatment with 5 or 10 mg·kg−1 YM-58483 resulted in a dose-dependent
reduction in the histological score in CIA mice (n = 6–9). Values represent mean ± SEM; #P < 0.05, compared with normal by Student’s t-test; *P
< 0.05, compared with control by one-way ANOVA.
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established (Figure 3B). These results suggest that YM-58483
produces a strong analgesic effect in arthritic pain.

YM-58483 improves deficits in spontaneous
movement in CIA mice
Arthritic joint pain can be present at rest, but typically
worsens with activity or movement of the affected joint,
leading to disability and reduction of the patients’ quality
of life (Cheng and Penninger, 2004). To assess the effect of
YM-58483 on deficits in spontaneous movement associated
with CIA, we tested spontaneous activity in mice using the
open-field system. Total travel distance and vertical move-
ment were significantly reduced in CIA mice compared with
normal mice that were not treated with collagen when
tested on day 36. Pretreatment of CIA mice with 5 or
10 mg·kg−1 YM-58483 completely prevented the reduction
in spontaneous activities (Figure 4A). Treatment of CIA mice
with 5 or 10 mg·kg−1 YM-58483 partially reversed the defi-
cits in both total distance and vertical time on day 5.
Although there was also a trend for reversal on day 10, the
effects were not significant because of an apparent recovery

in the untreated CIA mice (Figure 4B). These results suggest
that YM-58483 improves deficits in spontaneous movement
in CIA mice.

YM-58483 decreases production of cytokines
in inflamed paw of CIA mice
Various pro-inflammatory cytokines, such as TNF-α, IL-1β
and IL-6, are present in the joints of RA patients and
numerous studies have provided evidence that these pro-
inflammatory cytokines play an important role in the devel-
opment of arthritis and arthritis-induced pain (Constandil
et al., 2009; Segond von Banchet et al., 2009). We have pre-
viously shown that YM-58483 inhibits the production of
TNF-α and IL-1β in mice with CFA-induced inflammation of
the paw (Gao et al., 2013). To better understand the periph-
eral mechanisms that contribute to the ability of YM-58483
to prevent or reduce the effects of CIA, we measured levels of
TNFα, IL-1β and IL-6 in the paws of normal and CIA mice.
Production of IL-1β, IL-6 and TNF-α was dramatically
increased in the inflamed paw of CIA mice and both pretreat-
ment and treatment with YM-58483 dose-dependently

Figure 3
Effect of YM-58483 on CIA-induced thermal and mechanical hypersensitivity. (A) Effects of pretreatment. Administration of YM-58483 resulted in
a dose-dependent attenuation of mechanical allodynia (left panel) and thermal hyperalgesia (right panel) in CIA mice (n = 7–11). (B) Effects of
treatment. YM-58483 produced a dose-dependent reversal of mechanical allodynia (left panel) and thermal hyperalgesia (right panel) (n = 6–9).
Arrows indicate when the drug was first administered. Values represent mean ± SEM; #P < 0.05, compared with normal by one-way ANOVA; *P <
0.05, compared with control by one-way ANOVA.
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decreased these pro-inflammatory cytokine levels (Figure 5).
These results strongly suggest that the therapeutic effects of
YM-58483 in CIA mice are associated with reductions in
pro-inflammatory cytokine production.

YM-58483 reduces activation of ERK and
CaMKIIα in the spinal cord
There is increasing recognition that peripheral inflammation
cannot fully explain the level of pain in RA and central
sensitization at the spinal level is also thought to play a role

in arthritic pain (Christianson et al., 2010; Goldenberg et al.,
2011). It is well-documented that the MAPKs and CaMKIIα
signal pathways contribute to central sensitization (Sheng
and Kim, 2002; Lee et al., 2011). To determine whether MAPK
and CaMKIIα pathways at spinal level are activated in the CIA
model and whether they are modulated by YM-58483, the
expression levels of p-ERK, p-p38, p-JNK and p-CaMKIIα in
the lumbar segments of the spinal cord were evaluated by
Western blot analysis in the treatment experiment 10 days
after onset of CIA. p-ERK and p-p38, but not p-JNK, were

Figure 4
Effect of YM-58483 on spontaneous activity in CIA mice. (A) Effects of pretreatment. Administration of 5 or 10 mg·kg−1 YM completely prevented
the CIA-induced reduction in distance travelled and time performing vertical movements (n = 7–11). (B) Effects of treatment. Administration of
5 or 10 mg·kg−1 YM-58483 produced a significant increase in both total distance and total time spent performing vertical movements on day 5,
but had no effect on these endpoints on day 10 because of an apparent trend towards recovery in the CIA control group (n = 6–9). Values
represent mean ± SEM; #P < 0.05, compared with normal or baseline by one-way ANOVA; *P < 0.05, compared with control by one-way ANOVA.
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significantly increased in the spinal cord of CIA mice com-
pared with normal mice. Treatment with 10 mg·kg−1

YM-58483 after the onset of CIA significantly reduced the
activation of p-ERK, but not p-p38 in the CIA mice (Figure 6).
The level of p-CaMKIIα was also significantly increased in

CIA mice compared with normal controls and treatment with
10 mg·kg−1 YM-58483 significantly reduced the activation of
CaMKIIα (Figure 6). These correlative findings suggest that
YM-58483-induced analgesic action may also be mediated by
modulation of central ERK and CaMKIIα pathways.

Figure 5
Effect of YM-58483 on cytokine release in the paws of CIA mice. (A) Effect of pretreatment. Administration of 5 or 10 mg·kg−1 YM-58483
completely prevented the increase in IL-1β, IL-6 and TNF-α release observed in CIA control mice (n = 7–11). (B) Effect of treatment. Administration
of 5 or 10 mg·kg−1 YM-58483 resulted in a dose-dependent reversal of the increase in IL-1β, IL-6 and TNF-α release observed in CIA control mice
(n = 6–9). Values represent mean ± SEM. #P < 0.05, compared with normal by Student’s t-test; *P < 0.05, compared with control by one-way ANOVA.

Figure 6
Effect of YM-58483 on MAPK and CaMKIIα signalling in the spinal cord of CIA mice. (A) Representative immunoblots of p-ERK, p-p38, p-JNK and
p-CaMKIIα in spinal cord samples. (B) Administration of 5 or 10 mg·kg−1 YM-58483 for 10 days after onset of CIA symptoms resulted in a
dose-dependent reversal of increases in p-ERK and p-CaMKIIα, but had no effect on increases in p-p38. The densities of the p-ERK, p-p38, p-JNK
and p-CaMKIIα bands were normalized to total (T) ERK, p38, JNK or CaMKIIα bands respectively. Values represent mean ± SEM. n = 6–9. #P < 0.05,
compared with normal group by Student’s t-test; *P < 0.05, compared with CIA control group by one-way ANOVA.
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Discussion

The present study demonstrates that the SOC channel inhibi-
tor YM-58483 is able to effectively prevent or reverse histo-
pathological, biochemical, pain-related behavioural and
other symptoms of CIA mice. Treatment with YM-58483
reduces or prevents collagen-induced inflammation in the
paw, inflammation and erosion in the knee joint, attenuates
mechanical and thermal hypersensitivity, and improves
deficits in spontaneous movement in CIA mice. This study
provides the first in vivo evidence that inhibition of SOC
channels produces robust anti-inflammatory and analgesic
actions in CIA mice. A recent in vitro study reported that both
the expression and function of Orai1 are upregulated in the
naïve CD4(+) T-cells from RA patients, which is associated
with cytokine release (Liu et al., 2014), further supporting the
prospect that SOC channels are potential drug targets for the
treatment of RA.

RA is characterized by synovial inflammation, erosion of
cartilage and bone associated with autoreactive T- and B-cells.
SOC channels have been implicated as critical players in
immune and inflammatory diseases (Feske, 2009; Parekh,
2010) and multiple studies have established the critical role
of SOCE in the functions of T-cells and B-cells (Hogan et al.,
2003; McCarl et al., 2010). Consequently, it has been sug-
gested that SOC channels may play an important role in RA
(Lin et al., 2013; Liu et al., 2014). However, there is no direct
in vivo evidence to support this notion. Our previous study
demonstrated that YM-58483 strongly reduces CFA-induced
inflammation (Gao et al., 2013) and we hypothesized that
YM-58483 would also reduce inflammation in CIA mice.
Consistent with this hypothesis, we found that treatment
with YM-58483 significantly decreased joint inflammation in
CIA mice by reducing synovial inflammation, synovial hyper-
plasia and bone erosion. Moreover, pretreatment with
YM-58483 markedly reduced the incidence of CIA and dra-
matically decreased the clinical score and paw oedema of
collagen-treated mice in both pretreatment and treatment
experiments. These findings indicate that SOC channels may
play an important role in arthritis. Although the cause of RA
is unknown, it is well established that pro-inflammatory
cytokines play a crucial role in RA. The pro-inflammatory
cytokines, such as TNF-α, IL-1β and IL-6, are involved in each
phase of the pathogenesis of RA, promoting autoimmunity,
maintaining chronic inflammatory synovitis and driving the
destruction of adjacent joint tissue (McInnes and Schett,
2007). Evidence from clinical studies and animal work sup-
ports the view that disruption of pro-inflammatory cytokine
action with biotherapeutics is an effective strategy for the
treatment of RA (Nixon et al., 2007; Navarro-Millan et al.,
2012). Pro-inflammatory cytokines also contribute to the
generation of inflammatory pain and peripheral pain sensi-
tization (Woolf et al., 1997). In agreement with a previous
study (Moon et al., 2014), our ELISA results show that IL-1β,
IL-6 and TNF-α levels are dramatically increased in the
inflamed paw of CIA mice. Treatment with YM-58483 attenu-
ates production of these cytokines in a dose-dependent
manner. It is likely that a reduction in peripheral pro-
inflammatory cytokine production is one of the mechanisms
underlying the effect of YM-58483 on CIA and arthritic pain.

Pain, is a very common symptom in RA, affects patients’
quality of life and generally represents the first sign of the
disease and the primary reason for seeking treatment. Dimin-
ishing pain appeared as the main outcome of treatment for
81% of RA patients (Cunha-Miranda et al., 2010). However,
strategies to effectively and specifically alleviate arthritic pain
are very limited. One reason for the paucity of effective treat-
ments is that arthritic pain is a condition that involves a
complex pathological interaction of central sensitization and
peripheral inflammation. An ideal strategy should target both
peripheral inflammation and central sensitization. We have
previously shown that YM-58483 not only reduces peripheral
inflammation, but also produces a central analgesic effect in
chronic pain models (Gao et al., 2013). In the present study,
we also found that YM-58483 attenuates mechanical allo-
dynia and thermal hyperalgesia of the hind paw in CIA mice.
Arthritic pain typically worsens with weight bearing and
activity or movement of the affected joint. The activity of
rodents has been used as a good surrogate for joint pain
measurements in arthritis (Inglis et al., 2007). In this study,
CIA mice showed large reductions in distance travelled and
vertical movement and treatment with YM-58483 signifi-
cantly improved the deficits in these activities. The potent
analgesic effect of YM-58483 makes the role of SOC channels
in CIA more meaningful as it reduces both CIA and arthritic
pain at the same time, suggesting that SOC channels may be
ideal targets for RA treatments. Inhibition of SOC channels in
the CIA model resulted in dramatic disease-modifying and
symptom-alleviating effects.

Arthritic pain is traditionally thought to be mediated by
the activation of immune cells and their mediators. However,
conventional RA pain management strategies are not very
effective. In a cross-sectional analysis of 12 090 RA patients
recruited from rheumatology practices, pain levels were
almost constant over RA duration, even though most partici-
pants were treated with a disease-modifying anti-rheumatic
drugs, an anti-TNF-α agent, or both (Wolfe et al., 2010).
Increasing evidence suggests that central sensitization con-
tributes to the persistent pain in this disorder. It is well
known that MAPK and CaMKIIα pathways are involved in
central sensitization. Numerous studies have demonstrated
that ERK1/2, p38 and JNK at the spinal level are activated in
inflammatory pain, including monoarthritis (Cruz et al.,
2005), adjuvant-induced arthritis (Wada et al., 2005) and col-
lagen antibody-induced arthritis (CAIA) (Bas et al., 2012), but
little is known about CIA. It has also been shown that SOCE
is involved in ERK and CaMKIIα activation in non-neuronal
cells (Voelkers et al., 2010). It is reasonable to hypothesize
that SOC channels are involved in central sensitization. In
the present study, we discovered that ERK1/2 and p38, but
not JNK, are activated in the spinal cord after 10 days of
onset, suggesting ERK and p38 MAPK pathways are involved
in arthritic pain. A previous study has shown that JNK is
activated on day 26 (late phase), but not on day 10 (first
phase) after the onset of CAIA model (Bas et al., 2012). It is
possible that JNK is activated at the late stage in the CIA
model. YM-58483 10 mg·kg−1 significantly reduced ERK, but
not p38 activation. Activation of p38 in the spinal cord
appears localized to microglia (Svensson et al., 2003), suggest-
ing that the YM-58483-induced analgesic effect is not medi-
ated by p38 activation in microglia. The role of CaMKIIα in
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central sensitization has also been well accepted. Numerous
studies have reported the activation of CaMKIIα in several
pain models and the inhibition of CaMKIIα attenuates pain
involving central sensitization (Fang et al., 2002; Crown et al.,
2012). The role of CaMKIIα in arthritic pain associated with
CIA has not been established yet. Our results reveal that
CaMKIIα is activated in the spinal cord after 10 days of onset
and YM-58483 dose-dependently inhibited the CaMKIIα
activation, suggesting CaMKIIα activation plays a role in
arthritic pain. Taken together, our findings indicate that
spinal SOC channels are involved in central signal transduc-
tion pathways.

It has been proposed that three mechanisms of YM-58483
account for its inhibitory effects on Ca2+ influx in non-
excitable cells: the inhibition of SOCs in immune cells, such as
T-lymphocytes, mast cell and platelets (Zitt et al., 2004; Harper
and Poole, 2011; Law et al., 2011), the inhibition of the TRPC
channels in HEK293 cells (He et al., 2005), and the facilitation
of TRPM4 in Jurkat cells (Takezawa et al., 2006). A previous
study has shown that Ca2+ entering cells through calcium
release-activated calcium (CRAC) channels can activate
TRPM4, leading to depolarization and reducing the driving
force for Ca2+ entry through CRAC channels (Launay et al.,
2004). TRPM4 channels are expressed widely in peripheral
tissues and sparsely in the brain (Launay et al., 2002; Fonfria
et al., 2006); they have not been reported to be expressed in
dorsal horn neurons. We did not observe YM-induced currents
at 0.3 and 3.0 μM concentrations (data not shown). In con-
trast, SOC channel activation-induced depolarization of
neurons was blocked, not enhanced by YM-58483 (Xia et al.,
2014), suggesting that the TRPM4 channel is not functional in
dorsal horn neurons. If TRPM4 is functionally expressed in
dorsal horn neurons, activation of TRPM4 by YM-58483 would
cause depolarization of neurons and lead to neuronal firing,
which could result in more pain. In fact, YM-58483 drastically
attenuated pain (Gao et al., 2013). Therefore, the YM-58483-
induced analgesic effect is unlikely to be mediated by activa-
tion of TRPM4. In peripheral T-lymphocytes and mast cells,
YM-58483 inhibits cytokine production with similar potency
as found for inhibition of SOCE (Zitt et al., 2004; Law et al.,
2011), suggesting the YM-induced peripheral effect is likely to
be mediated by inhibition of SOCE. A previous report sug-
gested that YM-58483 activated TRPM4-like channels in Jurkat
cells (Takezawa et al., 2006). However, the role of TRPM4 in
cytokine production in native immune cells has not been
established (Weber et al., 2010). We and others have shown
that YM-58483 is very potent for SOCE in both dorsal horn
neurons and immune cells (Zitt et al., 2004; Law et al., 2011;
Chen et al., 2013; Xia et al., 2014), suggesting that YM-58483-
induced anti-CIA is possibly mediated by inhibition of SOCE.
However, it has been shown that YM-58483 blocks TRPC
channels, which are components of SOC channels in several
cell types (Ong et al., 2007; Alkhani et al., 2014). We do not
rule out the possibility that TRPC channels are involved in
YM-58483-induced anti-CIA.

In summary, in the present study it was demonstrated
that the SOC channel inhibitor YM-58483 not only prevents
the development of CIA, but also produces strong anti-
inflammatory and analgesic actions in established CIA. The
results of the mechanistic studies suggest that these actions
were mediated by reducing peripheral cytokines and decreas-

ing ERK and CaMKIIα activation in the spinal cord. It has
been demonstrated that inhibition of SOCE by YM-58483
prevents antigen-induced T-cell responses (Ohga et al.,
2008a). Our findings provide further direct evidence that
targeting SOC channels has the exciting potential to lead to a
new approach for the prevention and treatment of RA and
the pain associated with RA.
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