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ABSTRACT
Objective: We have shown in vitro and in vivo that
osteoclast maturation requires calcium-release activated
calcium (CRAC) channels. In inflammatory arthritis,
osteoclasts mediate severe and debilitating bone
erosion. In the current study, we assess the value of
CRAC channels as a therapeutic target to suppress
bone erosion in acute inflammatory arthritis.
Methods: Collagen-induced arthritis (CIA) was
induced in mice. The CRAC channel inhibitor 3,4-
dichloropropionaniline (DCPA) and a placebo was
administered 1 day prior to collagen II booster to
induce arthritis. Effects on swelling, inflammatory cell
invasion in joints, serum cytokines and bone erosion
were measured.
Results: Assays, by blinded observers, of arthritis
severity showed that DCPA, 21 mg/kg/day, suppressed
arthritis development over 3 weeks. Bone and cartilage
damage in sections of animal feet was reduced
approximately 50%; overall swelling of joints was
reduced by a similar amount. Effects on bone density
by µCT showed clear separation in DCPA-treated CIA
animals from CIA without treatment, while differences
between controls without CIA and CIA treated with
DCPA differed by small amounts and in most cases
were not statistically different. Response was not
related to anticollagen titres. There were no adverse
effects in the treated group on animal weight or
activity, consistent with low toxicity. The effect was
maximal 12–17 days after collagen booster, during the
rapid appearance of arthritis in untreated CIA. At
20 days after treatment (day 40), differences in arthritis
score were reduced and tumour necrosis factor α,
interleukin (IL)-1, or IL-6 in the serum of the animals
were similar in treated and untreated animals.
Conclusions: DCPA, a novel inhibitor of CRAC
channels, suppresses bone erosion associated with
acute arthritis in mice and might represent a new
treatment modality for acute arthrits.

Rheumatoid arthritis (RA) has a chronic
relapsing course with bouts of acute arthritis
leading to destruction often of multiple
joints and usually requiring lifelong therapy.
While there are infectious causes of inflam-
matory arthritis and genetic predilections,

typically RA also is idiopathic. Treatments for
inflammatory arthritis include antimetabo-
lites, steroids and tumour necrosis factor α
(TNF-α)-blocking molecules all of which can
cause dangerous or debilitating side effects.1

We arrived at calcium-release activated
calcium current (CRAC) inhibitors as a
potential new means to treat acute arthritis
through a series of studies of the role of
calcium in osteoclast development. We found
that the IP3R receptor calcium channel was
necessary for osteoclast adhesion and activ-
ity,2 while others showed that IP3R-mediated
release of calcium was required for activation
of nuclear factor of activated T cells-1
(NFATc1)—a critical signal for osteoclast for-
mation.3 We then demonstrated that osteo-
clastogenesis was dependent on CRAC
channels activated by release of calcium
stores: suppression of CRAC via siRNA or
inhibition by the CRAC antagonist,
3,4-dichloropropionaniline (DCPA) impaired
differentiation of bone degrading osteo-
clasts.4 Further, CRAC is required for normal
T-cell differentiation, also via NFATc1 activa-
tion.5 Thus a web of lymphocyte and macro-
phage differentiation events depend on
CRAC, all of which might be involved in arth-
ritis progression.

Key messages

What is already known about this subject?
▸ 3,4-dichloropropionaniline (DCPA) suppresses

arthritis development in the collagen-induced
arthritis (CIA) model.

▸ DCPA reduced bone and cartilage damage as
well as joint swelling by approximately 50% in
CIA animals.

▸ DCPA inhibited bone density reduction typically
noted in CIA animals.

▸ DCPA could provide a cost-effective, low toxicity
treatment for arthritis associated bone erosion in
humans.
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While total developmental suppression of CRAC
causes severe bone deformities and skeletal defects.6 In
adults, where skeletal development is mature, short-term
treatment is unlikely to cause major skeletal effects.
However, in long-term treatment immunological effects
are likely. Moreover, since the Th17 response important
to the pathogenesis of RA7 appears to be dependent on
the CRAC channel Orai18 9 we reasoned that partial
CRAC inhibition by DCPA might effectively blunt acute
arthritis. Although several CRAC inhibitors are known,
we pursued DCPA in part because of very low toxicity;
exposure of humans to DCPA in mg/kg quantities has
minimal apparent toxicity,10 although massive doses,
approximately 4–5 g/kg, can cause fatal
methemoglobinaemia.11

We performed a trial of suppression of acute arthritis
using controlled-release DCPA, at 10.5 or 21 mg/kg/day,
in mice with acute collagen-induced arthritis (CIA).
DCPA caused a dramatic suppression of bone destruc-
tion and of articular inflammation at the higher dose.
The studies used blinded observation of joint swelling
over 5 weeks, and histological and μCT examination of
sections of bone in the feet. In addition, we studied
anticollagen antibodies and inflammatory cytokines,
which did not correlate with arthritis response at the
times studied. Osteoclast and T-cell numbers were also
examined by immunohistochemistry in affected joints
and while osteoclasts numbers were reduced, T-cells
were at similar density in inflammatory infiltrates in all
groups.

MATERIALS AND METHODS
Animal studies
Six-week old male DBA/1 mice were purchased from
Harlan Laboratories (Frederick MD) and housed in the
WVU vivarium. These animals were acclimated at least
1 week prior to any experimental use. All animal proce-
dures were approved by the WVU Institutional Animal
Care and Use Committee.

Induction and assessment of arthritis
CIA was induced as described by Clutter et al.12 Briefly,
bovine type II collagen (CII)(Elastin Products Co,
Owensville, Missouri, USA) was emulsified in complete
Freund’s adjuvant consisting of 10 mL of Freund’s
Incomplete Adjuvant (Difco Laboratories, Detroit,
Michigan, USA) plus 20 mg of Mycobacterium tuberculosis
H37RA (Difco Laboratories). The CII (100 µg per
animal; approximately 4 µg/kg) was injected intrader-
mally on day 1 and 21 days later, a booster dose of
100 µg CII in Freund’s incomplete adjuvant (Difco
Laboratories) was administered. Inflammation was
apparent 4–8 days after the second dose, in 80% of
treated joints. At day 20 after primary immunisation,
time-release pellets (Innovative Research of America,
Sarasota FL) containing DCPA or the placebo, calibrated
to release the stated doses for 21 days, were placed

subcutaneously. Power analysis indicated that at least
eight animals per CIA group were required to provide a
valid statistical sample. Since induction of CIA does not
occur in 100% of the treated mice, 12 mice in each
CIA-induction group were initially started in the experi-
ment. Treatment doses included 0 mg/kg (placebo),
10.5 mg/kg/day of DCPA or 21 mg/kg/day of DCPA
were compared. Four untreated controls, that is, no CIA
or DCPA treatment, were also included.
Mice were monitored for arthritis and scored in a

blinded manner as described by Clutter et al.12 Briefly,
swelling of paws was be graded on scale from 0 to 4 indi-
cating number of swollen digits. All paws were evaluated,
so that the maximal arthritic index per mouse was 16.
Additionally, hind paw swelling was measured using
digital calipers on day 0, and each day on days 23–40.
Analysis of the bones and joints for arthritis was per-
formed on H&E stained sections of hind paws, by
blinded observation. This scored synovial expansion and
inflammation, joint damage including pannus and bone
degradation, each on a scale of 0–3, with maximum
score of 9. For histological analysis, two paws from each
animal were analysed separately and blindly, and are cal-
culated as two specimens per animal.

Serum analysis for antibodies and cytokines
Heart blood collected at the time of euthanasia on day
40 was used for analysis. Plasma was separated by centri-
fugation and frozen in aliquots at −20°C until used.
Production of anti-CII antibodies was evaluated by
ELISA (Rheumera, Astarte Biologics, Redmond,
Washington, USA) and cytokine concentrations were
measured using V–PLEX panels (Meso Scale Discovery,
Rockville, Maryland, USA) using the methods prescribed
by the respective manufacturers.

Antibody labelling of sections
Histological sections from the feet of animals euthanised
at 40 days, were stained using standard immunohisto-
chemical methods to measure the effect of DCPA on
osteoclast bone interface and T-cell density. Osteoclast
bone interface density was determined by anti-ATPa3
(TCIRG) labelling, and the effect on CD3 T-cell density
was determined using anti-CD3 labelling. Anti-TCIRG1
quantification was mouse monoclonal (clone 6H3) anti-
body (Sigma-Aldrich) at 1:100 dilution and CD3 quanti-
fication used mouse monoclonal antibody anti-CD3
PC3/188A (raised against amino acids 156–168 of the
cytoplasmic domain of human CD3-ε) at a 1:100 dilu-
tion. Briefly, sections were blocked in phosphate-
buffered saline (PBS) with 2% hydrogen peroxide for
5 min, then in PBS with 2% bovine serum albumin
(BSA) for 2 h. The sections were incubated overnight
with antibodies at indicated concentrations in PBS with
0.01% tween 20. After washing, sections were incubated
for 1 h with biotinylated antimouse antibodies at 1:1000
dilution, washed again and incubated with streptavidin-
horseradish peroxidase and diaminobenzidine substrate
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for 5 min. H&E counterstaining was performed to show
tissue features. Imaging used a Nikon TE2000 inverted
microscope, with 14-bit 2048×2048 pixel monochrome
CCD camera and RGB filters to reconstruct colour
(Spot, Sterling Heights, Michigan, USA).

μCT and morphometry
Analysis by μCT was as described.13 In brief, paws were
scanned on a Viva CT40 instrument (Scanco,
Bassersdorf, Switzerland) with three-dimensional (3D)
reconstruction by the manufacturer’s instrument-specific
software. The scan section increment was 20 μm; 3D
reconstruction used a density cut-off of 211 mg/cm3.
Analysis of trabecular thickness and trabecular spacing
used the plate model.

Statistics
Continuous data obtained at one time point (day 40),
such as anticollagen antibody titres, bone density, bone
volume, concentration of cytokines, osteoclast area and
per cent area of periosteal T cells, were analysed using
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison procedure (MCP) when the goal
was to compare the CIA-treated groups to untreated con-
trols. In addition, Tukey-Kramer analysis with adjustment
for MCP and Fisher’s LSD was performed for continu-
ous variables when the goal was to compare the differ-
ences among the CIA-treated groups. The hind paw
swelling data, recorded over time (day 0 and 23–40),
were analysed by the repeated measures ANOVA, using
the autoregressive autocorrelation structure and fol-
lowed by Tukey-Kramer analysis with adjustment for
MCP. Data for anticollagen antibody titres and paw swel-
ling were Ln-transformed and reciprocal square-
transformed, respectively, before ANOVA due to their
positive skewness. Data of categorical or ordinal nature,
such as arthritis index, were analysed by non-parametric
Kruskal-Wallis test for each day. In addition, arthritis
index data were grouped into two categories based on
the response, 0 for arthritis index equal to zero and 1
for all mice with arthritic index greater than 0. These
data were also analysed by Kruskal-Wallis test for each
day, followed by the non-parametric Wilcoxon rank sum
multiple comparison. A 60% power of statistical test was
based on the average arthritic index for each group and
the expected SD. Data were analysed using JMP and SAS
software (SAS Institute Inc, Cary, North Carolina, USA).
Significance criterion α for all tests was 0.05.

RESULTS
In vivo analysis of CIA and the effect of DCPA treatment
by continuous-release subcutaneous pellets. Mice
showed no changes in body weight (data not shown), or
increased lethargy or overt stress in any group, although
severe inflammation of paws was induced by the CIA
protocol. As measured by the arthritic index scoring
each paw as 0–4 digits affected, on days 23–40 (after

booster injections at day 20), 80% of mice responded to
collagen injections by induction of arthritis (figure 1A).
The collagen-treated animals receiving placebo (0 mg/
kg/day DCPA) differed significantly from untreated con-
trols, as expected (p<0.05 by Kruskal-Wallis test). The
effect of 10.5 mg/kg/day of DCPA was modest and at
most time points the results did not differ significantly
by ANOVA from those of CIA animals treated with
placebo (0 mg/kg/day DCPA). On the other hand, a
dose of 21 mg/kg/day of DCPA reduced the arthritic
index, strongly before day 37 and 20–50% at days 38–40.
The arthritic index for animals treated with 21 mg/kg/
day was statistically lower from that of CIA animals
treated with placebo (Wilcoxon mean scores 14.5 vs 21,
respectively, p<0.05 by Wilcoxon test, scores not shown).
A scatter plot of the median arthritic scores of all
animals on day 37 (day of maximum effect) is shown in
figure 1B. In the CIA mice treated with 0 or 10.5 mg/
kg/day DCPA >50% of the animals showed arthritis
scores that variability was high. The majority of animals
treated in the CIA animals treated with 21 mg/kg/day
DCPA exhibited minimal arthritis scores, although three
animals showed significant arthritis development. Hind
paw thickness (figure 1C) was also measured with the
average thickness for the untreated controls value of
2.29±0.03 mm. There were significant effect of treatment
(p=0.02) and time (p<0.01) (data not shown) on paw
thickness. Comparisons showed that on average,
CIA-treated, low-dose DCPA (10.5 mg/kg/day) as well as
placebo DCPA (0 mg/kg/day)-treated mice had signifi-
cantly thicker paws (2.56±0.04 mm), than the untreated
control mice (p<0.05 for each comparison). Those
CIA-treated animals treated with 21 mg/kg/day DCPA
had a paw thickness of 2.43±.04 mm which was not sig-
nificantly different from the untreated controls
(p=0.52). There was a relatively high variability in the
data which likely reflects the all-or-none nature of arth-
ritis; in some of the few mice treated with 21 mg/kg/day
DCPA that still developed arthritis, it was severe.

Analysis of CIA in sections of feet
Hind paws of animals were fixed, decalcified, paraffin
embedded, cut and stained with H&E (figure 2A–C).
Arthritis was scored by a blinded observer on a scale of
0–9, evaluating two paws per animal. Sections were
scored 0–3 for inflammation in periarticular tissue with
3 being suppurative inflammation, 0–3 for involvement
of cartilage and the joint space, with 3 requiring a
pannus and 0–3 for degradation of periarticular bone,
with 3 being full thickness destruction of the end plate.
Representative examples of paws from an untreated
animal showing no inflammation (figure 2A), a
DCPA-treated CIA animal showing measurable but not
severe arthritis (figure 2C), and a placebo-treated CIA
animal with severe disease (figure 2B) are shown. The
quantification of arthritis severity by a blinded observer
is shown in figure 2D. The high-dose DCPA/CIA group
was statistically different from the CIA/placebo group
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with p=0.024. The untreated group was statistically differ-
ent from all other groups with p<0.01. Results for the
low dose (10.5 mg/kg/day) treatment group were
poorly separated from results for other CIA groups (the
low-dose DCPA-treated animals were therefore omitted
from further analyses). Figure 2E shows the anti-type II
collagen (CII) titres. Mean anti-CII titres in the 0 mg/
kg/day DCPA group were 7.1±2.1×103, 5.1±1.1×103 in
the 10.5 mg/kg/day DCPA group and 8.3±2.8×103 in the
21 mg/kg/day DCPA group; no significant differences
among the CIA groups were found for anti-CII titres.

μCT
There were clear erosions in CIA mice which were not
observed in high-dose DCPA-treated animals (figure 3A–
C), in accord with histology (figure 2A–C); high-dose
CIA/DCPA could not be distinguished visually from
untreated controls. Low-dose CIA/DCPA (10.5 mg/kg/
day) was not studied. Quantitative morphometry in the
paws, the most severely affected site in the skeleton,
showed that bone density and bone volume per total
volume was significantly decreased in CIA/placebo mice.
The CIA/high-dose DCPA treatment group had density
indistinguishable from that of untreated controls (figure
3D) and showed a trend toward greater density than in
CIA/placebo mice (p=0.08). The bone volume/total
volume for CIA/DCPA-treated mice did not differ from
that of untreated controls, and it was statistically greater
than for CIA/placebo animals (p=0.03). Other para-
meters of bone morphometry including trabecular thick-
ness and spacing were not different between groups
(data not shown). This reflects the fact that the damage
to the bone in arthritis is specific to the joints, which are
excluded when determining bone trabecular
parameters.

Effect of CIA with and without DCPA treatment on serum
inflammatory cytokines
We determined the effect of DCPA treatment on key
serum cytokines including TNF-α, IL-1 and IL-6. The
results showed strong induction of the cytokines by CIA
but, surprisingly, showed no effect of DCPA on cytokine
production despite strong suppression of arthritis by
DCPA (figures 1–3). Representative data from one of
two separate analyses with essentially identical results is
shown in figure 4. Interferon γ (IFN-γ), CXCL1, TNF-α,
IL-1β and IL-6 (figure 4A–E) were all significantly
increased in CIA/placebo animals compared to the
untreated (no collagen injection) controls as expected.
TNF-α was also significantly increased in the CIA/ high-
dose DCPA mice compared to untreated controls.
Comparison of CIA/placebo and CIA/high-dose DCPA
groups revealed no significant reductions in any cyto-
kines with CRAC inhibition. Based on these data, we
hypothesise that the inhibitory effect of DCPA on osteo-
clasts was not secondary to changes in systemic cytokine
levels, as these were not significantly affected. Nor did
DCPA significantly affect production of IL-12p70 or

Figure 1 The effect of 3,4-dichloropropionaniline (DCPA)

treatment by continuous-release subcutaneous pellets on

collagen-induced arthritis (CIA) as measured by the arthritic

index. The data were gathered by a blinded observer. n=4 for

untreated controls; in the CIA animals n=11 for animals

treated with 0 mg/kg/day DCPA; n=10 for animals treated with

10.5 mg/kg/day DCPA; n=8 for animals treated with 21 mg/kg/

day. (A) Median effect relative to CIA animals treated with

0 mg/kg/day DCPA (blue; open circles) and untreated controls

(red; closed square). There is a trend toward efficacy at

intermediate times in CIA animals treated with 10.5 mg/kg/day

DCPA (green; closed circles) but only the CIA animals treated

with 21 mg/kg/day DCPA (yellow; closed triangles) had a

durable effect. (B) Scatter plot showing the arthritis scores at

day 37. This demonstrates that >50% animals in the CIA

animals treated with 0 mg/kg/day (blue; open circles) and

10.5 mg/kg/day DCPA (green; closed circles) show arthritis

scores that exceed the mean and several animals showed the

maximum arthritis score, whereas a majority of the animals

/21 mg/kg/day DCPA (yellow; closed triangles) showed no or

minimal arthritis scores. (C) Paw thickness, mean±SEM, for 4

control, 11 untreated CIA, and 8 high-dose DCPA/CIA

animals. The difference between control and CIA animals is

significant (*, p<0.05); the high-dose DCPA animals are not

different relative to the other groups (ns).
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IL-10, which also were measured (not shown). IL-17 was
also assayed but systemic levels were too low for mean-
ingful comparisons (see Discussion).

Effect of CIA and DCPA on osteoclasts and T cells in
tissue sections
Antibody labelling for TCIRG1/ATPa3 was used to
determine the effect of the DCPA treatment on osteo-
clasts in tissue (figure 5A–D). TCIRG1 is the large
subunit of the osteoclast-membrane hydrogen pump; it
is not expressed by macrophages (nor in other cells in

the marrow); in contrast, enzymes including cathepsin K
and TRAP, which are highly expressed by osteoclasts and
often used as osteoclast markers, are also expressed in
macrophages and so are less specific.14 15 TCIRG1 label-
ling revealed a large and statistically significant reduc-
tion in the bone surface area covered by osteoclasts in
CIA/DCPA-treated mice compared to CIA/placebo
mice (figure 5D). In contrast, anti-CD3 labelling showed
the density of T cells in inflammatory infiltrates to be
similar in the CIA/placebo and CIA/DCPA groups
(figure 5E).

Figure 2 The effect of 3,4-dichloropropionaniline (DCPA) treatment on collagen-induced arthritis (CIA) at 40 days. (A–C) The

top frame shows an ankle bone in an untreated animal (untreated control, histological score 0). The middle frame shows severe

arthritis in CIA treated with 0 mg/kg/day DCPA, with severe synovial inflammation, pannus in the joint space and severe bone

degradation (histological damage score 8). The bottom frame shows the results from CIA animals treated with 21 mg/kg/day;

there is inflammation, with synovial thickening, but it is not severe (histological damage score 4). All fields are 1.2 mm across. (D)

Severity of arthritis in each group scored by a blinded observer based on sections as in A–C. The histological joint damage index

(HJDI) in CIA animals treated with 21 mg/kg/day DCPA (yellow bar) is statistically different from those treated with 0 mg/kg/day

(blue bar), p=0.024. The untreated group was different from all other groups, p<0.01. The CIA animals treated with 10.5 mg/kg/

day (green bar) were poorly separated on day 40 HJDI, and were not studied further. Both hind feet of each animal were

individually processed and blindly scored, so the number of measurements is twice the number of animals and expressed as the

mean±SEM HJDI. Animal numbers are as stated for figure 1. (E) Anti-type II collagen titre in CIA mice. The anti-type II collagen

titre in CIA animals treated with 21 mg/kg/day DCPA (yellow bar) was 8.3 (±2.8)×103 and was not statistically different from those

treated with 0 mg/kg/day (mean titre=7.1 (±2.1) × 103; blue bar). The mean anti-type II collagen titre of CIA animals treated with

10.5 mg/kg/day (green bar) was 5.1 (±1.1) × 103 and also was not statistically different from the other CIA animals. The anti-type

II collagen titres in the untreated group were all below the level of detection. Values shown are the respective group mean±SEM.
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DISCUSSION
We report an in vivo trial of a CRAC inhibitor on
inflammatory arthritis using the mouse CIA model.12

The theoretical basis for the observed effect is that
CRAC currents are essential to normal osteoclast devel-
opment, and also are involved in T-cell activation which
also promotes arthritis.4 5 Our results include a highly
significant decrease in joint swelling, inflammatory infil-
trate and bone damage. Despite the manufacturer’s
statement that DCPA release is constant, it is likely that
the amount of released DCPA decreased during the
past days, when arthritis effect diminished (figure 1A).
These effects were independent from suppression of
serum cytokines, suggesting that the approach may
complement therapy that targets the inflammatory cyto-
kines. The effects on many bone density and trabecular
bone parameters showed uniformly that DCPA reduced
the effects of CIA on bone health, although there was
variability in statistical significance between individual
parameters. On the other hand, an important unre-
solved issue is that it is likely, indeed almost certain,

that at times with strongest arthritis suppression, effects
on cytokine levels would occur, or if DCPA treatment
were continued for longer times. In trabecular bone
density, bone volume/total volume and trabecular
spacing, the controls without were not statistically differ-
ent from CIA treated with 21 mg/kg of DCPA, but CIA
without treatment was well separated statistically from
controls without CIA (figure 3). In further work, it will
also be useful to compare the new modality of CIA
treatment with other effective therapy as a positive
control.
The pore-forming unit of the CRAC channel is

Orai1,16 a four transmembrane-containing protein in
the plasma membrane that is activated primarily by the
endoplasmic-reticulum (ER) calcium sensor STIM1.17

Hence, in response to ER Ca2+ depletion, STIM1 translo-
cates within the ER towards regions of close PM appos-
ition where it interacts with Orai1.18 Using
electrophysiological CRAC measurement and fluores-
cence analysis of STIM1/Orai1 association, we deter-
mined that DCPA inhibits CRAC channel activation by
destabilising STIM1/Orai1 interaction, leading to CRAC
channel closure.4 In that study, we further showed that
DCPA inhibits osteoclast formation in vitro; we now show
that that DCPA-induced CRAC channel inhibition leads
to inhibition of osteoclast formation and function in vivo
in an arthritis model.
Human Orai1 defects are now known, and are asso-

ciated with defects including hypocalcaemia and mus-
cular abnormalities.19 Although our mouse model
showed no signs of serious metabolic or muscular
anomaly, in larger animal studies it will be important
to monitor these parameters. Oddly, some Orai1 poly-
morphisms also are associated with increased serum
calcium and kidney disease, although the mechanisms
are unclear.20 A dysfunctional STIM1 mutation, that is,
in the calcium sensor required to activate Orai1 com-
plexes, causes a syndrome with multiple developmental
defects including anaemia, asplenia, myopathy and ich-
thyosis.21 Orai1 is also implicated in respiratory and
neural development;22 23 in humans as in mice,6

complete absence of CRAC is probably lethal during
early development or soon after birth. However, after
normal development, at least for a time frame of
3–4 weeks, suppression of CRAC appears to be rela-
tively benign.
Analysis of inflammatory cytokines showed that DCPA

treatment at 21 mg/kg/day did not affect TNF-α, IL-1,
IL-6, CXCL1, and IFN-γ (figure 4) all of which were
upregulated 2.5-fold to >10-fold by the CIA. We did not
detect significant IL-17; other work has shown that IL-17
after adjuvant-induced arthritis, at 35 days, had serum
concentrations <1 ng/mL 35 days after arthritis induc-
tion, and which varied only approximately 20% between
untreated animals and arthritic animals,24 so it is likely
our assay was insufficiently sensitive to determine IL-17
effects. There is strong evidence for the involvement of
IL-17 in cellular signalling involved in induction of

Figure 3 μCT showing loss of bone in untreated animals

and effect of high-dose 3,4-dichloropropionaniline (DCPA).

(A–C) Examples of forelimb metacarpals in untreated mice,

CIA mice treated with 0 mg/kg/day and CIA mice treated with

21 mg/kg/day DCPA after euthanasia at day 40. Arrows in (B)

show cortical bone defects. (D–E) Bone density in total

volume of bone and bone volume per total volume in four

untreated controls and CIA animals treated with 0 (blue bar;

n=9) or 21 (yellow bar; n=9) mg/kg/day DCPA each. For both

measures the CIA animals treated with 0 mg/kg/day DCPA

has significantly reduced bone; the CIA animals treated with

21 mg/kg/day DCPA is not different from the untreated control

but is statistically greater than CIA animals treated with 0 mg/

kg/day in BV/V.

6 Blair HC, et al. RMD Open 2016;1:e000093. doi:10.1136/rmdopen-2015-000093

RMD Open



arthritis,25–28 but it is not a major secreted serum
protein; indeed, some amount of Orai1 signalling is
believed to be required to support TH17 cell develop-
ment.8 Typically, IL-17 production is assayed in tissue
sections or cells, and further work will be needed to
resolve the contribution of IL-17 suppression to the
reduction of arthritis severity.
Recently, it was reported that another inhibitor of

store-operated calcium entry, 4-methy-4’-[3,5-bis
(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-car-
boxanilide, also called YM-58483 or BTP-2, at 10 mg/kg
suppressed CIA and suppressed inflammatory cytokines
IL-1, IL-6 and TNF-α to near-baseline levels at 10 days
after induction.29 While it is expected that other inhibi-
tors of CRAC channels would function similarly in sup-
pressing arthritis, the differences in response of
inflammatory cytokines are very interesting, although
not unexpected. The inhibitor BTP2 suppresses cyto-
kines including IL-2 and calcium influx by other
calcium channels, specifically TRPM4, at low nanomolar
concentrations.30 Overall, it is likely that BTP2 effects

overlap those of DCPA, but that BTP2 has a range of
effects that may be, at least in part, unrelated to CRAC
suppression. It will be important to test additional time
points to determine if DCPA has effects on some cyto-
kines that were not resolved, but, importantly, at a time
when skeletal effects were clearly suppressed by DCPA,
IL-1, IL-6 and TNF-α were essentially identical in CIA
with and without DCPA treatment (figure 4).
The clear effect of DCPA treatment on arthritis,

despite no change in serum inflammatory factors, sug-
gests that the direct blockade of CRAC activity by DCPA
mediates the reduction in osteoclast maturation. This
model (figure 6) will require further testing and refine-
ment. However, the independence of the DCPA effect
from suppression of the assayed serum inflammatory
cytokines suggests that Orai1 antagonists may be valu-
able modalities for treating inflammatory arthritis, and
possibly RA, by a mechanism independent of inflamma-
tory cytokine suppression. However, serum cytokine
levels may not reflect the levels of these cytokines within
the joint spaces. It is likely that long-term strong

Figure 4 Effect of CIA and treatment with 3,4-dichloropropionaniline (DCPA) on production of key serum inflammatory factors.

(A) IFN-γ. (B) CXCL1. (C) TNF-α. (D) IL-1β. (E) IL-6. One of two multiplex assays with similar results is shown. All of the

cytokines shown were induced strongly with the exception of IL-10 (not shown). No cytokines differed between CIA animals

treated with 0 (blue bar) or 21 mg/kg/day (yellow bar) DCPA. Statistical significance between groups is denoted by lower case

letters above the bar. Mean levels not connected by the same letter are significantly different at p<0.05. IFN-γ, Interferon γ; IL-6,
TNF-α, tumour necrosis factor α.
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inhibition of CRAC would result in severe immuno-
logical or bone effects, based on the knockout mouse
phenotype,6 but treatment for several weeks had no
effect on animal health, activity, or weight.

In conclusion, treatment of CIA with 21 mg/kg/day of
DCPA dramatically suppressed bone erosion and bone
loss by μCT that is associated with CIA, with no apparent
effect on the general health of the animals or the
increase in serum inflammatory growth factors charac-
teristic of acute arthritis. This remarkable ability of a
CRAC channel inhibitor to regulate bone erosion
without interfering with immune function may lead to a
valuable new tool for the treatment of inflammatory
arthritis.
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T cell density in infiltrates is not

reduced by DCPA treatment. The

DCPA treatment greatly reduces

inflammatory volume (figures 1

and 3) so total T cells will be far
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cells in the ligaments of a no-CIA

animal (arrow, F).
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arthritis. Independently of cytokines, the calcium-release

activated calcium-inhibitor DCPA blocks maturation of

osteoclasts, and probably also of T cells, contributing to arthritic

destruction.

8 Blair HC, et al. RMD Open 2016;1:e000093. doi:10.1136/rmdopen-2015-000093

RMD Open



Funding Supported by the Department of Veteran’s Affairs grants BX002490,
NIH grants AR055208 to HCB, AR065407 to HCB, JS and LJR, AI073556 and
AR056959 to RH, GM097335 to JS and ES011311 to JBB, and the WVU
Clinical and Translational Science Institute and U54GM104942 to JBB and
LJR.

Competing interests None declared.

Ethics approval The work was approved by the institutional animal care
committees.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement All useful data are included, either in the main paper
or the supplemental information.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

REFERENCES
1. Gaffo A, Saag KG, Curtis JR. Treatment of rheumatoid arthritis.

Am J Health Syst Pharm 2006;63:2451–65.
2. Yaroslavskiy BB, Sharrow AC, Wells A, et al. Necessity of inositol

(1,4,5)-trisphosphate receptor 1 and mu-calpain in NO-induced
osteoclast motility. J Cell Sci 2007;120(Pt 16):2884–94.

3. Negishi-Koga T, Takayanagi H. Ca2+-NFATc1 signaling is an
essential axis of osteoclast differentiation. Immunol Rev
2009;231:241–56.

4. Zhou Y, Lewis TL, Robinson LJ, et al. The role of calcium release
activated calcium channels in osteoclast differentiation. J Cell
Physiol 2011;226:1082–9.

5. Yue C, Soboloff J, Gamero AM. Control of type I interferon-induced
cell death by Orai1-mediated calcium entry in T cells. J Biol Chem
2012;287:3207–16.

6. Robinson LJ, Mancarella S, Songsawad D, et al. Gene disruption of
the calcium channel Orai1 results in inhibition of osteoclast and
osteoblast differentiation and impairs skeletal development.
Lab Invest 2012;92:1071–83.

7. Lubberts E. Th17 cytokines and arthritis. Semin Immunopathol
2010;32:43–53.

8. Kim KD, Srikanth S, Tan YV, et al. Calcium signaling via Orai1 is
essential for induction of the nuclear orphan receptor pathway to
drive Th17 differentiation. J Immunol 2014;192:110–22.

9. McCarl C-A, Khalil S, Ma J, et al. Store-operated Ca2+ entry through
ORAI1 is critical for T cell-mediated autoimmunity and allograft
rejection. J Immunol 2010;185:5845–58.

10. Corsini E, Codeca I, Mangiaratti S, et al. Immunomodulatory effects
of the herbicide propanil on cytokine production in humans: in vivo
and in vitro exposure. Toxicol Appl Pharmacol 2007;222:202–10.

11. Ranasinghe P, Dilrukshi SA, Atukorala I, et al. Exchange transfusion
can be life-saving in severe propanil poisoning: a case report. BMC
Res Notes 2014;7:700.

12. Clutter SD, Wilson DC, Marinov AD, et al. Follistatin-like protein 1
promotes arthritis by up-regulating IFN-gamma. J Immunol
2009;182:234–9.

13. Tondelli B, Blair HC, Guerrini M, et al. Fetal liver cells transplanted in
utero rescue the osteopetrotic phenotype in the oc/oc mouse.
Am J Pathol 2009;174:727–35.

14. Muller S, Faulhaber A, Sieber C, et al. The endolysosomal cysteine
cathepsins L and K are involved in macrophage-mediated clearance
of Staphylococcus aureus and the concomitant cytokine induction.
FASEB J 2014;28:162–75.

15. Kehely A, Moss DW. Circulating levels of tartrate-resistant acid
phosphatase in macrophage-activated lung disease. Ann Clin
Biochem 1992;29(Pt 2):172–5.

16. Prakriya M, Feske S, Gwack Y, et al. Orai1 is an essential pore
subunit of the CRAC channel. Nature 2006;443:230–3.

17. Soboloff J, Rothberg BS, Madesh M, et al. STIM proteins: dynamic
calcium signal transducers. Nat Rev Mol Cell Biol 2012;13:549–65.

18. Roberts-Thomson SJ, Peters AA, Grice DM, et al. ORAI-mediated
calcium entry: mechanism and roles, diseases and pharmacology.
Pharmacol Ther 2010;127:121–30.

19. Endo Y, Noguchi S, Hara Y, et al. Dominant mutations in ORAI1
cause tubular aggregate myopathy with hypocalcemia via
constitutive activation of store-operated Ca2+ channels. Hum Mol
Genet 2015;24:637–48.

20. Hwang DY, Chien SC, Hsu YW, et al. Genetic polymorphisms of
ORAI1 and chronic kidney disease in Taiwanese population. Biomed
Res Int 2014;2014:290863.

21. Misceo D, Holmgren A, Louch WE, et al. A dominant STIM1
mutation causes stormorken syndrome. Hum Mutat 2014;35:556–64.

22. Samanta K, Bakowski D, Parekh AB. Key role for store-operated
Ca2+ channels in activating gene expression in human airway
bronchial epithelial cells. PLoS ONE 2014;9:e105586.

23. Somasundaram A, Shum AK, McBride HJ, et al. Store-operated
CRAC channels regulate gene expression and proliferation in neural
progenitor cells. J Neurosci 2014;34:9107–23.

24. Song SS, Huang B, Wang QT, et al. BF02, a recombinant TNFR2
fusion protein, alleviates adjuvant arthritis by regulating T
lymphocytes in rats. Acta Pharmacol Sin 2013;34:414–23.

25. Criado G, Risco A, Alsina-Beauchamp D, et al. Alternative p38
MAPKs are essential for collagen-induced arthritis. Arthritis
Rheumatol 2014;66:1208–17.

26. Marijnissen RJ, Roeleveld DM, Young D, et al. Interleukin-21
receptor deficiency increases the initial toll-like receptor 2 response
but protects against joint pathology by reducing Th1 and Th17 cells
during streptococcal cell wall arthritis. Arthritis Rheumatol
2014;66:886–95.

27. Raychaudhuri SP. Role of IL-17 in psoriasis and psoriatic arthritis.
Clin Rev Allergy Immunol 2013;44:183–93.

28. Li J, Hsu HC, Mountz JD. The dynamic duo-inflammatory M1
macrophages and Th17 cells in rheumatic diseases. J Orthop
Rheumatol 2013;1:4.

29. Gao X, Gao R, Tian Y, et al. A store-operated calcium channel
inhibitor attenuates collagen-induced arthritis. Br J Pharmacol
2015;172:2991–3002.

30. Takezawa R, Cheng H, Beck A, et al. A pyrazole derivative potently
inhibits lymphocyte Ca2+ influx and cytokine production by
facilitating transient receptor potential melastatin 4 channel activity.
Mol Pharmacol 2006;69:1413–20.

Blair HC, et al. RMD Open 2016;1:e000093. doi:10.1136/rmdopen-2015-000093 9

Animal models

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.2146/ajhp050514
http://dx.doi.org/10.1242/jcs.004184
http://dx.doi.org/10.1111/j.1600-065X.2009.00821.x
http://dx.doi.org/10.1002/jcp.22423
http://dx.doi.org/10.1002/jcp.22423
http://dx.doi.org/10.1074/jbc.M111.269068
http://dx.doi.org/10.1038/labinvest.2012.72
http://dx.doi.org/10.1007/s00281-009-0189-9
http://dx.doi.org/10.4049/jimmunol.1302586
http://dx.doi.org/10.4049/jimmunol.1001796
http://dx.doi.org/10.1186/1756-0500-7-700
http://dx.doi.org/10.1186/1756-0500-7-700
http://dx.doi.org/10.4049/jimmunol.182.1.234
http://dx.doi.org/10.2353/ajpath.2009.080688
http://dx.doi.org/10.1096/fj.13-232272
http://dx.doi.org/10.1177/000456329202900209
http://dx.doi.org/10.1177/000456329202900209
http://dx.doi.org/10.1038/nature05122
http://dx.doi.org/10.1016/j.pharmthera.2010.04.016
http://dx.doi.org/10.1093/hmg/ddu477
http://dx.doi.org/10.1093/hmg/ddu477
http://dx.doi.org/10.1155/2014/290863
http://dx.doi.org/10.1155/2014/290863
http://dx.doi.org/10.1002/humu.22544
http://dx.doi.org/10.1371/journal.pone.0105586
http://dx.doi.org/10.1523/JNEUROSCI.0263-14.2014
http://dx.doi.org/10.1038/aps.2012.171
http://dx.doi.org/10.1002/art.38327
http://dx.doi.org/10.1002/art.38327
http://dx.doi.org/10.1002/art.38312
http://dx.doi.org/10.1007/s12016-012-8307-1
http://dx.doi.org/10.13188/2334-2846.1000002
http://dx.doi.org/10.13188/2334-2846.1000002
http://dx.doi.org/10.1111/bph.13104
http://dx.doi.org/10.1124/mol.105.021154

	Suppression of arthritis-induced bone erosion by a CRAC channel antagonist
	Abstract
	Materials and methods
	Animal studies
	Induction and assessment of arthritis
	Serum analysis for antibodies and cytokines
	Antibody labelling of sections
	μCT and morphometry
	Statistics

	Results
	Analysis of CIA in sections of feet
	μCT
	Effect of CIA with and without DCPA treatment on serum inflammatory cytokines
	Effect of CIA and DCPA on osteoclasts and T cells in tissue sections

	Discussion
	References


