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Introduction

Osteoarthritis (OA), which is the most common form of

Summary

Recent studies have reported that calcitonin gene-related peptide (CGRP)
contributes to joint pain. However, regulation of the CGRP/CGRP receptor
signalling in osteoarthritis (OA) is not fully understood. To investigate the
regulation of CGRP/CGRP receptor signalling by macrophages in the
synovial tissue (ST) of OA joints, we characterized the gene expression
profiles of CGRP and CGRP receptors in the ST of OA mice (STR/Ort). In
addition, we examined whether macrophage depletion by the systemic
injection of clodronate-laden liposomes affected the expression of CGRP
and CGRP receptors in ST. CD11c" macrophages in the ST of STR/Ort and
C57BL/6] mice were analysed by flow cytometry. Real-time polymerase
chain reaction (PCR) was used to evaluate the expression of interleukin
(IL)-1B, CGRP, calcitonin receptor-like receptor (CLR) and receptor
activity-modifying protein 1 (RAMP1) in F4/80" and F4/80 cells. The
effects of IL-1P on the expression of CGRP and CLR by cultured synovial
cells were also examined. The percentage of CD11c” macrophages in the ST
of STR/Ort was higher than that in C57/BL6]J mice. Notably, the F4/ 80" cell
fraction expressed IL-13 highly, whereas the F4/80 cell fraction expressed
CGRP, CLR, and RAMP1 highly. In addition, expression of the IL-1 and
CLR genes was increased in ST, but was decreased upon macrophage
depletion, and the IL-1B treatment of cultured synovial cells up-regulated
CLR. Taken together, the present findings suggest that
macrophages are the major producers of IL-13 and regulators of CLR in OA
mice. Therefore, macrophages and IL-133 may be suitable therapeutic targets
for treating OA pain.

synovial
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CGRP binds to functional CGRP receptors, which consist of
calcitonin receptor-like receptor (CLR) and receptor
activity-modifying protein 1 (RAMP1) [1,2]. Several clinical

arthritis, is characterized by cartilage breakdown, synovial
fibrosis and osteophyte formation. Chronic pain is the
main clinical symptom of OA and is treated predominantly
using analgesic drugs, such as non-steroidal anti-inflamma-
tory drugs and weak opioids. However, because these drugs
provide only variable symptomatic pain relief, and because
few effective disease-modifying drugs are available for OA,
there is a demand for more effective analgesics. To this end,
a better understanding is required of the mechanisms that
drive OA pain.

Calcitonin gene-related peptide (CGRP) appears to be

involved in pain transmission and neurogenic inflammation.

trials have shown that CGRP receptor antagonists are effec-
tive in treating acute migraine [3,4]. In addition, inhibition
of CGRP receptors abolishes joint nociceptor sensitization in
mouse models of OA pain [5,6]. Although CGRP/CGRP
receptor signalling plays a critical role in the modulation of
OA pain, the factors regulating CGRP/CGRP receptor sig-
nalling in OA remain unclear.

We have reported previously that inflammatory macro-
phages are increased in the synovial tissue (ST) of osteoar-
thritic mice [7]. Recent studies have also shown that
macrophages produce a number of inflammatory cyto-
kines, particularly interleukin (IL)-1B, IL-6 and tumour
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necrosis factor (TNF)-a, which contribute to pain and the
progression of OA [8-10]. In addition, Hill et al [11] used
magnetic resonance imaging (MRI) imaging to demonstrate
that synovitis correlates with OA pain. Based on these findings,
we hypothesized that synovial macrophages regulate CGRP/
CGRP receptor signalling in ST and contribute to OA pain.

Here, we characterized the expression profiles of CGRP
and CGRP receptors in the ST of OA mice (STR/Ort). In
addition, we investigated whether macrophage depletion
by systemic injection of clodronate-laden liposomes affects
the levels of CGRP and CGRP receptors in ST.

Materials and methods

Animals

Male STR/Ort mice aged 9 months and age- and sex-
matched C57BL/6] control mice (Charles River Laborato-
ries, Inc., Yokohama, Japan) were used in this study.
Specific-pathogen free colonies of STR/Ort and C57BL/6]
mice were maintained at Nippon Charles River Laborato-
ries (Kanagawa, Japan). The mice were housed in a
semi-barrier system with a controlled environment (tem-
perature: 23 * 2°C; humidity: 55% = 10%; lighting: 12-h
light/dark cycle) throughout the study. All the experimental
protocols were approved by the Kitasato University School
of Medicine Animal Care Committee.

Flow cytometric analysis of leucocytes from ST
of STR/ort mice

C57BL/6] and STR/Ort mice were killed by deep anaesthe-
sia with a mixture of medetomidine, midazolam and
butorphanol tartrate by intramuscular injection, and skin
was then removed with a scalpel for the harvesting of ST.
The harvested ST was digested with 1 mg/ml type I collage-
nase for 2 h at 37°C. The released cells were stained with
antibodies against F4/80, CD11b and CD11c, and 7-amino
actinomycin D (7-AAD) staining was used to identify dead
cells.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from harvested ST using TRIzol
(Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer’s instructions, and was used as template for
first-strand cDNA synthesis using SuperScript III RT (Invi-
trogen). The PCR reaction mixtures consisted of 2 pl
cDNA, specific primer set (0-2 uM final concentration) and
12-5 pl SYBR Premix Ex Taq (Takara, Kyoto, Japan) in a
final volume of 25 pl. The primers were designed using
Primer Blast software and were synthesized by Hokkaido
System Science Co., Ltd (Sapporo, Japan). Melt curve anal-
ysis was performed to confirm the specificity of the ampli-
fied products. The sequences of the PCR primer pairs are
listed in Table 1. Quantitative PCR was performed using a

Table 1. Sequences of the primers used in this study.

Product size

Gene Direction Primer sequence (5'-3') (bp)

IL-1B F GCAACTGTTCCTGAACTCAACT 89
R ATCTTTTGGGGTCCGTCAACT

CGRP F CCCTTTCCTGGTTGTCAGCA 88
R TGGGCTGCTTTCCAAGATTGA

CLR F GTAGTTAGTGCTCCTCGGGC 113
R CTCTCCTCGCCTTCGTTGTT

RAMP1 F GGACCCTGACTATGGGACTC 92
R AGTCACACCATAGCGTCTTCC

GAPDH F AACTTTGGCATTGTGGAAGG 223

R ACACATTGGGGGTAGGAACA

IL = interleukin; CGRP = calcitonin gene-related peptide,
RAMPI = receptor activity-modifying protein 1; CLR = calcitonin
receptor-like receptor; GAPDH = glyceraldehyde 3-phosphate
dehydrogenase.

real-time PCR detection system (CFX-96; Bio-Rad, Hercu-
les, CA, USA). The PCR cycle parameters consisted of an
initial denaturation at 95°C for 1 min, followed by 40 cycles
of 95°C for 5 s, and 60°C for 30 s. mRNA expression was
normalized to the levels of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA.

Isolation of F4/80-positive cells from ST

Ten ST samples were harvested from the bilateral knees of
five 9-month-old STR/Ort mice. Mononuclear cells were
isolated from ST by digestion with type I collagenase for
2 h at 37°C. ST-derived mononuclear cells were suspended
in 500 pl phosphate-buffered saline (PBS) containing bio-
tinylated anti-F4/80 antibody and were then incubated for
30 min at 4°C. The cells were washed once with PBS, mixed
with streptavidin-labelled magnetic particles (BD IMag
Streptavidin Particles Plus-DM; BD Biosciences, Tokyo,
Japan), and the tube containing the cells was then placed
on an IMag separation system (BD Biosciences). After a
further incubation on ice for 30 min, warmed (37°C)
a-minimum essential culture medium (MEM) was added
to the cell suspension to collect unbound (F4/80-negative)
cells. The tube was removed from the magnetic support
and an additional 3 ml a-MEM was added to collect F4/
80-positive cells. The collected F4/80-positive and -negative
cells were centrifuged at 300 g for 10 min and the resulting
supernatants were removed. The obtained cell pellets were
cultured in a-MEM in six-well plates. IL-1B, CGRP, CLR
and RAMP1 expression in the collected cells was analysed
by reverse transcription—polymerase chain reaction (RT—
PCR). The experiment was performed three times.

Macrophage depletion by injection of
clodronate-laden liposomes

To investigate the effects of macrophages on IL-1B, CGRP,
CLR and RAMP1 expression in ST, clodronate liposomes
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were administered systemically to STR/Ort mice by intra-
peritoneal injection. After 24 h, splenocytes were stained
with antibodies against F4/80 and CD11b to examine mac-
rophage depletion. ST were harvested as described above
and the expression of IL-1(3, CGRP, CLR and RAMP1 was
analysed by real-time PCR.

Effect of IL-13 on ST-derived cells

Cells in the ST of STR/Ort mice were harvested as described
above. ST-derived mononuclear cells were suspended in
500 pl phosphate-buffered saline (PBS) containing biotin-
ylated anti-F4/80 antibody and then incubated for 30 min
at 4°C. The cells were washed once with PBS, resuspended
in 200 pl streptavidin-labelled magnetic particles, and then
added to tubes held in an IMag separation system (BD Bio-
sciences). Warmed (37°C) a-MEM culture medium was
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added to the tube to collect unbound (F480-negative) cells,
which were then cultured in a-MEM in six-well plates.
After 1 week at 37°C in a 5% CO, incubator, synovial fibro-
blasts were incubated with 0 (control group) or 50 ng/ml
mouse recombinant IL-13 (IL-1B group) (Biolegend, San
Diego, CA, USA) for 24 h. Cells were then harvested for
RNA isolation, as described above, and CGRP, CLR and
RAMP1 expression was analysed by RT-PCR. The experi-
ment was performed three times.

Statistical analysis

All statistical analyses were performed using spss software
version 11-0 (SPSS, Inc., Chicago, IL, USA). The Mann—
Whitney U-test was used to examine differences between
C57BL/6] and STR/Ort mice and PBS-injected STR/Ort
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and clodronate-liposome injected STR/Ort mice. A P-value
of < 0-05 was considered statistically significant.

Results

Flow cytometric analysis of macrophage
populations in ST

Proinflammatory macrophages in synovium express
CDl1c [7]. Here, the proportion of CD11c* macrophages
in ST of STR/Ort mice was investigated by flow cytometry.
The number of F4/807CD11b™ (Fig. la,b,e) and CDI11c”
F4/80"CD11b" macrophages (Fig. 1c,d,f) in the ST of
STR/Ort mice was significantly higher compared to that
found in the ST of C57BL/6] mice.

Expression of IL-18, CGRP, CLR and RAMP1 in ST

Real-time PCR analysis of the genes encoding IL-13,
CGRP, CLR and RAMP1 showed that the expression levels
of IL-13 and CLR were elevated significantly in the ST of
STR/Ort mice compared to those in control C57BL/6] mice
(Fig. 2a,c). In contrast, no differences in the expression of
the genes encoding CGRP and RAMP1 were detected
between C57BL/6] and STR/Ort mice (Fig. 2b,d).

Activated macrophages reportedly produce higher levels of
IL-1P3 than tissue-resident macrophages [12]. Here, to evaluate
whether macrophages in ST also produce IL-1f3, the expres-
sion of the gene encoding IL-1{3 in F4/80-positive cells isolated
from the ST of STR/Ort mice was examined by real-time PCR
(Fig. 3). IL-13 gene expression in F4/80-positive cell fractions
was threefold higher than that in F4/80-negative cells (Fig.

3a). In contrast, the expression of the genes encoding CGRP,
CLR and RAMP1 in the F4/80-positive cell fraction was lower
than that in the F4/80-negative cell fraction (Fig. 3b—d).

Effect of clodronate liposome injection on the
expression of IL-13, CGRP, CLR and RAMP1

The induction of macrophage depletion by the injection of
liposomal clodronate decreased the number of F4/
80"CD11b™ cells significantly in the spleens of liposomal
clodronate-injected STR/Ort mice compared to PBS-
injected STR/Ort mice (Fig. 4a—c). Macrophage depletion
also led to a significant decrease of IL-13 and CLR gene
expression in the ST of STR/Ort mice (Fig. 5a,c). In con-
trast, macrophage depletion had no significant effects on
the expression of CGRP or RAMP1 in ST (Fig. 5b,d).

Effect of IL-13 on expression of CGRP, CLR and
RAMP1 in synovial cells

Real-time PCR analysis revealed that the gene expression of
CLR increased significantly in synovial cells in the presence
of exogenously added IL-13 compared to untreated control
cells (Fig. 6). In contrast, the expression of the genes
encoding CGRP and RAMPI1 were not affected in IL-1p3-
treated synovial cells (Fig. 6).

Discussion

In the present study investigating the mechanisms underly-
ing OA pain, CD11c* populations of macrophages were
found to be elevated in the ST of STR/Ort mice. Higher
expression of the genes encoding IL-13 and CLR was also

146 © 2015 British Society for Immunology, Clinical and Experimental Immunology, 183: 143-149



Regulation of calcitonin receptor by macrophage-produced IL-18

CLR

(a)
4
=
2
B 3
o
o
o
o 2
2
o
L
i,
(=}
IR
0
F4/80 (-)
()
15
Fig. 3. Real-time polymerase chain 5
reaction (PCR) analysis for the expression a
of interleukin (IL)-1pB, calcitonin gene- g 1 {
related peptide (CGRP), calcitonin >
receptor-like receptor (CLR) and receptor g
activity-modifying protein 1 (RAMP1) © 05 |
genes in F4/80-negative and -positive cell o
fractions of synovial tissues of STR/Ort %
mice. All data are presented as the L
mean * standard error of three 0
F4/80 (-)

experiments (n = 3).

observed in the ST of STR/Ort mice compared to C57BL/6]
mice. However, macrophage depletion by the treatment of
mice with clodronate-laden liposomes decreased IL-1f and
CLR gene expression in ST. In addition, the treatment of
cultured synovial cells with IL-1@ stimulated CLR expression.
Taken together, these findings suggest that IL-1B-producing
macrophages regulate CLR expression in synovial cells and
may contribute to the pain in OA patients.

The cytokines produced by synovial macrophages, par-
ticularly IL-1B and TNF-qa, contribute to inflammation
and OA progression [13-15]. A recent study reported that
macrophages display one of two distinct phenotypes: classi-
cally activated M1 macrophages and alternatively activated
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M2 macrophages [16]. CD11c is a marker of M1 macro-
phages, which produce high levels of IL-13 [12]. In the
present study, the number of CD11c* macrophages was
increased in the synovium of STR/Ort mice. Consistent
with this finding, higher expression of IL-13 was observed
in synovial macrophages which, when depleted by the
treatment of mice with liposomal clodronate, led to
decreased IL-1B gene expression in ST. Taken together,
these findings indicate that IL-1B is produced mainly by
macrophages in synovium.

Numerous studies have implicated the involvement of
CGRP in the peripheral mechanisms of OA pain [6,17-22].
For example, suppression of the expression of CGRP in the
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Fig. 4. Flow cytometric analysis of F4/80"CD11b macrophage cells in the spleen of phosphate-buffered saline (PBS)-injected (PBS) and
clodronate-injected STR/Ort mice (Clo). (a,b) Dot-plot analysis of F4/80"CD11b™" cells in the spleens of PBS (a) and Clo (b) mice; x-axis,
F4/80; y-axis, CD11b. (c) Percentage of F4/80- and CD11b-positive cells in the spleens of PBS and Clo mice (n = 10). [Color figure can be
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synovium of an adjuvant-induced arthritis rat model has
been shown to attenuate the pain [17]. In addition, in a
monosodium iodoacetate-induced OA model, the gene
expression of calcitonin receptor increased and the admin-
istration of CGRP receptor antagonist resulted in reduced

Fold relative expression
N

. m

CLR RAMP1

. IL1B

Fig. 6. Effect of interleukin (IL)-1B on calcitonin gene-related
peptide (CGRP), calcitonin receptor-like receptor (CLR) and
receptor activity-modifying protein 1 (RAMP1) gene expression in
cultured synovial cells. All real-time polymerase chain reaction
(PCR) data are presented as the mean * standard error of four
experiments (n = 3). F4/80(—) cells stimulated with 50 ng/ml IL-13
were compared with untreated (0 ng/ml IL-1B) F4/80(—) cells as a
control.

pain [6]. Here, we found that CLR gene expression was
increased in the synovium of STR/Ort mice, particularly in
the F4/80-negative fraction of synovial cells. However, mac-
rophage depletion led to decreased CLR and IL-1B gene
expression in ST of STR/Ort mice. In addition, the treat-
ment of ST cells with IL-1( increased CLR gene expression.
These results suggest that macrophage-produced IL-1( reg-
ulates CLR expression in ST and may induce CGRP/CGRP
receptor signalling, thereby contributing to the develop-
ment of pain in OA.

Two limitations of the present study warrant mention.
First, the mechanism proposed in this study was based
on cross-sectional analysis, and therefore no data on the
effects of the observed changes on the progression of
OA are available. Secondly, we revealed that IL-1B and
CLR gene expression was elevated in the ST of osteoar-
thritic mice; however, it remains to be determined if the
elevation of IL-1B and CLR levels contributes to OA
pain.

In conclusion, synovial macrophages are the main IL-13
producer and regulator of CLR in OA mice. Thus, macro-
phages and IL-1p may regulate CGRP/CGRP receptor sig-
nalling in OA joints and be suitable therapeutic targets for
treating OA pain.
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