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Abstract

Background: Acute postoperative pain is induced by most incisional surgeries and usually resolves with wound repair.
However, many patients experience moderate to severe pain despite receiving currently available postoperative pain relief.
Accumulating evidence suggests that inflammatory cells, neutrophils, and macrophages infiltrating the wound site contribute
to the acute inflammation, pain, and subsequent wound repair. Colchicine is commonly used to relieve pain in gout by
inhibiting the infiltration of granulocytes and other motile cells. In this study, we examined the effects of colchicine on acute
postoperative pain and wound repair by correlating the infiltration of neutrophils and macrophages in a mouse model of
postoperative pain induced by plantar incision. Furthermore, these effects of colchicine were compared with clodronate
liposomes, which selectively deplete circulating macrophages.

Results: Plantar incision induced mechanical hypersensitivity in the ipsilateral hind paw that peaked one day and lasted for
three days after the surgery. Treatment with colchicine significantly attenuated the early infiltration of Grl-positive cells
(neutrophils) around the incision site and mechanical hypersensitivity, which was accompanied with inhibition of the subse-
quent infiltration of Ibal-positive cells (macrophages) and macrophage polarization toward the proinflammatory M| pheno-
type. By contrast, an intravenous injection of clodronate liposomes significantly inhibited the infiltration of macrophages
around the incision site but had little effect on the infiltration of neutrophils or mechanical hypersensitivity. Importantly,
colchicine treatment significantly delayed wound closure after the incisional surgery, whereas clodronate liposome admin-
istration had no effect on wound closure.

Conclusion: These results suggest that colchicine can alleviate acute postoperative pain and also enhance the risk of delayed
wound repair, which are associated with the suppression of neutrophil and subsequent proinflammatory M| macrophage
infiltration around the incision site, while the involvement of macrophages may be limited.
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Introduction
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Acute postoperative pain (POP) is a common feature in Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto, Japan

patients after the surgery, and patients generally recover
from acute POP with wound repair. Effective treatments
for POP can improve the quality of life and clinical out-
come as well as avoid complications and decrease the
risk of developing chronic pain.'> However, despite the
utilization of preventive strategies and analgesic agents,
such as nonsteroidal anti-inflammatory drugs, opioids,
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gabapentin, and pregabalin, 50%-70% of surgical
patients still experience moderate to severe POP.?

Colchicine, an alkaloid derived from colchicum autum-
nale, is commonly used to treat gout and familial
Mediterranean fever. It binds to tubulins and interferes
with microtubule polymerization, thereby impairing the
function and infiltration of granulocytes and other
motile cells and exerting anti-inflammatory and antifi-
brotic effects.*® Colchicine can suppress mechanical
and thermal hypersensitivity in a variety of animal pain
models.”® However, the effect of colchicine on POP and
wound repair has not been clarified.

Several lines of evidence for human and animal
models of POP suggest that inflammatory cells, such as
neutrophils and macrophages, contribute to POP. Acute
inflammatory responses are initiated by an early infiltra-
tion of neutrophils at the incision site, which peaks
within 24h after the surgery. Infiltrated neutrophils
secrete antimicrobial and inflammatory substances,
including proteases, reactive oxygen species, cytokines,
and chemokines, and phagocytose pathogens to fight
against infections, but trigger intense pain around the
injury site.'® The depletion of neutrophils reduces mech-
anical hypersensitivity in a plantar incision-induced
mouse model of POP."" Depleting circulating neutro-
phils or blocking neutrophil infiltration in inflammatory,
allergen-evoked, or neuropathic pain models also attenu-
ates the early responses of hypersensitivity.'* 4
Furthermore, early infiltrated neutrophils induce subse-
quent recruitment of monocytes that differentiate into
macrophages at the incision site. Inflammatory medi-
ators produced by activated macrophages sensitize
nociceptors, resulting in the generation and prolongation
of inflammatory pain.'”” In a mouse model of POP,
a population of proliferating CD11b"Ly6G~ myeloid
cells (primarily monocytes and skin-resident macro-
phages) contributes to mechanical hypersensitivity.'¢

However, neutrophils and macrophages also play
essential roles in the wound repair processes.!” "
Neutrophils infiltrating the injured site early phagocyt-
ose microbes, dead cells, and wound debris to clean the
injured site,* whereas depleting neutrophils delays the
wound repair®® and peripheral axon regeneration after
peripheral nerve injury.?' Subsequent to neutrophil infil-
tration, infiltrating macrophages voraciously phagocyt-
ose the wound matrix and cell debris, including fibrin
and apoptotic neutrophils, and produce a variety of
cytokines and growth and angiogenic factors for fibro-
genesis and angiogenesis.'” ' For wound repair, the
phenotypes of macrophages, ‘“classically activated”
proinflammatory (M1) and ‘“alternatively activated”
anti-inflammatory (M2) cells, are focused.” M1 macro-
phages are characterized by their expression of high
levels of proinflammatory cytokines, which exacerbate
tissue injury,?® whereas M2 macrophages are responsible

for inflammation resolution and wound repair.>* That
macrophage polarization can be affected by the depletion
of neutrophils® suggests an interaction between the early
infiltrating neutrophils and the subsequently infiltrating
macrophages for the wound repair.

In the present study, we therefore aimed to investigate
the effects of colchicine on acute POP, inflammatory
responses, and wound repair in a mouse model of POP
induced by plantar incision, by comparing with clodro-
nate liposomes, which selectively deplete circulating
macrophages.

Methods
Animals

This article adheres to the applicable EQUATOR guide-
lines. This study was carried out in strict accordance with
the ethical guidelines recommended by the Kyoto
University Animal Research Committee. The protocol
was approved by the Kyoto University Animal
Research Committee (Permit Number: 13-38). All efforts
were made to minimize the number of animals used and
to limit experimentation to that necessary to produce
reliable scientific information. Male C57BL/6J mice
aged six weeks (18-22g) were purchased from Japan
SLC (Shizuoka, Japan). All mice were housed four or
five per plastic cage with woodchip bedding under con-
stant ambient temperature (24°C 4 1°C) and humidity
(55% £ 10%) with free access to food and water and
maintained on a 12h light/dark cycle (light from
8:00a.m. to 8:00 p.m.) for at least three days before the
studies.

Drug administration

Mice were randomly assigned to the colchicine or clo-
dronate group and then were further divided into control
and treatment groups. Colchicine (Sigma-Aldrich,
C9754) was dissolved in sterile saline. Colchicine
(0.75mg/kg) or saline was intraperitoneally injected
once daily beginning two days before the plantar incision
surgery. Clophosome-N (FormuMax Scientific, Inc.,
F70101C-N), a commercially available liposome-clodro-
nate reagent, was intravenously administered to mice
without dilution 1h before the surgery (100 uL/mouse).
The control group for the clodronate treatment com-
prised mice intravenously administered control lipo-
somes (FormuMax Scientific, Inc., F70101-N).

POP model

For the mouse model of POP, the surgery was performed
as previously described with some modifications.”® To
minimize the number of animals used, all mice were
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used as POP model and assessed by comparing the
incised right hind paw (ipsilateral) with the nonoperated
left hind paw (cotralateral). Briefly, mice were anesthe-
tized with isoflurane. After sterile preparation of the
right hind paw, a 5-mm longitudinal incision was made
through the skin and fascia of the plantar surface using a
No. 11 scalpel blade. The incision started 2 mm from the
proximal edge of the heel and extended toward the toes.
The plantaris muscle was elevated with forceps, leaving
the muscle origin and insertion intact. Although the skin
was apposed with a single mattress suture in the previous
study, the incision was not sutured in this study to enable
the evaluation of wound repair.

von Frey filament test

The same trained experimenter handled and tested ani-
mals in the experiment and was blinded to the treatment
of each animal. Mice were habituated to the testing
environment of small boxes composed of metal mesh
floor for at least 30 min. For the duration of the experi-
ments, the experimenter was blind to the drug treatment.
Mechanical sensitivity was assessed by measuring the
frequency of paw withdrawal responses to a calibrated
von Frey filament (0.04 g). The von Frey filament was
applied to the plantar surface of the hind paw until the
filament bent slightly for a few seconds. The filament was
applied 10 times to the hind paw, and the frequency
of paw withdrawal was expressed as a percentage of
the total number of trials calculated as follows: (the
number of trials accompanied by licking and lifting/the
total number of trials) x 100. Mechanical sensitivity was
assessed before the surgery as well as one, three, and
seven days after the surgery.

Immunohistochemistry

For assessing neutrophil and macrophage infiltration,
immunohistochemical analyses were performed one,
three, and seven days after the surgery. Mice were
deeply anesthetized with sodium pentobarbital
(64.8 mg/kg, 1.p.) and perfused through the ascending
aorta with phosphate-buffered saline (PBS) followed by
4% (W/V) paraformaldehyde in phosphate buffer. The
contralateral and ipsilateral hind paws including skin
and underlying muscle were removed from the mice.
These samples were postfixed with 4% paraformalde-
hyde for 4h and cryoprotected overnight at 4°C in
30% sucrose. The tissues were frozen and sectioned
with a cryostat (Leica, Nussloch, Germany). The sec-
tions (14 um thick) were treated with 4% normal goat
serum for 1h at room temperature. After being washed
with PBS, the sections were incubated with a primary
antibody directed against granulocyte receptor-1
(Grl; rat anti-Grl antibody, 1:200; R&D Systems,

MABI1037, #FVF0313121) and ionized calcium-binding
adapter molecule-1 (Ibal; rabbit anti-Iba-1 antibody,
1:500; Wako Pure Chemical Industries, 019-19741,
#SAJ2266) at 4°C overnight. The sections were washed
three times in PBS and labeled with Alexa Fluor 594-
labeled secondary antibody (Alexa Fluor 594-labeled
donkey anti-rat IgG, 1:200; Jackson ImmunoResearch
Laboratories, Inc., 712-585-150, #116700) and Alexa
Fluor 488-labeled secondary antibody (Alexa Fluor
488-labeled goat anti-rabbit IgG, 1:500; Molecular
Probes, Invitrogen, Life Technologies, A11008,
#1678787) as appropriate at room temperature for 1h
in the dark. After being washed three times in PBS, the
sections were mounted in the anti-fading medium
Vectashield (Vector Laboratories, H-1400). Confocal
fluorescence images were observed using a confocal
laser scanning microscope (Fluoview FV10i system,
Olympus, Tokyo, Japan). Fluorescence images were cap-
tured around the incision site for each hind paw section.
The number of Grl-positive (Gr1™) cells and Ibal immu-
noreactivity in three slices per each animal were mea-
sured in an area 100 x 180 um with Image J software
(National Institute of Mental Health, Bethesda, MD).

Real-time polymerase chain reaction

For assessing the messenger RNA (mRNA) expression
levels, real-time polymerase chain reaction (PCR) ana-
lyses were performed one day after the surgery. Total
RNAs were extracted from the contralateral and ipsilat-
eral hind paws including skin and underlying muscle
using ISOGEN Reagent (Nippon Gene, Tokyo, Japan)
or NucleoSpin RNA (TaKaRa Bio Inc., Shiga, Japan),
and the extracted RNAs were reverse transcribed (RT)
using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). Real-time quantitative RT-PCR was performed
using the StepOne Real-Time PCR System (Life
Technologies, Carlsbad, CA) and the Thunderbird
SYBR gqPCR Mix (Toyobo). Each PCR amplification
consisted of heat activation for 10 min at 95°C, followed
by 40 cycles at 95°C for 15s and 60°C for 1min. The
oligonucleotide primers used for RT-PCR were as fol-
lows: 5-GCA ATT ATT CCC CAT GAA CG-3 and 5-
GGC CTC ACT AAA CCA TCC AA-3' for the 18S
ribosomal RNA gene (18S rRNA); 5-TGT AAT GAA
AGA CGG CAC ACC-3 and 5-TCT TCT TTG GGT
ATT GCT TGG-3' for IL1B; 5-AAC TCT CAC TGA
AGC CAG CTC T-3 and 5-GTG GGG CGT TAA
CTG CAT-3 for CCL2; 5-AGA GGT CTC GGT
TGG GTT GT-3 and 5-CAC TGT CTT TGA GGC
TTG TTG C-3' for CCR2; 5-TTG TGT GTG TTC
TGG AAA CGG AG-3 and 5-AAC TTA GAG GCT
GTG TTG CTG GG-3' for CDS6; 5-ACA TTG GCT
TGC GAG ACG TA-3 and 5-ATC ACC TTG CCA
ATC CCC AG-3 for Argl; 5-TGA CGT CAC TGG
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AGT TGT ACG G-3 and 5-GGT TCA TGT CAT
GGA TGG TGC-3' for TGFB; 5-GTC ACG GAA
ATA CTC CAG TTG GT-3 and 5-CCC GTT TTG
GAT CCG AGT TT-3 for FGF2. The mRNA expres-
sion levels of each gene were normalized to that of 18S
rRNA, which was measured in parallel in each sample.
Except for the mRNA expression level of /LIS, the
mRNA expression level of each gene was expressed rela-
tive to each contralateral group. The mRNA expression
level of IL1B was expressed relative to the saline-treated
ipsilateral group because of the undetectable /LI
mRNA expression in the contralateral hind paw.

Macroscopic examination of wound closure

For assessing wound closure following a plantar incision,
each incision site was digitally photographed one, two,
and three days after the surgery. Changes in the wound
areas were expressed as the width of the incised site.

Statistical analysis

Data are presented as means+S.E.M. and were ana-
lyzed wusing GraphPad Prism version 6.0 software.
Mechanical hypersensitivity data were analyzed by
two-way analysis of variance for repeated measures,
followed by the Bonferroni post hoc test. Statistical
analyses for immunofluorescence, real-time PCR, and
wound repair were performed using two-way analysis
of variance, followed by the Bonferroni post hoc test,
although the expression level of IL1B mRNA was ana-
lyzed with an unpaired ¢ test. In all cases, differences of
P < 0.05 were considered statistically significant.

Results
Plantar incision induces mechanical hypersensitivity

Acute POP was induced by an incision in the plantar
surface of the mouse hind paw. The withdrawal response
frequency of the ipsilateral hind paw to mechanical
stimulation by a 0.04g von Frey filament was signifi-
cantly increased one and three days after the plantar
incision (F324=16.21, P <0.0001), while there was no
change in that of the contralateral hind paw. The mech-
anical hypersensitivity was severest at one day and lasted
for three days, before returning to the baseline seven
days after the surgery (Figure 1(a)). Ibal immunoreac-
tivity (a marker for macrophages) and Grlt cells
(a marker for neutrophils) were rarely observed in the
contralateral hind paw but were markedly increased
around the incision in the ipsilateral hind paw after the
surgery. Ibal immunofluorescence around the incision
was significantly increased (£ ,=12.24, P <0.01), and
it was gradually increased and remained increased even

seven days after the surgery. The number of Grl™ cells
around the incision site was also significantly increased
(F5,12=12.55, P <0.01), but it peaked one day after the
surgery and then declined (Figure 1(b) to (d)).

Colchicine attenuates plantar incision-induced
mechanical hypersensitivity and neutrophil infiltration

To examine the effect of colchicine on the infiltration of
inflammatory cells around the incision site and acute
POP, it was administered intraperitoneally once daily
beginning two days before the surgery. The number of
Grl™ cells around the incision site was significantly
decreased by colchicine treatment (5 s56=21.15,
P <0.0001). Significant decreases were observed one
and three days after the surgery. Furthermore, Ibal
immunoreactivity around the incision site was also sig-
nificantly attenuated in the colchicine-treated group
(Fr54=7.718, P<0.01), with a significant difference
observed three days after the surgery (Figure 2(a) to
(c)). The colchicine treatment also significantly attenu-
ated plantar incision-induced mechanical hypersensitiv-
ity (Fo37=1.888, P=0.1575). A significant difference
was observed on day I, and mechanical hypersensitivity
tended to be attenuated three days after the surgery
(Figure 2(d)).

Effects of colchicine on plantar incision-induced
inflammatory responses and macrophage phenotype

We next investigated the effects of colchicine treatment
on plantar incision-induced inflammatory responses.
Quantitative real-time PCR analysis revealed that the
mRNA expression level of the proinflammatory cytokine
interleukin-1p (IL1P) in the ipsilateral hind paw was
markedly increased one day after the surgery, although
the expression in the contralateral hind paw was not
detected. Colchicine treatment significantly inhibited
the upregulation of IL1f mRNA (Figure 3(a)). The che-
mokine C-C motif chemokine 2 (CCL2) is mainly pro-
duced by neutrophils and macrophages and participates
in the migration of macrophages through the C-C
chemokine receptor type 2 (CCR2).>’ In the saline-
treated group, the mRNA expression levels of CCL2
(Figure 3(b)) and CCR2 (Figure 3(c)) in the ipsilateral
hind paw were significantly upregulated, compared with
those in the contralateral hind paw, whereas significant
upregulation was not observed in the colchicine-treated
group. Colchicine treatment tended to suppress the
upregulation of CCL2 and CCR2 mRNA levels,
although the inhibitory effects were not significant
(CCL2, Fy5=1.176, P=0.2898; CCR2, F; 5, =0.8611,
P=0.3639).

Macrophage polarization can be affected by early
infiltration and apoptosis of neutrophils.?® To determine
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Figure |. Mechanical hypersensitivity and infiltration of macrophages and neutrophils around the incision site in a mouse model of
postoperative pain. Plantar incision surgery was performed on the mouse right hind paw. (a) To assess mechanical sensitivities in the
contralateral and ipsilateral hind paws, the frequency of paw withdrawal responses to von Frey filament stimulation was measured before
the surgery (pre) as well as one, three, and seven days after the surgery. Data are expressed as means of the percentage + S.E.M. n=5.
P < 0.01, ¥*P < 0.001, compared with pre. (b) Representative photographs for immunofluorescence staining of Ibal (green) and Grl
(red) in the contralateral (one day) and ipsilateral hind paws one, three, and seven days after the surgery. Scale bar = 100 pm. White dashed
lines mark the outer of epidermis. White dotted lines separate the dermis from the epidermis and fascia. Graphs show Ibal fluorescence
intensity (c) and the number of Grl™ cells (d) in the contralateral and ipsilateral hind paws, n=3. Data are expressed as means & S.E.M.

P < 0.0001, *P < 0.05.

whether colchicine treatment affects the phenotype
of infiltrating macrophages in this mouse model of
POP, we investigated the mRNA expression levels
of CD86 (a marker for proinflammatory M1 macro-
phages) and arginase 1 (Argl; a marker for anti-
inflammatory M2 macrophages) one day after the
surgery. The expression of CD86 mRNA in the ipsi-
lateral hind paw was significantly upregulated in the
saline-treated group. Colchicine treatment significantly
inhibited the upregulation of CD86 mRNA (F) =
7.767, P=0.0098; Figure 3(d)). Similarly, the expression
of Argl mRNA in the ipsilateral hind paw was
significantly upregulated in the saline-treated group,
whereas significant upregulation was not observed in
the colchicine-treated group. Colchicine treatment
tended to suppress the upregulation, although the
effect was not significant (F,s=0.7424, P=0.3962;
Figure 3(¢)).

Macrophage depletion by clodronate liposomes has
little effect on plantar incision-induced mechanical
hypersensitivity

We depleted circulating macrophages by an intravenous
administration of clodronate liposomes 1h before the
surgery. Intravenous liposome-encapsulated clodronate
administration results in selective and temporary deple-
tion of macrophages and circulating monocytes by
phagocytosis of the mononuclear phagocyte system.?®
We found that treatment with clodronate liposomes sig-
nificantly inhibited the increase in Ibal immunofluores-
cence around the incision site (£ 3=19.62, P <0.0001).
Significant differences were observed one and three days
after the surgery when compared with the vehicle-treated
group. By contrast, the number of Grl1™ cells around the
incision site was not affected by the clodronate liposome
treatment (£, 4 =0.1894, P =0.8287; Figure 4(a) to (c)).
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Figure 2. Effects of colchicine treatment on the infiltration of macrophages and neutrophils and mechanical hypersensitivity in a mouse
model of postoperative pain. Colchicine (0.75 mg/kg) or saline was intraperitoneally injected once daily beginning two days before the
plantar incision surgery. (a) Representative photographs of immunofluorescence staining for Ibal (green) and Grl (red) in the contralateral
and ipsilateral hind paws one and three days after the surgery. Scale bar = 100 um. White dashed line marks the outer of epidermis. White
dotted lines separate the dermis from the epidermis and deeper layer. Graphs show Ibal fluorescence intensity (b) and the number of
Grl™ cells (c) in vehicle- and colchicine-treated groups, n=6—16. Data are expressed as means & S.E.M. *P < 0.001. (d) To assess
mechanical sensitivities in the ipsilateral hind paws of vehicle- (n = [4) or colchicine-treated groups (n = 13), the frequency of paw
withdrawal responses to von Frey filament stimulation was measured before the surgery (pre) and one and three days after the surgery.
Data are expressed as means of the percentage = S.E.M. *P < 0.05, *P < 0.001, compared with pre in each group. P < 0.01.

n.s.: not significant.

The clodronate liposome treatment also had little effect
on plantar incision-induced mechanical hypersensitivity;
there was no significant difference between the vehicle-
and clodronate liposome-treated groups (F>36=0.142,
P =0.8681; Figure 4(d)).

Effect of colchicine and clodronate liposomes on
wound closure

Finally, we examined the effects of colchicine or clodro-
nate liposomes on wound closure in this mouse model of
POP. The incision site gradually closed in both vehicle-
treated groups. Colchicine treatment significantly
delayed wound closure after the surgery (F5,3=1.709,
P =0.1995); a significant difference between the vehicle-
and colchicine-treated groups was observed three

days after the surgery (Figure 5(a) and (b)). By contrast,
there was no significant difference in wound
closure between the vehicle- and clodronate liposome-
treated groups (F3.16=0.8921, P=0.4292; Figure 5(c)
and (d)).

We also examined the effect of colchicine treatment on
the mRNA expression levels of fibrogenesis-promoting
factors, transforming growth factor-f (TGFp), and
fibroblast growth factor-2 (FGF2), one day after the sur-
gery. In the saline-treated group, mRNA expression
levels of TGFB and FGF2 in the ipsilateral hind paw
were significantly upregulated, compared with those in
the contralateral hind paw. The upregulation of TGFf
(F1’12:6.434, P<005) and FGF2 (F1.12:6.517,
P <0.05) mRNA levels was significantly attenuated in
the colchicine-treated group (Figure 6).
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Figure 3. Effects of colchicine on the inflammatory responses and macrophage phenotype around the incision site. Colchicine

(0.75 mg/kg) or saline was intraperitoneally injected once daily beginning two days before the plantar incision surgery. Samples of
contralateral and ipsilateral hind paws derived from mice in saline- or colchicine-treated groups were collected one day after the surgery.
The mRNA expression levels of ILIf (a; n=13), CCL2 (b; n=6-7), CCR2 (c; n=6-7), CD86 (d; n="7-8), and Argl (e; n=28) were
measured by real-time quantitative PCR. Each expression level was normalized to that of 18S rRNA and presented relative to each
contralateral group. The mRNA expression level of ILI 3 was presented relative to the saline-treated ipsilateral group, because ILI1 3 mRNA
expression was undetectable in the contralateral hind paw. Data are expressed as means + S.E.M. *P < 0.05, **P < 0.0, compared with the

contralateral hind paw; #p < 0.05; P < 0.01.
n.d.: not detected.

Discussion

In the present study, we provided evidence indicating
that colchicine alleviates acute POP but delays the
wound repair in the plantar incision-induced mouse
model of POP. Furthermore, we showed that colchicine
inhibited the infiltration of neutrophil and subsequent
inflammatory M1 macrophages around the incision site
after the surgery, while depletion of circulating macro-
phages by clodronate liposomes had little effect on mech-
anical hypersensitivity, wound closure, and neutrophil
infiltration, suggesting that the involvement of macro-
phages may be limited.

We generated a mouse model of acute POP by longi-
tudinally incising the skin and fascia and elevating, but
leaving intact, the insertion and origin of the plantaris
muscle, as described in the first report of this mouse
model.® This POP model showed shorter mechanical
hypersensitivity, peaking one day and recovering within
seven days after the surgery, than a POP model created
by incising the plantaris muscle.”” This temporal pattern
of mechanical hypersensitivity likely parallels that of
neutrophil infiltration, rather than macrophage infiltra-
tion, of the incision site. Although abundant infiltration
of macrophages was observed seven days after the

surgery, mechanical hypersensitivity was already
resolved at this time, suggesting that the delayed accu-
mulation of macrophages has little effect on acute POP.

This hypothesis is further supported by the present
results showing that mechanical hypersensitivity was
not affected by clodronate liposome-induced depletion
of macrophages. After being intravenously injected, lipo-
some-encapsulated clodronate is phagocytosed by resi-
dent macrophages and circulating monocytes through
the mononuclear phagocyte system, resulting in their
elimination by apoptosis. Since these liposomes are not
internalized by nonphagocytic cells or by granulocytes,
clodronate liposome administration leads to specific
depletion of macrophages and monocytes.”® Consistent
with this mechanism of action, we confirmed that clodro-
nate liposomes had no effect on plantar incision-induced
neutrophil infiltration. Thus, the present results suggest
that the involvement of delayed accumulation of macro-
phages is limited in the acute POP observed in a plantar
incision-induced model. Consistent with these results,
mechanical hypersensitivity in the plantar incision-
induced mouse model of POP is not affected by a defi-
ciency in CCR2,'® a key chemokine receptor for macro-
phages infiltrating inflamed sites in response to CCL2.%’
The acute POP observed following the plantar surface
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Figure 4. Effects of clodronate liposomes on the infiltration of macrophages and neutrophils and mechanical hypersensitivity in a mouse
model of postoperative pain. Clodronate (100 piL/mouse) or control liposomes were intravenously administered to mice | h before the
plantar incision surgery. (a) Representative photographs for immunofluorescence staining of Ibal (green) and Grl (red) in the contralateral
and ipsilateral hind paws one and three days after the surgery. Scale bar = 100 um. White dashed line marks the outer of epidermis. White
dotted lines separate the dermis from the epidermis and deeper layer. Graphs show Ibal fluorescence intensity (b, n=4-11) and the

number of Grl™* cells (c, n=3-8) in vehicle- and clodronate-treated groups. Data are expressed as means £ S.E.M. *P < 0.05, ***P < 0.001.
(d) To assess mechanical sensitivities in the ipsilateral hind paws of the vehicle- (n=9) or clodronate-treated group (n= 1), the frequency
of paw withdrawal responses to von Frey filament stimulation was measured before the surgery (pre) and one and three days after the
surgery. Data are expressed as means of the percentage £ S.E.M. *P < 0.05, **P < 0.01, *** P < 0.001, compared with pre in each group.

n.s.: not significant.

incision may depend on acute inflammation but not be
linked with the delayed accumulation of macrophages.
However, we cannot fully exclude the possibility of the
involvement of skin-resident macrophages, because cell-
specific depletion of CD11b"Ly6G~ myeloid cells (pri-
marily monocytes and skin-resident macrophages)
attenuates mechanical hypersensitivity in a plantar inci-
sion-induced POP model.'® This discrepancy may be due
to the failure of depleting skin-resident macrophages by
an intravenous injection of clodronate liposomes.
Consistent with the present findings, a previous report
using vinblastine sulfate or an antineutrophil antibody
shows that neutrophils around the incision site contrib-
ute to acute POP.’ Infiltrated neutrophils evoke pain
through the production of a variety of inflammatory

substances, including cytokines and chemokines.*

A mechanism of action for colchicine is to suppress the
NACHT, LRR, and PYD domains-containing protein 3
inflammasome, which is responsible for processing and
releasing IL1J3, an inflammatory pronociceptive cyto-
kine.*>3% In the present study using a mouse model of
acute POP, the inhibition of mechanical hypersensitivity
by colchicine treatment was accompanied by a decrease
in the upregulation of IL1f mRNA, suggesting an
involvement of the decrease in inflammatory pronocicep-
tive substances. However, we also showed that colchicine
treatment reduced the subsequent infiltration of macro-
phages around the incision site following decreased neu-
trophil infiltration, which was accompanied by a partial
reduction in the mRNA expression levels of CCL2 and
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Figure 5. Effects of colchicine or clodronate treatment on wound closure after the surgery. (a and b) Colchicine (0.75 mg/kg) or saline
was intraperitoneally injected once daily beginning two days before the plantar incision surgery, n =8. (c and d) Clodronate (100 pL/mouse)
or control liposomes were intravenously administered to mice | h before the plantar incision surgery, n=3-5. (a and c) Representative
photographs of the incision site on the ipsilateral hind paw one, two, and three days after the plantar incision surgery. (b and d) Graphs
show the width (mm) of the incision in (b) colchicine- or (d) clodronate-treated groups. Data are expressed as means & S.E.M. *P < 0.05.
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Figure 6. Effects of colchicine treatment on the expression of
fibrogenesis-promoting factors. Colchicine (0.75 mg/kg) or saline
was intraperitoneally injected once daily beginning two days before
the plantar incision surgery. Samples of contralateral and ipsilateral
hind paws of saline- or colchicine-treated groups were collected
one day after the surgery. The mRNA expression levels of (a)
TGFp and (b) FGF2 were measured by real-time quantitative PCR.
Each expression level was normalized to that of 185 rRNA and
presented relative to each contralateral group. Data are expressed
as means £+ S.E.M, n=4. *P < 0.05, **P < 0.01, compared with the
contralateral group, #P < 0.05.

FGF2: fibroblast growth factor-2; TGF: transforming growth
factor-f.

CCR2. Thus, we could not determine whether the IL1
upregulation was derived from the infiltrating neutro-
phils or macrophages. The present results for the mar-
kers for M1 and M2 macrophages CD86 and Argl,
respectively, further suggest that macrophage polariza-
tion toward the M1 phenotype is inhibited by colchicine
treatment. Thus, it is possible that the inhibition of
mechanical hypersensitivity by colchicine may be the
synergistic result of neutrophil dysfunction and the
inhibition of subsequent macrophage infiltration and
polarization toward the M1 phenotype.

A previous study showed that the depletion of neutro-
phils by an anti-Grl antibody had no effect on thermal
or mechanical hypersensitivity after a plantar incision in
mice.!" This discrepancy with our results may be due to
differences in the POP model; that is, both the skin and
underlying muscle were cut with a scalpel in the afore-
mentioned study, whereas the muscle was only elevated
with forceps and received minimum injury in the present
study. The former severe POP model with skin and deep
tissue incision shows mechanical and thermal hyperalge-
sia and guarding pain with increased spontaneous activ-
ity of the dorsal horn neurons, while the latter skin
incision POP model shows only mechanical and
thermal hyperalgesia.®! Similarly, the activation of p38
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mitogen-activated protein kinase in the dorsal root gang-
lia neurons is observed only in the former model, but not
the latter model.*> These distinct phenotypes among
POP models may be caused by the differential contribu-
tion of neutrophils and macrophages. Thus, depleting
only neutrophils may be insufficient to attenuate severe
POP when the wounds of both muscle and nerve ter-
minals are severe. The most apparent difference from
our results is the lack of an anti-Grl antibody effect on
macrophage infiltration, whereas a large number of stu-
dies indicate that neutrophil depletion can reduce macro-
phage infiltration in inflamed sites.**** A body of
evidence suggests direct inhibitory effects of colchicine
on macrophage activation,’*?>3¢ although the effects
on infiltration and phenotype polarization of macro-
phages have not been clarified. Further investigations
will be needed to determine whether the inhibitory
effect on neutrophil infiltration or the direct effects on
macrophages are responsible for the reduced infiltration
and polarization toward the M1 phenotype of macro-
phages induced by colchicine in this mouse model of
acute POP.

The sequential roles of inflammatory cells, neutro-
phils, and macrophages in the wound repair are well
documented.'” " Nevertheless, the effect of neutrophil
depletion on wound repair remains poorly defined; it
may delay,”® promote,’” or fail to affect’™® the wound
repair. The present results showed that the colchicine-
induced inhibition of neutrophil infiltration delayed
wound closure following a plantar incision. As described
above, colchicine treatment also reduced macrophage
infiltration and polarization toward the M1 phenotype,
which play crucial roles in the phagocytosis of tissue
debris for wound closure.** Furthermore, colchicine
treatment tended to reduce anti-inflammatory M2
macrophages, which participate in fibrogenesis and
tissue remodeling in the late phase of the wound
repair.*® Thus, the delay of wound closure by colchicine
may be due not only to the lack of neutrophil infiltration
but also to the insufficient function of nonpolarized
macrophages. In addition, the decrease in the early pro-
duction of fibrogenesis-promoting factors, such as TGFf
and FGF2, which are released from stimulated neutro-
phils*! and M2 macrophages,** may contribute to the
delay in wound closure. However, in the present study,
the macrophage depletion by clodronate liposomes had
little effect on wound closure. Although previous studies
demonstrated that macrophages can contribute to the
diverse phases of wound repair, from inflammatory to
tissue formation processes,*” * it has also been sug-
gested that macrophages may not be absolutely required
for the basic wound repair.'” Depleting only the macro-
phages may have little impact on early wound closure
after a small plantar incision, such as that used in the
present study.

Colchicine can affect gene expression, differentiation,
and proliferation of multiple cells other than neutrophils
and macrophages, including endothelial cells, mast cells,
dendritic cells, and fibroblasts.® For example, colchicine
shows antifibrotic effect, as well as anti-inflammatory
effect.® Thus, we cannot fully exclude the possibility
that colchicine affects these cells to induce analgesic
effect and delay of wound repair in the acute POP model.

In conclusion, the present results suggest that colchi-
cine alleviates acute POP but delays the wound repair
after a plantar incision, which may be due to the sup-
pression of neutrophil and subsequent macrophage infil-
tration. However, the involvement of inhibition of
macrophage infiltration and polarization toward M1
phenotype may be limited. Therapeutic strategies redu-
cing acute neutrophil-driven inflammation after an inci-
sional surgery may increase the risk of delaying wound
repair. Thus, for rapid wound repair after the surgery,
POP must be controlled without affecting the neutrophil
function.
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