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Abstract

Bone cancer pain remains a major challenge in patients with primary or metastatic bone cancer due to a lack of under-
standing the mechanisms. Previous studies have revealed the two distinct functional polarization states of microglia (clas-
sically activated M| and alternatively activated M2) in the spinal cord in nerve injury—induced neuropathic pain. However,
whether microglia in the spinal cord polarize to M| and M2 phenotypes and contribute to the development of bone cancer
pain remains unclear. In this study, we used a mouse model with bone cancer to characterize the MI/M2 polarization of
microglia in the spinal cord during the development of bone cancer pain, and investigated the antinociceptive effects of
dehydrocorydaline, an alkaloidal component isolated from Rhizoma corydalis on bone cancer pain. Our results show that
microglia in the spinal cord presented increased M| polarization and decreased M2 polarization, while overproduction
of IL-1$ and inhibited expression of IL-10 was detected during bone cancer pain development. Intraperitoneal administration
of dehydrocorydaline (10 mg/kg) had significant antinociceptive effects on day 14 after osteosarcoma cell implantation,
accompanied by suppressed M| phenotype and upregulated M2 phenotype of microglia in the spinal cord, while alleviated
inflammatory response was observed then. These results suggest that the imbalanced polarization of microglia toward the
MI phenotype in the spinal cord may contribute to the development of bone cancer pain, while dehydrocorydaline helps to
attenuate bone cancer pain, with microglial polarization shifting toward the M2 phenotype in the spinal cord.
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Introduction morphological as well as functional transformations in

Bone cancer pain (BCP) is one of the most common pain
syndromes encountered in patients with primary or met-
astatic bone cancer of the breast, lung, and prostate,
seriously compromising quality of life for many
patients."? As detection and survival among patients
with cancer have improved, cancer-induced pain has
become an increasing challenge.® However, pharmaco-
logical managements are still unsatisfactory and far from
all patients obtain sufficient pain relief currently. The
mechanisms underlying this chronic pain remain to be
investigated, and effective therapies are urgently needed
to improve this situation.

Microglia are the primary immune effector cells in the
spinal cord. They become activated and undergo

response to any kind of spinal cord damage or injury.*>
Several studies have demonstrated that microglial
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activation in the spinal cord plays an important role in
the pathological changes, which contribute to the gener-
ation and maintenance of BCP.®® The activated micro-
glia are composed of different cell populations that have
distinct and even opposing functions. The two extremes
of microglial polarization are termed classically activat-
ed M1 and alternatively activated M2 phenotypes.’
Studies have revealed the two distinct functional polar-
ization states of microglia in the spinal cord in nerve
injury-induced neuropathic pain.'®'* M1 microglia
express CD16/32 and release pro-inflammatory factors,
including inducible nitric oxide synthase (iNOS) and
IL-1B, which were concomitant with the emergence of
pathological pain.'* Conversely, M2 microglia express
CD206 and are associated with upregulation of anti-
inflammatory mediators, such as arginase-1 (Arg-1),
playing a vital role in reducing neuropathic pain.'
Thus, shifting the polarization of microglia toward the
M2 phenotype could potentially attenuate chronic neu-
ropathic pain.'®'*!'> However, the status of microglial
polarization in the spinal cord during the development
of BCP remains unknown.

Dehydrocorydaline (DHC), an alkaloidal component
isolated from Rhizoma corydalis (the dried tuber of
Corydalis yanhusuo W.T. Wang), has been reported
to ameliorate inflammatory pain with no toxicity by
our previous studies.'® In addition, it has been demon-
strated to possess anti-inflammatory property and
has been widely used to treat spastic pain, abdominal
pain, and pain due to injury.'”'® Moreover, previous
studies have shown that DHC exerts anti-allergic and
antitumor effects,'”?® and that it could also suppress
the elevated mitochondrial membrane potential in
lipopolysaccharide-stimulated macrophage.>’ However,
the effects of DHC on microglia have yet to be
described, and it remains unknown whether DHC can
attenuate BCP.

In this study, we used the mouse model of BCP to test
the hypothesis that the imbalanced M1/M2 polarization
of microglia toward the M1 phenotype contributes to
the pro-inflammatory environment in the spinal
cord and thus exacerbates the development of BCP.
Furthermore, the study also investigated that DHC,
one of the main constituents of Rhizoma corydalis,
could attenuate BCP, with microglial polarization shift-
ing toward the M2 phenotype in the spinal cord.

Materials and methods

Experimental animals

Adult male C3H/HeN mice (4-6 weeks old, weighing
20-25 g, obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. Beijing, China, SCXK
JING 2012-0001) were used to for this study. The

mice were housed in a temperature-controlled (21°C
+1°C) room with a 12-h light/dark schedule, and al-
lowed to get food and water ad libitum. All experimental
procedures were performed under the approval of
the Institutional Animal Care and Use Committee
at the Affiliated Drum Tower Hospital of Medical
Department of Nanjing University and in accordance
with the ethical guidelines for the use of experimen-
tal animals.?

Cell culture and implantation

Osteosarcoma NCTC 2472 cells (American Type
Culture Collection, Manassas, VA, USA, ATCC
2087787) were incubated in NCTC 135 medium (Sigma
Aldrich, St. Louis, MO, USA) containing 10% equine
serum (Gibco, Carlsbad, CA, USA) at 37°C in an atmo-
sphere of 5% CO, and 95% air (Thermo Forma, OH,
USA), and passaged twice per week according to the
recommendations provided by the American Type
Culture Collection.

The mouse model of BCP was established as previ-
ously described by Schwei et al.>* Briefly, on day 0,
after the mice were anesthetized with an intraperitoneal
injection of pentobarbital sodium (50 mg/kg, 1% in
normal saline (NS)), a right knee arthrotomy was per-
formed. Subsequently, a 25-ul microsyringe was used to
inject a volume of 20pul o-minimal essential medium
(0-MEM, Gibco, Carlsbad, CA) containing 2 x 10°
NCTC 2472 cells (tumor group) or 20 ul a-MEM alone
(Sham group) into the medullary cavity of the distal
femur. The injection hole was then sealed using bone
wax and irrigated with NS. Finally, the wound was
sutured closed.

Drug preparation

DHC (VIC449, Vicmed biotech Co. Ltd., China), purity
> 98%, was dissolved in dimethyl sulfoxide (DMSO)
and then diluted with NS prior to administration. On
day 14 after osteosarcoma cell implantation, DHC was
intraperitoneally administrated in tumor group mice at a
dosage of 10 mg/kg, referred to our previous studies
about inflammatory pain in mice'® and based on our
preliminary experiment. Meanwhile, a similar volume
of 10% DMSO was also used for vehicle treatment in
tumor group mice.

Pain behavior tests

All behavior tests were performed during the light phase
by the experimenter who was blind to the treatment
groups. The mice were allowed to acclimatize for at
least 30 min before tests. The behavior tests were per-
formed prior to operation (day 0) and then on days 4, 7,
10, 14, 21, and 28 after osteosarcoma cell implantation.
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Besides, the mice were tested before (0 h) and at 1 h, 4 h,
and 8 h after the administration of DHC and vehicles.

Paw withdrawal mechanical threshold (PWMT). PWMT was
used to assess the mechanical allodynia using von Frey
filaments (Stoelting, Wood Dale, IL, USA).>* The mice
were placed into individual transparent plexiglass com-
partments (10 cm x 10 cm x 15 ¢cm) onto a metal mesh
floor (graticule: 0.5 cm x 0.5 cm). Von Frey filaments
(0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g) were applied to the
right hind paw according to previous reports. The fila-
ments were pressed vertically against the plantar surface
with sufficient force to cause a slight bending against the
paw and were held for 6-8 s. In addition, there was a
10-min interval between the two stimulations. Brisk
withdrawal of the paw or paw flinching was regarded
as a positive response, and each mouse was tested five
times per stimulus strength. Finally, the lowest von Frey
filament stimulus strength that produced three or more
positive responses was regarded as the PWMT.

Number of spontaneous flinches (NSF). The mice were
placed into individual plexiglass compartments
(10cm x 10cm x 15c¢m) and observed for 2 min to quan-
tify the NSF of the right hind paw. Every lift that was
not related to walking or grooming was considered one
flinch. Each mouse was tested five times.

Immunofluorescence

The mice were deeply anesthetized with pentobarbital
sodium (1% in NS, 50 mg/kg, i.p.) and perfused with
NS via the ascending aorta, followed by 4% paraformal-
dehyde. Then the lumbar segments of the spinal cords
were extracted quickly, postfixed in 4% paraformalde-
hyde, and dehydrated in 30% sucrose at 4°C. Serial
frozen sections were cut in a freezing microtome into
20-um thick slides, washed in PBS and blocked with
10% goat serum for 2 h at room temperature.
Subsequently, the sections were incubated with primary
antibodies overnight at 4°C. Then, they were incubated
with secondary antibodies for 1.5 h at room temperature
after washing in PBS. Finally, the sections were mounted
on glass slides, air-dried, and covered with fluoroshield
mounting medium with DAPI (Abcam, Cambridge,
UK). Images were acquired using a Leica TCS SP8 mul-
tiphoton confocal microscope (Leica Microsystems,
Wetzlar, Germany).

The following primary antibodies were used: rabbit
anti-Iba-1 (1:500, Wako, Japan), rat anti-CD16/32
(1:100, BD biosciences, USA), mouse anti-CD206
(1:300, Abcam, Cambridge, UK), and rabbit anti-
Arg-1 (1:100, Abcam, Cambridge, UK) antibodies. The
secondary antibodies used in this study included the fol-
lowing: goat anti-rabbit (1:3000, Alexa 488-conjugated,

ThermoFisher, Waltham, MA), goat anti-rat (1:2000,
Alexa 594-conjugated, ThermoFisher), and goat
anti-mouse (1:2000, Alexa 594-conjugated,
ThermoFisher) antibodies.

Western blotting

After the mice were sacrificed under deep anesthesia with
pentobarbital sodium (1% in NS, 50 mg/kg, i.p.), the
lumbar spinal cord segments were quickly extracted
and stored in liquid nitrogen. The collected tissue
samples were weighed, homogenized in lysis buffer,
and centrifuged. Then the supernatant was collected.
Protein samples were separated on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and then trans-
ferred onto the polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA). Subsequently, the
membranes were blocked with 5% nonfat milk for 2h
at room temperature and incubated with the primary
antibodies:  rabbit  anti-iNOS  (1:500, Abcam,
Cambridge, UK), rabbit anti-arginase I (1:600, Santa
Cruz, CA), rabbit anti-IL-1f (1:700, Abcam,
Cambridge, UK), and rabbit anti-IL-10 (1:500, Abcam,
Cambridge, UK) at 4°C overnight. The membranes were
then washed with TBST and incubated for 1.5 h at room
temperature with peroxidase affinipure goat anti-rabbit
secondary antibody (1:10000, Jackson ImmunoResearch
Inc, West Grove, USA). Then, the membranes were
visualized using a chemiluminescent HRP substrate
(Millipore Corporation, MA, USA) in an automated
chemiluminescence system (Tanon, Shanghai, China).
B-actin was used as a loading control for total protein,
and ImageJ software (NIH, Bethesda, MD, USA) was
used to measure the gray value of each band.

Enzyme-linked immunosorbent assay

After the mice were sacrificed under deep anesthesia with
pentobarbital sodium (1% in NS, 50 mg/kg, i.p.), the
lumbar spinal cord segments were collected. The super-
natants of tissue homogenates were collected and ana-
lyzed wusing enzyme-linked immunosorbent assay
(ELISA) kits (Senbeijia, Nanjing, China) according to
the manufacturer’s instructions.

Statistical analysis

In behavioral assessments, two-way analysis of variance
for repeated measures followed by post hoc tests
(Bonferroni test) was used to analyze the differences
between groups, and data are presented as the mean
4 SD. Changes in immunofluorescence, western blotting
results, and ELISA data were compared with the basal
value using nonparametric Kruskal-Wallis test and
Nemenyi test, and statistical comparisons between the
groups were assessed with nonparametric Mann—
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Figure |. Changes in pain behaviors over time in tumor and sham group mice. (a) Paw withdraw mechanical threshold in response to von
Frey filaments and (b) the number of spontaneous flinches that occurred during 2 min were tested on days 0, 4, 7, 10, 14, 21, and 28 after
surgery in tumor and sham group mice. All data are presented as the mean & SD. *p < 0.05, **p < 0.01, and **p < 0.00| compared with
day 0; #p <0.05, #p < 0.01, and ##p < 0.001 compared with the sham group mice; n=8 mice per group.

Whitney test. Data are presented as the median with
range. All statistical analyses were performed by IBM
SPSS statistics version 21.0 (SPSS Inc., Chicago, IL,
USA). Graph Pad Prism version 6 (GraphPad software,
San Diego, CA, USA) was used to plot graphs, and a
value of p < 0.05 was defined as statistically significant.

Results

BCP accelerates over time

Pain behaviors were tested to assess the pain develop-
ment after osteosarcoma cell implantation. There was no
significant difference in PWMT and NSF between tumor
and sham groups prior to the operation. On day 4 after
surgery, both tumor and sham group mice showed
decreased PWMT of the right hind paw in response to
von Frey filaments stimulation (p < 0.001, respectively),
compared with basal value. The PWMT of the sham
group mice had recovered to baseline since day 10.
However, the PWMT of the tumor group mice did not
return to the basic level and subsequently decreased
from day 14 (p<0.001) to day 28 (p<0.001)
(Figure 1(a)).

Both tumor and sham group mice displayed increased
NSF on day 4 after surgery (p < 0.001, respectively), and
the NSF of the sham group mice returned to the basic
level on day 10. However, after decreasing from day 7 to
day 10, the NSF of tumor group mice continuously
increased from day 14 (p <0.001) to day 28 (p <0.001)
(Figure 1(b)). These data suggest that BCP was estab-
lished after osteosarcoma cell implantation and acceler-
ated over time.

Polarization of microglia presents increased M| and
decreased M2 phenotypes during BCP development

To evaluate whether microglial polarization in the spinal
cord participates in the development of BCP, molecular

analyses of iINOS and Arg-1, which are preferentially
induced in M1 and M2 microglia in the spinal cord,
respectively, were next conducted. Western blotting
results showed that the expression of iNOS increased
on day 4 both in tumor and sham group mice
(» <0.05), compared with basal value, and there was
no significant difference in the expression level of
iNOS between tumor and sham group mice. Then, the
expression of iNOS increased again on day 14 (p < 0.05)
and kept at a high level until day 28 (p <0.01) in tumor
group mice. However, the level of iNOS recovered to
baseline from day 7 in sham group mice (Figure 2(a)
to (c)). Similarly, the expression of Arg-1 presented a
transient increase on day 4 both in tumor and sham
group mice (p < 0.05, respectively), and there was no sig-
nificant difference in the expression level of Arg-1
between tumor and sham group mice, while it increased
again and reached the peak on day 14 (p < 0.01) followed
by a decline in tumor group mice (Figure 2(a), (b)
and (d)).

Additionally, we further examined the expression of
M1 (CD16/32/Iba-1) and M2 (CD206/Iba-1) phenotypes
in the spinal cord, respectively, by immunofluorescence.
As shown in the representative micrographs of immu-
nostaining in the dorsal horn of ipsilateral spinal, Iba-
1 was temporarily increased on day 4 (p <0.05) and
decreased to baseline from day 7, and then it gradually
increased from day 14 (p <0.05) to day 28 (p <0.01) in
the spinal cords of the tumor group mice. However,
almost no Iba-1 expression was detected in the spinal
cords of the sham group mice at late stages.
Interestingly, most CD16/32 merged with Iba-1, and its
expression exhibited changes similar to those observed
for Iba-1, which indicated that M1 phenotype of micro-
glia kept increasing from day 14 to day 28 after it dis-
played a transient increase on day 4 in tumor group mice
(Figure 3(a) to (c)). For the expression of CD206, simi-
larly, we found that in the spinal cords of the tumor
group mice, after it was transiently increased on day 4
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Figure 2. Changes of INOS and Arg-1 expression during bone cancer pain development. (a and b) Representative blots of iNOS and Arg-
| in the spinal cords in tumor and sham group mice. (c and d) Quantification of INOS and Arg-1 in the spinal cords in tumor and sham
group mice on Western blotting. All data are presented as the median with range. *p < 0.05, **» < 0.0 compared with day 0; #p <0.05,

compared with the sham group mice; n =3 mice per group.
iNOS: inducible nitric oxide synthase; Arg-I: arginase-|.
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Figure 3. The alteration of M| polarization of microglia during bone cancer pain development. (a) Double immunofluorescent staining of
Iba-1 and CD16/32 in the spinal cords in tumor and sham (14 d) group mice. The enlarged images reveal that these two factors show

colocalization. (b and c) Quantification of staining intensity of Iba-1 and CD16/32 in the spinal cords in tumor and sham (14 d) group mice.
All data are presented as the median with range. *p < 0.05, **p < 0.01 compared with day 0; #p <0.05, *p < 0.01 compared with the sham

group mice; n=23 mice per group.

(p <0.09), it peaked on day 14 (p < 0.01) and eventually
decreased to baseline on day 28. No CD206 expression
was detected in the spinal cords of the sham group mice
at late stages. Furthermore, most CD206 expression
showed colocalization with Iba-1 (Figure 4(a) and (c)).

In addition, coimmunofluorescent staining also indicat-
ed that Arg-1 expression merged very well with that of
CD206, and the change trend was consistent with that
shown by western blotting (Figure 4(b) and (d)). These
results indicated that M2 phenotype of microglia
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Figure 4. The alteration of M2 polarization of microglia and Arg-| expression during bone cancer pain development. (a and c) Double
immunofluorescent staining of CD206 and Iba-| and quantification of CD206 in the spinal cords in tumor and sham (14 d) group mice. The
enlarged images reveal that these two factors show colocalization. (b, d) Double immunofluorescent staining of Arg-1 and CD206 and
quantification of Arg-1 in the spinal cords in tumor and sham (14 d) group mice. The enlarged images show that Arg-| expression merged
well with CD206 expression. All data are presented as the median with range. *p < 0.05, *p < 0.0] compared with day 0; #p <0.05,
##p < 0.01 compared with the sham group mice; n =3 mice per group.

Arg-1: arginase-1.

transiently increased on day 4 after surgery, and then it
reached the peak on day 14 followed by decreasing
during the development of BCP.

Taken together, these findings revealed that the polar-
ization of microglia in the spinal cord showed increased
M1 and suppressed M2 phenotypes during the develop-
ment of BCP.

IL-1B expression maintains increasing while IL-10
expression is suppressed during BCP development
To further investigate the alteration of inflammatory

state accompanied by the imbalanced microglial polari-
zation, we tested the expression of IL-1p and IL-10 in

the spinal cord and blood in both tumor and sham
groups of mice. As a classic proinflammatory factor,
IL-1B can be released by M1 microglia. Compared
with the basal value, the expression of IL-1B was tem-
porarily higher from day 4 to day 7 after surgery in the
spinal cords of both tumor (p < 0.05, respectively) and
sham (p < 0.05, respectively) group mice, and then it
decreased and recovered to baseline on day 10. But in
tumor group mice, IL-1B expression elevated again on
day 14 (p <0.05) and maintained a high level until day
28 (p <0.05) (Figure 5(a) to (c)). The results of ELISA
also indicated similar alteration in IL-1p expression
occurred in the spinal cord and blood (Figure 5(e)
and (g)). IL-10, an anti-inflammatory mediator,
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Figure 5. Changes of IL-1f and IL-10 expression during bone cancer pain development. (a and b) Representative blots of IL-13 and IL-10
in the spinal cords in tumor and sham group mice. (c and d) Quantification of IL-I3 and IL-10 in the spinal cords in tumor and sham group
mice on western blotting. (e and f) Results of ELISA showing the changes of IL-1f and IL-10 expression in the spinal cords in tumor and
sham group mice. (g and h) Results of ELISA showing the changes of IL-13 and IL-10 expression in the blood in tumor and sham group
mice. All data are presented as the median with range. *p < 0.05 compared with day 0; #p <0.05 compared with the sham group mice;

n =3 mice per group.

presented a transient reduction on day 4 after surgery
both in tumor and sham group mice (p < 0.05, respec-
tively), then it increased temporarily on day 7 (p < 0.05)
and recovered to basecline afterwards in sham group
mice. However, in spinal cords of tumor group mice,
IL-10 increased from day 10 (p<0.05) to day
21 (p<0.05) and decreased to baseline on day 28
(Figure 5(a), (b), and (d)). Additionally, results of
ELISA also indicated that the change of IL-10 in the
blood was similar to that in the spinal cord (Figure 5
(f) and (h)). These data suggested that the pro-
inflammatory response accelerated both in the spinal

cord and blood with increased expression of IL-1B and
inhibited expression of IL-10 during the development
of BCP.

Intraperitoneal injection of DHC attenuates BCP

Based on the phenomena described above, we next
examined whether DHC could attenuate BCP. DHC
(10 mg/kg, i.p.) or vehicle was intraperitoneally injected
to BCP mice on day 14 after surgery. PWMT and NSF
were measured at various time points (preinjection (0 h),
1 h, 4 h, and 8 h after administration). Compared with
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preinjected and vehicle-injected mice, DHC injected mice
showed significantly increased PWMT (p <0.001,
respectively) and decreased NSF (p < 0.001, respectively)
at 1 h after injection. Then the PWMT gradually
decreased and NSF gradually increased, and they
completely returned to the preinjected level at
8 h (Figure 6). These data indicated that intraperitoneal
injection of DHC significantly attenuated BCP.

Intraperitoneal injection of DHC shifts M1/M2
polarization of microglia toward the M2 phenotype

Next, we investigated the expression of M1 and M2
microglia after intraperitoneal injection of DHC to iden-
tify whether the analgesic effect of DHC was mediated
by its influence on microglial polarization in the spinal
cord. After intraperitoneal injection of DHC, the expres-
sion of INOS was significantly downregulated at 1
h (p <0.05, respectively) and 4 h (p < 0.05, respectively),
compared with preinjected and vehicle-injected mice,
while the level of Arg-1 was significantly upregulated
at 1 h (p<0.05, compared with preinjected mice;
p<0.01, compared with vehicle-injected mice)
(Figure 7(a) to (c)). In immunofluorescent staining anal-
ysis, the expressions of Iba-1, CD16/32, CD206, and
Arg-1 in the spinal cord were measured respectively
(Figure 7(d)). The results showed no significant change
of Iba-1 expression at all the time points (Figure 7(e)).
Compared with preinjected and vehicle-injected mice,
the expression of CD16/32 revealed a significant reduc-
tion at 1 h (p<0.05, respectively) and 4 h (p <0.05,
respectively), and then it increased and reached the pre-
injected level at 8 h (Figure 7(f)). On the contrary,
CD206 displayed a significant elevated expression
at 1 h (p <0.05, respectively) and returned to the prein-
jected level at 4 h (Figure 7(g)). Furthermore, the immu-
nofluorescent staining analysis of Arg-1 showed a similar
change with that of CD206 (Figure 7(h)).

These findings suggested that intraperitoneal injection
of DHC inhibited the M1 microglia and shifted the
polarization of microglia toward the M2 phenotype in
the spinal cord.

Intraperitoneal injection of DHC suppresses the
expression of IL-1B and increases the expression
of IL-10

The inflammatory state in the spinal cord and blood was
also changed after intraperitoneal injection of DHC.
Compared with preinjected and vehicle-injected mice,
the level of IL-1 in the spinal cord decreased significant-
ly at 1 h (p <0.05, respectively) and 4 h (p < 0.05, respec-
tively), and then it recovered at 8 h after DHC
administration. By contrast, a significant increase of
IL-10 was observed at 1 h (p <0.01, compared with pre-
injected mice; p <0.05, compared with vehicle injected
mice) and 4 h (p <0.05, respectively) in the spinal cord,
and then it decreased and reached the preinjected level at
8 h (Figure 8(a) to (c)). Similarly, results of ELISA also
indicated the alterations of IL-1B and IL-10 levels in the
blood, which were consisted with those in the spinal cord
(Figure 8(d) and (e)). These results converged to suggest
that DHC administration ameliorated the pro-
inflammatory environment both in the spinal cords
and blood of BCP mice.

Discussion

The present study provides evidence that activated
microglia polarize and display increased M1 and
decreased M2 phenotype in the spinal cord after osteo-
sarcoma cell implantation, which contributes to the
pro-inflammatory response and may accelerate the
development of BCP. DHC administration, can attenu-
ate BCP, inhibit the M1 phenotype, and increase M2
polarization, accompanied by suppressed expression of
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DHC, dehydrocorydaline; iNOS, inducible nitric oxide synthase; Arg-1, arginase-1I.

IL-1p and elevated IL-10 level. These findings may help
to provide a new explanation for the mechanisms of
BCP development with an emphasis on imbalanced
M1/M2 polarization in the spinal cord and indicate an
avenue to treat BCP.

Studies have demonstrated that in mice with BCP,
there are significant pathological changes in the lumbar
segments of the spinal cord that receive input from nerve
fibers that innervate the tumor-bearing tissue, and these
changes further contribute to the generation and main-
tenance of cancer pain.>** Microglia exert a function in
the spinal cord similar to that of macrophages in the
periphery and play an important role in promoting the
development of BCP.%7*2% It is observed that micro-
glia in resting state are highly dynamic in vivo. They
continuously scan their immediate environment and

interact with other elements in central nervous system
(CNS). When the homeostasis of CNS is disrupted,
microglia become rapidly activated by displaying mor-
phological changes and upregulating microglial markers,
playing an important role in central sensitization by
releasing a plethora of neurotoxic substances.*>% !
Our present study further indicates that microglia in
the spinal cord are significantly activated during the
development of BCP, as evidenced by the increased
expression of Iba-1 in the spinal cord from day 14 to
day 28 after osteosarcoma cell implantation.

An increasing number of studies now consider that
microglia are highly plastic cells that can assume diverse
phenotypes and engage in different functional programs
in response to specific changes in CNS. Similar to the
classical M1 versus the alternative M2 paradigm defined
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DHC, dehydrocorydaline.

for macrophages, M1 and M2 polarization of microglia
has also been recently coined and characterized in vari-
ous CNS disorders like stroke,*** traumatic brain
injury,** and spinal cord injury.'®!? Classically activated
M1 microglia typically release destructive pro-
inflammatory mediators that contribute to the tissue
damage. iNOS is one of the most interesting M1 micro-
glial polarization markers, and it has been implicated in
the pathology of spinal cord injury and neuropathic
pain.*> 7 IL-1P can be produced by M1 microglia, and
intrathecal administration of this cytokine has been
demonstrated to have algesic properties.***° On the con-
trary, alternatively activated M2 phenotype produces
numerous protective and trophic factors and underlies
the protective effects.”'>**!" The M1/M2 polarization
plays a pivotal role in controlling the balance between
promotion and suppression of inflammation. Moreover,
adoptive transfer of M2 macrophages has been reported
to reduce neuropathic pain.** Modulating the factors in
the microenvironment to reduce excessive M1 polariza-
tion and enhance M2 polarization may be a way for
tissue repair *'****” and could be a strategy for treatment
of neuropathic pain.'®'**® However, there is no report
about whether M1/M2 polarization participates in the
development of BCP currently. An improved under-
standing of phenotype dynamics of M1 and M2 micro-
glia in the spinal cord is likely to advance our knowledge
of BCP and to be critical for BCP treatment in
the future.

In the current study, we observed an imbalanced
microglial polarization of M1 and M2 in the spinal
cord in the mouse model of BCP. On day 4 after surgery,
microglia in the spinal cord were activated and presented
increased M1 and M2 phenotypes with acute pain after

surgery, as evidenced by the increased expression of
CD16/32 and CD206 in Iba-1" cells. Soon after the
BCP was established, the microglia were significantly
activated and assumed both M1 and M2 phenotypes in
the spinal cords on day 14. Subsequently, the M1 micro-
glia continuously increased from day 14 to day 28 with
the development of BCP. However, after the M2 polar-
ization showed a transient increase on day 14, it was
downregulated and completely phased out on day 28.
The present study further suggests that M1 microglia
are “sick” cells as they increased production of pro-
inflammatory factors, including iNOS and IL-1,
which were elevated from day 14 to day 28 in the
spinal cords of tumor group mice. In contrast, M2
microglia are “healthy” cells with elevated secretion of
ant-inflammatory mediators with antinociceptive prop-
erties, like Arg-1. The anti-inflammatory cytokine IL-10,
which could be partially produced by M2 microglia,*
was also inhibited on day 28. Furthermore, IL-10 has
been demonstrated to reduce the inflammatory pain®
and induce M2 polarization.’" It is possible that the
failed M2 microglia response may contribute to the
change from protective responses to harmful results
because of failed inflammation control. Such M1 shift
has also been reported in models of neuropathic pain,
suggesting that the microglia phenotypic change may be
a common pathological mechanism underlying pain
development.'®!**¥ Tt is thus possibly conceivable that
the imbalanced polarization of microglia toward the M1
phenotype expands the inflammatory response in
the spinal cord at late stages and leads to the develop-
ment of BCP.

Rhizoma corydalis has been used to treat spastic pain,
abdominal pain, and pain due to injury for thousands
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of years in the traditional Chinese medical system. DHC,
an alkaloid compound isolated from Rhizoma corydalis,
has been reported to exert anti-allergic and anti-tumor
effects.'®?° In addition, our recent studies have reported
that DHC has antinociceptive effect on inflammatory
pain with no toxicity.'® In the present study, we investi-
gated the effects of DHC on BCP and microglial polar-
ization in the spinal cord. Our results showed that BCP
was significantly ameliorated at 1 h after DHC was
intraperitoneally injected at a dosage according to the
previous studies. Microglial polarization in the spinal
cord presented suppressed M1 phenotype and increased
M2 phenotype, while the expression of Iba-1 showed no
obvious alteration. As a representative mediator of M1
microglia, iINOS was also downregulated after DHC
administration. Meanwhile, the expression of Arg-1,
which was produced by M2 microglia, increased at 1
h, and these changes were consistent with the behavioral
alterations following DHC treatment. Additionally,
IL-1B presented a significantly lower level and the
expression of IL-10 increased both in the spinal cord
and blood after DHC injection, which indicated that
DHC reduced the systemic inflammatory response of
BCP mice. Thus, it is possible that intraperitoneal
administration of DHC shifted the microglia polariza-
tion toward the M2 phenotype and modulated inflam-
matory environment in the body, especially in the spinal
cord. Moreover, we noted that DHC administration did
not cause any aberrant behaviors or abnormalities in the
activity, diet, hair, feces or body weight in the mice,
which indicated that DHC did not cause any acute or
chronic toxicity. These results suggest that BCP thera-
pies should be shifted from simply suppressing micro-
glial activation toward adjusting the imbalance
between beneficial and detrimental microglial responses.
Drugs with the ability to block the shift toward M1 and
promote the M2 polarization could be beneficial for
BCP treatment.

Many questions still remain about M1 and M2 polar-
ization and the phenotypic shift during the development
of BCP. For example, as there was no specific inhibitor
or agonist for M1 and M2 microglia, we could not mod-
ulate the M1 or M2 phenotypes directly to demonstrate
their role in BCP. Thus, we used DHC, which has been
observed to have antinociceptive properties by our pre-
vious studies in the acetic acid-induced writing tests and
the formalin paw tests in mice,'® to further test whether
BCP can be attenuated and whether it involves changes
in microglial polarization. Additionally, the exogenous
signals that induce the microglia phenotype shift have
not yet been identified. Several studies consider that
tissue microenvironment influences the terminal differ-
entiation of microglia, suppressing an M2 phenotype
while inducing the M1 polarization in response to
sequential stimuli.>***°>3 The systemic inflammatory

response may affect the microenvironment in the spinal
cord, which could in turn regulate the microglial polar-
ization, possibly. Moreover, it is possible that M2-type
microglia can convert to the M1 phenotype and exert the
toxic effects in spinal cord, but it remains to identify the
molecular switches that control such a dramatic pheno-
typic change. Additionally, our study tested the alter-
ation of cytokines in the blood and spinal cord,
including IL-1pB and IL-10, to evaluate the inflammatory
environment. The level of IL-1B and IL-10 in the spinal
cord could also indicate the alteration of microglial
polarization. However, the alteration of IL-1p and IL-
10 expression is related but not totally ascribed to the
M1/M2 polarization of microglia, as other cells like
astrocyte in the spinal cord can also produce IL-1p.>*
It also needs to be confirmed by analyzing other cell
types in the spinal cord in further researches.

In conclusion, the present study indicates for the first
time that the development of BCP is associated with the
imbalanced polarization of microglia toward M1 in the
spinal cord. Notably, DHC administration attenuated
BCP, inhibited the M1 phenotype, and shifted the micro-
glial polarization toward M2 in the spinal cord, which
was accompanied by suppressed inflammatory response
both in the spinal cord and blood. These findings suggest
the role of M1/M2 polarization of microglia in BCP
development, and provide evidence for the potential
pharmaceutical application of DHC in BCP therapies.
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