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Aims

The involvement of cyclin D1 in the proliferation of microglia, and the generation and main-
tenance of bone cancer pain (BCP), have not yet been clarified. We investigated the expres-
sion of microglia and cyclin D1, and the influences of cyclin D1 on pain threshold.

Methods

Female Sprague Dawley (SD) rats were used to establish a rat model of BCP, and the mes-
senger RNA (mRNA) and protein expression of ionized calcium binding adaptor molecule 1
(IBA1) and cyclin D1 were detected by reverse transcription-polymerase chain reaction (RT-
PCR) and western blot, respectively. The proliferation of spinal microglia was detected by
immunohistochemistry. The pain behaviour test was assessed by quantification of spontane-
ous flinches, limb use, and guarding during forced ambulation, mechanical paw withdrawal
threshold, and thermal paw withdrawal latency.

Results

IBA1 and cyclin D1 in the ipsilateral spinal horn increased in a time-dependent fashion. Spi-
nal microglia proliferated in BCP rats. The microglia inhibitor minocycline attenuated the
pain behaviour in BCP rats. The cyclin-dependent kinase inhibitor flavopiridol inhibited the
proliferation of spinal microglia, and was associated with an improvement in pain behaviour
in BCP rats.

Conclusion

Our results revealed that the inhibition of spinal microglial proliferation was associated with
a decrease in pain behaviour in a rat model of BCP. Cyclin D1 acts as a key regulator of the
proliferation of spinal microglia in a rat model of BCP. Disruption of cyclin D1, the restriction-
point control of cell cycle, inhibited the proliferation of microglia and attenuated the pain
behaviours in BCP rats. Cyclin D1 and the proliferation of spinal microglia may be potential
targets for the clinical treatment of BCP.
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Article focus Key messages

The purpose of this study was to examine
whether cyclin D1 acts as a key regulator
of the proliferation of spinal microglia in
bone cancer pain (BCP) rats, and whether
the disruption of cyclin D1 would inhibit
the proliferation of microglia and attenuate
the pain behaviours in BCP rats.

Inhibition of spinal microglial prolifera-
tion was associated with a decrease in
pain behaviour in BCP rats.

Cyclin D1 acts as a key regulator of the
proliferation of spinal microglia in BCP rats.
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Disruption of cyclin D1 was associated with attenuation
of pain behaviour in BCP rats.

Strengths and limitations

This is the first study to confirm that cyclin D1 acts as a
key regulator of the proliferation of spinal microglia in
BCP rats, and disruption of cyclin D1 was associated
with attenuation of pain behaviour in BCP rats.

One limitation of our study was that we did not
investigate the role of cyclin D1 and proliferation of
microglia in BCP rats at supraspinal level.

Introduction

Bone cancer pain (BCP) is a common complication in
patients with cancer bone metastasis or primary bone
cancer.”¢ BCP may be severe and difficult to adequately
control by current drugs and therapeutic approaches,
which illustrates that this clinical problem has not been
solved.” Thus, it is necessary to elucidate the molecular
and cellular mechanisms of BCP.

A paradigm shift in understanding chronic pain has
been the realization that neurones are not the only cells
involved in the aetiology. Immune cells, such as glial
cells, contribute to sensitization in pain pathway both
in the central nervous system (CNS) and the peripheral
nervous system (PNS). Microglia, the tissue-resident
macrophages of the CNS, infiltrate and take up residence
in the developing brain, actively engulf synaptic mate-
rial, and play a major role in synaptic maturation during
postnatal development.®2 Recent research emphasizes
the role of neuron-microglia interaction in neuropathic
pain. The proliferation of spinal glia has been shown to
regulate neuropathic pain.®'® A correlation between pain
behaviours and microglial activation has been reported,”
although there are contradictory findings.”> We have
reported the correlation between BCP and microglia,' '
but little is known about the mechanisms.”'>16

Disruption of restriction-point control may be a
common biological feature in cancer treatment. Cyclins
and their kinase partners regulate cell-cycle progres-
sion. For example, cyclin D1 regulated the proliferation
of spinal astrocytes in a rat model of neuropathic pain.’
However, whether cyclin D1 participates in the genera-
tion and maintenance of BCP has not yet been clarified.

In the present study, we firstly established a rat model
of BCP by injecting Walker 256 rat mammary gland carci-
noma cells into the medullary canal of the tibia.”1”-1?
Then we investigated the role of cyclin D1 in regulating
the proliferation of spinal microglia and their role in pain
behaviour in BCP rats. Our findings may elucidate the
mechanisms of neuron-microglia interaction in BCP, and
thereby provide novel targets for the clinical treatment
of BCP.

Methods

Materials. A total of 300 female Sprague Dawley (SD)
rats were purchased from the Experimental Animal
Research Centre of Guangxi Medical University. Walker

256 rat mammary gland carcinoma cells (LLC-WRC 256)
and polyethylene (PE)-10 catheters (PE-0503) were ob-
tained from the Institute of Cancer Research of Chinese
Academy of Medical Science and Peking Union Medical
College, and Anilab (China), respectively. Minocycline
(S4226) and flavopiridol (L86-8275) were obtained
from Selleck chem (USA). D-Hank’s solution (H1045)
and Triton X-100 (T8200) were provided by Solarbio
Life Sciences (China). RIPA (PO013B) and bicinchonin-
ic acid (BCA) assay (P0012) were supplied by Beyond
(China). Polyvinylidene fluoride membrane was pur-
chased from Merck Millipore (Germany). Horseradish
peroxidase (HRP)-conjugated donkey anti goat immu-
noglobulin G (IgG) (bs-0294D) was obtained from
Bioss (China). Rabbit anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (ab181602), rabbit anti-Ki67
(ab15580), rabbit anti-cyclin D1 (ab156448), rabbit anti
p-HisH3 (ab5176), polyclonal anti-IBA1 (ab5076), CY3-
conjugated donkey anti-goat IgG (ab6949), Alexa Fluor
488-conjugated donkey anti-rabbit IgG (ab150073), and
HRP-conjugated goat anti-rabbit IgG (ab136817) were
acquired from Abcam (UK). TRIzol reagent (#15596026)
and 4'6-diamidino-2-phenylindole (DAPI, Cat# D1306)
were provided by Thermo Fisher Scientific (USA). The
specific primer sequences of IBAT and GAPDH were de-
signed and synthesized by Takara (Japan).

Ethical statementand experimental design. Allexperimen-
tal protocols were approved by the Animal Care and Use
Committee of our hospital and were in accordance with
the Declaration of the National Institutes of Health Guide
for Care. We have included an ARRIVE checklist to show
that we have conformed to the ARRIVE guidelines. Adult
female SD rats (weighing 180 to 220 g; Supplementary
Figure a) were housed under a 12 hr/12 hr light-dark cycle
regime at a constant temperature of 22°C £ 1°C with ad
libitum access to food and water. Animals were randomly
allocated to the following groups: 1) Sham, 2) BCP, 3)
BCP-Vehicle, 4) BCP-MC, and 5) BCP-Flavo. Ten rats were
assigned to each group for behavioural testing, and four
rats were assigned to each group at various timepoints
for different molecular experiments.

Preparation of carcinoma cells and BCP model. The prepa-
ration of Walker 256 rat mammary gland carcinoma cells
and the BCP procedure were carried out as previously de-
scribed.’'>'® Briefly, carcinoma cells were inoculated into
the abdominal cavity of female rats and extracted from
the ascites after seven days, rinsed in D-Hank’s solution,
and centrifuged at 500 g for five minutes at 4°C (four cy-
cles). Then, the pellet was calibrated at a concentration of
4 x 10° cells/ml and maintained on ice until inoculation.
Under anaesthesia with pentobarbital sodium (50 mg/kg,
intraperitoneal), rats were laid in the supine position. The
right leg was shaved and disinfected with 7% iodine. The
plateau of the tibia was exposed with a small incision. A
23-gauge needle was inserted into the medullary canal
of the tibia. Then, the needle was replaced with a thin
blunt needle attached to a 10 yl Hamilton syringe. A 10 pl
volume containing approximately 4 x 10* live cells (BCP
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model) or heat-killed cells (denatured at 95°C for five
minutes, Sham model) was slowly injected into the bone
cavity. The injected site was sealed with bone wax after
the syringe was retracted. The skin was sutured with 3/0
silk thread and dusted with penicillin antibiotic powder.
All rats were placed on a heated pad until recovery from
anaesthesia, and then transferred into their cages.
Intrathecal catheterization and drug administra-
tion. Intrathecal catheterization was performed as de-
scribed previously.™* Under pentobarbital sodium
(50 mg/kg, i.p.) anaesthesia, a PE-10 catheter (outer di-
ameter 0.6 mm, inner diameter 0.3 mm) was implanted
through a gap in the vertebrae between L5 and L6, ex-
tending to the subarachnoid space. The catheter position
was determined by intrathecal injection of 1% lidocaine
(5 pl). If there is no hind limb paralysis within five min-
utes after intrathecal injection of lidocaine, the animal
is considered as failure of catheterization. Animals with
neurological deficits (eight rats) or failed catheterization
(eight rats) were excluded from further experimentation.
Minocycline (4, 20, or 100 pg/ 10 pl, once a day, from
postoperative day 3 to 15), flavopiridol (0.04, 0.2, or
1 pg/10 pl, once a day, from postoperative day 3 to 15),
or vehicle (10 ul) was intrathecally injected (i.t.) via the
implanted catheter in a 10 pl volume followed by 10 pl
sterile saline for flushing, lasting at least three minutes.
The dosage was based on our preliminary experiments.
Behavioural testing. All behavioural tests and data anal-
ysis were performed under double-blind condition by
two experimenters (ZY] and HYC) who did not know the
group allocation and the treatments. Rats were acclimat-
ed for 30 minutes in a quiet room before behavioural
tests. The behavioural tests were performed before drug
administration at days O (before the operation), 5, 10, 15,
and 20 after carcinoma cell injection. Quantification of
spontaneous flinches over a two-minute period was used
to measure ongoing pain.'?' Limb use during normal
ambulation in an open field and guarding during forced
ambulation were used to evaluate movement-evoked
pain.'?! Briefly, forced ambulatory guarding was meas-
ured using a rotarod and was scored on a scale of 5 to
0:2" 5, complete lack of use of limb; 4, partial non-use
of limb; 3, substantial limping and prolonged guarding
of limb; 2, substantial limping; 1, some limping, but not
substantial; and O, normal use of limb. Limb use was rat-
ed on a scale of 4 to 0: 4, normal use; 3, substantial limp-
ing; 2, limping and guarding behaviour; 1, partial non-
use of the limb in locomotor activity; and 0, complete
lack of limb use.

Mechanical paw withdrawal threshold (PWT) was
measured by using von Frey filaments (1, 1.4, 2, 4, 6, 8,
10, and 15 g bending force; Stoelting, USA), starting with
1 g and ending with 15 g in ascending order."?? Each
monofilament was applied five times, for a duration of
one second and at ten-second intervals. Paw-flinching or
quick withdrawal was considered as a positive response.
The paw withdrawal frequency (PWF) to each monofil-
ament was calculated from five applications. PWT was

determined by the force at which PWF = 60%; 15 g was
recorded as the PWT if PWF < 60% to all filaments.

Paw withdrawal latency (PWL) from a radiant heat
machine was used to measure the thermal hyperalgesia
according to the method described by Hargreaves et
al.™23-25 |n brief, rats were acclimated to the test chamber
for one hour on a glass platform at 25°C. Radiant heat
was focused on the area of the ipsilateral paw from
underneath the glass. The time required to cause an
abrupt withdrawal of the ipsilateral paw was regarded as
the PWL.

Western blot. Rats were deeply anaesthetized by intra-
peritoneal injection of sodium pentobarbital (60 mg/kg).
The ipsilateral and contralateral spinal cord at L3-5 seg-
ments was homogenized in radio immunoprecipitation
assay (RIPA) lysis buffer (250 pl). The homogenized sam-
ples were centrifuged at 12,000 g for 30 minutes at 4°C.
The concentration of the supernatant was determined
by BCA assay. Samples were dissolved in 5x sample buff-
er (125 mM Tris, 10% sodium dodecy! sulphate (SDS),
0.25% bromophenol blue, 10% 2-Mercaptoethanol,
50% Glycerol) and denatured at 95°C for five minutes.
Samples containing 30 pg protein were separated by
SDS-PAGE gel (10% to 15%) and transferred onto polyvi-
nylidene fluoride membranes. Membranes were blocked
in 5% bovine serum albumin (BSA) in tris-buffered sa-
line with Tween-20 (TBST) for two hours at room tem-
perature, incubated overnight at 4°C with the following
primary antibodies: goat anti-IBA1 (1:1,000), rabbit anti
cyclin D1 (1:1,000), rabbit anti-GAPDH (1:5,000) made
in the blocking solution, and then further incubated with
HRP-conjugated secondary antibodies for two hours at
room temperature. Target protein bands were visualized
using chemiluminescence and measured by an Odyssey
Fc Image System (LI-COR Biosciences; Imaging software:
Image Studio Ver 5.2, USA).

Real-time quantitative PCR. Total RNA was extracted
from ipsilateral and contralateral spinal cords (L3-5) us-
ing TRIzol reagent. The synthesis and real-time PCR were
performed as previously described.” GAPDH was used as
an internal control. The expression level of target mRNA
was quantified relative to GAPDH by using the compara-
tive quantification 222" method. The specific primer se-
quences were designed and synthesized by Takara: IBA1-
TGGCTCCGAGGAGACGTTCAG (forward), ACTCTGGC
TCACAACTGCTTCTTC (reverse); GAPDH-GGCACAGT
CAAGGCTGAGAATG (forward), and ATGGTGGTGAAG
ACGCCACTA (reverse).

Immunohistochemistry. Rats were deeply anaesthetized
by intraperitoneal injection of sodium pentobarbital
(60 mg/kg), and perfused transcardially with 200 ml sa-
line, followed by 200 ml of ice-cold paraformaldehyde
(4%) in phosphate-buffered saline (PBS). The L3-5 seg-
ments of the spinal cord were dissected and post-fixed
in 4% paraformaldehyde for 24 hours, and subsequently
allowed to equilibrate in 30% sucrose in PBS overnight
at 4°C. A total of 20 um transverse sections were cut on
a cryostat (Leica, Germany) and every fifth section was
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mounted on gelatine-coated slides. After washing with
PBS, the sections were penetrated with 0.3% Triton X-100
at room temperature (RT) for 15 minutes. Non-specific
binding was blocked by incubation in 5% normal donkey
serum in PBS at RT for 60 minutes. Sections were incu-
bated in the following primary antibodies: rabbit anti-
Ki67 (1:200), rabbit anti-cyclin D1 (1:300), rabbit anti
p-HisH3 (1:200), and polyclonal goat anti-IBAT (IBAT1;
microglia marker, 1:300). All sections were incubated at
4°C overnight. After washing with PBS (3 x 5 minutes),
the sections were incubated with a mixture of CY3-
conjugated donkey anti-goat IgG (1:300) and Alexa Fluor
488-conjugated donkey anti-rabbit IgG (1:300) second-
ary antibodies at 37°C for two hours. For nuclear stain-
ing, 4'6-diamidino-2-phenylindole (DAPI; 500 ng/ml)
was used in the last ten minutes before a final PBS wash
(3 x 5 minutes). Non-specific labelling was determined
running the same protocol without incubating with the
primary antibodies. Sections were then mounted and
cover-slipped with 75% glycerol in the dark. Images were
taken using a fluorescence microscope (BX51, Olympus;
Imaging software: cell Sens Standard 1.5, Japan).

To analyze alterations of positive cells, every fifth

section was selected from a series of consecutive sections
for each rat, and the total number of positive cells in the
ipsilateral lamina (I-IV) were counted. The mean number
(standard error of the mean (SEM)) in each section repre-
sented the change of positive cells.
Statistical analysis. The number of rats used in each ex-
periment was based on the experience of Guan et al™
and Xu et al*-2® with this design. No a priori statistical
power calculation was used to estimate the sample size.
Differences were analyzed by GraphPad Prism 5.01 soft-
ware (USA). Two-way analysis of variance (ANOVA) or
one-way ANOVA with Bonferroni post hoc tests were
used where appropriate. ‘Time’ was treated as ‘within
subjects’ factor, and ‘Drug’ was treated as a ‘between’
subject factor. F values are expressed with degrees of free-
dom (DF) of treatment, time, interaction/residual. The
criterion for statistical significance was p < 0.05.

Results

Spinal microglia were activated in BCP rats. To determine
whether microglia were activated in BCP rats, we assessed
mRNA and protein of IBA1 (biomarker of microglia) in the
ipsilateral side of the spinal cord dorsal horn by real-time
PCR, western blot, and immunofluorescence. Compared
with the sham controls, the mRNA and protein of IBAT in-
creased starting at five days after carcinoma cell injection
(Figures 1a to 1¢). Expression of IBA1 on the contralateral
side of the dorsal horn did not change significantly be-
tween BCP and sham controls (data are not shown).
Minocycline attenuated the pain behaviour in BCP
rats. Although microglia were activated, their role in BCP
is still unclear. Minocycline, one member of the tetracy-
cline class of antibiotics, has been found to be a potent
analgesic by selectively inhibiting microglia, besides its
antimicrobial activity. In order to define the involvement

of spinal microglia in BCP, we examined the capacity of in-
trathecal delivery of minocycline to attenuate pain behav-
jour in BCP rats. Minocycline (4, 20, and 100 pg in 10 pl
of 5% dimethyl sulfoxide (DMSO)) was administered in-
trathecally from days 3 to 15 after carcinoma cell injection.
The treatment of minocycline showed a dose-dependent
recovery in the decreased paw withdrawal threshold
(Figure 1d), paw withdrawal latency (Figure 1e), limb use
scores (Figure 1h), orin the increased number of sponta-
neous flinches (Figure 1f) and activity-related guarding
scores (Figure 1g). After the last administration of min-
ocycline on day 15, the significant attenuation of pain
behaviours remained on day 20 (analyzed using two-
way ANOVA: paw withdrawal threshold (Figure 1d, p <
0.001), paw withdrawal latency (Figure Te, p < 0.001),
number of spontaneous flinches (Figure 1f, p < 0.001),
activity-related guarding scores (Figure 1g, p < 0.01), and
limb use scores (Figure Th, p < 0.01)).

Microglia proliferated in BCP rats. To visualize the pro-
liferating cells in the lumbar dorsal horn, we performed
immunohistochemical experiments by using Ki67-
biomarker protein expressed in all phases of the cell cy-
cle, excluding the resting phase. The number of Ki67+/
DAPI* cells in the ipsilateral dorsal horn increased sig-
nificantly in a time-dependent manner, starting at day
10 after carcinoma cell injection (p < 0.001; Figures 2a
to 2f), whereas the numbers in the contralateral side
and sham rats were just slightly increased (data not
shown). To identify the cell type of Ki67+/DAPI* cells,
we performed triple immunolabelling for cell type-
specific markers. Most Ki67+/DAPI* cells were labelled
with IBA1 (a microglia marker, Figures 2a to 2f), but not
with NeuN (a neuronal marker, data not shown) or gli-
al fibrillary acidic protein (GFAP) (an astrocyte marker,
data not shown).

To determine the mitotic phase of cycling microglia,
we performed immunohistochemical experiments by
using p-HisH3, a biomarker for the G,/M phase of the
cell cycle. As shown in Figures 2g to 2I, the number
of p-HisH3*/DAPI* cells in the ipsilateral dorsal horn
increased significantly in a time-dependent manner,
starting at day 5 after BCP, peaking at day 20 (p < 0.001,
one-way ANOVA), whereas the numbers in the contra-
lateral side and sham rats were just slightly increased
(data not shown). Most p-HisH3*/DAPI* cells were colo-
calized with microglia (Figures 2g to 2l), but not with
neurones or astrocytes (data not shown).

Cyclin D1 is the biomarker protein expressed in
the G1 or G,/M transition. Compared with the sham
controls, the mRNA (Figure 3a) and protein (Figures 3b
and 3c) of cyclin D1 increase started at five days after
carcinoma cell injection. Expression of cyclin D1 in the
contralateral side of the dorsal horn did not change
significantly between BCP and sham controls (data
not shown). The number of IBA*/DAPI* cells and cyclin
D1+/DAPI* cells in the ipsilateral dorsal horn increased
significantly in a time-dependent manner, starting at
day 10 after BCP, peaking at day 20 (p < 0.001, one-way
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Fig. 1

The activation of spinal microglia and the effects of microglia inhibitor on pain behaviours in bone cancer pain (BCP) rats. a) The messenger RNA (mRNA)
expression of ionized calcium binding adaptor molecule 1 (IBAT) was analyzed by real-time polymerase chain reaction (PCR). b) The representative bands
and c) the quantitative data for the protein expression of IBA1 in the ipsilateral spinal cord at different timepoints after carcinoma cell injection were detected
by western blot. The ford change of IBA1 was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of each sample. The fold change of IBA1

in the sham group was set at 1 for quantification. a) to c) p < 0.05, ™p < 0.001 versus Sham group, analyzed using one-way analysis of variance (ANOVA)

(n = 4). Minocycline (MC) (4, 20, or 100 pg/10 pl intrathecally, once a day) or vehicle (10 pl) was administered for 13 days (from postoperative day 3 to 15).
The behaviour tests were performed before drug administration at days O (before the operation), 5, 10, 15, and 20 after carcinoma cell injection. d) Paw
withdrawal threshold (measured mechanical allodynia), e) paw withdrawal latency (measured thermal hyperalgesia), f) number of spontaneous flinches
(measured ongoing pain). g) Decreases in activity-related guarding scores, and h) limb use scores during normal ambulation (evaluated movement-evoked
pain) were prevented by minocycline in a dose-dependent manner- "p < 0.05, “p < 0.01, “"p < 0.001 versus BCP-vehicle group; #p < 0.05, ##p < 0.001 versus
Sham-vehicle group analyzed using two-way ANOVA (n = 10). d) Drug: F (4, 216) = 64.81, p < 0.0001; Time: F (5, 54) = 74.78, p < 0.0001; Drug x Time: F (20,
216) = 8.148, p < 0.0001; e) Drug: F (4, 216) = 125.0, p < 0.0001; Time: F (5, 54) = 132.5, p < 0.0001; Drug x Time: F (20, 216) = 14.28, p < 0.0001; f) Drug: F
(4, 216) = 131.9, p < 0.0001; Time: F (5, 54) = 93.04, p < 0.0001; Drug x Time: F (20, 216) = 14.22, p < 0.0001; g) Drug: F (4, 216) = 55.71, p < 0.0001; Time:
F (5, 54) = 76.07, p < 0.0001; Drug x Time: F (20, 216) = 6.547, p < 0.0001; and h) Drug: F (4, 216) = 85.79, p < 0.0001; Time: F (5, 54) = 45.28, p < 0.0001;
Drug x Time: F (20, 216) = 9.393, p < 0.0001. NS, normal saline.

ANOVA; Figures 3d to 3i), whereas the numbers in microglia cycling should alleviate the pain behaviours.
the contralateral side and sham rats were just slightly To test this hypothesis, we conducted a test by using
increased (data not shown). Most cyclin D1+/DAPI* cells  flavopiridol, a cell cycle inhibitor that inhibited glia
were colocalized with microglia (Figure 3i), but not proliferation in vivo and in vitro.? Flavopiridol reduces
with neurones or astrocytes (data not shown). cyclin D1 mRNA transcription, and arrests cells in G1
Effects of the cyclin-dependent kinase inhibitor flavo- or G2/M transition.?® Flavopiridol (1 pg, in 10 pl of 5%
piridol on microglia proliferation and pain behaviours DMSO, once a day, i.t.) was administered intrathecally
in BCP rats. If the proliferation of spinal microglia con- from days 3 to 15 after carcinoma cell injection. On day
tributed to pain behaviour in BCP rats, interfering with 15 after the last administration of flavopiridol, a series

VOL. 11, NO. 11, NOVEMBER 2022



808 X. GUAN, X. GONG, Z. JIAO, ET AL

Ki-67/

»

BCP-10D
300~

Ki-67/
% 5

[ Ki67'/1BA1'/DAPI'
Bl Ki67'/DAPI'

N3 N
(= W
2L
* 3%
* %%

150+ * %

100+

Positive cells per section ~,

BCP-15D

p-HisH3/

BCP-10D

100+

—_—

[ p-HisH3"/IBAI*/DAPI*
B p-HisH3"/DAPI*

Positive cells per section

' # o
; ¢ S
BCP-15D BCP-20D T S C"W

AR

RS

.

Fig. 2

Triple immunohistochemical characterization of proliferating microglia in the ipsilateral dorsal horn in bone cancer pain (BCP) rats. Ki67 is a nuclear protein
expressed in all cell cycle phases except the resting phase. P-HisH3 is a marker protein expressed in the G2/M phase of the cell cycle. a) to f) The number of
Ki67*/4'6-diamidino-2-phenylindole (DAPI*) cells, Ki67+/ionized calcium binding adaptor molecule 1 (IBA1*)/DAPI* cells, and g) to |) p-HisH3*/DAPI* cells and
p-HisH3*/IBA1*/DAPI* cells increased in the ipsilateral dorsal horn sections on days 10, 15, and 20 after carcinoma cell injection. *"p < 0.001 versus the Sham
group (analyzed using one-way analysis of variance (ANOVA); n = 4). Scale bar = 100 ym.
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Fig. 3

The expression of spinal cyclin D1 in bone cancer pain (BCP) rats. a) The messenger RNA (mRNA) expression of ionized calcium binding adaptor molecule

1 (IBAT) was analyzed by real-time polymerase chain reaction (PCR). b) The representative bands and c) the quantitative data for the protein expression

of cyclin D1 in the ipsilateral spinal cord at different timepoints after carcinoma cell injection were detected by western blot. The fold change of cyclin D1
was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of each sample. The fold change of cyclin D1 in the sham group was set at 1 for
quantification. Cyclin D1 is colocated with proliferating microglia in the dorsal horn in BCP rats. d) to i) The number of IBA1*/4'6-diamidino-2-phenylindole
(DAPI*) cells, cyclin D1+/DAPI* cells, and cyclin D1+/IBA1+/DAPI* cells increased in the ipsilateral dorsal horn sections on days 10, 15, and 20 after carcinoma
cell injection. *p < 0.050, “p < 0.010, *"p < 0.001 versus the Sham group (analyzed using one-way analysis of variance (ANOVA); n = 4). Scale bar = 100 ym.

of molecular tests were conducted. Compared with
BCP-vehicle, flavopiridol attenuated the increase of the
mRNA (Figure 4a) and protein (Figures 4b and 4c) of
cyclin D1, decreased the number of IBA1*/DAPI* cells,
cyclin D1+/DAPI* cells, and cyclin D1+/IBA1+/DAPI* cells
in the ipsilateral dorsal horn significantly (Figures 4d to
4f). Also, the number of Ki67+/DAPI* cells, Ki67+/IBA1*/
DAPI* cells, p-HisH3*/DAPI* cells, and p-HisH3*/IBA1+/
DAPI* cells in the ipsilateral dorsal horn on day 15 were

significantly lower in BCP-flavopiridol rats than in BCP-
vehicle rats (p < 0.01, one-way ANOVA; Figures 4g to
41).

Behaviourally, rats with BCP treated with flavopiridol
from days 3 to 15 showed a significant recovery in
the decreased paw withdrawal threshold (Figure 5a),
paw withdrawal latency (Figure 5b), limb use scores
(Figure 5e), or in the increased number of sponta-
neous flinches (Figure 5c) and activity-related guarding
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Effects of the cell cycle inhibitor flavopiridol (Flavo) on microglia proliferation in bone cancer pain (BCP) rats. The cell cycle inhibitor, flavopiridol (i.t. 1 pg/
10 pl, once a day) or vehicle (10 pl) was administered for 13 days (from postoperative day 3 to 15). After the last injection at day 15, ipsilateral L3-5 spinal
cord was obtained to detect the effect of flavopiridol on microglia proliferation. Flavopiridol decreased the a) messenger RNA (mRNA) and b) and c) protein
expression of cyclin D1. The fold change of cyclin D1 was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of each sample. The fold
change of cyclin D1 in the BCP-vehicle group was set at 1 for quantification. d) to ) Flavopiridol decreased the number of ionized calcium binding adaptor
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Effects of the cell cycle inhibitor flavopiridol (Flavo) on pain behaviours in bone cancer pain (BCP) rats. The cell cycle inhibitor, flavopiridol (i.t. 0.04, 0.2, or

1 pg/10 pl, once a day) or vehicle (10 pl) was administered for 13 days (from postoperative day 3 to 15). The behaviour tests were performed before drug
administration at days O (before operation), 5, 10, 15, and 20 after carcinoma cell injection. a) Paw withdrawal threshold (measured mechanical allodynia), b)
paw withdrawal latency (measured thermal hyperalgesia), ) number of spontaneous flinches (measured ongoing pain), d) activity-related guarding scores,
and e) limb use scores during normal ambulation (evaluated movement-evoked pain) were prevented by flavopiridol. Analyzed using two-way analysis of
variance (ANOVA), 'p < 0.05, “p < 0.01, ™p < 0.001 versus BCP-vehicle group; *p < 0.05, **#p < 0.001 versus Sham-vehicle group (n = 10). a) Drug: F (4, 216)
=97.90, p < 0.0001; Time: F (5, 54) = 144.1, p < 0.0001; Drug x Time: F (20, 216) = 13.08, p < 0.0001; b) Drug: F (4, 216) = 233.2, p < 0.0001; Time: F (5, 54)
=236.5, p < 0.0001; Drug x Time: F (20, 216) = 24.41, p < 0.0001; c) Drug: F (4, 216) = 244.0, p < 0.0001; Time: F (5, 54) = 139.8, p < 0.0001; Drug x Time:
F (20, 216) = 25.93, p < 0.0001; d) Drug: F (4, 216) = 126.2, p < 0.0001; Time: F (5, 54) = 77.85, p < 0.0001; Drug x Time: F (20, 216) = 15.33, p < 0.0001; e)

Drug: F (4, 216) = 113.8, p < 0.0001; Time: F (5, 54) = 63.58, p < 0.0001; Drug  Time: F (20, 216) = 11.36, p < 0.0001.

scores (Figure 5d). After the last administration of
flavopiridol on day 15, the significant attenuation of
pain behaviours remained on day 20 (paw withdrawal
threshold (p < 0.01, two-way ANOVA; Figure 5a), paw
withdrawal latency (p < 0.01; Figure 5b), number of
spontaneous flinches (p < 0.01; Figure 5c), and activity-
related guarding scores (p < 0.01; Figure 5d)).

Discussion

Microglia are regarded as the immune cells in the CNS
and the PNS, and are activated quickly in response to
outside stimuli, surveying the environments with their
ramified processes and monitoring synaptic activity
and microenvironments. Studies of inflammation pain
and neuropathic pain have focused on the early phase
of the pathology; little is known about the dynamics
of the microglia response for BCP, a chronic pain.'e3°
In our experiments, IBAT mRNA in the ipsilateral spinal
horn increased in a time-dependent fashion, and IBA1
protein (a microglia marker) increased from day 5 to day
20 (Figures Ta to 1c, Figures 3d to 3i). Also, most Ki67+/
DAPI* cells (in all phases of the cell cycle, excluding
the resting phase, Figures 2a to 2f) and p-HisH3*/DAPI*
cells (in G,/M phase of the cell cycle, Figures 2g to 2I)
were labelled with IBA1, which means that resident

microglia proliferate under the BCP condition. Acti-
vated microglia produce and release a series of diffus-
ible factors, including interleukin (IL)-1p, IL-6, tumour
necrosis factor alpha (TNF-a), protease, and nitric oxide
in response to outside stimuli via cognate receptors.'?
These factors influence spinal neuronal function via
direct orindirect actions. Microglia contract presynaptic
terminals and dendritic spines, extending neuronal
excitation and contributing to neuronal plasticity.?"*2

Minocycline inhibited microglia activity selectively.
Behaviourally, rats with BCP treated with minocy-
cline (i.t.) showed a dose-dependent recovery in the
decreased paw withdrawal threshold (Figure 1d),
paw withdrawal latency (Figure 1e), limb use scores
(Figure 1h), or in the increased number of sponta-
neous flinches (Figure 1f), and activity-related guarding
scores (Figure 19g). After the last administration of mino-
cycline on day 15, the significant attenuation of pain
behaviours remained on day 20 (Figures 1d to 1h).
Therefore, these results suggest that microglia prolif-
eration contributes to pain behaviour in BCP rats. It is
possible that inhibition of proliferated microglia may
relieve pain behaviour in BCP.

Cyclins and their kinase partners regulate cell cycle
progression. Disruption of restriction-point control may
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be a common biological feature in clinical treatment.
There are two families of cyclins, the cyclin D family (D1,
D2, and D3) and the cyclin E family (E1 and E2). Impor-
tantly, cyclin D1 regulated the proliferation of spinal
astrocytes in a rat model of neuropathic pain.® The
failure of tumours in the cyclin D1-deficient animals to
progress to higher grades was correlated with a failure
to fully activate microglia in the tumour microenviron-
ment.** Cyclin D1 is the biomarker protein expressed
in G1 or G2/M transition. Compared with the sham
controls, the mRNA (Figure 3a) and protein (Figures 3b
and 3c) of cyclin D1 increase started at five days after
carcinoma cell injection. The number of cyclin D1+/
DAPI* cells in the ipsilateral dorsal horn increased signifi-
cantly in a time-dependent manner, starting at day 10
after BCP, and peaking at day 20 (p < 0.001, one-way
ANOVA; Figures 3d to 3i). Most cyclin D1*/DAPI* cells
were colocalized with microglia (Figures 3d to 3i). The
pool of microglia (IBA1* cells) was already diminished
at postnatal day 3 in the absence of cyclin D1, while
the number of astrocytes remained unchanged in the
cerebral cortex.>* Based on these results, we concluded
that cyclin D1 regulates the proliferation of microglia in
a rat model of BCP, and the proliferation of astrocytes
in a rat model of neuropathic pain.**® This discrepancy
might be explained by different animal models (BCP
versus chronic constrictive injury), treatment regimen
(female SD rats versus male Wistar rats), and different
timepoints (day 20 vs day 10).

Flavopiridol is a cell cycle inhibitor that inhibits glia
proliferation in vivo and in vitro.® Flavopiridol reduces
cyclin DT mRNA transcription, and arrests cells in G1
or G2/M transition.? In our experiment, flavopiridol
attenuated the increase of the mRNA (Figure 4a) and
protein (Figures 4b and 4c) of cyclin D1, and decreased
the number of IBA1+/DAPI* cells, cyclin D1*/DAPI* cells,
and cyclin D1+/IBA1+/DAPI* cells in the ipsilateral dorsal
horn significantly (Figures 4d to 4f). Also, flavopiridol
decreased the number of Ki67+/DAPI* cells, Ki67*/IBA1+/
DAPI* cells, p-HisH3*/DAPI* cells, and p-HisH3*/IBA1+/
DAPI* cells in the ipsilateral dorsal horn (Figures 4g
to 4l). We concluded that flavopiridol inhibited the
microglia proliferation by reducing cyclin D1 in BCP
rats.

Cell cycle modulation may provide an effective ther-
apeutic strategy to reduce hyperpathia after spinal cord
injury.?¢ Cyclin D1 is the marker protein of G1 or G2/M
transition. The number of cyclin D1*/DAPI* cells in the
ipsilateral dorsal horn increased significantly and most
cyclin D1+/DAPI* cells were colocalized with microglia
(Figure 3). If cyclin D1 regulates pain behaviour, disrup-
tion of this cell cycle should recover the pain threshold.
In our study, flavopiridol, a cell cycle inhibitor,
prevented the decrease of paw withdrawal threshold,
paw withdrawal latency, limb use scores, orthe increase
of spontaneous flinches, activity-related guarding
scores (Figure 5). After the last administration of flavo-
piridol on day 15, the significant attenuation of pain

behaviours remained on day 20, excluding limb use
scores (Figure 5). Therefore, these results suggest that
cyclin D1 contributes to pain behaviour in BCP rats, and
disruption of this cell cycle recovers the pain threshold.
In conclusion, our results revealed that the inhibi-
tion of spinal microglial proliferation was associated
with a decrease in pain behaviour in a rat model of BCP.
Cyclin D1 acts as a key regulator of the proliferation of
spinal microglia in BCP rats. Disruption of cyclin D1,
the restriction-point control of cell cycle, could inhibit
the proliferation of microglia and attenuate the pain
behaviour in BCP rats. Our findings suggest that cyclin
D1 and the proliferation of spinal microglia may be
potential targets for the clinical treatment of BCP.

Supplementary material
ARRIVE checklist and additional experiment de-
tails.
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