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Abstract

Knee osteoarthritis (OA) pain is the most common joint pain. Currently, dysfunction in the central nervous system rather
than knee joint degeneration is considered to be the major cause of chronic knee OA pain; however, the underlying
mechanism remains unknown. The aim of this study was to explore whether spinal NF-xB plays a critical role in chronic
knee OA pain. In this study, we used a model induced by the intra-articular injection of monosodium iodoacetate. Spinal NF-
kB and the phosphorylation and activation status of NF-kB p65/RelA (p-p65) were inhibited by the intrathecal injection of
the inhibitor pyrrolidine dithiocarbamate in this model. After behavioral assessment, the knee was dissected for histopa-
thology, and the spinal cord was dissected and examined for NF-kB, p-p65, and cytokine expression. Furthermore, the
quantity and activity of neurons, astrocytes, and microglial cells and their colocalization with p-p65 in the spinal dorsal horn
were investigated. Our findings included the following: (1) histology, the pathological changes in the joints of the knee OA
model were basically consistent with knee OA patients; (2) the protein and transcription levels of NF-xB/p65 and p-p65
increased before day |4, appeared to decrease on day 2| and increased again on day 28, and the tendency of weight bearing
was similar; (3) on days 21| and 28, the intrathecal injection of pyrrolidine dithiocarbamate markedly prevented the mono-
sodium iodoacetate-induced reduction in the paw withdrawal threshold; (4) real-time polymerase chain reaction demon-
strated that the expression of TNF-o and IL-33 was suppressed in the knee OA model by the intrathecal injection of
pyrrolidine dithiocarbamate; and (5) immunofluorescence revealed that astrocytes were activated and that p-p65 was mainly
increased in astrocytes. Our findings indicate that the spinal NF-kB/p65 pathway in astrocytes modulates neuroimmunity in
rat model of intra-articular monosodium iodoacetate-induced advanced OA.
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total knee replacement (TKR) surgery.’” Chronic
advanced OA pain causes severe physical and mental suf-
fering.® Thus, there is a need to understand the underlying
mechanisms of advanced OA pain to guide the develop-
ment of improved therapies.

Clinical and experimental studies have provided evi-
dence that pain intensity is not consistent with the
change in the joints of patients with advanced OA
pain.” Despite moderate to severe pain, patients with
advanced OA pain have symptoms and signs of central
sensitization, such as widespread pain, low pressure pain,
and enhanced temporal summation.® Furthermore, based
on the effect of treatment with neuropathic pain drugs,
chronic OA pain involves central sensitization.”
Experiments have also revealed features of central sensi-
tization in an advanced OA model.” After intra-articular
MIA injection, rats exhibit enhanced spinal response to
mechanical stimulation of the paw skin.'” However, the
mechanisms of central sensitization in advanced knee OA
are poorly understood.'!

Proinflammatory cytokines such as IL-1p, IL-6, and
TNF-a are key mediators of joints in human and exper-
imental OA and are mainly produced by chondrocytes,
synoviocytes, and macrophages.'* ' Im et al. found sig-
nificant increases in the concentrations of IL-1a, IL-1p,
TNF-a, IL-17, RANTES, and other inflammatory medi-
ators in the lumbar spinal cord in the MIA model."
Moreover, it is well demonstrated that proinflammatory
cytokines are involved in the central mechanisms of
hyperalgesia.'®

Nuclear factor-kB (NF-kB), a transcription factor for
many cytokines, including IL-1p, IL-6, and TNF-a, has
been suggested to be important for the generation
of nociceptive sensitization and central sensitization
induced by nerve injury, paclitaxel, etc.'” ' The
NF-kB p50/p65 heterodimer, the most common and
best-characterized form, plays an important role in the
regulation of gene expression in the central nervous
system.”’ The complex regulation of NF-kB function
in pathological conditions, in particular phosphoryla-
tion, is more worthy of our attention than the regulation
of its physiological function.?' Phosphorylation plays a
critical role in NF-kB activation downstream of a variety
of stimuli, from immune receptors to cytokines and
growth factor receptors. NF-kB phosphorylation con-
trols transcription in a gene-specific manner, providing
a new opportunity to selectively target NF-kB to achieve
therapeutic goals.?*

A previous study demonstrated that the inhibition of
NF-«kB/p65 reduces mechanical and thermal hyperalge-
sia following peripheral nerve injury.?* The findings of
our recent study showed that the intrathecal injection of
a lentiviral vector, LV-sh NF-kB/p65, knocks down the
expression of NF-kB/p65 and significantly attenuates
hyperalgesia, paw edema, and joint destruction

following treatment with Freund’s complete adjuvant.?
These findings suggest that NF-«kB/p65 plays a role in
central sensitization. However, whether spinal NF-xB/
p65 can also facilitate advanced knee OA pain has not
been well investigated. Therefore, we determined wheth-
er the inhibition of spinal NF-kB/p65 expression can
significantly influence advanced knee OA pain.

Using a rat model of advanced OA pain, we tested the
following hypotheses: (1) NF-kB/p65 increases in the
spinal cord of an advanced knee OA pain model and
(2) pyrrolidine dithiocarbamate (PDTC), a NF-kB
inhibitor, blocks advanced knee OA pain by downregu-
lating proinflammatory cytokines.

Materials and methods

Animals

Adult male Sprague-Dawley rats weighing 250 to 300 g
were purchased from the Laboratory Animal Center of
Shandong University. The animals were housed in a con-
trolled environment (temperature of 22°C-23°C, relative
humidity of 40%-60%, 12-h light/dark cycle, lights on
at 8 a.m.) with standard diet and water available ad
libitum. All rats were allowed to habituate to the
animal facility for at least one week prior to experimenta-
tion. All experimental protocols and procedures were
approved by the Animal Care and Use Committee of
Shandong Provincial Hospital affiliated with Shandong
University. The guidelines of the Committee for
Research and Ethical Issues of International Association
for the Study of Pain were followed.

Model of knee OA

A knee osteoarthritis model was established according to
a previously described procedure.”® MIA (Sigma, USA)
was dissolved in normal saline (NS) to a final concentra-
tion of 80 mg/ml. Briefly, under 10% chloral hydrate
(330 mg/kg, i.p.) anesthesia, the right hind leg of each
rat was shaved around the knee with minimal wounds.
The knee capsule was identified by palpating the patella
and tibial plateau, and the injection was delivered by
advancing a 25-gauge needle through the skin and patel-
lar ligament to the anterolateral border of the tibial pla-
teau until it entered the joint capsule. Then, 60 ul MIA
(80 mg/ml) was slowly injected over 1 min. In sham-
operated animals, rats were injected with an equal
volume of saline.

Drugs and administration

Chronic lumbar intrathecal (i.t.) catheters were implanted
using the method described by Storkson.?’ Briefly, under
adequate 10% chloral hydrate (330 mg/kg, i.p.) anesthe-
sia, a polyethylene catheter (15cm, PE-10; RWD,
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Shenzhen, China) was introduced into the subarachnoid
space via the right L intervertebral foramen (removal
the facet joint) and advanced carefully 1.5 to 2 cm until it
reached the lumbar enlargement. After anesthesia recov-
ery, correct subarachnoid localization of the catheter tip
was confirmed by the observation of motor weakness or
paralysis induced by 0.1-0.15 ml 2% lidocaine (i.t.). Seven
days after implantation, all animals, except those that
appeared to have signs of neural dysfunction and infec-
tion, were used in experiments. The NF-«B inhibitor
PDTC (Sigma, USA) was diluted in sterile NS (final con-
centration of 0.2mg/ml) and stored at 4°C. PDTC was
administered in a volume of 12 uL followed by a flush
with SpuL of sterile NS. To observe the cumulative
effect, PDTC was injected intrathecally 30 min before
the behavior test and then daily thereafter for seven days.

Behavioral testing

Mechanical allodynia, determined by the paw withdraw-
al threshold (PWT) in response to von Frey hairs
(Stoelting), was tested using the up-down staircase
method of Chaplan.? In both sham and knee OA rats,
behavioral tests were performed one day before injection
and on days 7, 14, 21, and 28 postinjection, prior to
molecular experiments. Briefly, rats were placed on
wire mesh on a shelf and were kept in the apparatus
for at least 1h before the test for acclimation.
An ascending series of von Frey filaments was applied
to the left and right midplantar regions from below
through the mesh to evoke paw withdrawal responses.
Each filament was tested five times, and the filament for
which three or more paw withdrawal responses out of
five tests were elicited was defined as the response thresh-
old. The behavioral testing was conducted by an inves-
tigator blinded to the treatment conditions.

Tissue collection

At the indicated time points before and after injection,
the lumbar spinal cord (L;_s) was quickly removed
under deep anesthesia from half of the rats, and then
the tissue samples were dissected and stored in liquid
nitrogen. The other half of the rats were terminally
anesthetized with 10% chloral hydrate and perfused
transcardially with 250 mL room temperature phosphate-
buffered saline (PBS) followed by 300mL ice-cold 4%
paraformaldehyde in PBS. The lumbar spinal cord (L3 _s)
was dissected and postfixed in 4% paraformaldehyde over-
night, incubated in a sucrose gradient and subsequently
sectioned into frozen slices for immunofluorescence.
The knee joints were also harvested, and the patella was
removed for pathological images. Immediately afterwards,
the joints were fixed in 10% formalin and decalcified by
immersion in a formic acid solution under constant

agitation at room temperature for fivedays to produce
paraffin slices.

Histopathology of the knee

Histopathology of the knee was scored based on the rec-
ommendations of the Osteoarthritis Research Society
International. The severity of cartilage degeneration was
scored on a scale of 0-5, with 5 representing the most
severe. The osteophyte score was divided into three
grades, with 3 representing the presence of large osteo-
phytes. The total joint score was the sum of cartilage
degeneration scores at four positions (medial tibial,
medial femoral, lateral medial, and lateral tibial) and
the osteophyte scores at the medial and lateral positions.

The decalcified tissue was dehydrated, cleared, dipped
in wax, embedded, and sliced into 5-um paraffin
sections. The sections were double stained with with saf-
ranin and fast green. Briefly, the paraffin sections were
dewaxed, hydrated in gradient ethanol solutions, double
stained with safranin and fast green, dehydrated in gra-
dient alcohol solutions and xylene, and mounted. Images
were taken and analysis was performed using an optical
microscope (Leica DM4000B) and associated software.

Western blot assay

The L;_s spinal cord segments were removed from liquid
nitrogen and ground into a fine powder with a mortar in
liquid nitrogen. The powder was homogenized in radio-
immunoprecipitation assay buffer buffer containing
protease inhibitor phenylmethylsulfonyl fluoride and
phosphatase inhibitor (100:1:1). The lysates were then
sonicated (six times, 5 s/time, interval: 5min) and centri-
fuged (10,600 r/min, 30 min, 4°C). The concentration of
the protein extracts was determined with a BCA Protein
Assay Kit (Thermo Fisher Scientific). Loading buffer
was added to the protein extracts, and the samples
were heated at 100°C for 10min. Then, equivalent
amounts of protein (40 pg) were separated by 4-12%
or 10% NuPAGE Novex Bis-Tris gel (Invitrogen) and
transferred to polyvinylidene difluoride membranes
(Millipore, USA). The membranes were blocked with
4% BSA for 1h at room temperature and incubated
overnight at 4°C with the following primary antibodies:
NF-kB/p65 (1:2000, Abcam, USA), p-p65 (Ser536)
(1:1000, Cell Signaling Technology, USA), and B-actin
(1:5000, Cell Signaling Technology).

The membranes were washed in Tris-buffered saline
containing 0.1% Tween 20 and incubated for lh at
room temperature with HRP-labeled goat anti-mouse
or goat anti-rabbit IgG (1:5000; Cell Signaling
Technology). The protein levels were measured by
enhanced chemiluminescence (Millipore, USA) and
autoradiography. The intensity of the immunoreactive
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bands was quantified using Quantity One Analysis
Software (version 4.6.5, Bio-Rad Laboratories, USA)
and normalized to the density of internal control B-actin.

Spinal cord immunofluorescence

After postfixation and incubation in gradient sucrose sol-
utions, the Lz 5 segments of the spinal cord were sec-
tioned into 30-um frozen slices according to the method
described above. The frozen slices were washed in PBS,
and then high-pressure epitope retrieval (2 min) was per-
formed in sodium citrate solution. The sections were incu-
bated for 30min in PBS containing 1% donkey serum
and 0.5% Triton X-100 at 37°C and then incubated over-
night at 4°C with a rabbit anti-p-p65 (Ser536) antibody
(1:500, Cell Signaling Technology), a mouse anti-GFAP
antibody (1:500, Cell Signaling Technology) a mouse
anti-NeuN antibody (1:500, Abcam), or a goat anti-
IBA-1 antibody (1:500, Abcam). The sections were
rinsed in PBS three times for 15min and then incubated
for 30min at 37°C with corresponding secondary anti-
bodies (conjugated to Alexa FluorVR 488 and 594,
Abcam). The samples were finally examined with a
Fluorescence Inversion Microscope System (Leica,
German), and images were acquired and processed
using Leica software.

RNA extraction and real-time PCR

RNA extraction was performed using the TAKARA
RNeasy Kit (TAKARA). After lysis, the samples were
incubated with a TAKARA Digestion Kit (TAKARA)
to degrade genomic DNA. RNA (1 pug) was converted
into cDNA (42°C, 5min) with a TAKARA Reverse
Transcription Kit (TAKARA). B-Actin was used as an
endogenous control. Total RNA was reverse-transcribed
using a reverse transcription system (TAKARA). Real-
time polymerase chain reaction (PCR) was performed
using SYBR Green (TAKARA) on a Roche instrument.
PCR was performed according to the standard protocol
(95°C preincubation for 30s and 95°C incubation for
10min, followed by 40 cycles of 95°C for 15s and
60°C for 1 min). Real-time PCR was performed in trip-
licate, and relative quantification was determined using
the relative fold changes by the cycle threshold method
(95% confidence interval). All primer sets were subjected
to dissociation curve analysis and produced single peaks
on a derivative plot of raw fluorescence.

Statistical analysis

The results are representative of two independent experi-
ments and are presented as the means + standard error
of the mean (n= 06 per group in each experiment). One-
way analysis of variance (ANOVA) followed by Tukey’s
t test was performed to evaluate the differences between

responses. Histopathologic data were analyzed by the
Kruskal-Wallis test followed by the Mann—Whitney
U test. Statistical differences were considered to be
significant at P < 0.05.

Results

Intra-articular injection of MIA induced the
development of OA in the rat

Gross pathology images. The destruction of the joint signif-
icantly increased in the OA group compared with the
control group at different time points after the intra-
articular injection of MIA (Figure 1(a)).

Joint space and destruction. Histopathologic findings were
evaluated on days 7, 14, 21, and 28 after MIA injection
into the paws of rats with OA. The joint space was sig-
nificantly decreased, and the destruction of the cartilage
and joint structures was significantly increased com-
pared with that of the control group at different time
points (overall P<0.01) (Figure 1(b) to (d)).
Compared to baseline, no significant difference was
found in joint space or histopathologic score on days 7,
14, 21, and 28 following the intra-articular injection of
saline (Figure 1(c) and (d), P> 0.01). However, compared
to baseline, there was a significant difference in joint space
on days 7, 14, 21, and 28 following the intra-articular
injection of MIA (Figure 1(c), P < 0.001). There were sig-
nificant differences in histopathologic scores on days 7, 14,
21, and 28 following the intra-articular injection of MIA
compared to the intra-articular injection of saline (Figure
1(c), P <0.001). The pathological changes in the joints of
the knee OA model were basically consistent with knee
OA patients.

Intra-articular injection of MIA induced a long-lasting
increase in NF-xB/p65 in the lumbar spinal dorsal
horn and spinally delivered inhibitor PDTC depressed
the expression of NF-xB/p65

Western blotting was performed on the tissue from the
lumbar spine dorsal horn on days 0, 7, 14, 21, and 28
following intra-articular injection. No significant differ-
ence in the level of NF-kB/p65 protein was found in the
saline control group on days 0, 7, 14, 21, and 28 (Figure
2(a) and (b) P > 0.05). Compared with control, the intra-
articular injection of MIA resulted in an increase in the
level of NF-xB/p65 protein on days 7, 14, 21, and 28
(Figure 2(a) and (b), P <0.01). Real-time PCR was also
performed to detect the expression of NF-kB/p65
mRNA in the spinal cord. There was no significant dif-
ference in the level of NF-kB/p65 mRNA in the saline
control group at different time points (Figure 2(c),
P>0.01). Compared with rats in the control group,
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Figure |. Intra-articular injection of monosodium iodoacetate (MIA) induced the development of OA in rats. (a and b) Representative
gross photographs of the rat ankle joint and photomicrographs of safranin O/fast green-stained rat ankle joint sections are shown.

Bar =400 pim (gross photographs), 400 um (joint space), and 100 um (cartilage). (c) The joint space in rats with OA was measured on days
7, 14, 21, and 28 after the injection of MIA. Day 0 was the time point before MIA injection. (d) Histopathologic scores of OA severity in the

rat ankle joint were determined at each time point. The symbols represent the histopathologic scores of individual rats (n = 10 animals/
time point). *P < 0.01 versus DO (baseline).
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Figure 2. Intra-articular injection of MIA induced NF-kB/p65 activation in the spinal cord, and spinally delivered PDTC inhibited the
expression of NF-kB/p65. Rats were treated with saline only (control), MIA alone (OA), or MIA in conjunction with PDTC after MIA
injection (OA+PDTC). (a) Representative Western blots of NF-kB/pé5 expression in rat spinal cord tissue. -Actin was used as a loading
control. (b) Quantitation of the relative densities of the NF-kB/p65 protein bands. The results are expressed as the ratio of NF-kB/p65 to
B-actin, and the value at day 0 (DO, baseline) was set at 1.0. (c) Nuclear extracts of spinal cord tissue were evaluated by reverse
transcription polymerase chain reaction (real-time PCR) for NF-kB/p65 expression, and the value at day 0 (DO, baseline) was set at |.0.

The results are expressed as the mean + SD of n = 5-6 rats and were analyzed by two-way ANOVA followed by Tukey’s t test. *P < 0.05
versus control; **P < 0.01 versus control; #P < 0.05 versus OA; *P < 0.01 versus OA.
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rats in the MIA group exhibited significantly higher NF-
kB/p65 mRNA expression (Figure 2(c), P<0.01). To
test the involvement of NF-kB/p65 activation in knee
OA, we suppressed NF-kB/p65 activation in the spinal
cord by applying the NF-kB family protein inhibitor
PDTC via a lumbar subarachnoid catheter. Compared
with MIA treatment, the intrathecal injection of PDTC
resulted in a trend toward lower expression of NF-xB/
p65 protein on days 7, 14, 21, and 28 (Figure 2(a) and
(b), P<0.01). Real-time PCR detected that the expres-
sion of NF-kB/p65 mRNA in the spinal cord was also
decreased compared with that in the MIA group (Figure
2(c), P<0.01). Total NF-xB/p65 at both protein and
mRNA levels was upregulated in spinal dorsal horn of
OA animals, and the change was depressed by PDTC.

Level of active p-p65 increased in the lumbar spinal
dorsal horn and effects of spinally delivered inhibitor
PDTC on the expression of p-p65

P-p65 was also detected in tissue from the lumbar spine
dorsal horn on days 0, 7, 14, 21, and 28 following intra-
articular injection by Western blotting. No significant
difference in the level of p-p65 protein was found in
the saline control group on days 0, 7, 14, 21, and 28

(Figure 3(a) and (b) P>0.01). Compared with control,
the intra-articular injection of MIA resulted in an
increase in the level of p-p65 protein on days 7, 14, 21,
and 28 following intra-articular injection (Figure 3(a)
and (b), P<0.01). No significant difference in the level
of p-p65 protein was found in the saline control group or
OA +PDTC group on days 14 and 28 by immunofluo-
rescence of the spinal cord (Figure 4). Level of p-p65 was
also upregulated in spinal dorsal horn of OA animals,
and the change was depressed by PDTC.

P-p65 was mainly localized in astrocytes, and astro-
cytes were activated in the lumbar spinal dorsal horn. To
determine the main cell type in which p-p65 expression
was increased in the lumbar spinal dorsal horn of rats
with OA, double staining was performed using anti-
p-p65S antibodies and antibodies specific for neurons
(NeuN), astrocytes (GFAP), and microglial cells (IBA-
1). The fluorescence intensity and quantification revealed
that astrocytes were activated in the ipsilateral spinal
dorsal horn compared with the contralateral side and
that the expression of p-p65 also mainly increased in
astrocytes following the intra-articular injection of
MIA (Figure 5). There was no significant difference in
the number of neurons and microglial cells in the spinal
dorsal horn of knee OA model rats. In addition, no
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Figure 3. Intra-articular injection of MIA induced p-NF-kB/p65 activation in the spinal cord, and spinally delivered PDTC inhibited the
expression of p-NF-kB/p65. Rats were treated with saline only (control), MIA alone (OA), or MIA in conjunction with PDTC after MIA
injection (OA+PDTC). (a) Representative Western blots of p-NF-kB/pé5 expression in rat spinal cord tissue. -Actin was used as a
loading control. (b) Quantitation of the relative densities of the NF-kB/p65 protein bands. The results are expressed as the ratio of
p-NF-kB/p65 to B-actin, and the value at day 0 (DO, baseline) was set at |.0. The results are expressed as the mean + SD of n =5-6 rats
and were analyzed by two-way ANOVA followed by Tukey’s t test. *P < 0.05 versus control; *P < 0.01 versus control; *P < 0.05 versus

OA; #P < 0.01 versus OA.
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Figure 4. Intra-articular injection of MIA induced p-NF-kB/p65 increase in the lumbar spinal dorsal horn. (a) Rats were treated with
saline only (control), MIA alone (OA), or MIA in conjunction with PDTC after MIA injection (OA + PDTC). Representative
Immunostaining images of p-NF-kB/p65 expression in the spinal dorsal horn on days 14 and 28 after the intra-articular injection of MIA. In
panels (a)—(i), bars = 50 pm; (b) Number of cells with high p-NF-xB/pé5 expressions. Results are expressed as mean =+ SD for n =5-6 rats
and analyzed by two-way ANOVA followed by Tukey’s t test. *P < 0.05 versus control; **P < 0.01 versus control; P < 0.05 versus OA;

##p < 0.01 versus OA.

significant difference of p-p65 in neurons and microglial
cells was found between the ipsilateral and contralateral
sides of the lumbar spinal dorsal horn of knee OA model
rats. Results of immunofluorescence revealed that astro-
cytes were activated and that p-p65 was mainly increased
in astrocytes in spinal dorsal horn of OA animals.

Effects of spinally delivered NF-xB/p65 inhibitor PDTC
on mechanical hyperalgesia

No significant differences in baseline mechanical thresh-
old values were found in either group (knee OA model
rats and saline controls) or among the groups. The intra-
articular injection of saline resulted in no change in
mechanical hyperalgesia (P >0.5), but the intra-
articular injection of MIA resulted in a decrease in
mechanical threshold on days 7, 14, 21, and 28 (Figure
6, P <0.01). Compared with that of the saline group, the
mechanical threshold was decreased on days 7, 14, 21,
and 28 (Figure 6, P <0.01). The overall trend of hyper-
algesia was that it first increased and was then maintained
at a higher level, which is basically consistent with the
clinical characteristics of OA patients. Moreover, the
mechanical hyperalgesia of the animals in the PDTC
groups was significantly higher than that of the animals
in the MIA group from day 21 to day 28 (Figure 6,
P <0.01). The intrathecal injection of PDTC markedly
prevented the MIA-induced reduction in the PWT.

Effects of spinally delivered NF-xB/p65 inhibitor PDTC
on the expression of IL-13, TNF-a, and IL-33

The results indicated that the expression levels of IL-18,
TNF-a, and IL-33 were significantly increased in the
MIA group compared with the control group (all
P values<0.01). In addition, the TNF-a and IL-33

mRNA levels in the PDTC group were significantly
lower than those in the MIA group on days 14 and 28
(Figure 7(a) and (b), all P values <0.01). However, the
expression of IL-1p was modestly, but not significantly,
lower in the PDTC group than in the MIA group
(Figure 7(c), all P values>0.01). Furthermore, the
expression of the IL-1B gene in the MIA group was
also obviously lower than that in the PDTC group
(Figure 5(c), all P values <0.01). Intrathecal injection
of PDTC markedly depressed the upregulation of pain-
related inflammatory factor in spinal dorsal horn of
OA animals.

Discussion

The underlying mechanism of advanced knee OA is
complex and unclear. A growing number of studies
have revealed that central sensitization, not only periph-
eral changes, participates in advanced knee OA pain.
Our results demonstrated that MIA induced the typical
pathological changes and hyperalgesia in the advanced
knee OA model and increased the expression of
NF-kB/p65, p-p65 and cytokines (IL-13, TNF-o and
IL-33) in the spinal cord. Furthermore, the NF-xB/p65
inhibitor PDTC reduces hyperalgesia and the upregula-
tion of IL-1B, TNF-a, and IL-33.

Knee OA pain continued to increase in the early stage
and was then maintained at a higher level. The hyper-
algesic behaviors of the knee OA model rats were basi-
cally consistent with the clinical characteristics of
OA patients.”” MIA intra-articular injection, which is
simple and quick, is a well-accepted method to establish
a knee OA model. Nevertheless, there are still some dif-
ferences in the dose of MIA used. In our study, we chose
a higher dose of MIA to establish an advanced knee OA
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Figure 5. The expression of p-p65 in different cell types induced by intra-articular injection of MIA in the lumbar spinal dorsal horn.
Representative immunostaining images of NeuN-immunoreactive neurons (a), glial fibrillary acidic protein (GFAP)-immunoreactive
astrocytes (b), IBA-1-immunoreactive microglial cells (c) and the co-locations with p-p65 in the spinal dorsal horn on day 14 (ipsilateral and
contralateral) and day 28 after the intra-articular injection of MIA. Scale bar =50 um. (d) Number of cells with high p-p65 expressions.
Results are expressed as mean + SD for n = 5-6 rats and analyzed by one-way ANOVA followed by Tukey’s t test. *P < 0.05 versus control;

*#P < 0.0l versus control .

model, which has been confirmed to manifest as sponta-
neous pain that cannot be relieved by the common
NSAIDS.”* Our results confirmed that the MIA
model displayed histologic features similar to the clinical
features of OA (destruction of cartilage articular sub-
chondral bone, joint space, etc.). During the develop-
ment of experimental knee OA, continuous and intense
nociceptive input from the joint may induce complex
changes in the central nervous system (central sensitiza-
tion).'” Cytokines and chemokines have been demonstrat-
ed to be involved in the induction and maintenance of
central sensitization, and they are possible mediators of
widespread central sensitization.”’ TNF-o also inhibits

the spontaneous action potentials of GABAergic neurons
in the dorsal horn.*? It has been found that IL-1f regu-
lates central sensitization by increasing glutamate release,
increasing the phosphorylation of NMDA receptors,***
and potentiating presynaptic NMDA receptor function in
neuropathic pain.*® It is well demonstrated that the spinal
content of cytokines, including IL-1B and other inflam-
matory mediators are enhanced in the lumbar spinal cord
of MIA-induced OA models.'>*® Significantly elevated
concentrations of TNF-o and higher expression of
CGRP have also been confirmed in the MIA model.”’
Consistent with this study, we found that the expression
levels of TNF-a, IL-1B, and IL-33 protein were highly
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upregulated in the spinal cord of the advanced knee
OA model.

As inflammatory factors in the central nervous system
have been confirmed to promote hyperalgesia in
advanced OA, inhibiting central inflammatory factors
and alleviating hyperalgesia have attracted increasing
attention. The blockade of IL-6 function by tocilizumab
significantly mitigates mechanical allodynia in rats with
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Figure 6. Analgesic effects of spinally delivered NF-kB/p65
inhibitor PDTC in rats with OA. The paw withdrawal thresholds
were measured on days 7, 14, 21, and 28 after the intra-articular
injection of MIA. Day 0 was the time point before MIA injection.
The results are expressed as the mean &= SD of n = 5-6 rats and
were analyzed by two-way ANOVA followed by Tukey’s t test.
#P < 0.05 versus vehicle; #P < 0.01 versus vehicle; *P < 0.05
versus OA; ¥P < 0.0] versus OA.
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MIA-induced OA.*® 1t is well documented that spinal
cord-specific cytokines, such as IL-13, TNFa, and IL-6,
and neuropeptides can be regulated by NF-xB.*
NF-kB, a key transcription factor, plays a fundamental
role in inflammatory diseases, including autoimmune dis-
orders, cancer, and neurodegeneration. The activation of
NF-«B in response to peripheral nerve injury or tissue
inflammation can increase inflammatory factors and
induce refractory pain and neuropathic pain.*' Spinal
NF-xB activation induces spinal TNF-o, IL-1B, and
COX-2 upregulation and pain hypersensitivity following
peripheral inflammation.”>** In a chronic constriction
injury (CCI) model, the suppression of NF-kB/p65 alle-
viates mechanical allodynia by inhibiting the upregulation
of proinflammatory factors (TNF-a, IL-1B, and IL-6) in
the spinal cord.?* IL-33-induced hyperalgesia in the CCI
model is markedly attenuated by an NF-«B inhibitor and
inhibits IL-33-induced TNF-a and IL-1p production in
the spinal cord.*® In addition, minocycline significantly
reverses bone cancer pain-induced mechanical tactile allo-
dynia by inhibiting the translocation of NF-kB to the
nucleus in IL-1p-stimulated primary rat astrocytes.**
Consistent with these studies, our present results
showed that the intra-articular injection of MIA signifi-
cantly decreased the ipsilateral pain threshold and
increased spinal NF-kB/p65 and that spinally delivered
NF-xB/p65 inhibitor PDTC obviously attenuated hyper-
algesia in the advanced knee OA model. In addition, our
results demonstrated that spinally delivered NF-kB/p65
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Figure 7. Effects of the intrathecal injection of the NF-kB/p65 inhibitor PDTC on the expression of spinal IL-1f, TNF-o, and IL-33. The
expression levels of spinal IL-1B (A), TNF-a (B), and IL-33 (C) in each treatment group were detected at the mRNA level by real-time PCR
on days 0, 14, 28 after the intra-articular injection of MIA. The results are expressed as the mean = SD of n = 5-6 rats and were analyzed
by one-way ANOVA and two-way ANOVA followed by Tukey’s t test. *P < 0.05 versus DO; #P < 0.05 versus OA.
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inhibitor PDTC markedly reduced the spinal overexpres-
sion of TNF-a, IL-1PB, and IL-33 proteins and alleviated
hyperalgesia. These results suggested that the activation
of NF-xB/p65 in the spinal cord induced upregulation of
inflammatory mediators, such as TNF-a, IL-1p, and
1L-33, which may contribute to the underlying mecha-
nism of advanced knee OA.

Studies have found that NF-«xB activity is an addi-
tional layer of complexity imposed by posttranslational
modifications of NF-kB and their regulators.*> Recently,
it was confirmed that the activation of NF-xB-depen-
dent transcription is mediated by the phosphorylation
of NF-kB/p65 in many inflammatory diseases.?' It has
been found that spinal nerve ligation induces neuropath-
ic pain by promoting the phosphorylation of NF-kB/p65
and resulting in the upregulation of its downstream
target genes, such as TNF-o, IL-1B, and IL-6.%¢
Similarly, our data supported that p-p65 increased the
protein levels of proinflammatory cytokines and induced
the generation of pain. Importantly, it is also becoming
apparent that certain forms of p-p65 may either enhance
or downregulate the transcription of select target genes
in a gene-specific manner rather than acting as a simple
on/off switch. It is of interest to understand such
gene-specific regulatory processes that may selectively
modulate NF-kB activity for their potential therapeutic
benefits. Further study is needed to evaluate the selective
modulation of NF-kB.

A large number of studies have proved that the occur-
rence and development of chronic pain is accompanied
by the activation of astrocytes in the spinal dorsal horn
of various animal models of pain.*’ In a rat neuropathic
pain model, microglia are activated in the early stages of
pain, and astrocytes are significantly important in the
process of persistent pain.*® Astrocyte activation can
last three to five months, and the degree of activation
is linearly related to pain behavior; the intrathecal injec-
tion of astrocyte inhibitors significantly ameliorates the
established mechanical hyperalgesia.* Interestingly, pre-
vious studies have shown that astrocytic NF-kB activity
drives the extent of hyperalgesia and allodynia in differ-
ent chronic pain models,”® >* which suggests a role
for NF-kB in the modulation of astrocytes to facilitate
the generation of chronic pain. Our study found that the
number of astrocytes increased significantly in a rat
model of advanced knee OA and that the level of
p-p65 in astrocytes increased significantly. Therefore,
we speculate that NF-xB in astrocytes plays a critical
role in advanced knee OA pain. There are also some
limitations to our research. The specific mechanism of
astrocyte activation induced by NF-kB and how astro-
cyte activation leads to pain after activation in the spinal
cord of OA model rats requires further study.

In conclusion, our findings indicate a pivotal role
for spinal NF-kB/p65 in the underlying mechanism of

advanced knee OA pain. Inhibiting the expression of
spinal NF-kB/p65 markedly reduced advanced knee
OA pain. Thus, targeting spinal NF-xB/p65 may pro-
vide a novel treatment option for painful inflammatory
disorders, including advanced knee OA.
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