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Objective: The dorsal horn P2Y , receptor is involved in the development of pain behavior
induced by peripheral nerve injury. It is unclear whether the expression of proinflammatory
cytokines interleukin (IL)-1P and IL-6 at the spinal dorsal horn are influenced after the activa-
tion of P2Y , receptor in rats with diabetic neuropathic pain (DNP).

Methods: A rat model of type 1 DNP was induced by intraperitoneal injection of streptozoto-
cin (STZ). We examined the expression of P2Y , receptor, Iba-1, IL-1p, IL-6, JAK2, STAT3,
pTyr ., and pTyr, ., NR2B in rat spinal dorsal horn.

Results: Compared with normal rats, STZ-diabetic rats displayed obvious mechanical allodynia
and the increased expression of P2Y , receptor, Iba-1, IL-1P, and IL-6 in the dorsal spinal cord
that was continued for 6 weeks in DNP rats. The data obtained indicated that, in DNP rats,
administration of MRS2211 significantly attenuated mechanical allodynia. Compared with
DNP rats, after MRS2211 treatment, expression of the P2Y ; receptor, Iba-1, IL-1B, and IL-6
were reduced 4 weeks after the STZ injection. However, MRS2211 treatment did not attenuate
the expression of the P2Y , receptor, Iba-1, IL-1pB, and IL-6 at 6 weeks after the STZ injection.
MRS2211 suppressed JAK2 and STAT3 expression in the early stage, but not in the later stage.

NR2B was unaffected

1472

Moreover, pTyr,,,, NR2B was significantly decreased, whereas pTyr
in the dorsal spinal cord of MRS2211-treated DNP rats.
Conclusion: Intrathecal MRS2211 produces an anti-nociceptive effect in early-stage DNP. A
possible mechanism involved in MRS2211-induced analgesia is that blocking the P2Y , recep-
tor downregulates levels of IL-1 and IL-6, which subsequently inhibit the activation of the
JAK?2/STATS3 signaling pathway. Furthermore, blocking the activation of the P2Y , receptor can
decrease NR2B-containing NMDAR phosphorylation in dorsal spinal cord neurons, thereby
attenuating central sensitization in STZ-induced DNP rats.

Keywords: diabetic neuropathic pain, dorsal horn, P2Y , receptor

Introduction

Neuropathic pain is a complex, chronic pain state that is usually caused by nerve injury
or dysfunction of the nervous system in a large number of patients. It is well known that
diabetic neuropathic pain (DNP) is caused by peripheral neuropathy and neuroimmune
activation in the central nervous system."? In an animal model of DNP, rats exhibited
increase in levels of proinflammatory cytokines in the dorsal spinal cord — a critical
region involved in the development of DNP.? Subsequent studies showed that changes in
proinflammatory cytokines in the dorsal spinal cord are paralleled by pain behavior in
DNP rats.>* Elevated levels of spinal cord proinflammatory cytokines, including inter-
leukin (IL)-1p, IL-6, and tumor necrosis factor-o. (TNF-cor) were observed in rats with
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diabetic neuropathy.>” Emerging evidence recently revealed
that chronic administration of minocycline — an inhibitor of
microglia activation — suppressed levels of proinflammatory
cytokines and attenuated mechanical allodynia in diabetic
rats.>® Although microglial activation has been implicated in
the development of DNP, there is poor understanding of the
mechanism underlying microglial activation and accumula-
tion of proinflammatory cytokines in the dorsal spinal cord
of diabetic animals.

It is well known that microglia — small cells with
elaborate thin processes — are resident macrophages of the
central nervous system. Following a peripheral noxious
stimulus, resting microglia are activated through a series
of cellular and molecular changes.’!! Microglial activation
at the spinal cord contributes to the mechanical allodynia
and thermal hyperalgesia induced by diabetes.®!*!3 Spinal
microglial cells are endowed with some neurotransmitter
receptors, which may participate in the initiation and main-
tenance of pain hypersensitivity. Recent evidences suggest
the upregulation of spinal P2Y , P2Y ,, P2Y ,, and P2Y ,
receptors following nerve injury and that these receptors
may be involved in the development and maintenance
of neuropathic pain.!*!® Our earlier studies have shown
that the activation of P2Y , and P2Y , receptors induce
release of IL-1B and IL-6 from cultured dorsal spinal
cord microglial cells in vitro conditions.'¢ In addition, cell
culture experiments reveal that the P2Y , receptor subtype
participates in adenosine diphosphate (ADP)-evoked Ca**
mobilization in dorsal spinal cord microglia cells.!” How-
ever, it is unclear whether the spinal P2Y , receptor plays a
crucial role in inflammatory responses in the dorsal spinal
cord of rats with DNP. This study was conducted with an
aim to define the function role of the dorsal spinal cord
P2Y , receptor in streptozotocin (STZ)-induced DNP and
to evaluate increased levels of spinal cord proinflammatory
cytokines in laboratory rats.

Materials and methods

Animals

All experiments were conducted using Sprague—Dawley (SD)
rats (weight 180-200 g) in accordance with the National
Institutes of Health guidelines in a manner that minimized
animal suffering and animal numbers. All experiments were
carried out in accordance with People’s Republic of China
animal welfare legislations and were approved by the Zunyi
Medical College Committee for Ethics in the Care and Use
of Laboratory Animals.

Animal models of diabetes-induced
neuropathic pain

Diabetes was induced by a single intraperitoneal (ip) injec-
tion of STZ at 50 mg/kg in SD rats.'”® Then, 60 min after
STZ administration, animals were allowed free access to
food and water. To maintain cleanliness and prevent infec-
tion due to excessive urination, animal bedding was changed
frequently.”® Fourteen days later, tail-vein blood samples were
obtained to detect fasting blood glucose (FBG) levels with a
portable blood glucose meter (ACCU-CHEK Integra, Roche
Diagnostics GmbH, Mannheim, Germany) in the morning.
Rats that displayed a blood glucose level of at least 16.7 mM
were considered to be diabetic and included into the study.?
Animals were considered to have neuropathic pain when
they exhibited mechanical allodynia. Control rats received
the same volume/kg of ip citrate buffer.

Implantation of intrathecal catheter
Lumbosacral intrathecal catheters were constructed and
implanted as described in a previous study.?! Under anesthesia
with pentobarbital sodium (40 mg/kg, ip), rats were fixed and
a2-cm longitudinal incision was made between vertebrae L5
and L6. Polyethylene catheters (PE-10) were pushed through
the intervertebral space until a sudden movement of tail or
the hind limb was observed and thereafter passed gently 2 cm
cranially to reach the level of the lumbar enlargement. The tip
of the catheter was fixed to the neck area of the rats. Correct
intrathecal placement was confirmed by injection of lidocaine
(2%, 10 puL) through the catheter. The catheter was judged
to be intrathecal if paralysis and dragging of bilateral hind
limbs occurred within 30 s of lidocaine injection. Rats with
signs of motor weakness were excluded from the experiment.
All rats were housed individually after implantation of the
intrathecal catheter and allowed to recover for 5 days before
the STZ injection.

Drug application

STZ was purchased from Sigma (CAS No: 18883-66-4; St.
Louis, MO, USA) and dissolved in citrate buffer (pH 4.5)
for each period of administration. MRS2211 (P2Y , receptor
antagonist) was purchased from Abcam (ab120445, La Jolla,
CA, USA) and dissolved in 0.01M PBS.

Behavioral testing

Tests of the mechanical withdrawal threshold (MWT) were
carried out to assess the response of the paw to mechanical
stimulus. Mechanical hypersensitivity was determined with
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an electronic von Frey plantar aesthesiometer (IITC, Wood
Dale, IL, USA). Baseline values were obtained prior to the
STZ injection. Before the initial Von Frey measurements,
rats were given 15 min to habituate to the test environment.
A rigid tip was applied against the mid-plantar surface of
the left hind paw. The paw withdrawal threshold was auto-
matically recorded by the device, and the cut-off force was
set at 60 g. The rigid tip was presented perpendicular to
the plantar surface, and brisk withdrawal or paw flinching
were considered as positive responses. Simultaneously, the
digital number presented on the monitor was recorded as
the MWT. Three successive stimuli were applied. The MWT
for individual animals was represented by the mean values
(calculated from the three successive stimuli).

Western blot

Rats were terminally anesthetized with pentobarbital sodium
(50 mg/kg). The dorsal side of the lumbar L3-L5 spinal
cord was rapidly dissected and rinsed in cold PBS, and then
homogenized in 1 mL ice-cold chilled radioimmunoprecipita-
tion (RIPA) lysis buffer containing 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 pg/
mL aprotinin, 100 pg/mL phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate, 1 uM batimastat (BB-94), and
1% protease inhibitor cocktail (Roche, Basel, Switzerland).
The protein concentration was determined using a Bio-Rad
Protein Assay kit (category number [cat no] 5000002; Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Pre-stained
protein marker was purchased from Thermo Scientific (cat.
no: 26616; Rockford, IL, USA). Total proteins were diluted in
4x loading buffer and incubated at 100°C for 5 min. Samples
(80 pg) were then loaded onto a loading gel and separated
on a Bis—Tris gel (12% separation gel and 4% stacking gel
for P2Y ,, Iba-1, IL-1B, IL-6; 8% separation gel and 4%
stacking gel for janus kinase-2 (JAK2) and activators of
transcription 3 (STAT3); and 6% separation gel and 4%
14 NR2B and phosphT, ,, NR2B).
Separated proteins were transferred onto a nitrocellulose
membrane (conditions, P2Y ,, Iba-1, IL-1B, and IL-6: 20 V
for 1 h; JAK2 and STAT3: 220 mA for 2 h; and phosphT ,,
NR2B and phosphT ,, NR2B: 300 mA for 4 h). Nonspecific
sites were blocked for 1 h at room temperature in fat-free
milk solution (10% in 0.1% Tween-Tris-buffered saline
[TTBS]). Membranes were then incubated overnight at 4°C
with the following polyclonal antibodies: rabbit anti-P2Y
Receptor (cat no ab108444; 1:200; Abcam), goat anti-Iba-1
(cat no ab5076; 1:500; Abcam), rabbit anti-IL-1p (cat no
ab9787; 1:250; Abcam), goat anti-IL-6 (cat no ab9770;

stacking gel for phosphT

1:500; Abcam), anti-JAK?2 (rabbit monoclonal, 1:200, cat
no 3230, Cell Signaling Technology, Danvers, MA, USA),
anti-STAT3 (rabbit monoclonal, 1:200; cat no 9139, Cell
Signaling Technology), rabbit anti-phosphT,, ., NR2B (1:500;
Abcam; cat no ab3856), and rabbit anti-phosphT ,, NR2B
(cat no ab193286; 1:500; Abcam). In addition, mouse
monoclonal B-actin antibody (cat no NB600-501; 1:1,000;
Novus Biologicals, Littleton, CO, USA) was used. The
secondary antibodies (goat anti-rabbit IgG: cat no A0208;
goat anti-mouse IgG: cat no A0216, Beyotime Institute of
Biotechnology, Haimen, Jiangsu, People’s Republic of China)
were diluted to 1:1,000 and incubated for 1.5 h at room
temperature. Subsequently, the membranes were developed
using the enhanced chemiluminescence (ECL) reagent Beyo
ECL plus (Beyotime Institute of Biotechnology). Images
of the blots were captured using a ChemiDoc XRS system
(Bio-Rad Laboratories, Inc.). The image was scanned, and
band intensity was semi-quantified using Quantity One v4.52
(Bio-Rad Laboratories, Inc.).

ELISA

Levels of IL-1f and IL-6 in the spinal cord were measured
by ELISA. The dorsal side of the lumbar L3-L5 spinal cord
was dissected out, ground with a grinder, and homogenized
with an ultrasonic tissue homogenizer. Samples were cen-
trifuged and the supernatants were collected for cytokine
analysis. IL-1B and IL-6 production were evaluated using
ELISA kits (Hushang Biological Technology Co., Ltd.,
Shanghai, People’s Republic of China). OD values at 490 nm
were recorded using a microplate reader (NK3; Ladsystems,
Helsinki, Finland). The average levels of IL-1 and IL-6 were
calculated on the basis of the standard curves as directed by
manufacturer’s instructions for the kit.

Statistical analysis

All data are presented as mean * SD. Statistical analysis
was conducted with one-way analysis of variance followed
by application of Dunnett’s multiple comparison test or
Student’s #-test by using SPSS18.0 (SPSS Inc., Chicago,
IL, USA). Differences at the P<0.05 level were considered
statistically significant.

Results
Changes of fasting blood glucose and

body weight in diabetic rats

The administration of STZ experimentally induced type-1
diabetes mellitus in the rats. After injection of STZ, all rats
in different groups showed polydipsia, polyphagia, and
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polyuria. Control rats received the same volume/kg of ip
citrate buffer. Body weights of the rats in the STZ-diabetic
group were substantially lower than those in the normal
control group (Figure 1, 2 weeks: P<0.05; 4 and 6 weeks:
P<0.01 vs the control group in the same week), whereas
the FBG was significantly increased in the STZ-diabetic
group (>16.7 mM; P<0.01 vs the control group in the same
week). MRS2211 (a specific P2Y , antagonist) was admin-
istered twice daily via the intrathecal route (100 pM, 10 pL)
from Day 15 after STZ injection for 28 consecutive days.
We noticed there was no statistically significant difference
between STZ-induced diabetic rats and MRS2211 (100 pM)-
treated diabetic rats with regard to body weight and FBG at
any point during the 4 weeks of treatment with MRS2211
(Figure 1). It appears that the administration of MRS2211
via the intrathecal route has no effect on body weight and
blood glucose levels in STZ-induced diabetic rats.

>

30 1 Control DNP

Fasting blood glucose levels (mmol/L)

E] Control+MRS2211 DNP+MRS2211

*k kk

Blockage of P2Y . receptors attenuates

mechanical allodynia in diabetic rats
In animal models of STZ-induced type 1 diabetes, diabetic
peripheral neuropathy manifests as hyperalgesia in the early
stages (<4 weeks), followed by hypoalgesia from 8 weeks
after diabetes development.?>?* Some previous studies
reported that diabetes duration of 2 weeks was sufficient to
induce mechanical hypersensitivity and thermal allodynia
in STZ-induced diabetic rats.?*?° Furthermore, we observed
that, 2 weeks after STZ injection, rats showed a significant
decrease in mechanical allodynia as compared to the control
group. The MWT in the vehicle-treated DNP rats was sig-
nificantly decreased at every time point (Figure 2A, P<0.01).
Subsequently, MRS2211 was administered consecutively
from Day 15 after STZ injection for 28 days.

Previous research from Kou et al showed that STZ-
induced diabetic rats exhibit hyperglycemia, decreased body
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Figure | The changes of fasting blood glucose (FBG) and body weight of rats in different groups (n=7 per group). (A) Levels of FBG of rats in the DNP and DNP+MRS221 |
(100 pM) groups were significantly increased (**P<0.01 vs the control group in the same week). (B) The body weight of rats in the DNP and DNP+MRS221 | groups were

significantly decreased (*P<0.05 and **P<0.01 vs the control group in the same week).
Abbreviations: DNP, diabetic neuropathic pain; w, weeks.
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Figure 2 Mechanical hypersensitivity in different groups was determined by measuring the mechanical withdrawal threshold (MWT). All values represent mean * SD (n=8).
(A) After streptozotocin (STZ) injection, the MWT in DNP rats (at the end of 2, 4, and 6 weeks after STZ injection) was significantly lower than in the control group
(**P<0.01). (B) MRS2211 (10, 50, and 100 pM) alleviates pain response |5 days after the STZ injection. Statistically significant differences were observed at 0.5, I, 2, and 3 h
after the administration of MRS2211 (10 pM: *P<0.05; 50 and 100 pM: **P<0.01). (C) After STZ injection, the MWT in DNP rats (at the end of 2, 4, and 6 weeks after STZ
injection) was significantly lower than in the control group (**P<0.01). Effect of MRS2211 (10, 50, and 100 pM) on the MWT in DNP rats. At the end of 4 weeks after the
STZ injection, the MWT in MRS221 | -treated DNP rats were significantly higher than in the vehicle-treated DNP rats (10 pM: *P<0.05; 50 and 100 pM: *P<0.01). Compared
to the vehicle-treated DNP rats, MRS2211 at 10, 50, and 100 pM did not influence the MWT at 6 weeks after the STZ injection.

Abbreviations: DNP, diabetic neuropathic pain; h, hours; STZ, streptozotocin; w, weeks.
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weight gain, mechanical allodynia as well as impaired loco-
motor activity at Day 28, supporting the use of STZ-induced
diabetic rats as an animal model for studying the mechanisms
underlying early-stage (<4 weeks) type 1 diabetic polyneu-
ropathy.”’ In addition, 4 weeks after STZ injection, diabetic
rats exhibited behaviors indicative of neuropathic pain, and
this hypersensitivity persisted for up to 6 weeks.”® However,
STZ-induced diabetic animals exhibit hypoalgesia and
approximately 38% loss of intraepidermal nerve fibers at
6 weeks after STZ injection.” Moreover, Grotle et al indi-
cated that at 6 weeks after STZ treatment, the pressor and
cardioaccelerator responses to contraction were significantly
attenuated in diabetic rats, suggesting that afferent activity
decreases to some extent.’® Our experiments show that these
diabetic rats exhibit mechanical allodynia at 6 weeks after
induction (Figure 2A, 4 weeks: P<0.05; 2, 4, and 6 weeks:
P<0.01). This result is in agreement with the previous
observation that Paulson et al reported.?® It appears then that
changes at 6 weeks after STZ induction could be defined as
the later stages of DNP. MRS2211 at 10, 50, and 100 pM
exert anti-hyperalgesic effects in DNP rats but not in control
rats. Compared to the vehicle-treated DNP rats, MRS2211
produced a dose-dependent reversal of the mechanical
nociceptive threshold, with maximal reversal observed at
2 h after the MRS2211 injection in DNP rats (Figure 2B,
10 pM: P<0.05; 50 and 100 pM: P<0.01). MRS2211 10 pM
induced a slight but significant analgesic effect in DNP rats.
Furthermore, we noted that intrathecal injection of MRS2211
(10, 50, or 100 pM) attenuated diabetes-evoked mechanical
pain hypersensitivity mainly at 4 weeks, (Figure 2C, 10 pM:
P<0.05; 50 and 100 pM: P<0.01) but not at 6 weeks, after
the STZ injection. Therefore, MRS2211 appears to exert an
anti-hyperalgesic effect mainly in the early stage, but not in
the later stage, of the development of DNP.

Blockage of P2Y . receptors attenuates
the expression of P2Y . receptor, Iba-1,
IL-1B, and IL-6 in the dorsal spinal cord
of DNP rats

Increased expression of the P2Y , receptor in the dorsal spinal
cord has been observed in rats with spared nerve injury or
chronic constriction injury.?! It is clear that the accumulation
of proinflammatory cytokines in the dorsal spinal cord plays
an important role in the development of DNP.*? Therefore,
we detected the protein expression of the P2Y , receptor,
Iba-1, IL-1P, and IL-6 using Western blotting. We found
that, after STZ injection, the protein expression of the P2Y
receptor, Iba-1, IL-1B, and IL-6 in the ipsilateral spinal cord

was significantly increased at 2, 4, and 6 weeks after the
STZ injection. Compared with the control group, expres-
sion of the P2Y  , receptor sharply increased and peaked at
2 weeks after the STZ injection (Figure 3A and E: P<0.01).
In vehicle-treated DNP rats, the increased expression of
Iba-1 lasted for 6 weeks (Figure 3B and F: P<0.01). In addi-
tion, IL-1B and IL-6 expression sharply increased to peak at
4 weeks as compared to vehicle-treated DNP rats, and the
increased expression was sustained for 6 weeks (Figure 3C
and G: P<0.01; Figure 3D and H: P<0.01). The administra-
tion of MRS2211 (100 pM) did not change the expression
of spinal P2Y , receptor, Iba-1, IL-1B, and IL-6 in control
rats. Four weeks after the STZ injection, MRS2211 (100 pM)
significantly suppressed the increased expression of P2Y
(P<0.01), Iba-1 (P<0.01), IL-1pB (P<0.05), and IL-6 (P<0.01)
in the dorsal spinal cord of diabetic rats. However, at 6 weeks
after the STZ injection, MRS2211 (100 pM) did not affect the
13> Iba-1, IL-1PB, and IL-6 in the
dorsal spinal cord of diabetic rats. These observations suggest
that MRS2211 exerts an inhibitory effect on the increased
. Iba-1, IL-1PB, and IL-6 in the dorsal
spinal cord, mainly in early-stage, but not in later-stage, DNP.

increased expression of P2Y

expression of P2Y

Blockage of P2Y ; receptors attenuates
the concentration of IL-13 and IL-6 in the

dorsal spinal cord tissue of DNP rats

In the present study, Western blot analysis demonstrated that
prolonged administration of MRS2211 via the intrathecal
route significantly attenuated the increased expression of
IL-1B and IL-6 in DNP pathogenesis. To further ascertain
the role of the P2Y , receptor in the increased expression of
IL-1B and IL-6, we assessed concentrations of IL-1f and
IL-6 in the dorsal spinal cord tissue of DNP rats by using
ELISA. As shown in Figure 4, compared with the control
group, concentrations of IL-1p and IL-6 in the spinal cord
were significantly increased at 2, 4, and 6 weeks after STZ
injection (IL-1f: P<0.01; IL-6: P<0.01). The administration
of MRS2211 (100 pM) did not alter concentrations of IL-13
and IL-6 in the dorsal spinal cord of control rats. Intrathe-
cal administration of MRS2211 (100 pM) suppressed the
increase in the concentration of IL-1f and IL-6 in the spinal
dorsal horn, mainly at 4 weeks (IL-13: P<0.05; IL-6: P<0.05)
although not at 6 weeks after STZ injection in DNP rats.
These observations further confirm that blockage of P2Y
receptors could attenuate concentrations of IL-1 and IL-6 in
the dorsal spinal cord of DNP rats. Nevertheless, MRS2211
showed only a slight inhibitory effect on the increased expres-
sion of IL-1P.
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Figure 3 Intrathecal injection of MRS221 | (100 pM) attenuated the increased expression of P2Y R, Iba-1, IL-1B, and IL-6 in the dorsal spinal cord of DNP rats. (A) Western
blotting image of P2Y R expression. The top panel represents the target band, P2Y ;R protein, whereas the bottom panel shows the loading control B-actin. (B) Western
blotting image of Iba-1 expression. The top panel shows the target band, Iba-| protein, whereas the bottom panel shows the loading control B-actin. (C) Western blotting
image of IL-1P expression. The top panel shows the target band, IL-If protein, whereas the bottom panel shows the loading control B-actin. (D) Western blotting image of
IL-6 expression. The top panel shows the target band, IL-6 protein, whereas the bottom panel shows the loading control B-actin. (E) Western blotting quantitative analysis of
P2Y ;R expression. *P<0.0| indicates comparison with the control group; *P<0.01 indicates comparison with vehicle-treated DNP rats. n=8 per group. (F) Western blotting
quantitative analysis of Iba-| expression. **P<0.0| indicates comparison with the control group; *P<0.01 indicates comparison with vehicle-treated DNP rats. n=8 per group.
(G) Western blotting quantitative analysis of IL-1} expression. **P<0.0] means comparison with the control group; *P<0.05 means comparison with the vehicle-treated DNP
rats. n=8 per group. (H) Western blotting quantitative analysis of IL-6 expression. **P<0.0] means comparison with the control group; *P<0.0] means comparison with
vehicle-treated DNP rats. n=8 per group.

Abbreviations: DNP, diabetic neuropathic pain; STZ, streptozotocin; w, weeks.

BIockage of PZYI3 receptors attenuates its effects via the phosphorylation of STAT3.3* In addition,
the exp ression of J AK?2/STAT3 in the Dominguez et al reported that intrathecal administration of
dorsal spin al cord of rats with DNP IL-6 to naive rats rapidly activated microglial JAK/STAT3 and
It is clear that, after peripheral nerve injury, changes in induced downstream changes that closely resemble controlled
’ i cortical impact (CCI)-evoked alterations.’® Thus, we have

microglial reactivity in the dorsal spinal cord are associ- ) )
ated with early activation of JAK signal transducers and reason to speculate the possible role of the P2Y , receptor in
the STAT3 signaling pathway whose blockade attenuates IL-6 prOflucn.on a.s well as the elevated activation of JAK2/
STAT3 signaling in the development of DNP. Thereafter, we

local inflammation and development of neuropathic pain.’>** )
observed the effect of MRS2211 (100 pM) on the expression

IL-6 is one of the most prevalent cytokines that mediates
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of JAK2 and STAT3 in the dorsal spinal cord of DNP rats.
As shown in Figure SA and C, compared with the control
group, the expression of JAK?2 in the dorsal spinal cord was
significantly increased at 2, 4, and 6 weeks after STZ injection
(P<0.01). The expression of STAT3 in the dorsal spinal cord
was significantly increased at 4 and 6 weeks after STZ injec-
tion (Figure 5B and D, 4 and 6 weeks: P<0.01). At 4 weeks
after STZ injection, intrathecal administration of MRS2211
(100 pM) not only significantly inhibited the increased
expression of JAK?2 but also suppressed the increased expres-
sion of STAT3 (Figure 5, JAK2: P<0.05; STAT3: P<0.05) in
the spinal dorsal horn of diabetic rats. However, at 6 weeks
after STZ injection, the expression of JAK2 and STAT3 were
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not impaired by MRS2211 administration. Thus, it seems
that the inhibitory effect of MRS2211 on the expression of
JAK2/STAT3 is mainly present in the early stage, but not in
later stages, of DNP.

Blockage of P2Y . receptors attenuates
the expression of p-NR2B in the dorsal

spinal cord of rats with DNP

A growing body of evidence indicates that NMDA receptors
are composed of NR1 and NR2 A-D subunits that mediate
excitatory synaptic transmission and have an important
37-39

role in neuronal development, plasticity, and disease.

NR2B phosphorylation at tyrosine,,,, in the dorsal spinal
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Figure 4 Intrathecal injection of MRS221 | (100 pM) attenuated the increased concentration of IL-1f and IL-6 in the dorsal spinal cord of DNP rats. (A) The concentration of
IL-1B. *¥*P<0.01 means comparison with the normal group; *P<0.05 indicates comparison with vehicle-treated DNP rats. n=8 per group. (B) Concentration of IL-6. **P<0.01
indicates comparison with the control group; *P<0.05 indicates comparison with vehicle-treated DNP rats. n=8 per group.

Abbreviations: DNP, diabetic neuropathic pain; STZ, streptozotocin; w, weeks.
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Figure 5 Intrathecal injection of MRS221 | (100 pM) attenuated the increased expression of JAK2 and STAT3 in the dorsal spinal cord of DNP rats. (A) Western blotting image
of JAK2 expression. The top panel shows the target band, JAK2 protein, whereas the bottom panel shows the loading control B-actin. (B) Western blotting image of STAT3
expression. The top panel presents the target band, STAT3 protein, whereas the bottom panel shows the loading control B-actin. (C) Western blotting quantitative analysis
of JAK2 expression. **P<0.01 indicates comparison with the control group; *P<0.05 shows a comparison with vehicle-treated DNP rats. n=8 per group. (D) Western blotting
quantitative analysis of the STAT3 expression. **P<0.0] means comparison with the control group; *P<0.05 means comparison with vehicle-treated DNP rats. n=8 per group.
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cord is associated with remifentanil-induced postoperative
hyperalgesia.*’ In addition, increased expression of pTyr ...
NR2B is involved in spinal nerve ligation (SNL)-induced
neuropathic pain.*! Dang et al reported that expression of
p-NR2B in the dorsal spinal cord was significantly increased
in a rat model of type II DNP.*> Furthermore, we observed
the effect of MRS2211 on the phosphorylation of tyrosine
residues (pTyr .., 14,) in the NR2B at the dorsal

spinal cord of DNP rats. Surprisingly, we found that, at

and pTyr

4 weeks after the STZ injection, intrathecal administration
of MRS2211 significantly inhibited NR2B phosphorylation
at tyrosine ,,, but not at tyrosine, ., (Figure 6, pTyr
P<0.05). At 6 weeks after the STZ injection, pTyr
pTyr,,,, expression remained unimpaired by MRS2211

1336:
and

treatment. These observations suggest that the inhibitory
effect of MRS2211 on the expression of pTyr ..
obvious in the early stages, but not in the later stages, of

is more
DNP pathogenesis.

Discussion

A growing body of literature strongly supports the involve-
ment of extracellular nucleotides and their receptors in modu-
lating the origination and maintenance of neuropathologic
pain.* The P2Y , receptor — one of the most recently cloned
metabotropic P2Y nucleotide receptors — is involved in spinal
nociceptive transmission and nocifensive behavior after nerve
injury.** In mouse dorsal root ganglia (DRG), less-intense
P2Y , receptor immunoreactivity in larger-diameter neurons
suggests that these receptors may contribute to functional
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Figure 6 Intrathecal injection of MRS2211 (100 pM) attenuated the increased expression of pTyr
NR2B expression. The top panel shows the target band, pTyr
NR2B expression. The top panel shows the target band, pTyr

Western blotting image of pTyr
Western blotting image of pTyr .,
(C) Western blotting quantitative analysis of pTyr,,,.
treated DNP rats. n=8 per group. (D) Western blotting quantitative analysis of pTyr
Abbreviations: DNP, diabetic neuropathic pain; STZ, streptozotocin; w, weeks.

1336

properties of large A-fiber nociceptors. An ADPBS (P2Y
receptor agonist) of the P2Y , receptor can inhibit nocicep-
tive signaling in isolated DRG neurons and reduce behavioral
hyperalgesia in vivo.* However, the P2Y |, receptor expressed
in rat spinal dorsal horn microglial cells is upregulated and
involved in the phosphorylation of ROCK/p38 MAPK after
spared nerve injury.* In our experiments, the selective
P2Y , receptor antagonist MRS2211 considerably alleviated
mechanical allodynia, mainly in early-stage but not later-
stage DNP — which suggests that P2Y', receptor antagonists
may be candidates for early pain management in DNP.
Kobayashi et al reported that a robust increase in P2Y ,
receptor mRNA was observed in rat dorsal spinal cord
microglial cells after spared nerve injury.'* MRS2211
has been reported as a selective antagonist of the P2Y ,
receptor.*s*® In the rat peripheral nerve injury model, intra-
thecal administration of MRS2211 attenuated nerve injury-
induced spinal p38 MAPK phosphorylation and neuropathic
pain behavior.*® It is well known that, in different models
of neuropathic pain, the phosphor-P38MAPK in rat dorsal
spinal cord was found exclusively in microglia, but not in
neurons or astrocytes.**! Thus, it is evident that the dorsal
spinal cord microglia is a primary site that contributes to
MRS2211-mediated analgesia. In our experiments, intra-
thecal administration of MRS2211 has no effect on blood
glucose levels in STZ-induced diabetic rats, which suggests
that blood glucose levels are not associated with P2Y ,
receptor-mediated microglial activation in the dorsal spinal
cord. This result is in agreement with a previous observation
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113s NR2B and pTyr, .. NR2B in the dorsal spinal cord of DNP rats. (A)
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NR2B, whereas the bottom panel represents the loading control -actin.
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NR2B expression. *P<0.05 indicates comparison with the control group; *P<0.05 indicates comparison with vehicle-
NR2B expression. *P<0.05 means comparison with the normal group. n=8 per group.
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that blood glucose levels in naive and STZ-treated rats were
not affected after intrathecal injection of minocycline (a
selective inhibitor of microglial activation).®

The P2Y , receptor couples to Gi/o and is activated by
ADP. High ADP concentrations cause an increase in cyclic
adenosine monophosphate (cAMP) production, suggesting
that the P2Y , receptor can, in some instances, couple to Gs
(stimulatory G protein).” In sensory neurons, ADP acts at the
Gi-coupled P2Y |, receptors for modulation of nociceptor sen-
sitivity.** In the rat peripheral nerve injury model, extracellular
ADP stimulates microglial activation leading to rearrange-
ment of the actin-containing cytoskeletal structure through
P2Y , receptors; moreover, Rho-associated coiled-coil form-
ing protein kinase (ROCK) acts as an intracellular mediator
of these cytoskeletal modifications in spinal microglia.*
Soulet et al characterized a Gi-dependent pathway leading
to cell proliferation through phosphoinositide-3 kinase and a
Gi-independent pathway responsible for cytoskeletal changes
through Rho and Rho-kinase.*® These findings alert us to the
possibility that the Gi-independent pathway may be involved
inthe P2Y , receptor-related signaling pathway in dorsal horn
microglial cells. In cultured dorsal microglial cells, P2Y
receptor-mediated ROCK/P38MAPK/NF-kB signaling leads
to the increased expression and release of IL-1P and IL-6.'¢
For this reason, although our experiment does not directly
address the role of the Gi-independent ROCK/P38MAPK/
NF-kB pathway in the production and release of inflammatory
cytokines, the present finding alerts us to the possibility that
the Gi-independent ROCK/P38MAPK/NF-kB pathway may
be involved in P2Y , receptor-evoked production and release
of inflammatory cytokines in the dorsal horn of DNP rats.

Some reports reveal that IL-1 and IL-6 are upregulated in
the lumbar spinal cord following nerve injury.**** The exog-
enous intrathecal administration of IL-1fB or IL-6 induced
obvious pain behaviors in rats,*®’ whereas the blockade of
spinal IL-1f or IL-6 signaling relieved nerve injury-induced
neuropathic pain,>*¥% supporting important roles of spinal
IL-1P and IL-6 in the development of neuropathic pain. Fur-
ther research showed that IL-1p was localized to microglia
and minocycline inhibited carrageenan-induced increases in
spinal IL-1B expression.®' Moreover, a study by Rojewska
et al suggests that minocycline decreases the expression of
IL-1p and IL-6 within the spinal cord following sciatic nerve
injury.®? Similarly, in our study, significantly increased IL-1§
and IL-6 protein expression in the dorsal horn was observed
in STZ-treated rats. Treatment with MRS2211 significantly
attenuated mechanical allodynia and inhibited the increased
expression of IL-1[3 and IL-6 in diabetic rats; this opens up the

possibility that the increased expression of IL-1f and IL-6 is
mediated, at least in part, by the P2Y , receptor. In addition,
ELISA results show that MRS2211 treatment significantly
downregulated the concentration of these two proinflamma-
tory cytokines in the dorsal spinal cord tissue, which largely
confirms that MRS2211 can induce analgesia — probably and
partly due to its anti-inflammatory effect.

In the present study, intrathecal administration of
MRS2211 suppressed an increase in the expression of IL-6 in
the spinal dorsal horn. On the other hand, MRS2211 showed
only a slight inhibitory effect on the increased expression of
IL-1PB. This is probably because the cellular localization of
IL-1pB and IL-6 in the dorsal spinal cord is not similar. For
example, fluorocitrate or minocycline could decrease the
IL-1PB expression in a rat model of neuropathic pain induced
by resiniferatoxin — implying that astrocytes and microglia
could be a source of IL-1B.% In CCI rats, greater IL-13 and
GFAP co-expression is observed in the dorsal spinal cord,
which indicates that chronic neuropathic pain activated
astrocytes to release more IL-1f.¢4% Thus, IL-6 immuno-
reactivity localized to dorsal horn neurons, astrocytes, and
microglial cells.®® Minocycline attenuated pain behavior,
and a decrease in IL-6 concentration was observed in dor-
sal spinal cord microglial cells.®” Furthermore, in rats with
complete Freund’s adjuvant (CFA)-induced inflammatory
pain, inhibition of P38 activation by SB203580 suppressed
rat dorsal spinal cord IL-6, but not IL-1f3, production to the
normal level.®® Thus, it seems microglial cells are a primary
source for the increased production of IL-6. Moreover, we
noted that MRS2211 administration significantly reduced
Iba-1 expression in the dorsal spinal cord of DNP rats. These
experimental results indicate MRS2211 could efficiently
decrease microglial activity, which results in downregulation
of IL-1P and IL-6 production from microglial cells. However,
the production of IL-1P from dorsal spinal cord astrocytes
may not be impaired by MRS2211.

It is well known that IL-6—stimulation-induced activation
of JAK2/STAT3 has also been observed in many different
cell types.®7> IL-6 is critically involved in the development
and maintenance of central sensitization in different models
of chronic pain. Minocycline attenuated pain behavior, and
a decrease in IL-6 concentration was observed in dorsal
spinal cord microglial cells.®” Furthermore, the JAK2/STAT3
signaling pathway has been shown to play an important
regulatory role in microglial reactivity to various stimuli and
mediates proinflammatory responses in microglia in response
to various insults.”>® In the present study, in early-stage
DNP in STZ-induced DNP rats, the increased expression
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of IL-6 and JAK2/STAT3 in the dorsal spinal cord could
be significantly suppressed by MRS2211. Dominguez et al
suggested that intrathecal injection of anti-rat IL-6 antibodies
obviously prevented SNL-induced accumulation of phospho-
STATS3 in dorsal spinal cord microglia.** Moreover, STAT3
pathway blockade with AG490 (JAK2 inhibitor) attenuated
both mechanical allodynia and thermal hyperalgesia in
SNL rats.** Therefore, our results raise a possibility that
MRS2211 treatment can reduce P2Y , receptor activation
with a subsequent inhibition of IL-6 expression, resulting
in decreased expression levels of JAK2 and STAT3 in the
dorsal spinal cord tissue.

More evidence indicates that IL-6 immunoreactivity
was detected in microglia and astrocytes in the spinal dorsal
horn.”®”” Furthermore, morphological results from Qi et al
showed that almost all of the IL-6-immunoreactivity was
positive for Ibal in the dorsal horn.®® On the other hand,
the IL-6 receptor partly co-localized with NeuN, Iba-1, and
GFAP—positive-cells in the dorsal horn.*® Lin et al suggest that
blockade of IL-6 function markedly suppressed the activation
of astrocytes and microglia in the dorsal horn and reduced
the upregulation of glutamate receptor subunits NR2B in the
dorsal horn in rats with monosodium iodoacetate-induced
osteoarthritis.” These observations alert us to the possibility
that microglial P2Y , receptor signaling may lead to IL-6
production, which in turn may prompt microglial activation
through the JAK2/STAT3 signaling pathway.

It is clear that the activation of glial cells, the production
of inflammatory cytokines, and the expression p-NR2B
in the spinal dorsal horn increase significantly during the
pathogenesis of peripheral nerve injury-induced neuropathic
pain.” Spinal IL-6 can prompt a state of spinal hyperexcit-
ability.* Inhibition of IL-6 receptor activation suppressed
Fos expression and inhibited the upregulation of glutamate
receptor subunits NR2B in dorsal horn neurons in rats with
monosodium iodoacetate-induced osteoarthritis in dorsal
horn neurons.” Similarly, we found that, in early-stage DNP
in STZ-induced DNP rats, the increased expression of IL-6

and NR2B phosphorylation at tyrosine, ., in the dorsal spinal

1472
cord can be significantly suppressed by MRS2211. We could
preliminarily speculate that MRS2211 treatment can reduce
P2Y, receptor activation with a subsequent inhibition of
IL-6 expression, resulting in decreased expression levels of
NR2B phosphorylation at tyrosine
cord tissue of DNP rats.

Molet et al suggest that early JAK/STAT3 activation in

spinal cord microglia is associated with functional alteration

1136 In the dorsal spinal

of dorsal horn neurons and participates in spinal cord tis-
sue plasticity and remodeling that occurs after peripheral
nerve injury.*® In rat spinal cord slices, the JAK2/STAT3
inhibitor AG490 attenuated leptin-induced enhancement
of NMDA currents of dorsal horn neurons.®! Moreover,
the anti-nociceptive effect of triptolide (one of the major
active components of tripterygium extracts) was associated
with the inhibition of SNL-induced JAK2/STAT3 signaling
pathway activation and inhibited the upregulation of the
NR2B-containing spinal N-methyl D-aspartate receptor
(NMDAR).®2 It seems that JAK2/STAT3 activation may be,
at least partly, associated with increased expression levels of
NR2B phosphorylation at tyrosine ,,.. Of course, we noted
that MRS2211 only induced a moderate inhibitory effect on
the expression of JAK2, STAT3, and NR2B phosphorylation

at tyrosine .., which means that P2Y ; receptor activation

13362
may partially participate in the DNP-induced increase in the
expression of JAK2, STAT3, and NR2B phosphorylation at

tyrosine, .. . Interestingly, we found that NR2B phosphoryla-

1336°

tion at tyrosine .. was significantly decreased in the spinal

1336

cord, whereas NR2B phosphorylation at tyrosine,,,, was
unaffected in the dorsal spinal cord of MRS2211-treated
DNP rats. It appears that NR2B phosphorylation of Tyr

and of Tyr

1336
is regulated by respective signaling pathways.

1472

In summary, these results presented here strongly sug-
gest that the intrathecal selective P2Y ; receptor antagonist
MRS2211 produces an anti-nociceptive effect in early-stage
DNP. A possible mechanism mediating the analgesic effects
of MRS2211 is that blocking the P2Y ; receptor downregu-
lates levels of IL-1f and IL-6, which subsequently inhibits
the activation of the JAK2/STAT3 signaling pathway. In
addition, blocking P2Y, receptor activation can decrease
NR2B-containing NMDAR phosphorylation in dorsal spinal
cord neurons, thereby attenuating central sensitization in
STZ-induced DNP rats. Our results suggest that blocking
the P2, receptor may be a potential treatment strategy for
the treatment of NP in early-stage DNP.
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