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P2Y, receptor upregulation in satellite glial cells is involved
in neuropathic pain induced by HIV glycoprotein

120 and 2',3’-dideoxycytidine
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Abstract The direct neurotoxicity of HIV and neurotoxicity
of combination antiretroviral therapy medications both con-
tribute to the development of neuropathic pain. Activation of
satellite glial cells (SGCs) in the dorsal root ganglia (DRG)
plays a crucial role in mechanical and thermal hyperalgesia.
The P2Y, receptor expressed in SGCs of the DRG is in-
volved in pain transmission. In this study, we explored the
role of the P2Y, receptor in neuropathic pain induced by
HIV envelope glycoprotein 120 (gp120) combined with ddC
(2',3'-dideoxycytidine). A rat model of gp120+ddC-induced
neuropathic pain was used. Peripheral nerve exposure to HIV-
gp120+ddC increased mechanical and thermal hyperalgesia in
gp120+ddC-treated model rats. The gp120+ddC treatment in-
creased expression of P2Y, receptor mRNA and protein in
DRG SGCs. In primary cultured DRG SGCs treated with
gp120+ddC, the levels of [Ca®"]; activated by the P2Y, re-
ceptor agonist 2-(Methylthio) adenosine 5’-diphosphate
trisodium salt (2-MeSADP) were significantly increased.
P2Y, receptor shRNA treatment inhibited 2-MeSADP-
induced [Ca**]; in primary cultured DRG SGCs treated with
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gp120+ddC. Intrathecal treatment with a shRNA against
P2Y, receptor in DRG SGCs reduced the release of pro-
inflammatory cytokines, decreased phosphorylation of p38
MAPK in the DRG of gp120+ddC-treated rats. Thus, down-
regulating the P2Y, receptor relieved mechanical and ther-
mal hyperalgesia in gp120+ddC-treated rats.

Keywords HIV-gp120-associated neuropathic pain -
Antiretroviral therapy-associated neuropathic pain -
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Introduction

Infection by the human immunodeficiency virus (HIV) results
in progressive failure of the immune system in humans. Distal
symmetric polyneuropathy has been recognized as one of the
most common neurologic complications of HIV [1-3]. The
direct neurotoxicity of HIV and the neurotoxic effects of com-
bination antiretroviral therapy medications are both thought to
contribute to the development of HIV distal symmetric
polyneuropathy [1-3]. Glycoprotein 120 (gp120) is involved
in the indirect neurotoxic effects of HIV on the peripheral
nervous system [2, 4-6]. As one type of neurotoxic combina-
tion antiretroviral therapy drugs, nucleoside analog reverse-
transcriptase inhibitors have been shown to be associated with
distal symmetric polyneuropathy [1, 3, 7]. HIV and nucleoside
analog reverse-transcriptase inhibitors have synergistic neuro-
toxic effects. Indeed, distal symmetric polyneuropathy origi-
nating from HIV or use of nucleoside analog reverse-
transcriptase inhibitors are clinically indistinguishable from
one another [4, 7]. Animal studies have also demonstrated that
the combination of HIV and nucleoside analog reverse-
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transcriptase inhibitors may lead to an increased risk of path-
ological findings [8—10]. However, the pathogenesis of HIV
distal symmetric polyneuropathy in humans remains poorly
understood.

The dorsal root ganglia (DRG) play a crucial role in pain
pathways, as they are the first locus where pain sensation is
generated [11]. SGCs enwrap the DRG neuronal soma; the
neurons and their surrounding SGCs form a morphologi-
cally distinct functional unit [11-13]. When peripheral
nerve injury occurs, SGCs are activated, and the expres-
sion of inflammatory cytokines such as interleukin-1{3 (IL-
1) and tumor necrosis factor-oc (TNF-o) is upregulated.
These effects enhance the excitability of sensory neurons
[11, 13-15]. SGCs have multiple receptors for neurotrans-
mitters and other bioactive molecules [11, 13]. ATP is the
major transmitter mediating neuronal-SGC communication
[16—18]. ATP signals of sensory inputs can activate
ionotropic P2X receptors and metabotropic P2Y receptors
in the DRG. The P2Y, receptor is expressed in DRG
SGCs [19, 20]. However, the effects of the P2Y, receptor
on HIV added with combination antiretroviral therapy-
associated neuropathic pain in rats are unclear. In this
study, we investigated the role of the P2Y, receptor in
HIV-gp120 added with combination antiretroviral
therapy-induced neuropathology in rat DRG afferent
fibers.

Materials and methods
Animals and surgical methods

Healthy male Sprague-Dawley (SD) rats with a body mass of
180-250 g were provided by the Center of Laboratory Animal
Science of Nanchang University. All procedures were ap-
proved by the Animal Care and Use Committee of
Nanchang University Medical School. Experiments were per-
formed according to the guidelines of the US NIH regarding
the care and use of animals for experimental procedures.
Animals were maintained in a quiet environment with ade-
quate indoor ventilation and an air filtration system. The room
was maintained at 22 °C and 50% humidity with a 12:12-h
light/dark cycle and free feeding; cages and bedding were
changed frequently. The rats were randomly divided into five
groups (8-9 rats per group): the control group; the HIV-gp120
plus 2',3"-dideoxycytidine (ddC) (intraperitoneal injection,
i.p.) group (gp120+ddC group); the group of HIV-gp120+
ddC rats treated with the P2Y, receptor shRNA plasmid
(Invitrogen) interference (gp120+ddC+P2Y |, shRNA group);
the HIV-gp120+ddC rats treated with scrambled shRNA as a
negative control (gp120+ddC+NC group); and the rats treated
with a sham operation (sham group).
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A previously described technique was used for perineural
HIV-gp120 administration [21]. Briefly, the left sciatic nerve
of the SD rats was exposed at the popliteal fossa under 10%
chloral hydrate anesthesia (3 mL/kg, i.p., supplemented as
necessary) without damaging the nerve structure. A
2 x 6 mm strip of oxidized regenerated cellulose had previ-
ously been soaked in 250 ul of a 0.1% rat serum albumin
(RSA) saline solution containing 200 ng of gp120 (Sigma).
For the sham surgery, the 0.1% RSA contained no gp120. A 3
to 4-mm length of the sciatic nerve proximal to the trifurcation
was wrapped loosely with the soaked cellulose to avoid nerve
constriction and left in situ. The incision was closed with 4-0
sutures [6, 10, 21].

Then, animals received intraperitoneal injection of the
NRTI ddC (20 mg/kg, Sigma, St. Louis, MO). The ddC was
prepared in saline on the day of the experiment. After surgery,
the ddC group was given an i.p. injection of ddC (0.5 mL,
20 mg/kg) followed by injections three times per week at the
same dose. Animals in the sham group received the same
volume of saline injection immediately post-surgery.
Animals showing motor deficits after surgery were excluded.
On the 7th day after surgery, a single intrathecal injection of
P2Y, receptor shRNA plasmid (5 pg dissolved in Entrater™
in vivo, Engreen Biosystem Co., Ltd., Beijing) was per-
formed. Meanwhile, scrambled shRNA was intrathecally
injected into rats in the gp120+ddC+NC group.

Mechanical withdrawal threshold

The measurements of the mechanical withdrawal threshold
were implemented on day 0 (before operation), as well as days
1,3,5,7,9, 11, and 14 after the operation. Determination of
the mechanical withdrawal threshold was performed from
8:00 to 12:00 o’clock by using a BME-404 electronic me-
chanical stimulator (Institute of Biomedical Engineering,
Chinese Academy of Medical Sciences, Tianjin, China).
This device had a test needle with a 0.6-mm end face diameter,
a pressure measurement range of 0.1-50 g, and a pressure
measurement resolution of 0.05 g. An organic glass box
(22 x 22 x 12 cm) was placed on the sieve of the metal frame.
The rat was placed in the box for 30 min of adaptation. The
left hind paws were touched with the test needle until escape
behavior was observed. An effective escape behavior re-
sponse was defined as a rapid withdrawal and/or licking of
the paw immediately upon application of the stimulus.
Whenever there was an effective response, the force of the test
needle was adjusted to the next lowest setting. Whenever an
invalid response occurred, the next highest force was applied.
The pressure value was automatically recorded. Measurements
were performed 2-3 times for each rat (interval > 5 min), and
the mechanical withdrawal threshold was calculated as the
mean of these measurements [21-24].
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Measurement of the thermal withdrawal latency

The measurements of the thermal withdrawal latency were
also implemented on day 0 (before the operation), as well as
days 1,3,5,7,9, 11, and 14 after the operation. The latency to
hind paw withdrawal from a thermal stimulus was determined
by exposing the plantar surface of the hind paw to radiant heat
using a Thermal Paw Stimulation System (BME-410C,
Tianjin) [21-24]. Rats were placed in a transparent, square,
bottomless acrylic box (22 % 12 x 22 ¢cm) on a glass plate with
a light located underneath. After a 30-min habituation period,
the plantar surface of the paw was exposed to a beam of
radiant heat applied through the glass floor. Activation of the
bulb simultaneously activated a timer, and both were immedi-
ately turned off by paw withdrawal or at the 30-s cut-off time.
The hind paws were tested by a blinded observer 2-3 times at
5-min intervals.

RNA extraction and real-time reverse transcription (RT)
quantitative polymerase chain reaction (PCR)

On the 14th day after the operation, rats in the five groups
were anesthetized by 10% chloral hydrate (3 mL/kg, i.p.).
The L4-6 DRG were isolated immediately and flushed with
ice-cold PBS. Total RNA samples were prepared from the L4—
6 DRG of each group using the TRIzol Total RNA Reagent
(Beijing Tiangen Biotech Co.). cDNA synthesis was per-
formed with 2 pg of total RNA using a RevertAid First
Strand ¢cDNA SynthesisKit (Thermo Fisher Scientific,
USA). Primers were designed with Primer Express 3.0 soft-
ware (Applied Biosystems) using the following sequences:
P2Y, receptor forward 5-CTTCGTTCCCTTCCACTTTG-
3" reverse 5'-AGGGTGCTCTCCTTCACGTA-3'; B-actin,
forward 5-TAAAGACCTCTATGCCAACACAGT-3', re-
verse 5'-CACGATGGAGGGGCCGGACTCATC-3".
Quantitative PCR was performed using the SYBR® Green
MasterMix in an ABI PRISM® 7500 Sequence Detection
System (Applied Biosystems, Inc., Foster City, CA).
Quantification of gene expression was performed using the
AACT calculation with CT as the threshold cycle. The rela-
tive levels of target genes, which are normalized to the sample
with the lowest CT, are given as pAaaCT [21, 25]. Relative
expression levels of mRNA in the five groups were normal-
ized to 3-actin levels.

Western blotting

On the 14th day after the operation, the animals were anesthe-
tized, and tissue collection was performed as described above,
except that tissue was snap-frozen in tubes on dry ice during
collection [21, 23]. Briefly, on the 14th day after the operation,
the animals were anesthetized with chloral hydrate and the
L4-6 DRG were dissected. The DRG were isolated

immediately and rinsed in ice-cold phosphate-buffered saline
(PBS). The ganglia were homogenized by mechanical disrup-
tion in lysis buffer containing the following: 50 mM Tris-Cl
(pH = 8.0), 150 mM NaCl, 0.1% sodium dodecyl sulfate
(SDS), 1% Nonidet P-40, 0.02% sodium deoxycholate,
100 pg/mL phenylmethylsulfonyl fluoride, and 1 pg/mL
aprotinin. The cells were incubated on ice for 50 min. The
homogenates were then centrifuged at 12,000 rpm for
10 min, and the supernatants were collected. The quantity of
total protein in the supernatants was determined using the
Lowry method. After dilution with loading buffer (250 mM
Tris-Cl, 200 mM dithiothreitol, 10% sodium dodecyl sulfate
(SDS), 0.5% bromophenol blue, and 50% glycerol) and
heating the samples up to 95 °C for 5 min, samples containing
equal amounts of protein (20 pg) were separated by 10%
SDS—polyacrylamide gel electrophoresis using a Bio-Rad sys-
tem. The proteins were then transferred onto PVDF mem-
branes by electrophoretic transfer using the same system.
The membrane was blocked with 5% non-fat dry milk in
25 mM Tris-buffered saline (pH = 7.2) and 0.05% Tween 20
(TBST) for 2 h at room temperature; it was subsequently in-
cubated with rabbit monoclonal anti-P2Y, receptor (diluted
to a 1:1000 ratio, Abcam, USA), rabbit polyclonal anti-tumor
necrosis factor-a (anti-TNF-o), rabbit polyclonal anti-
interleukin-1 beta (IL-13) (1:1000 concentration, Abcam,
USA), rabbit anti-phospho-p38 (p-p38) MAPK and rabbit
anti-p38 MAPK (1:1000 dilutions, Abcam, USA), and mouse
monoclonal anti-f-actin antibody (1:800 concentration,
Beijing Zhongshan Biotech Co., China) at 4 °C overnight.
The membranes were washed three times with TBST and
incubated (1 h, room temperature) with a horseradish
peroxidase-conjugated secondary antibody (goat anti-mouse
IgG or goat anti-rabbit IgG, 1:2000, Beijing Zhongshan
Biotech Co.) in blocking buffer. After another wash cycle,
the labeled proteins were visualized by enhanced chemilumi-
nescence (ECL, Thermo Fisher Scientific, USA) on high-
performance film (Shanghai Pufei Biotech Co.). Chemilu
minescent signals were collected on autoradiography film,
and the band intensity was quantified using Image-Pro Plus
software. The relative band intensity of the target proteins was
normalized against the intensity of the respective {3-actin in-
ternal control.

Double-labeling immunofluorescence

On the 14th day after the operation, the animals were anesthe-
tized with chloral hydrate, the L4-6 DRG were dissected and
fixed in 4% paraformaldehyde (PFA) diluted in phosphate-
buffered saline [PBS: 145 mM NaCl, 7.3 mM Na,HPO,, and
2.7 mM NaH,PO, (pH = 7.2)] for 24 h. The ganglia were
dehydrated in 20% sucrose overnight at 4 °C and then cut into
8-um-thick sections. The sections were rinsed three times for
5 min in PBS and subsequently rinsed with 0.1% Triton X-100
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in PBS for 30 min at room temperature. Nonspecific staining was
blocked by incubation with 10% normal goat serum (Jackson
ImmunoResearch Inc., West Grove PA, USA). The sections were
then incubated with rabbit anti-P2Y, receptor (1:50, Alomone
Lab, Israel) and mouse anti-glial fibrillary acidic protein (GFAP)
(1:150, Millipore, USA) overnight at 4 °C. Subsequently, sec-
tions were incubated for 1 h at 37 °C with the secondary anti-
bodies, goat anti-rabbit IgG conjugated to tetracthyl rhodamine
isothiocyanate (1:200, TRITC, EarthOx, USA) and goat anti-
mouse IgG conjugated to fluorescein isothiocyanate (1:200,
FITC, EarthOx, USA). The fluorescently stained sections were
cover-slipped and examined under a fluorescence microscope
(Olympus, Tokyo, Japan). The mean optical density value was
calculated with the ImagelJ software package and used to describe
the staining intensity.

Isolation and primary culture of DRG satellite glial cells
(SGCs)

DRG SGCs from neonatal Sprague-Dawley rats were prepared
with a modification of previously described methods [26-28].
Briefly, 1 to 3-day-old neonatal rats were anesthetized, and the
DRG were harvested in ice-cold Hank’s balanced salt solution
(HBSS). The DRG were removed with fine dissecting forceps
from the inner side of each half of the dissected vertebrae
together with the dorsal and ventral roots and attached spinal
nerves. After removing the attached nerves and the surround-
ing connective tissue, the DRG were incubated with trypsin
(2.5 mg/mL; type III, Sigma), collagenase (1.0 mg/mL; type
IA, Sigma), and DNase (0.1 mg/mL; type IV, sigma) at 37 °C
in a shaking bath for 15 min. Subsequently, 10% fetal bovine
serum (FBS) was added to stop enzymatic digestion. After
centrifuging (5 min, 1000 rpm), the remaining ganglia were
dissociated into single cells by trituration with heat-polished
Pasteur pipettes and passed through nylon mesh with a pore
diameter size of 100 um. Isolated cells were suspended in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco by
Life Technologies) supplemented with 10% FBS and 1% pen-
icillin/streptomycin. These cells were seeded on uncoated
35 mm dishes at 37 °C with 5% CO, for up to 3 days. The
media were completely changed every day. Before electro-
physiological recording, DRG SGCs were cultured with or
without HIV-gp120 (500 pM) combined with ddC (50 uM)
for 48 h. The experiments were performed at room temperature
(20-30 °C) [26-28].

Intracellular Ca®* imaging

The primary cultured SGCs were divided into four groups: con-
trol, gp120+ddC, gp120+ddC+P2Y, receptor shRNA, and
gp120+ddC+NC groups. All groups were treated with their cor-
responding reagent for 48 h. The dissociated DRG SGCs were
then loaded with fluo-3AM (5 uM, Molecular Probes/Invitrogen
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Corporation, Carlsbad, CA) for 40 min at 37 °C temperature in a
balanced salt solution (HBSS) (NaCl (140 mM), HEPES
(10 mM), CaCl, 2 mM), MgCl, (1 mM), glucose (10 mM),
and KCI (50 mM)). Cells were rinsed with HBSS and mounted
in a chamber that was placed onto the inverted microscope;
HBSS was perfused continuously at a rate of 1 mL/min.
Intracellular calcium was measured by a xenon arc lamp, inter-
ference filters, an electronic shutter (MT 20, Germany), a x 20
objective (Olympus, Japan), and digital video microfluorometry
with an intensified CCD camera coupled to a microscope
(Olympus, Japan). The excitation wavelengths for the fluo-
3AM (485 nm) were selected by a filter changer. The P2Y,
receptor-specific agonist 2-(Methylthio) adenosine 5'-diphos-
phate trisodium salt (2-MeSADP, Sigma) was applied directly
to the cover slip bathing solution after perfusion was stopped.
In all of the experiments, a concentration of 100 1M was used to
ensure maximal activation. Cells were reconstituted in 0.1%
BSA/PB. If no response was seen within 1 min, the 2-
MeSADP was washed out. A minimum of 50 SGCs were ana-
lyzed for each group [26, 27]. The fluorescence ratio F/FO, where
FO is the baseline, was used to describe relative changes in
[Ca®*]; with Cell® Sens software (Olympus Soft Imaging
Solutions (OSIS), Germany) [26, 27].

Statistical analysis

The data were analyzed using SPSS 20 software. The numer-
ical values are reported as the mean + SE. Statistical signifi-
cance was determined by one-way analysis of variance
(ANOVA) followed by the Fisher’s post hoc test for multiple
comparisons. A value of p < 0.05 was considered to be statis-
tically significant.

Results

P2Y;, receptor expression in the DRG is upregulated
in gp120+ddC-treated rats

There was no difference in the relative levels of P2Y, receptor
mRNA between the sham group and the control group
(p > 0.05). Expression levels of the P2Y, receptor mRNA in
the gp120+ddC group were significantly higher compared to the
sham group (p < 0.01, n = 8 for each group). In gp120+ddC rats
treated with P2Y |, receptor shRNA, expression levels of P2Y |,
receptor mRNA were significantly lower than in the gp120+ddC
rats (p < 0.01) (Fig. la, n = 8 for each group). There was no
difference in expression levels of P2Y, receptor mRNA be-
tween the gp120+ddC group and the gp120+ddC+NC group
(p > 0.05).

There was no difference in the relative levels of the P2Y,
receptor protein between the sham group and the control
group (p > 0.05). Image analysis indicated that P2Y |, receptor
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Fig. 1 P2Y,, receptor in the DRG is upregulated in gp120+ddC-treated
rats. a Expression of P2Y; receptor mRNA in the DRG was measured by
RT-gPCR. Expression in the gp120+ddC group was higher than in the
sham group (p < 0.01). In gp120+ddC rats treated with P2Y, receptor
shRNA, expression was significantly lower than in the gp120+ddC rats
(p < 0.01). The experiment was performed three times (n = 8 per group).
Data are presented as the means =+ SE. *#p < 0.01 compared to the sham
group; ##p < 0.01 compared to the gp120+ddC-treated group. b
Expression of P2Y, receptor protein in the DRG was assessed by
Western blotting. Protein expression in the gp120+ddC-treated group
was increased compared to the sham group (p < 0.01). In gp120+ddC
rats treated with P2Y, receptor shRNA, expression was significantly
lower than in the gp120+ddC rats (p < 0.01). Bar graphs show the ratio
ofthe P2Y, receptor protein level to (3-actin level in each group. Data are
displayed as the means = SE. **p < 0.01 compared to the sham group;
##p < 0.01 compared to the gp120+ddC group

T
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protein expression (normalized to each 3-actin internal con-
trol) in the gp120+ddC group was significantly enhanced
compared to the sham group (p < 0.01, n =9 for each group).
The relative levels of P2Y |, receptor protein expression in the
gp120+ddC+P2Y |, receptor shRNA group were lower than
that in the gp120+ddC group (p < 0.01) (Fig. 1b). There was
no difference in the expression levels of the P2Y, receptor
protein between the gp120+ddC group and the gp120+ddC+
NC group (p > 0.05).

The results tested by RT-qPCR and Western blotting indi-
cated that gp120 combined with ddC treatment upregulated
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Fig. 2 Intrathecal treatment with a shRNA against P2Y, receptor
relieves mechanical and thermal hyperalgesia in gp120+ddC-treated
rats. a The mechanical withdrawal threshold in the gp120+ddC group
was lower than in the control group (p < 0.01). No difference was
found between the sham group and the control group (p > 0.05). In
gp120+ddC rats treated with P2Y, receptor shRNA, the mechanical
withdrawal threshold was higher than in the gp120+ddC group that did
not receive P2Y, receptor shRNA (p < 0.01). No difference was found
between the gpl120+ddC+NC group and the gp120+ddC group
(p > 0.05). Each group consisted of eight rats. Data are displayed as the
means + SE. *p < 0.05 compared to the control group; **p < 0.01
compared to the control group; #p < 0.05 compared to the gp120+ddC-
treated group; ##p < 0.01 compared to the gp120+ddC-treated group. b
The thermal withdrawal latency in the gp120+ddC group was gradually
shorter than in the sham group (p < 0.05 or p < 0.01). No difference was
found between the sham group and the control group (p > 0.05). In
gp120+ddC rats treated with P2Y, receptor shRNA, the thermal
withdrawal latency was higher than in the gp120+ddC group
(p < 0.01). No difference was found between the gp120+ddC+NC
group and the gp120+ddC group (p > 0.05). Each group consisted of
eight rats. The data are displayed as the means = SE. *p < 0.05
compared to the sham group; **p < 0.01 compared to the sham group;
#p < 0.05 compared to the gp120+ddC-treated group; and ##p < 0.01
compared to the gp120+ddC-treated group

the expression of P2Y;, receptor mRNA and protein, intrathe-
cal treatment with a sShRNA against P2Y |, receptor decreased
the upregulated expression of P2Y |, receptor mRNA and pro-
tein in the gp120+ddC treatment group.
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P2Y;, receptor upregulation in the DRG is involved
in mechanical and thermal hyperalgesia in gp120
and ddC-treated rats

There was no difference in the mechanical withdrawal thresh-
old between the sham group and control group (p > 0.05). At 5
to 14 days post-surgery, the mechanical withdrawal threshold
in the gp120+ddC group was gradually lower than that in the
sham group (p < 0.01). The mechanical withdrawal threshold
in the gp120+ddC+P2Y |, receptor shRNA group was gradu-
ally higher compared to the gp120+ddC group after day 7
(p < 0.01) (Fig. 2a, n = 8 for each group). There was no
difference in the mechanical withdrawal threshold between
the gp120+ddC group and the gpl120+ddC+NC group
(p > 0.05).

There was no difference in the thermal withdrawal latency
between the sham group and the control group (p > 0.05). At 5
to 14 days after the operation, the thermal withdrawal latency
in the gp120+ddC group was gradually shorter than thermal
withdrawal latency in the sham group (p < 0.01). The thermal
withdrawal latency in the gp120+ddC+P2Y, receptor
shRNA group was gradually longer compared to the gp120+
ddC group after day 7 (p < 0.01) (Fig. 2b, n = 8 for each
group). There was no difference in the thermal withdrawal
latency between the gp120+ddC group and the gp120+ddC+
NC group (p > 0.05).

The results suggested that gp120 combined with ddC treat-
ment induced mechanical hyperalgesia and thermal
hyperalgesia. After intrathecal treatment with a shRNA
against P2Y |, receptor, the hyperalgesia was diminished.
This indicated that P2Y;, receptor was involved in the
gp120 combined with ddC treatment induced hyperalgesia.

Intrathecal treatment with a shRNA against P2Y,
receptor reduced the upregulated co-localization values
of P2Y, receptor and GFAP in the DRG

of gp120+ddC-treated rats.

GFAP is a marker of satellite glial cells (SGCs) [13]. The
upregulation of GFAP in SGCs suggests the activation of
SGCs after gp120+ddC treatment. Co-localization values of
P2Y,, receptor and GFAP in the gp120+ddC group were
higher than those in the sham group. No difference was found
between the control rats and the sham rats. Intrathecal treat-
ment with a sShRNA against P2Y, receptor was associated
with lower co-localization values for P2Y, receptor and
GFAP in gp120+ddC+P2Y, receptor shRNA-treated rats
compared to gpl120+ddC-treated rats. There was no signifi-
cant difference between the gp120+ddC group and the
gp120+ddC+NC group (Fig. 3, n = 8 for each group). The
results indicated that the P2Y, receptor in SGCs of gp120+
ddC rats was involved in the activation of SGCs and related to
pathological injury.

Intrathecal treatment with a shRNA against P2Y,
receptor reduced expression of pro-inflammatory
cytokines in gp120+ddC-treated rats

Image analysis indicated that TNF-« and IL-13 protein ex-
pression values (normalized to each (3-actin internal control)
in the gp120+ddC group were significantly higher than
those in the sham group (p < 0.01, n = 9 for each group).
There was no difference in TNF-o and IL-13 protein ex-
pression between the sham group and the control group
(p > 0.05). The relative levels of TNF- and 1L-1f3 protein

gpl20  gp120+ddC gp120+ddC
control sham +ddC  +P2Y,, shRNA +NC
SR o
Merge “\, ! fgf' §
Y ‘* }ff..

Fig. 3 Intrathecal treatment with a shRNA against P2Y, receptor
reduces the upregulation of P2Y, receptor and GFAP co-localization
values in the DRG of gp120+ddC-treated rats. Co-localization of P2Y,
receptor and GFAP in the gp120+ddC group was higher than in the sham
group. No difference was found between control and sham rats. Silencing
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Scale bar: 50 pm

of P2Y, receptor reduced the co-localization values of P2Y, receptor
and GFAP in gp120+ddC+P2Y , receptor shRNA-treated rats compared
with gp120+ddC-treated rats that did not receive P2Y, receptor shRNA.
There was no significant difference between the gp120+ddC group and
the gp120+ddC+NC group
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Fig. 4 Intrathecal treatment with a shRNA against P2Y, receptor
decreases the expression of TNF-« and IL-13 protein in the DRG of
gp120+ddC-treated rats. a Expression of the TNF-« protein (normalized
to each {3-actin internal control) in the gp120+ddC group was higher
compared to sham group (p < 0.01). No difference was found between
the sham group and the control group (p > 0.05). In gp120+ddC rats
treated with P2Y, receptor shARNA, TNF-«x protein expression was low-
er compared to gp120+ddC group (p < 0.01). No difference was found
between the gp120+ddC+NC group and the gp120+ddC group
(p > 0.05). Bar graphs show the ratio of TNF-« protein level to (3-actin
level in each group. Data are displayed as the means = SE (n = 9 per
group). **p < 0.01 compared to the control group; ##p < 0.01 compared
to the gp120+ddC-treated group. b Expression of the IL-1{3 protein (nor-
malized to each {3-actin internal control) in the gp120+ddC group was
higher than in the sham group (p < 0.01). No difference was found be-
tween the sham group and the control group (p > 0.05). In gp120+ddC
rats treated with P2Y, receptor shRNA, expression levels of the IL-13
protein were lower than in the gp120+ddC group that did not receive
P2Y, receptor shRNA (p < 0.01). No difference was found between
the gp120+ddC+NC group and the gp120+ddC group (p > 0.05). Bar
graphs show the ratio of IL-1f3 protein to 3-actin in each group. The data
are displayed as the means + SE (n = 8 per group). **p < 0.01 compared
to the control group; ##p < 0.01 compared to the gp120+ddC-treated

group

expression in the gp120+ddC+P2Y |, receptor shRNA group
were lower than those in the gp120+ddC group (p < 0.01)
(Fig. 4). There was no difference in TNF-o and IL-1{3 pro-
tein expression between the gpl120+ddC group and the
gp120+ddC+NC group (p > 0.05). The results showed that
gp120 combined with ddC treatment increased the release of
pro-inflammatory cytokines, intrathecal treatment with a
shRNA against P2Y |, receptor decreased the release of
pro-inflammatory cytokines in the gp120+ddC group.

Intrathecal treatment with a shRNA against P2Y,
receptor inhibits activation of the p38 MAPK pathway
in the DRG of gp120+ddC-treated rats

Phosphorylation and activation of p38 MAPK are involved in
inflammatory pain. The integrated optical density (IOD) ratio
of p38 MAPK to [-actin was not significantly different be-
tween the gp120+ddC and sham groups (p > 0.05). There was
likewise no difference in the p38 MAPK/3-actin IOD ratio
between the sham and control groups (p > 0.05). However,
the p-p38 MAPK/p38 MAPK 10D ratio was higher in the
gp120+ddC group than the sham group (» < 0.01, n = 8 for
each group) (Fig. 5). There was no difference in the p-p38
MAPK/p38 MAPK IOD ratio between the sham group and
control group (p > 0.05). These results indicated that p38
MAPK phosphorylation in the DRG is related to P2Y,
receptor-mediated hyperalgesia in the gp120+ddC-treated rats.

In addition, we tested whether the administration of P2Y;,
receptor shRNA affected the phosphorylation of p38 MAPK
in the DRG of the gp120+ddC group. The p-p38 MAPK/p38
MAPK IOD ratio in the gp120+ddC+P2Y |, receptor shRNA
group was significantly lower than that of the gp120+ddC
group (p < 0.01, n = 8 for each group) (Fig. 5). There was
no difference in the p-p38 MAPK/p38 MAPK IOD ratio be-
tween the gp120+ddC and gp120+ddC+NC groups
(p > 0.05). These results suggest that intrathecal treatment
with a shRNA against P2Y, receptor decreased the phos-
phorylation and activation of p38 MAPK in the DRG of the
gp120+ddC-treated rats and then decreased the hyperalgesia
in the gp120+ddC-treated rats.

Treatment with a shRNA against P2Y, receptor inhibits
P2Y,,-agonist-activated [Ca®"];in primary cultured DRG
SGC:s treated with gp120 and ddC

The dynamic change of fluorescence of [Ca”*]; activated by
the P2Y, receptor agonist 2-MeSADP (100 uM) in primary
cultured DRG SGCs were shown by Fig. 6a, b. The change of
[Ca**]i in gp120+ddC treatment SGCs was larger than that in
the control SGCs (n = 50). P2Y |, receptor shRNA treatment
inhibited 2-MeSADP-induced [Ca”*]; in primary cultured
DRG SGCs treated with gp120+ddC (n = 50). These results
indicated that gp120 combined with ddC treatment caused
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Fig. 5 a, b Intrathecal treatment
with a shRNA against P2Y |,
receptor inhibits activation of the
p38 MAPK pathway in the DRG
of gp120+ddC-treated rats. The
integrated optical density (I0D)
ratio of p38 MAPK to f3-actin
was not significantly different
between the gp120+ddC group
and the sham group (p > 0.05).
There was no difference in the
10D ratio of p38 MAPK to f3-
actin between the sham group and
the control group (p > 0.05). The
10D ratio of p-p38 MAPK to p38
MAPK was higher in the gp120+
ddC group than the sham group
(p <0.01, n = 8 for each group).
There was no difference in the
10D ratio of p-p38 MAPK to p38
MAPK between the sham group
and control group (p > 0.05). The
10D ratio of p-p38 MAPK to p38
MAPK in the gp120+ddC+P2Y |,
receptor shRNA-treated rats was
significantly lower than in the
gp120+ddC group (p <0.01,n=8
for each group). The data are
displayed as the means + SE,
n=38.**p <0.01 compared to the
control group; ##p < 0.01 com-
pared to the gp120+ddC group

p-p38 MAPK protein expression
(The ratio of p-p38 MAPK/ p38 MAPK)

activation of the P2Y, receptor in primary cultured SGCs,
then followed by larger [Ca**];. P2Y ;, receptor shRNA treat-
ment inhibited [Ca®*]; by downregulating of P2Y, receptor.

Discussion

The present study demonstrated that the levels of P2Y, re-
ceptor mRNA and protein in the DRG were upregulated in
gp120+ddC-treated rats. The P2Y, receptor is involved in
inflammatory and neuropathic pain [19, 29]. Meanwhile, me-
chanical and thermal hyperalgesia in gp120+ddC-treated rats
was increased when the upregulation of P2Y |, receptor in the
DRG. Our findings indicated that the treatment of HIV-
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gp120+ddC on the rats can induce neuropathic pain, this
may attribute to the upregulation of the P2Y, receptor in
the DRG. After the administration of P2Y, receptor sShRNA
decreased expression levels of the P2Y;, receptor and rescued
the mechanical withdrawal threshold and thermal withdrawal
latency in gp120+ddC-treated rats. Our findings suggested
that the upregulation of the P2Y |, receptor in the DRG was
related to the mechanical and thermal hyperalgesia induced by
HIV-gp120+ddC treatment.

DRG neurons are surrounded by an envelope of SGCs [12,
13, 15]. Damage causes SGCs to contribute to neuropathic
pain [12, 13, 15, 30]. GFAP was elevated in DRG SGCs after
gp120+ddC treatment since GFAP is considered a marker of
SGCs activation, the finding suggested the activation of SGCs
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Fig. 6 Treatment with a sSARNA a
against P2Y, receptor inhibits
P2Y, receptor agonist-activated
[Ca®*]; in DRG SGCs cultured
with gp120+ddC. P2Y, receptor
agonist-activated [Ca**]; in DRG
SGCs was recorded by calcium
fluorescence imaging. The ratio
of F/FO fluorescence for [Ca®*];
activated by the P2Y, receptor
agonist 2-MeSADP (100 uM) in
DRG SGCs cultured with gp120+
ddC was higher than in controls
(a, b). P2Y, receptor shRNA
treatment inhibited 2-MeSADP-
induced [Ca®*]; in DRG SGCs
cultured with gp120+ddC treat-
ment (p < 0.01). The dynamic
change of fluorescence of [Ca®*]i
activated by the P2Y, receptor
agonist 2-MeSADP (100 uM) in
primary cultured DRG SGCs
were shown in b. Data are
displayed as the means + SE,

n =50 cells for each group
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after nerve injury. The P2Y, receptor is expressed in the
DRG SGCs [19, 20]. Co-localization values of P2Y, receptor
and GFAP in the gp120+ddC group were higher than those in
the sham group. Thus, P2Y, receptor in DRG SGCs of the
gp120+ddC rats is likely to participate in signal transmission
of nerve injury. Intrathecal treatment with a shRNA against
P2Y, receptor decreased co-localization values of P2Y, re-
ceptor and GFAP in gp120+ddC-treated rats. These data indi-
cated that the treatment of HIV-gp120+ddC on the rats can
activate SGCs in the DRG, through enhancing the expression
of GFAP and P2Y, receptor in the SGCs and increasing the
transmission of nociception, which resulted in neuropathic
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Time(sec)

pain. Therefore, when the rats were treated with P2Y |, recep-
tor shRNA, the co-localization of GFAP and P2Y, receptor
were decreased, and the pain behaviors in the rats were
relieved.

HIV-gp120 also has direct and indirect effects on nerves by
stimulating the nervous system to release pro-inflammatory
cytokines [1, 22, 31, 32]. Pro-inflammatory cytokines can ac-
tivate SGCs, as a feedback, SGC activation may cause more
release of pro-inflammatory cytokines, that will increase ab-
normal neuronal excitability and contribute to neuropathic
pain. TNF-o and IL-1(3 play important roles in neuropathic
pain [33, 34]. Our results showed that expression levels of
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P2Y, receptor mRNA and protein were enhanced in gp120+
ddC-treated rats and were accompanied by upregulated IL-13
protein. TNF-« in DRG neurons enhances neuronal excitabil-
ity [35] and IL-1f3 release during neuropathic pain requires
P2Y, receptor activation [36]. Consistent with these reports,
expression levels of TNF-« and IL-13 protein were increased
in the DRG of the gp120+ddC-treated rats. Therefore, the up-
regulation of IL-1{3 protein and TNF-« in the DRG may in-
duce abnormal neuronal excitability in the DRG, and this ex-
citability may have enhanced hyperalgesia in gp120+ddC-
treated rats. Our results also showed that hyperalgesia in
gp120+ddC rats treated with P2Y, receptor shRNA was de-
creased by downregulation of IL-1f3 protein and TNF- in the
DRG. The data further indicated that the upregulation of P2Y,
receptor induced the release of IL-1(3 and TNF-«, which pro-
moted the neuropathic pain in gp120+ddC-treated rats.

The p38 MAPK signaling is critical in neuropathic pain
[37]. Thus, blockade of p38 MAPK activation in the DRG
can decrease mechanical and thermal hypersensitivity. Prior
research suggests that the P2Y, receptor may activate p38
MAPK after peripheral nerve injury [38, 39]. In the present
study, the integrated optical density (IOD) ratio of p-p38
MAPK to p38 MAPK in the gp120+ddC group was higher
than in the sham group. Thus, we conclude that p38 MAPK
phosphorylation in the DRG of gp120+ddC-treated rats is in-
volved in hyperalgesia that induced by gp120+ddC treatment.
After treatment with P2Y |, receptor shRNA, the IOD ratios of
p-p38 MAPK to p38 MAPK in the gp120+ddC+P2Y, recep-
tor shRNA-treated rats were significantly lower than that in the
gp120+ddC group. Simultaneously, P2Y, receptor shRNA
treatment decreased the expression of P2Y, receptor as well
as phosphorylation and activation of p38 MAPK in the DRG of
gp120+ddC-treated rats. The subsequent reduction of p-p38
MAPK in gp120+ddC-treated rats correlated well with changes
in mechanical and thermal hyperalgesia after P2Y, receptor
shRNA treatment. Therefore, the increasing phosphorylation
and activation of p38 MAPK in the DRG of gp120+ddC-treat-
ed rats aggravated mechanical and thermal hyperalgesia, and
the P2Y, receptor was involved in hyperalgesia through the
p38 MAPK signaling pathway.

Activation of the P2Y |, receptor contributes to Ca’" eleva-
tion [40]. The endogenous agonists of P2Y |, receptor are
ADP and ATP. Because 2-MeSADP is a P2Y 12 receptor-
specific agonist, we used it to induce [Ca2+]i in primary cul-
tured DRG SGCs. In this study, the fluorescence resulting
from [Ca®*]; activated by the P2Y, receptor agonist 2-
MeSADP was significantly increased in primary cultured
DRG SGCs treated with gp120 and ddC. On the contrary,
P2Y, receptor shRNA treatment inhibited 2-MeSADP-
induced [Ca”*]; in these cells. Treatment of the rat paw with
TNF-o and IL-1(3 decreases nociceptive thresholds and pro-
duces nociceptive hypersensitivity [11, 41]. Treatment with
TNF-« and IL-1f3 can increase intracellular Ca?t transients,
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depolarize membrane potentials, reduce threshold currents for
action potentials, and elicit spontaneous firing in DRG neu-
rons [15, 42, 43]. The administration of P2Y, receptor
shRNA in the SGCs may reduce the release of pro-
inflammatory cytokines. SGCs and neurons can communicate
through transmission of Ca** signals in the peripheral ganglia
[44]. ATP and its metabolite ADP are used for communicating
between glial cells and neurons [45, 46]. Either ATP or its
metabolite ADP activates the P2Y, receptor in DRG SGCs
[45, 46]. Our results suggested that the inhibition of the P2Y,
receptor in the gp120+ddC-treated rats was accompanied by
reduced communication between SGCs and neurons.

In conclusion, the current study demonstrated that periph-
eral nerve exposure to HIV-gp120+ddC increased mechanical
and thermal hyperalgesia in rats. The gp120+ddC treatment
increased expression of the P2Y, receptor in DRG SGCs.
This upregulation promoted transmission of [Ca®*]; between
the SGCs and the neurons, as well as the release of pro-
inflammatory cytokines (IL-1{3 and TNF-«). IL-13 and
TNF-oincreased the sensitivity of neurons in the DRG, which
resulted in neuropathic pain behaviors induced by gp120+ddC
treatment. The administration of P2Y, receptor shRNA in
DRG SGCs reduced the release of pro-inflammatory cyto-
kines, and decreased the phosphorylation of p38 MAPK in
the DRG of gp120+ddC-treated rats. Therefore, inhibition of
the P2Y, receptor relieved mechanical and thermal
hyperalgesia in gp120+ddC-induced neuropathic pain.
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