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Abstract Hyperalgesia and allodynia are commonly
observed in patients with diabetic neuropathy. The mech-
anisms responsible for neuropathic pain are not well
understood. Thus, in this study, we examined the role
played by purinergic P2X3 receptors of the midbrain
periaqueductal gray (PAG) in modulating diabetes-induced
neuropathic pain because this brain region is an important
component of the descending inhibitory system to control
central pain transmission. Our results showed that
mechanical withdrawal thresholds were significantly
increased by stimulation of P2Xj; receptors in the dorso-
lateral PAG of rats (n = 12, P < 0.05 vs. vehicle control)
using o,B-methylene-ATP (o,B-meATP, a P2X; receptor
agonist). In addition, diabetes was induced by an intra-
peritoneal injection of streptozotocin (STZ) in rats, and
mechanical allodynia was observed 3 weeks after STZ
administration. Notably, the excitatory effects of P2Xj3
stimulation on mechanical withdrawal thresholds were
significantly blunted in STZ-induced diabetic rats (n = 12,
P < 0.05 vs. control animals) as compared with control
rats (n = 12). Furthermore, the protein expression of P2X3
receptors in the plasma membrane of the dorsolateral PAG
of STZ-treated rats was significantly decreased (n = 10,
P < 0.05 vs. control animals) compared to that in control
rats (n = 8), whereas the total expression of P2Xj; recep-
tors was not significantly altered. Overall, data of our
current study suggest that a decrease in the membrane
expression of P2X; receptors in the PAG of diabetic rats is
likely to impair the descending inhibitory system in
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modulating pain transmission and thereby contributes to
the development of mechanical allodynia in diabetes.
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Introduction

Diabetes mellitus is one of the most common chronic
medical problems affecting millions of people worldwide
and is the most dominant cause of neuropathy [19]. A
frequent complication of diabetes is unremitting pain,
which leads to a reduced quality of life. Patients with
diabetes often experience various aberrant sensations
including spontaneous pain and hypersensitivity to
mechanical or thermal stimuli (namely hyperalgesia and
allodynia) followed by the long-term paradoxical loss of
stimulus-evoked sensation [3, 9]. Neuropathic pain is likely
to result from disorders of the peripheral nervous system or
the central nervous system (brain and spinal cord) [13, 17].
Treatment options for these abnormal sensations have been
limited, partly because of our poor understanding of the
underlying mechanisms by which neuropathic pain is
induced by diabetes.

The midbrain periaqueductal gray (PAG) is a substantial
component of the descending pain modulatory network and
exerts inhibitory or excitatory control on pain transmission
via the rostral ventromedial medulla, which in turn projects
to the spinal dorsal horn [2, 6], the first synaptic site of
sensory nerve inputs. These findings are of particular
interest because of the pivotal role of the PAG in integrating
an animal’s somatomotor, autonomic and behavioral
responses to pain [1], most of which are associated with
diabetes. Among regions of the PAG, the dorsolateral region
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also receives abundant afferent inputs from the spinal cord
and sends descending neuronal projections to the medulla in
integrating those physiological functions [6]. Importantly,
accumulated evidence from recent studies has shown that
the PAG plays a role in regulating neuropathic pain [13, 16].
Nevertheless, the underlying molecular/receptor mecha-
nisms responsible for the PAG-mediated activities in the
engagement of neuropathic pain remain unclear.

Adenosine triphosphate (ATP) released from numerous
regions of the brain has been reported to be a mediator
involved in synaptic transmission and functional integra-
tion in the central nervous system [5, 15]. As a fast neu-
rotransmitter [15], the action of ATP in the brain is
mediated via purinergic P2X receptors [14]. Also, P2X
receptors exist in the PAG [21, 23], and a crucial study has
previously demonstrated that activation of subtype P2Xj3
receptors increases excitatory glutamatergic synaptic
transmission within the dorsolateral PAG [23]. Given that
the PAG has a regulatory effect on neuropathic pain [13,
16], P2X;5 receptors within the dorsolateral PAG neurons
are likely engaged in regulating the transmission of the
neuropathic pain observed in diabetes. On the basis of the
evidence, in this report, we examined mechanical with-
drawal thresholds in streptozotocin (STZ)-induced diabetic
rats and control rats after stimulation of P2Xj receptors
within the dorsolateral PAG. We further examined the total
and membrane protein expressions of P2X; receptors in the
PAG of diabetic and control rats. We hypothesized that
diabetes induced by STZ decreases the membrane expres-
sion of P2Xj3 receptors in the PAG, thereby leading to a
blunted descending inhibitory system in modulating pain
transmission, and this plays a role in the development of
mechanical allodynia in diabetes.

Methods

All experimental procedures were in accordance with the
guidelines of the International Association for the Study of
Pain and were approved by the Animal Research Com-
mittee of Liaocheng People’s Hospital. Forty-two male
Sprague-Dawley rats weighing 150-200 g were used in
this study. STZ was freshly dissolved in 0.9 % sterile
saline, and diabetes was induced by a single injection of
STZ (70 mg/kg i.p., Sigma Co., St. Louis, MO) as
described previously [24]. Diabetes was confirmed by
measurements of blood glucose concentrations in samples
obtained from the tail vein 3 weeks after injection of STZ.
It should be noted that rats whose blood glucose concen-
tration was >350 mg/dl and mechanical paw withdrawal
threshold (PWT) was <5 g were included in the study.
Age- and body weight-matched rats with saline injection
were used as controls.
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Rats were implanted with a stainless-steel guide cannula
(0.8 mm o.d.) under anesthesia with 4 % chloral hydrate
(10 ml/kg body weight, i.p.). The guide cannula was fixed
to the skull using dental zinc cement and a jewelers’ screw.
Stereotaxic coordinates for the dorsolateral PAG were
7.6 mm posterior to the bregma, 0.65 mm lateral to the
midline and 4.2 mm ventral to the brain surface. A dummy
cannula inserted into the guide cannula at the time of
surgery was used to reduce the incidence of occlusion. Five
days were allowed before the experiments.

The mechanical threshold was determined before and
after STZ or saline injection. To quantify the mechanical
sensitivity of the hindpaw, rats were placed in individual
plastic boxes and allowed to acclimate for >30 min. Rat
hindpaw PWTs in response to the stimulation of von Frey
filaments were determined. A series of calibrated von Frey
filaments (ranging from 0.4 to 15.0 g) was applied per-
pendicularly to the plantar surface of the hindpaw with
sufficient force to bend the filaments for 60 s or until paw
withdrawal. In the presence of a response, the filament of
next lower force was applied. In the absence of a response,
the filament of next greater force was applied. To avoid
injury during tests, the cutoff strength of the von Frey fil-
ament was 15 g. The tactile stimulus producing a 50 %
likelihood of withdrawal was determined using the “up-
down” method [7]. Each trial was repeated twice at
approximately 2-min intervals. The mean value was used
as the force producing a withdrawal response. All the
studies were performed in a blinded manner.

A-317491 (a P2X; receptor antagonist) and o, B-methy-
lene-ATP (o,f-meATP, a P2X3 receptor agonist) were
obtained from Sigma Co. and prepared freshly on the day
of the experiment. A-317491 and o,B-meATP were dis-
solved in artificial cerebrospinal fluid (aCSF), which
thereby was used as a control vehicle in this study. A prior
study suggested that a microinjection of 100 nmol/ul (in
0.3 pl of vehicle) of o,f-meATP into the lateral PAG
resulted in distinct antinociceptive effects, and 5 nmol/pl
(in 0.3 pl of vehicle) of A-317491 significantly attenuated
the antinociception evoked by o,B-meATP [22]. According
to these prior findings [22], the concentrations of ao,f-
meATP selected in this study were 2-50 nmol/pl, and the
concentration of A-317491 was 10 nmol/ul. For drug and
aCSF injection, an injection cannula was inserted into the
guide cannula and was connected to a 1-pl Hamilton
microsyringe. A total volume of 0.25 pl of drugs or aCSF
was injected over a 2-min period, and the injector remained
in place for an additional 2 min to ensure complete diffu-
sion of the drug. At the end of the experiments, 2 % Evans
blue in 0.25 pl was infused through the microinjection
cannula. Then, the animals were deeply anesthetized by
4 % chloral hydrate (20 ml/kg body weight, i.p.) and in-
tracardiacally perfused with physiological saline followed
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Fig. 1 Effects of P2X3
stimulation in the dorsolateral A
PAG on the paw withdrawal

potential (PAW) in control rats

and STZ rats. A histological

section shows the location of the

injection cannula track in the

PAG (a). An arrow indicates the

cannula tract. Scale

bar = 0.5 mm. Microinjection

of a,3-meATP (50 nmol/ul)

into the dorsolateral PAG

increased the PAW in control

rats (b) and STZ rats

(¢) compared with aCSF

injection. Also, blocking P2X;

with the prior administration of

A-317491 (10 nmol/pl)

attenuated P2X3-enhanced

PAW in both groups. The

percentage increase of PAW

evoked by stimulation of P2Xj3 6
was smaller in STZ rats than in
control rats (d). Data are *
expressed as mean == SEM.

b and ¢ *P < 0.05 vs. aCSF and
o,-meATP with prior injection
of A-317491. d *P < 0.05 vs.
control rats. The number of
control rats = 12; the number
of STZ rats = 12
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by 4 % paraformaldehyde solution. The midbrain was
sectioned, and under a microscope the location of admin-
istration sites was verified by histological examination of
blue dye according to the atlas of Swanson [20]. A histo-
logical section showing the location of the injection can-
nula is presented in Fig. la. Only those rats with a
microinjection site localized within the dorsolateral PAG
were used for data analysis.

In another group of experiments, the protein expression
of P2Xj5 receptors in the dorsolateral PAG of STZ-treated
rats and control rats was determined using Western blot
analyses. The rats were first euthanized by 4 % chloral
hydrate (20 ml/kg body weight, i.p.), and then the regions
of the PAG were dissected under an anatomical micro-
scope. To determine the expression of P2X5 on the cell
surface, PAG tissues were incubated with Sulfo-NHS-LC-
Biotin (1 mg/ml, Pierce) for 30 min on ice as described
previously [25]. Because biotin is impermeable to the cell

membrane, only proteins on the cell surface were biotin-
ylated. The unbound biotin in the solution was removed by
5x wash of PAG tissues. PAG tissues were then homog-
enized in buffer A and centrifuged at 13,500g (4 °C) for
12 min. A sample (200 pg protein) was incubated with
streptavidin beads (20 pl, Sigma Co.) for 3 h at 4 °C. The
beads were washed 3 x with RIPA buffer and precipitated
by centrifugation and collected. Sample buffer (50 pl) was
added to the collected beads and boiled for 3 min. Beads
were pelleted again by centrifugation, and the supernatant
was collected. The supernatant was diluted to the same
volume as the starting material (i.e., 200 pg total protein).
An equal volume of total and membrane samples was
applied to SDS-PAGE. Membranes were incubated with
the rabbit anti-P2X5 primary antibody (1:1000, Neuromics,
Edina, MN, USA) and goat anti-rabbit secondary antibody
(1:200, Neuromics, Edina, MN, USA). Immunoreactive
proteins were detected by enhanced chemiluminescence
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(ECL kit, Amersham-Pharmacia Biotech). The membrane
was also incubated with the mouse anti-B-actin primary
antibody and goat anti-mouse secondary antibody (Sigma
Co.). This was used to show equal protein loading control
in the Western blot analysis.

The densities of protein bands were analyzed using NIH
image software, and the ratio for densities of P2Xj3
immunoreactive bands/B-actin band densities from the
same sample was determined and then normalized to a
control sample [8].

All data were analyzed using a two-way repeated-mea-
sures analysis of variance. Values were presented as
mean £+ SEM. For all analyses, differences were consid-
ered significant at P < 0.05. All statistical analyses were
performed by using SAS for Windows, version 9.13 (SAS
Institute, Cary, NC, USA).

Results

First, we examined the effects of STZ injection on blood
glucose, body weight and PWT in this study. Rats devel-
oped hyperglycemia 3 weeks after STZ injection. Blood
glucose was 135 & 7 mg/dl in control rats (n = 20) and
425 + 8 mg/dl in STZ rats (n = 22, P < 0.05 vs. control
rats). In addition, an increase in body weight (255 + 14 g
in control rats and 205 &+ 15 g in STZ rats, P < 0.05 vs.
control rats) was significantly attenuated, and the PWT
significantly decreased in STZ rats (3.5 £ 0.2 g, n = 22,
P < 0.05 vs. control rats) as compared with control rats
(9.5 £0.5 g, n=20).

Then, we examined the effects of stimulation of P2X;
receptors in the PAG on the PWT in STZ rats (n = 12) and
in control rats (n = 12). Figure 1b, ¢ shows that the PWT
was significantly increased 5 min after microinjection of
50 nmol/pl of o,B-meATP into the dorsolateral PAG of
both control and STZ rats (P < 0.05 vs. aCSF control),
whereas the PWT was not altered by aCSF. In addition, the
PWT returned to the prior level 20 min after administration
of o,B-meATP. In particular, the percentage increase of the
o,B-meATP-evoked PWT was significantly smaller in STZ
rats (P < 0.05 vs. control rats) than in control rats
(Fig. 1d). In this subset of the experiment, the PWT was
also examined after 2 and 10 nmol/ul of o,3-meATP were
microinjected into the PAG, respectively. Five minutes
after injection of 2 nmol/pl of o,3-meATP, the PWT was
10.5 &+ 0.5 g in control rats (n = 8) and 3.6 = 0.3 g in
STZ rats (n = 10). There was no significant difference in
the PWT between this dose of o,f-meATP and aCSF
control (P > 0.05 for control rats and STZ rats).
Five minutes after injection of 10 nmol/ul of o,B-meATP,
the PWT was significantly increased (P < 0.05 vs. aCSF
control in both groups). They were 13.5 &+ 0.5 g in control
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rats (n = 8) and 4.6 £ 0.3 g in STZ rats (n = 10). Also,
the percentage increase of the PWT induced by 10 nmol/pl
of o,B-meATP was significantly smaller in STZ rats
(P < 0.05 vs. control rats) than in control rats.

Also, the effects of P2X; receptor stimulation on the
PWT were examined with the prior injection of the P2Xj3
antagonist, A-317491 (10 nmol/pl, Fig. 1b, ¢). Our results
showed that blocking P2Xj significantly attenuated
increases of the PWT induced by microinjection of
50 nmol/pl of o,B-meATP into the dorsolateral PAG in
both control and STZ rats (P < 0.05 vs. o,p-meATP
alone).

Moreover, we employed Western blot analysis to
determine total and membrane protein expressions of P2X5
receptors in the dorsolateral PAG of control (n = 8) and
STZ rats (n = 10). Figure 2 demonstrated that STZ injec-
tion did not significantly alter the total P2X5 expression in
the PAG, but significantly decreased membrane P2Xj5
expression. Optical density of membrane protein expres-
sion of P2X; was 0.98 + 0.15 in control rats and
0.71 £ 0.10 in STZ rats (P < 0.05 vs. control rats).

Discussion

Prior studies have shown that a single injection of STZ can
induce diabetes and mechanical allodynia in rats 3 weeks
later [24]. The abnormalities were maintained for at least 7
weeks. Using the same interventions, we observed signif-
icantly elevated blood glucose levels and a decreased
threshold to evoke mechanical withdrawal 3 weeks after
STZ injection in our current study. Results of our current
study demonstrated that microinjection of o,-meATP into
the dorsolateral PAG significantly increased the PWT in
control rats and STZ rats, and the effects of o,3-meATP
were smaller in STZ rats (Fig. 1). Our results also dem-
onstrated that cell membrane expression of P2X; protein is
downregulated in the dorsolateral PAG of STZ rats as
compared with control animals (Fig. 2). It should be
acknowledged that the P2Xj; receptor expression in the
PAG is unlikely to be limited to PAG neuronal cells. There
is the possibility that P2X; receptors are expressed in glial
cells in the PAG. To the best of our knowledge, this is the
first report to suggest that a decrease in the membrane
expression of P2X; receptors in the PAG of diabetic rats is
likely to impair the descending inhibitory system in mod-
ulating pain transmission and thereby contributes to the
development of mechanical allodynia in diabetic
neuropathy.

P2X receptors are ligand-gated cationic channels, and
there are seven P2X receptor subtypes (P2X,_;) with dif-
ferent tissue distributions [15]. Among these subunits,
P2X5 receptors are abundantly expressed in peripheral
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Fig. 2 Effects of STZ treatment A Control STZ B Control STZ
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afferent nerves in rats and engaged in pain regulation after
tissue inflammation and nerve injury [5, 15]. Moreover, it
has been established that ATP and purinergic receptors are
involved in peripheral signaling in diabetic rats [11, 24].
The mRNA and protein levels of P2Xj; receptors in
peripheral afferent neurons are increased in STZ-induced
diabetes, and P2X; receptor antagonists inhibit the STZ-
induced mechanical allodynia in animal models [11, 24].

In addition to their localization at the terminals of the
primary afferent neurons, P2X; receptors were found at the
central nerve system as well. A considerable amount of
evidence has been established showing that antinociception
is mediated in part by descending pathways arising from
the midbrain PAG [10, 12]. Early studies have shown that
electrical stimulation or opioids microinjected into the
PAG produced profound long-lasting antinociception [10,
12]. Previous studies have shown that P2X receptors
appear in the PAG [21], and activation of the P2X receptor
in the PAG plays a role in pain modulation via the
descending transmission pathways [22]. Particularly, a
prior study has demonstrated that the P2X3 receptors were
dominantly localized in the dorsolateral PAG [23]. In
addition, stimulation of P2Xj3 receptors within the dorso-
lateral PAG increases excitatory glutamatergic synaptic
transmission, indicating that activation of P2Xj3 in this
region of the PAG has an inhibitory effect on the
descending pathways [23].

Nevertheless, it is largely unknown how P2X;5 receptors
in the PAG can influence mechanical allodynia in rats with

0.0
STz Control STz

STZ-induced diabetes. Our data of the current study
demonstrated that a threshold to cause mechanical stimu-
lation withdrawal is significantly increased in both control
rats and STZ rats when o,3-meATP is microinjected into
the dorsolateral PAG to stimulate P2X53. We further assured
that P2X3 receptors are specifically activated because a
prior administration of P2X; antagonist significantly
attenuates the effects of o, f-meATP. Interestingly, our data
showed that the facilitating effects of P2X5 stimulation on
mechanical withdrawal thresholds are significantly blunted
in STZ-induced diabetic rats compared with control rats.
Consistent with this result, we further demonstrated that
cell membrane expression of P2X3 protein is downregu-
lated in the dorsolateral PAG of STZ-induced diabetic rats.
However, the total protein expression of P2X3; was not
significantly altered in the PAG of STZ rats, suggesting
that P2X; trafficking to the cell membrane of PAG is
specifically decreased in diabetic rats. The underlying
mechanism for the decrease in trafficking of P2X;5 recep-
tors following diabetes needs to be determined. It is
speculated that the decrease in PAG activities is likely a
result of neuronal loss within the PAG as apoptosis has
been reported in the brains of diabetic rats in the hippo-
campus and frontal cortex [4, 18].

Interestingly, a prior report showed that o,p-meATP
injected into the lateral PAG caused the antinociceptive
effects, and the expression of P2X; receptor was increased
in this region of the PAG in rats with neuropathic pain [22].
This also supports the notion that activation of P2Xj3
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receptor within the PAG plays an inhibitory role in regu-
lating the descending pain pathways. Nonetheless, some
discrepancies should be noticed in the results obtained
from the two studies. In this prior study, the neuropathic
pain model was made by a chronic constriction injury of
the rats’ sciatic nerve, and P2Xj3 receptors in the lateral
region of PAG were examined. In general, the PAG is
divided into several subregions (i.e., distinct dorsolateral
and ventrolateral PAG) having different effects on pain [1,
6]. We speculate that alterations in P2X; expression are
possibly varied within subregions of PAG in the same
neuropathic pain model or different models.

In summary, we have demonstrated that the membrane
expression of P2X; receptors was decreased in the dorso-
lateral PAG of STZ rats, which thereby was likely to
deactivate P2X;-mediated descending inhibitory regulation
in pain transmission. These abnormalities are likely to
contribute to the development of mechanical allodynia in
diabetic neuropathy. The results may offer promising clues
for the development of new therapeutic strategies for
managing intractable neuropathic pain in patients with
diabetes.

Conflict of interest None.
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