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Abstract: Painful diabetic neuropathy (PDN) is a diabetes mellitus complication. Unfortunately, the mechanisms
underlying PDN are still poorly understood. Adenosine triphosphate (ATP)-gated P2X7 receptor (P2X7R) plays a
pivotal role in non-diabetic neuropathic pain, but little is known about its effects on streptozotocin (STZ)-induced peripheral neuropathy. Here, we explored whether spinal cord P2X7R was correlated with the generation of mechanical
allodynia (MA) in STZ-induced type 1 diabetic neuropathy in mice. MA was assessed by measuring paw withdrawal
thresholds and western blotting. Immunohistochemistry was applied to analyze the protein expression levels and
localization of P2X7R. STZ-induced mice expressed increased P2X7R in the dorsal horn of the lumbar spinal cord
during MA. Mice injected intrathecally with a selective antagonist of P2X7R and P2X7R knockout (KO) mice both
presented attenuated progression of MA. Double-immunofluorescent labeling demonstrated that P2X7R-positive cells
were mostly co-expressed with Iba1 (a microglia marker). Our results suggest that P2X7R plays an important role in
the development of MA and could be used as a cellular target for treating PDN.
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1 Introduction
Diabetic peripheral neuropathy (DPN) is reported
to occur in 35% of patients with diabetes mellitus
‡
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(DM) (Pop-Busui et al., 2017; Pan et al., 2018).
Painful diabetic neuropathy (PDN) is considered to be
a devastating complication that leads to physical
handicap and results in a huge economic burden related
to diabetes care (Yao et al., 2018). Unfortunately, the
underlying mechanisms and pathogenesis of PDN are
poorly understood, and therapy for PDN is still based
on symptomatic treatments (Berger et al., 2013; Vinik
et al., 2013; Javed et al., 2015). Available drugs usually
cause unacceptable side effects (Moore et al., 2011)
and there are currently no treatments available to arrest
or reverse its progression (Pop-Busui et al., 2017).
As a subtype of adenosine triphosphate (ATP)gated ion channel receptor, P2X7 receptor (P2X7R)
comprises an intracellular terminal N, a terminal C,
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two transmembrane structures (TM1, TM2), and an
extracellular loop structure combined with ligands.
Based on advances in techniques of homology modeling
(Miras-Portugal et al., 2017), P2X7R was reported to
be widely distributed in immunity systems, the central
nervous system (including the cerebral cortex, hippocampus, brain stem, and spinal cord), and the peripheral nervous system (including dorsal root ganglia)
(Illes et al., 2017; Miras-Portugal et al., 2017). It was
subsequently detected also in microglia, glial cells,
Schwann cells, and neurons. Sánchez-Nogueiro et al.
(2014) indicated that it might function in a specific
subcellular manner via its localized structure. Research
also indicated that activation of microglia (Tsuda et al.,
2008; Cheng et al., 2014; Wang et al., 2014) in the
spinal dorsal horn (SDH) may be involved in neuropathic pain via P2X7R by inducing the release of
inflammatory cytokines (Jiang et al., 2016; Wu et al.,
2017; Bernier et al., 2018).
Using P2X7-null mice induced by inflammatory
adjuvant injection or partial nerve ligation, Chessell et al.
(2005) showed that P2X7R was involved in thermal
hypersensitivity through the release of interleukin
(IL)-1β and IL-10. Kobayashi et al. (2011) found that
P2X7Rs are up-regulated at both the messenger RNA
(mRNA) and protein levels in spinal microglia after
peripheral nerve injury, indicating that the receptors
are critical for mechanical hypersensitivity. Ying et al.
(2014) also showed that there was an increase of P2X7R
in a postsurgical pain model, while mechanical allodynia (MA) was prevented with injection of its blocker
before surgery. Spinal P2X7Rs, phosphorylated p38
mitogen-activated protein kinase (MAPK) and IL-18
levels were all increased in a rodent model of bone
cancer pain. Further, with spinal inhibition of the P2X7/
p38/IL-18 pathway and with injection of A839977, a
direct antagonism of P2X7R alleviated pain during
advanced stages of bone cancer (Ying et al., 2014;
Falk et al., 2015). In a diabetic neuropathic pain model,
researchers found that following intravenous injection of
long non-coding RNAs (lncRNAs; NONRATT021972
small interfering RNA (siRNA)), the mechanical withdrawal threshold and thermal withdrawal latency
increased, while the expression levels of P2X7 mRNA
and protein decreased in type 2 DM (T2DM) rats (Liu
et al., 2016). However, the role of P2X7R in the
generation of MA in streptozotocin (STZ)-induced
type 1 diabetic neuropathy remains to be elucidated.

Therefore, the objective of our study was to explore
the role of P2X7R in the early stages of T1DMassociated MA.

2 Materials and methods
2.1 Animals
Male C57BL wild-type (WT) mice and P2X7R
knockout (KO) mice (weight 20–23 g, cat. 005576)
were obtained from the Shanghai Experimental Animal
Center of the Chinese Academy of Sciences and the
Jackson Laboratory, China. All mice were housed in a
temperature- and humidity-controlled room, under a
12-h light/dark cycle, with food and water available ad
libitum. All experiments were approved by the Animal
Care and Use Committee of Fudan University, Shanghai,
China and followed the policies issued by the guidelines
for pain research of the International Association for
the Study of Pain (IASP). The following behavioral
testing, quantification of western blots, and immunohistochemical experiments were performed by experimenters who were blinded to the treatment. Each
experimental group consisted of at least six mice.
2.2 Diabetic mouse model
After overnight fasting for 12 h (from 20:00 to
8:00), mice were randomly selected and intraperitoneally injected with STZ (100 mg/kg; Sigma, MO,
USA) daily for 3 d, while the control group was injected with saline as a vehicle. Fasting blood glucose
(FBG) levels were used to confirm the onset of diabetes
(Guo et al., 2018). A drop of tail blood was analyzed
using a glucometer (Accu-Check Integra test strips,
Roche, Switzerland) to document the FBG. On the 7th
day after STZ injection, mice with >11.1 mmol/L
FBG established the diabetic model. The successful
establishment rate was 87.5%.
2.3 Measurement of mechanical allodynia
Mice were placed in Plexiglass chambers on an
elevated wire-mesh floor. Paw withdrawal thresholds
(PWTs) in response to MA were measured using von
Frey hairs (Stoelting Company, Wood Dale, USA). A
calibrated series of von Frey hairs were applied to the
plantar surface of a hind paw in ascending order (0.4,
0.6, 1.0, 1.4, and 2.0 g) with a force sufficient to bend
the hair either for 5 s or until the paw was withdrawn.
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The PWT was defined as the lowest force (g) that
produced at least three withdrawal responses over
five consecutive applications.

three times. The Bio-Rad image analysis system was
used to measure the integrated optical density of
specific bands.

2.4 Drug administration

2.6 Immunohistochemistry

Three weeks after STZ injection, the behavioral
responses to mechanical stimuli were observed after
intrathecal injection of the P2X7R selective antagonist A740003 (5 nmol/L×5 μL and 50 nmol/L×5 μL;
Tocris Bioscience, Bristol, UK) in mice with an FBG
of >11.1 mmol/L. Drugs were freshly prepared before
each experiment by dissolving them in dimethyl sulfoxide (DMSO, D5879) and were then inserted into
the L4–L5 segments of mice under sodium pentobarbital anesthesia. The mice were randomly divided
into different drug administration groups. There were
no differences in FBG levels among these groups.
Any mice exhibiting surgery-related neurological
deficits were excluded from the experiment.

Mice were anesthetized with overdoses of urethane and transcardially perfused with saline, followed
by 4% paraformaldehyde in 0.1 mol/L phosphatebuffered saline (PBS; pH 7.4). The L4–L6 segments
of the spinal cord were rapidly removed and postfixed for 2 or 4 h at 4 °C. Then the tissue was immersed in a 10%–30% sucrose gradient in PBS (pH 7.4,
0.1 mol/L). Transverse spinal cord sections (35 μm)
were blocked with 10% (0.1 g/mL) donkey serum in
TNB buffer (0.1 mol/L Tris-HCl pH 7.5, 0.15 mol/L
NaCl, and 0.5% (5 g/L) blocking reagent) for 2 h at
room temperature (24–26 °C), and then incubated with
mixed primary antibodies (rabbit-anti-P2X7R (1:500,
Alomone Labs, Israel) with goat-anti-Iba1 (1:2000,
Wako Chemicals, USA) or mouse-anti-NeuN (1:2000,
Chemicon, USA) or mouse-anti-glial fibrillary acidic
protein (GFAP; 1:2000, Sigma, USA)) for 36 h at
4 °C. After three washes with TNT buffer (0.1 mol/L
Tris-HCl pH 7.5, 0.15 mol/L NaCl, 0.05% (0.5 g/L)
Tween 20), sections were incubated with the corresponding biotinylated secondary antibodies for 2 h at
4 °C. After washing, sections were incubated with
streptavidin (SA)-HRP (Thermo Scientific Pierce
Protein Research Products, USA) for 30 min at
24–26 °C, washed again, and incubated with fluorophore tyramide working solution. All sections were
sealed with a mixture of 50% glycerol in PBS. The
stained sections were observed and images captured
using a confocal laser scanning microscope (Olympus
FV1000, Japan).

2.5 Western blotting analysis
Mice were deeply anesthetized with intraplantar
25% (0.25 g/mL) urethane at different time points
after STZ injection. Then the bilateral dorsal halves of
the spinal cord (segments L4–L5) were rapidly removed and homogenized in lysis buffer containing a
mixture of protease inhibitors (Roche Diagnostics,
Switzerland) and phenylmethylsulfonyl fluoride (PMSF;
Sigma, MO, USA). Twenty micrograms of protein
samples were loaded, separated on 10% (0.1 g/mL)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Bio-Rad, CA, USA), and
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, MO, USA). The membranes were
incubated with primary antibodies (rabbit anti-P2X7R,
1:2000, Alomone Labs, Jerusalem, Israel) at 4 °C
overnight, followed by horseradish peroxidase (HRP)conjugated (goat anti-rabbit, Thermo Pierce, USA)
secondary antibodies (1:1000; Pierce) for 2 h at 4 °C.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody was probed as a loading control (primary
antibody was HRP-conjugated monoclonal mouse antiGAPDH (1:10000, Shanghai Kangchen Bio-technology
Company, China), followed by donkey-anti-goat
(1:2000, Jackson, PA, USA)). Signals were visualized
via enhanced chemiluminescence (ECL, Pierce), and
captured with a ChemiDoc XRS system (Bio-Rad).
The western blotting analysis was performed at least

2.7 Statistical analysis
Data are presented as group mean±standard error
of the mean (SEM). All data analyses were performed
using GraphPad Prism 6.01 software. Two-way
analysis of variance (ANOVA) was performed to
determine overall differences in blood glucose or
PWT at each time point. Data comparisons between
different groups with one intervention were analyzed
with Student’s t-test or one-way ANOVA, followed
by Newman Keuls multiple comparison tests. P
values of <0.05 were considered to be statistically
significant.
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3 Results
3.1 Upregulation of P2X7R in the spinal cord of
diabetic mice during mechanical allodynia
Compared with mice in the control group, the
diabetic mice had a significantly lower body weight
and higher FBG, indicating that a diabetic model had
been established after STZ injection (P<0.001, twoway ANOVA; Figs. 1a and 1b). To avoid bias, the
baselines of FBG in the two groups were checked:
there was no significant difference between them
(diabetic group (6.33±0.51) mmol/L; control group
(5.49±0.85) mmol/L). Compared with the control
group, the PWTs in the diabetic mice decreased significantly from Weeks 1 to 9 after STZ injection,

suggesting increased sensitivity to mechanical stimulation. Furthermore, MA peaked at Week 3 and
persisted to Week 8 (Figs. 1c and 1d).
During this period, the expression level of P2X7R
protein in the bilateral spinal cord was determined in
both groups, and showed upregulation in the diabetic
group. In addition, we performed western blotting
analysis of P2X7R from Weeks 1 to 3 after STZ
injection to determine whether P2X7R was involved
in the occurrence of MA and any relationship between them. The results showed that in the dorsal
horn the expression level of P2X7R protein increased in the mice in the diabetic group compared
with that in the control group in the early stages
(Weeks 1–2) (Fig. 2).

Fig. 1 Changes in body weight (a), fasting blood glucose (b), and mechanical paw withdrawal threshold (c, d) in diabetic and control mice
C57BL diabetic mice exhibited significant weight loss, much higher fasting blood glucose, hyperglycemia, and mechanical
allodynia (Weeks 1–9) compared to control mice. * P<0.05 and *** P<0.001, vs. the control group, at the same time points
after streptozotocin (STZ) injection (two-way ANOVA). Data are expressed as mean±standard error of the mean (SEM), n=3
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Fig. 2 Changes in murine P2X7R expression in different groups
P2X7R protein levels were significantly higher in the dorsal horn of diabetic mice by one and two weeks after streptozotocin
(STZ) injection, but no statistically significant difference was detected in Week 3. * P<0.05 and ** P<0.01, vs. control mice,
at the same time points after injection (Student’s t-test). Data are expressed as mean±standard error of the mean (SEM), n=3

3.2 Effect of intrathecal injection of selective P2X7R
antagonist A740003 on mechanical allodynia in
C57BL diabetic mice
Mice in the diabetic group were randomly divided into two subgroups (diabetic mice treated with
A740003; diabetic mice treated with DMSO), each
consisting of six mice. The selective P2X7R antagonist
A740003 (50 nmol/L×5 μL) was intrathecally injected
into mice three weeks after administration of STZ.
Then, responses to mechanical stimuli were assessed
continuously for 7 h. Results showed that the PWTs
of the antagonist group were increased at 3 h and
peaked at 5 h, compared with those of the vehicle subgroups. However, after reducing the dose of A740003
(5 nmol/L×5 μL) via acute intrathecal injection, there
was no difference in the PWTs between the two subgroups (Fig. 3, two-way ANOVA).
3.3 Cellular localization of P2X7R in the spinal
cord of STZ-induced mice
Recent research showed that P2X7R is widely
distributed throughout the nervous system in nondiabetic neuropathic pain models and is expressed in
the microglia, astrocytes, and neurons in the spinal

cord. Double immunofluorescence labeling analysis
also demonstrated that most P2X7R-positive cells
co-expressed Iba1 (a microglia marker), indicating
that it might be expressed mainly in microglial cells
of the SDH (Figs. 4a–4c). However, we did not identify any P2X7R-positive cells that were also positive
for the astrocytic marker GFAP or neuronal marker
NeuN in the SDH (Figs. 4d–4i).
3.4 Stable performance of allodynia of STZinduced P2X7R KO mice
Compared with the control P2X7R KO group,
body weight was significantly lower and blood glucose significantly higher in diabetic P2X7R KO mice
(Figs. 5a and 5b). The PWTs were significantly lower
in diabetic P2X7R KO mice than in control P2X7R
KO animals at Week 3 after STZ injection, and were
relieved by Week 7 (Figs. 5c and 5d). Also, compared
with the C57BL diabetic group, the development of
MA in diabetic P2X7R KO mice was delayed and
lasted a shorter time (Figs. 5e and 5f). In summary,
our results suggest that P2X7R might play an important role in the occurrence of PDN at an early
stage.

160

Ni et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2020 21(2):155-165

Fig. 3 Time course and effects of intrathecal injection of A740003 on the paw withdrawal threshold (PWT) of diabetic mice
(a, b) A sufficient intrathecal (i.t.) dose of A740003 significantly increased the PWTs of diabetic mice (i.t. injection of
A740003, 50 nmol/L×5 μL). (c, d) A low dose of A740003 produced no difference between the two subgroups (i.t. injection
of A740003 (DMSO) 5 nmol/L×5 μL). ** P<0.01, vs. DMSO-treated diabetic mice, two-way ANOVA. Data are expressed as
mean±standard error of the mean (SEM), n=3

4 Discussion
In this work, we demonstrated that P2X7Rs in
the spinal cord are involved in the early stages of MA
caused by STZ-induced T1DM.
The activation of P2X7R, a non-selective cation
channel, could cause an inflow of Na+ and Ca2+ and
an outflow of K+ through cell membranes, release of
pro-inflammatory cytokines, activation of glial cells,
induction of inflammatory reactions, regulation of the
release of neurotransmitters, and cell survival, among
other effects (Jiang et al., 2016; Lu et al., 2017; Wu
et al., 2017; Bernier et al., 2018). Previous studies
have implied that P2X7R is involved in different
neuropathic models. Liu et al. (2017) demonstrated

that P2X7R was upregulated in PDN rats compared
with those in a control group. They also showed that
with the suppression of CALHM1 expression in the
spinal cord, P2X7R was increasingly expressed and
that CALHM1 could activate miR-9 to mediate
ATP-P2X7R signaling between neurons and glial
cells in PDN rat models. In addition, pharmaceutical
research showed that expression of P2X7R could be
directly inhibited by salidroside, with attenuation
of pain-induced behaviors in Zucker diabetic fatty
(ZDF) rats (Ni et al., 2017). Liu et al. (2016) also
observed that P2X7 mRNA and protein were decreased by lncRNAs NONRATT021972 siRNA
through satellite glial cells (SGCs) with reduced MA
in T2DM.
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Fig. 4 Photomicrographs showing localization of P2X7R in the spinal cord of C57BL diabetic mice
Double immunofluorescence labeling shows that P2X7R (green) was predominantly co-localized with Iba1 (a microglial
marker, red) (a–c), but not with GFAP (astrocytic marker, red) (d–f) or NeuN (neuronal marker, red) (g–i) in the spinal dorsal
horn. Scale bar=100 μm

After a single high-dose intrathecal injection of
selective P2X7R antagonist A740003, we observed a
reversal of effects of its induction of MA. Our results
are very similar to those found in other models. Ochiishi et al. (2014) found that continuous administration
of A438079 (another selective P2X7R antagonist)
raised the PWTs in paclitaxel-treated rats. Falk et al.
(2015) also found that the P2X7R antagonist A839977
dose-dependently attenuated mechanical hypersensitivity in cancer-bearing rats, whereas it had no effect
on naive and sham-operated rats. However, they did
not observe any significant changes in P2X7R expression among the naive, sham, and cancer-bearing
groups at any time point (Days 3, 7, 10, and 14) after
surgery, which is different from our results. This indicates that the function of P2X7R might be condition-

or time-dependent, and that the underlying mechanism might not be as simple in cancer-bearing animals. In contrast, parallel results in our STZ-induced
P2X7R KO mice showed that the development of MA
was delayed and was less persistent, suggesting that
P2X7 and P2X7R may play roles in the maintenance
of DPN. The underlying mechanism of P2X7R’s
modulation in the SDH remains to be explored in the
future.
Recently, several comprehensive experiments have
shown that P2X7R is expressed in astrocytes, oligodendrocytes, and microglia in neuronal systems.
Using a rat bone cancer model, Huang et al. (2014)
reported that P2X7R is expressed mostly in microglia,
but not in astrocytes and neurons in the rostral ventromedial medulla (RVM). Zhang et al. (2017) found
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Fig. 5 Changes in body weight (a), fasting blood glucose (b), and mechanical paw withdrawal threshold (c–f) in different groups of C57BL and P2X7R KO mice
P2X7R KO diabetic mice exhibited significant weight loss, higher fasting blood glucose levels, hyperglycemia, and mechanical allodynia (3–7 weeks shown at left, and 3–9 weeks at right) compared to control mice. * P<0.05, ** P<0.01,
***
P<0.001, vs. the control group, at the same time (two-way ANOVA). Data are expressed as mean±standard error of the
mean (SEM), n=3
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that P2X7 is co-expressed largely in neurons and
presynaptic sites in the neonatal maternal deprivation
(NMD) rat model. Furthermore, studies have reported
that in a non-diabetic neuropathic pain model, microglial cells in the SDH were activated and released
a large number of cytokines such as brain-derived
neurotrophic factor (BDNF), IL-1β, tumor necrosis
factor-α (TNF-α), nitric oxide (NO), and prostaglandins to activate astrocytes in the dorsal horn (Deuchars et al., 2001; Bele and Fabbretti, 2015; Jiang et al.,
2015). Microglia are considered to be involved mainly
in the initiation of pain signaling, whereas astrocytes
are involved in the maintenance of pain (Deuchars et al.,
2001; Bele and Fabbretti, 2015; Jiang et al., 2015). It
was also observed that P2X7R expressed mainly in
SGCs of the dorsal root ganglion (DRG) is essential
for the generation and transmission of neuropathic
pain, not only in animal models (Liu et al., 2016), but
also in DM patients (Burnstock, 2014; Mehta et al.,
2014). However, which types of cell would be mainly
responsible for regulating P2X7R in the spinal cord of
STZ-induced type 1 diabetic neuropathic mice remained poorly understood. To address this, we used
double immunofluorescence labeling analysis and found
P2X7R to be expressed primarily in microglial cells
of the SDH, indicating that microglial cells could be a
candidate therapeutic target in PDN of T1DM.
Taken together, these findings indicate that P2X7R
is probably involved in both early stages of STZ-induced
type 1 DPN and suggest that antagonism of P2X7R
might be useful for analgesic treatment in diabetic
patients with neuropathic complications, even in patients suffering from DPN.
Several limitations of this study should be mentioned. First, we chose the time course of observation
as Weeks 1–3 to correspond to the early stage of occurrence of MA. A longer time course ought to be
examined in future to further explore the role of P2X7Rs
in the progression, and especially the maintenance, of
STZ-induced MA. Second, deletion of the P2X7R
gene might have caused upregulation of other genes
to produce a compensatory effect, which may have
unavoidably affected our results to some extent. Finally, there are millions of T2DM patients suffering
from DPN (He et al., 2017), and the investigation of
the mechanisms of P2X7R action in T2DM mice
(such as high fat diet-induced mice, ob/ob mice, db/db
mice) is urgently required.
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中文概要
目：脊髓 P2X7 受体参与链脲佐菌素诱导的小鼠糖尿
病早期机械痛性神经病变
目 的：探讨嘌呤能离子通道型受体 7（P2X7R）在链脲
佐菌素（STZ）诱导的 1 型糖尿病（T1DM）小
鼠早期发生的机械痛性神经病变中的作用。
创新点：探讨脊髓 P2X7R 在 T1DM 产生痛性神经病变的
早期阶段所起的作用，将有望为研究糖尿病痛性
神经病变药物提供新的靶点。
方 法：本实验采用健康雄性 C57BL 小鼠与 P2X7R KO
小鼠（体重 20~23 克，从 20 点至次日 8 点隔夜禁
食 12 小时）为研究对象，连续三天腹腔注射 STZ
题
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（浓度为 100 mg/kg），从而制备 T1DM 动物模
型。如果空腹血糖>11.1 mmol/L 且三周后小鼠机
械痛阈值明显下降，则表示模型制备成功。在小
鼠机械痛阈下降的对应时间点，取腰段脊髓背
角，采用蛋白质印迹法（western blot）和免疫组
化方法测定 P2X7R 的表达情况。同时，在发生机
械痛阈值下降的第 3 周时间鞘内给予其拮抗剂
A740003，并进行机械刺激从而观察其痛阈值的
变化。
结 论：STZ 诱导的 T1DM 动物模型在早期表现为显著的
机械诱发痛，并伴随脊髓背角 P2X7R 表达上调；
在痛阈下降期鞘内给予其拮抗剂 A740003 可抑
制糖尿病小鼠的痛行为。与腹腔注射 STZ 形成
T1DM 的 C57BL/6 小鼠相比，P2X7R 基因敲除的
糖尿病小鼠早期机械痛阈值下降的时间延迟，程
度减轻。因此，我们推测 P2X7R 可能参与了 STZ
诱导的糖尿病小鼠早期机械痛性神经病变。
关键词：嘌呤能离子通道型受体 7（P2X7R）；机械痛；
链脲佐菌素；糖尿病小鼠

