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Purpose: Tumor necrosis factor-α (TNF-α) is a pro-inflammatory cytokine and involves in 
a variety of pain conditions. Some findings suggest that TNF-α may act directly on primary 
afferent neurons to induce acute pain hypersensitivity through non-transcriptional regulation. 
This study investigated whether TNF-α had an effect on functional activity of P2X3 
receptors in primary sensory neurons. Herein, we report that a brief (5 min) application of 
TNF-α rapidly enhanced the electrophysiological activity of P2X3 receptors in rat dorsal root 
ganglia (DRG) neurons.
Methods: Electrophysiological recordings were carried out on rat DRG neurons, and 
nociceptive behavior was quantified in rats.
Results: A brief (5 min) exposure of TNF-α rapidly increased P2X3 receptor-mediated and α,β- 
methylene-ATP (α,β-meATP)-evoked inward currents in a dose-dependent manner. The poten-
tiation of P2X3 receptor-mediated ATP currents by TNF-α was voltage-independent. TNF-α 
shifted the concentration–response curve for α,β-meATP upwards, with an increase of 31.57 ± 
6.81% in the maximal current response to α,β-meATP. This acute potentiation of ATP currents by 
TNF-α was blocked by p38 mitogen-activated protein kinase (MAPK) inhibitor SB202190, but 
not by non-selective cyclooxygenase inhibitor indomethacin, suggesting involvement of p38 
MAPK, but not cyclooxygenase. Moreover, intraplantar injection of TNF-α and α,β-meATP 
produced a synergistic effect on mechanical allodynia in rats. TNF-α-induced mechanical 
allodynia was also alleviated after local P2X3 receptors were blocked.
Conclusion: These results suggested that TNF-α rapidly sensitized P2X3 receptors in 
primary sensory neurons via a p38 MAPK dependent pathway, which revealed a novel 
peripheral mechanism underlying acute mechanical hypersensitivity by peripheral adminis-
tration of TNF-α.
Keywords: electrophysiology, dorsal root ganglion neuron, nociceptive response, P2X3 
receptor, tumor necrosis factor-α

Introduction
During tissue damages and inflammation, a variety of mediators are released and 
contribute to peripheral sensitization by regulating activity of ion channels that mediate 
the transduction of pain signaling. Tumor necrosis factor-α (TNF-α), a pro- 
inflammatory cytokine, is synthesized and released by various cells, such as inflam-
matory, immune, glia, and neuronal cells.1,2 Intraplantar injection of TNF-α causes 
mechanical and thermal hyperalgesia in rats and mice.3–5 Elevated levels of endogen-
ous TNF-α promote the development of pain and hyperalgesia.5,6 Neutralizing endo-
genous TNF-α with antibodies attenuates both thermal and mechanical hyperalgesia in 
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neuropathic pain.7,8 Thus, TNF-α has been shown to play 
a critical role in the development and maintenance of pain.9 

Peripheral treatment of TNF-α also causes acute thermal and 
mechanical hypersensitivity by rapidly enhancing the 
ongoing activity of nociceptive fibers.10–12 TNF-α can reg-
ulate pain signaling not only through genomic but also non- 
genomic mechanisms. TNF-α plays a long-lasting role in the 
expression of inflammatory mediators and signaling proteins. 
In addition, TNF-α has also a rapid regulatory effect on the 
functional activity of several ion channels. Studies have 
shown that TNF-α acutely regulates tetrodotoxin-resistant 
(TTX-R) sodium channels, L-type calcium channels, out-
ward potassium channels, and transient potential receptor 
vanilloid (TRPV1) in primary sensory neurons and other 
cells.12–16 The acute regulatory effects of TNF-α on these 
ion channels may explain the rapid onset of hyperalgesia 
induced by TNF-α.17

ATP is also a major inflammatory mediator, and plays 
a prominent role in some pain states.18,19 ATP receptors or 
purinergic receptors, including P2X and P2Y, are expressed in 
primary sensory neurons.18 Among all purinergic receptors, 
P2X3 receptor subtypes, and P2X2/3 heteromer receptors are 
mainly distributed in small and medium-sized nociceptive 
sensory neurons.1,20,21 P2X3-containing receptors participate 
in the transmission of nociceptive signaling. For example, 
P2X3 knock-out mice display a reduced nociceptive 
behavior.22 Blockade of P2X3 by antagonist or antisense oli-
gonucleotide can also attenuate pain.23,24 After inflammation 
and nerve injury, P2X3 receptor-mediated responses are more 
sensitive, including increased ATP-activated currents and 
ATP-induced nociceptive behaviors.25–28 However, the 
mechanisms responsible for the increase are not well 
understood.

Since both TNF-α and ATP are mediators released during 
inflammation, the purpose of this study was to investigate 
whether P2X3 receptor is also a target for rapid modulation 
of TNF-α. Herein, we show that a brief (5 min) pre- 
application of TNF-α to rat DRG neurons acutely increases 
P2X3 receptor-mediated ATP currents via a p38 mitogen- 
activated protein kinase (MAPK) dependent pathway, which 
may contribute to rapid onset of hyperalgesia induced by 
peripheral administration TNF-α.

Materials and Methods
Preparation of DRG Neurons
All studies were designed to minimize the sufferings of 
animals and approved by the animal research ethics 

committee of Hubei University of Science and 
Technology (No. 2020–08). Sprague-Dawley male rats 
(5–6 weeks old) were anesthetized and then killed. The 
DRGs were removed and chopped with thin spring scis-
sors. The minced ganglia were transferred to a test tube 
containing Dulbecco’s modified Eagle’s medium (DMEM, 
Sigma) and incubated in a shaking for 25–30 min at 35°C. 
Incubation solution contained 1.0 mg/mL collagenase 
(type I-A, Sigma), 0.5 mg/mL trypsin (type II-S, Sigma), 
and 0.1 mg/mL DNase (type IV, Sigma). Trypsin digestion 
was terminated by adding 1.25 mg/mL Soybean trypsin 
inhibitor (type II-S, Sigma).

Electrophysiological Recordings
Electrophysiological experiments were carried out as 
described previously.29 Whole-cell patch clamp recordings 
were carried out at room temperature (22–25°C) using 
a MultiClamp-700B amplifier (Axon Instruments, CA, 
USA). The isolated DRG neurons were transferred to 
a 35 mm culture dish and kept in normal external solution 
for at least 60 min before electrophysiological recordings. 
The external solution contained the following (in mM): 
150 NaCl, 5 KCl, 2 MgCl2, 2.5 CaCl2, 10 HEPES, 10 
d-glucose. Its pH and osmolarity were adjusted to 7.4 with 
NaOH and 330 mOsm/L with sucrose, respectively. 
Recording pipettes were pulled using a Sutter P-97 puller 
(Sutter Instruments, CA, USA) and its resistance was in 
the range of 3–6MΩ. The micropipette solution contained 
(in mM): 140 KCl (or CsCl), 2 MgCl2, 11 EGTA, 10 
HEPES, 4 ATP, and 0.3 Na2GTP. Its pH and osmolarity 
were adjusted to 7.2 with KOH and 310 mOsm/L with 
sucrose, respectively. In the present experiment, DRG 
neurons with a diameter of 15–35μm were used for elec-
trophysiological recording. After whole-cell configuration 
established, 70–80% series resistance and membrane capa-
citance current were compensated. The recording currents 
were sampled at 10 kHz and filtered at 2 kHz. Data 
detection and analysis were performed using the 
pCLAMP 10 software (Axon Instruments, CA, USA).

Drug Application
All drugs were obtained from Sigma (St. Louis, MO, 
USA). The working concentration of drugs was freshly 
prepared in normal external solution. Each working drug 
was stored in a series of independent reservoirs and 
applied by gravity. The distance was ~30 μm between 
drug exit and recorded neurons.

https://doi.org/10.2147/JIR.S315774                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 2842

Jin et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Animal Behavioral Assay
Male rats were adapted to the environment for at least 30 min in 
a Plexiglas chamber before behavior experiments. Mechanical 
allodynia was measured by paw withdrawal threshold 
(PWT).30 All behavioral studies were carried out with double- 
blind experiment. After rats were encoded, TNF-α and/or α,β- 
meATP was injected into the rat's hind paws in separate groups. 
Another experimenter tested PWT of the ipsilateral hind plan-
tar using a series of von Frey filaments (Stoelting, Wood Dale, 
IL) at 15 min after injection. In another behavioral experiment, 
the hind paws were pretreated with A-317491 or vehicle 10 
min before TNF-α injection, and then PWT was measured at 
0.5, 1, 2, 4, and 24 h after TNF-α injection.

Data Analysis
Data were expressed as mean ± SEM and statistically 
compared using the Student’s t-test or analysis of variance 
(ANOVA), followed by Bonferroni’s post hoc test. 

Nonlinear curve-fitting program ALLFIT was used for 
statistical analysis of concentration–response data.

Results
Acute Enhancement of P2X3 Receptor- 
Mediated Currents by TNF-α in Rat DRG 
Neurons
Inward currents (IATP) were evoked by α,β-methylene-ATP (α, 
β-meATP, 100 μM) or ATP (100 μM) in the majority of small- 
and medium-sized DRG cells (75.0%, 9/12; Figure 1A). IATP 

was blocked by 300 μM A-317491, a specific P2X3 receptor 
antagonist.24 And α,β-meATP is only an activator of P2X3 and 
P2X1 receptors.31 Therefore, we concluded that P2X3 recep-
tors mediated the α,β-meATP induced currents.

In some DRG cells sensitive to α,β-meATP or ATP, the 
effects of TNF-α on the P2X3 receptor-mediated ATP cur-
rents were first evaluated. DRG cells were pre-incubated 
with TNF-α for 5 min prior to application of α,β-meATP 

Figure 1 TNF-α rapidly increased P2X3 receptor-mediated ATP currents in DRG neurons. (A) In a representative DRG cell, 100 μM α,β-meATP and ATP induced similar 
inward currents. The currents could be blocked by 300 μM A-317491, a specific P2X3 receptor antagonist, indicating that they were P2X3 receptor-mediated ATP currents. 
Membrane potentials were clamped at −60 mV. (B) In a DRG neuron, a five minute application of TNF-α (10 ng/mL) increased α,β-meATP- and ATP-induced currents. (C) 
The sequential current traces illustrated that the amplitude of the currents induced by 100 μM α,β-meATP progressively increased after different doses of TNF-α was pre- 
treated to a representative DRG cell. (D) The graph shows the dose–response curve of TNF-α. The EC50 value of the curve was 1.75 ± 0.17 ng/mL. Each point represents 
the mean ± SEM of 7–11 cells.
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or ATP. As shown in Figure 1B, the peak amplitudes of both 
α,β-meATP- and ATP-evoked currents were rapidly 
enhanced by a brief (5 min) application of TNF-α (10 ng/ 
mL). In DRG cells pre-treated with TNF-α, the peak ampli-
tudes of 100 μM α,β-meATP- and ATP-evoked currents 
increased from 2.64 nA to 4.13 nA and from 2.32 nA to 
3.08 nA, separately (Figure 1B). The TNF-α-induced 
enhancement of IATP appeared 5 min after the onset of 
TNF-α application. Figure 1C and D show the effects of 
different doses of TNF-α pretreatment on the membrane 
currents evoked by 100 μM α,β-meATP. Figure 1C shows 
that the peak amplitudes of IATP increased with the increase 
of TNF-α pretreatment dose from 0.1 ng/mL to 30 ng/mL in 
a representative DRG cell. The dose–response curve in 
Figure 1D shows that EC50 (half-maximal effective dose) 
of TNF-α was 1.75 ± 0.17 ng/mL. The results suggested that 
TNF-α rapidly increased ATP currents mediated by P2X3 
receptors in dose-dependent manner.

Concentration–Response and Current– 
Voltage Relationships for α,β-meATP in 
the Absence and Presence of TNF-α
Effects of TNF-α on the concentration–response curve for α,β- 
meATP was then investigated. Different concentration of α,β- 
meATP were used to induce IATP. Figure 2A shows that 

pretreatment of DRG cells with TNF-α (10 ng/mL) for 5 
min enhanced the currents evoked by α,β-meATP at 3, 30, 
and 300 μM. Figure 2B shows that concentration–response 
curves for α,β-meATP in the absence and presence of TNF-α 
(10 ng/mL) pretreatment, which were fit with the Hill equa-
tion. We observed that the concentration–response curve for α, 
β-meATP was shifted upwards by TNF-α (10 ng/mL) pretreat-
ment. First, maximal current response of both curves occurred 
at 300 μM α,β-meATP. However, the 300 μM α,β-meATP 
induced maximum current response increased 31.57 ± 6.81% 
in the presence of TNF-α (10 ng/mL). Second, the slope or Hill 
coefficient of curves in control and TNF-α treated cells were 
0.93 ± 0.11 and 0.96 ± 0.14, respectively (P > 0.1, Bonferroni’s 
post hoc test). Third, TNF-α had no effect on EC50 of α,β- 
meATP for P2X3 receptors. EC50 of curves with and without 
TNF-α (10 ng/mL) pretreatment were 27.49 ± 3.05 μM and 
29.45 ± 3.28 μM, respectively (P > 0.1, Bonferroni’s post hoc 
test). The results indicated that acute sensitization of P2X3 
receptors by TNF-α was due to the increase of the α,β-meATP- 
induced maximum response, not the change of the apparent 
affinity of α,β-meATP for P2X3 receptors.

Membrane potential dependency of the effect of TNF-α 
on P2X3 receptor currents was then analyzed. We investi-
gated the effects of TNF-α on α,β-meATP-evoked currents 
under different clamp potentials. Figure 3A shows that IATP 

Figure 2 TNF-α shifted upwards the concentration–response curve for α,β-meATP. (A) Original currents show that TNF-α (10 ng/mL) pretreatment increased the currents 
induced by three different concentrations of α,β-meATP. (B) The graph shows concentration–response curves for α,β-meATP in the absence and presence of TNF-α (10 ng/mL). 
Both curves were fit by the Hill equation. Each point represents the mean ± S.E.M. of 7–10 neurons. All peak current values from the same cell were normalized to the current 
response induced by 300 μM α,β-meATP applied alone in the absence of TNF-α (marked with asterisk). The figure shows averaged data fitted with the Hill equation. The curves 
shown are a best fit of the data to the logistic equation I = Imax/[1 + (EC50/C)n], where C is the concentration of α,β-meATP, I is the normalized current response value, EC50 is the 
concentration of α,β-meATP for half-maximal current response, and n is the Hill coefficient.
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was evoked by 100 μM α,β-meATP when the membrane 
potential was clamped at −80 mV, −40 mV, and +20 mV, 
respectively. The peak amplitudes of these IATP significantly 
increased after pretreatment of TNF-α (10 ng/mL) for 5 min. 
Figure 3B shows the current–voltage (I–V) curves for α,β- 
meATP in the absence and presence of TNF-α pretreatment. 
The reversal potential of each curve was close to 0 mV. 
However, TNF-α pretreatment increased the slope of I–V 
curve. There was no significant difference in the TNF-α- 
induced enhancement of IATP at all holding potentials from 
−80 to 20 mV (P > 0.1, Bonferroni’s post hoc test). The 
results indicated that acute enhancement of P2X3 receptor- 
mediated ATP currents by TNF-α was voltage-independent.

Involvement of P38 MAPK, but Not 
COX, in the Acute Enhancement of P2X3 
Receptor-Mediated ATP Currents by 
TNF-α
We further explored the pathway linking TNF-α to its 
effects on P2X3 receptor-mediated ATP currents. It has 
been shown that TNF-α can signal by activating p38 
MAPK in DRG neurons and other cell types.12,32,33 

TNF-α treatment also results in up-regulation of cycloox-
ygenase (COX) −2 expression in DRG neurons.34 We 
therefore observed whether p38 MAPK and COX-2 were 
involved in the acute enhancement of P2X3 receptor- 
mediated ATP currents by TNF-α. Application of TNF-α 
(10 ng/mL) alone increased the amplitude of IATP by 33.67 
± 3.43% (Figure 4A and B). However, the enhancement of 

IATP by TNF-α was only 6.54 ± 3.77% after SB202190, 
a fast-acting p38 MAPK inhibitor, was pre-treated to DRG 
cells (10 μM, for 3 min and then mixed with 10 ng/mL 
TNF-α for 5 min) (P < 0.01, Bonferroni’s post hoc test, 
compared with TNF-α pretreatment only, n = 7; 
Figure 4B), suggesting that the TNF-α-induced enhance-
ment of IATP was substantially prevented by SB202190. 
Indomethacin, a potent COX-1 and COX-2 inhibitor, had 
no significant effect on the enhancement of IATP by TNF-α 
when it (30 μM) was treated to DRG cells similar to 
SB202190 administration (Figure 4A and B). The results 
suggested that p38 MAPK, but not COX, was involved in 
the acute enhancement of P2X3 receptor-mediated ATP 
currents by TNF-α.

Participation of P2X3 Receptors in TNF- 
α-Induced Mechanical Allodynia
We finally determined whether the acute sensitization of 
P2X3 receptors by TNF-α could be observed behaviorally, 
as shown by above electrophysiological results in vitro. 
Considering that both ATP and TNF-α can induce mechan-
ical allodynia, we first investigated whether combined 
application of α,β-meATP and TNF-α had a synergistic 
effect on mechanical allodynia. To easily distinguish the 
synergistic effect and individual effect of either α,β-meATP 
or TNF-α, low dose of α,β-meATP (1 nmol in 50 μL) and 
TNF-α (0.1 ng in 50 μL) were selected for application. 
Intraplantar injection of α,β-meATP or TNF-α alone 
reduced the paw withdrawal threshold (PWT) by 24.11 ± 

Figure 3 Current–voltage (I–V) relationships for α,β-meATP with or without the pre-application of TNF-α. (A) Original currents show that TNF-α (10 ng/mL) pretreatment 
increased the currents induced by 100 μM α,β-meATP at three different holding potentials. (B) The graph shows the effect of TNF-α (10 ng/mL) pretreatment on I–V curves 
for α,β-meATP. All current values were normalized to the current response induced by 100 μM α,β-meATP applied alone at −60 mV holding potential (marked with asterisk). 
Each point represents the mean ± SEM of 7–9 neurons. This experiment was carried out using recording pipettes filled with CsCl containing internal solution.
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6.47% and 28.53 ± 6.14%, respectively (Figure 5A). 
However, the combined injection of α,β-meATP and TNF- 
α produced a decrease of 71.78 ± 4.89% in the PWT, which 
was significantly different from adding the predicted effect 
(24.11% + 28.53% = 52.64%) produced by separate treat-
ment of α,β-meATP and TNF-α (P < 0.05; Figure 5A). The 
results suggested that there was a synergistic effect on 
mechanical allodynia when α,β-meATP and TNF-α were 
applied in combination.

We then blocked P2X3 receptors to explore their role 
in the mechanical allodynia induced by TNF-α. A higher 
dose of TNF-α (1 ng in 50 μL) was used in the following 
behavioral experiments. Intraplantar injection of 1 ng 
TNF-α resulted in a significant decrease in PWT within 
0.5 and 4 h after injection, and recovery at 24 
h (Figure 5B). If local P2X3 receptors were pharmacolo-
gically blocked by A-317491 (10 nmol in 50 μL), TNF-α- 
induced mechanical allodynia significantly decreased 

within 0.5 and 4 h after intraplantar injection of TNF-α 
(P < 0.05 and 0.01, Bonferroni’s post hoc test, compared 
with vehicle + TNF-α group, n = 10 rats; Figure 5B). 
Injection of A-317491 alone did not produce any effects 
on PWT in control rats (data not shown, n = 6 rats). The 
results suggested that the TNF-α-induced mechanical allo-
dynia was mediated by P2X3 receptors, at least partially.

Discussion
We demonstrated here that a brief exposure of TNF-α 
rapidly potentiated P2X3 receptor-mediated ATP currents 
via a p38 MAPK-dependent pathway in dissociated rat 
DRG neurons, which might importantly underlie acute 
mechanical allodynia induced by TNF-α in rats.

ATP receptors include P2X1-7 subtypes. Among all sub-
types, P2X3 receptor subtype is mainly located in small- and 
medium-sized nociceptive DRG neurons.18,20,21 In this study, 
the recorded ATP currents were mediated by P2X3 receptors, 
since they could be blocked by specific antagonist of P2X3 
receptor A-317491.24 Moreover, α,β-meATP can only activate 
P2X3 and P2X1 receptors.31 Current studies indicated that 
a 5-min exposure of TNF-α can also rapidly sensitize P2X3 
receptors, which was consistent with previous results showing 
that TNF-α can acute modulate ion channel currents, such as 
TRPV1 currents, TTX-R Na+ currents, and L-type Ca2+ 

currents.12,14,16,17 Acute application of TNF-α can dose- 
dependently increase α,β-meATP-activated currents in rat 
DRG neurons. TNF-α significantly increased the maximal 
current response to α,β-meATP, as shown by an upwards 
shift of concentration–response curve for α,β-meATP by 
TNF-α. But TNF-α had no effect on apparent affinity of 
P2X3 receptors for α,β-meATP. In addition, P2X3 receptor- 
mediated ATP currents were enhanced by TNF-α treatment at 
different membrane-holding potentials from −80 to 20 mV, 
indicating a voltage-independence. These electrophysiological 
evidences were further supported by the behavioral observa-
tions that there was a synergistic effect in TNF-α and α,β- 
meATP induced mechanical allodynia in rats. The rapid sensi-
tization of P2X3 receptors by TNF-α on primary afferents 
might underlie TNF-α-induced mechanical allodynia. 
Moreover, the results that P2X3 receptor antagonist 
A-317491 significantly alleviated the mechanical allodynia 
induced by TNF-α also suggested that TNF-α-induced 
mechanical allodynia maybe mediated by P2X3 receptors, at 
least partially.

TNFR-1 and TNFR-2, two receptor subtypes of TNF- 
α, are located in vivo in DRG neurons.35–38 Previous 
studies suggest that the roles of TNF-α in pain are mostly 

Figure 4 p38MAPK, but not COX, was involved in the potentiation of P2X3 
receptor-mediated ATP currents by TNF-α. Representative current traces in (A) 
and the bar graph in (B) showed that the effects of TNF-α alone, p38 inhibitor 
SB202190 plus TNF-α, and non-selective COX inhibitor indomethacin plus TNF-α 
on α,β-meATP (100 μM) -evoked currents. IATP was significantly enhanced by TNF-α 
(10 ng/mL, 5 min) pre-treatment alone or combined treatment of indomethacin (30 
μM, 3+5=8 min) plus TNF-α (10 ng/mL, 5 min). However, the enhancement of IATP 

did not occur when DRG cells were treated with SB202190 (10 μM, 3+5=8 min) 
plus TNF-α (10 ng/mL, 5 min). Statistical tests were performed using one-way 
ANOVA followed by post hoc Bonferroni’s test, and significance is shown **P < 
0.01. n.s. Not significant. n = 7 in each column.
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mediated by TNFR-1.39 TNFR-1 has been shown to med-
iate TNF-α acute potentiation of TTX-R Na+ channel 
currents and hyperpolarization-activated cation 
currents.12,40,41 Neutralizing antibodies against TNFR-1, 
but not TNFR-2, attenuated thermal and mechanical 
hyperalgesia in a model of nerve injury.8 TNFR-1 knock-
out mice do not display hyperalgesia after CCI injury, 
while there was no difference between wild-type and 
TNFR-2 knockout mice.42 Recently, the expression of 
P2X3 receptors is identified in TNFR2-positive trigeminal 
ganglion neurons.43 Upregulation of P2X3 receptor in the 
trigeminal ganglion neurons by TNFα contributes to tri-
geminal neuropathic pain in rats.43 However, anyway, the 
TNF-α receptor subtypes in rapid sensitization of P2X3 
receptors by TNF-α need to be further determined.

TNFR-1 can activate multiple signaling pathways, 
including ceramide and MAPK signaling.32,33 p38 

MAPK has been shown to be downstream of TNF-α and 
participates in the rapid modulation of TTX-R Na+ chan-
nels and hyperpolarization-activated cation channels by 
TNF-α.12,41 Our results indicated that p38 MAPK was 
necessary for the rapid sensitization of P2X3 receptors 
by TNF-α, because this sensitization was blocked by 
p38MAPK inhibitor SB202190. The rapid sensitization 
of P2X3 receptors by a brief (5 min) exposure of TNF-α 
may be the result of phosphorylation (post-translational 
modification) of P2X3 receptors. Previous studies have 
shown that Nav1.8 channels can be phosphorylated by 
p38 MAPK, resulting in an increase of TTX-R sodium 
currents.44 It remains to be studied whether activation of 
p38 MAPK can phosphorylate P2X3 receptors.

Studies have shown that TNF-α treatment can cause 
the synthesis and release of endogenous prostaglandin E2 
in a COX-2-dependent manner.45,46 Prostaglandin E2 is 

Figure 5 P2X3 receptors participated in TNF-α-induced mechanical allodynia. (A) Intraplantar individual injection of α,β-meATP (1 nmol in 50 μL) and TNF-α (0.1 ng in 50 
μL) produced a moderate decrease in the mechanical threshold (1-test/control). However, a co-injection of α,β-meATP and TNF-α (TNF-α + α,β-meATP) produced a much 
large decrease in the threshold than adding the threshold reduction caused by TNF-α and α,β-meATP alone (predicted TNF-α + α,β-meATP). Paw withdrawal threshold 
(PWT) was tested at 15 min after intraplantar injection. PWT was normalized to the baseline values before every injection. n = 10 rats in each group. * P < 0.05, Two-way 
ANOVA followed by Bonferroni’s post hoc test. (B) After intraplantar injection of TNF-α (1 ng in 50 μL), PWT (in g) significantly decreased at 0.5, 1, 2 and 4 h and 
recovered at 24 h. The decrease of PWT induced by TNF-α was significantly attenuated when A-317491 (10 nmol in 50 μL), a specific P2X3 receptor antagonist, was 
pretreated to ipsilateral hind paws. n = 10 rats in each group. *P < 0.05, **p < 0.01, Bonferroni’s post hoc test, compared with vehicle + TNF-α group.
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found to increase Nav1.8 currents through PKA and PKC 
signaling.47 Sustained potassium currents are also inhib-
ited by a longer treatment (15 min) of TNF-α in primary 
sensory neurons, which is dependent on the production of 
prostaglandins.48 PGE2 has been shown to enhance P2X3 
receptor-mediated currents in DRG neurons via a cAMP/ 
PKA signaling cascade.49 However, it takes about 4 h to 
become effective that TNF-α increases the sensitivity to 
capsaicin in a COX-2-dependent manner, indicating 
a relatively slow onset of the COX-dependent 
mechanisms.50 Moreover, it has been shown that acute 
TNF-α-mediated hypersensitivity is also COX 
independent.13 The present data indicated that the acute 
sensitization of P2X3 receptors by TNF-α was also not 
dependent on the COX mechanisms, because indometha-
cin, a potent COX inhibitor, had no effect on the enhance-
ment of α,β-meATP-activated ATP currents by TNF-α.

TNF-α and ATP, two well-known mediators, are released 
during pain. Patients with pain were observed to have ele-
vated levels of TNF-α.51,52 Levels of endogenous TNF-α 
also increase in some models of pain.5,6,36 ATP is associated 
with mechanical hypersensitivity in some pain states, such 
as tissue damage and inflammation.18,19 Once both TNF-α 
and ATP are released locally in the same inflammatory or 
painful area, they can sensitize and/or initiate nociceptive 
process by activating their cognate receptors expressed at the 
peripheral terminals of the nociceptive neurons. Our results 
showed that P2X3 receptor was a downstream regulatory 
target of TNF-α. The local released TNF-α could rapid 
sensitize P2X3 receptors via a p38 MAPK-dependent path-
way in the same DRG neurons. In the present study, the 
characteristics of peripheral terminals were studied by using 
DRG neuron soma as model. The rapid sensitization of 
P2X3 receptors by TNF-α may also occur in peripheral 
nerve endings. Indeed, behavioral findings exposed that 
P2X3 receptors were involved in the mechanical allodynia 
induced by TNF-α, at least partially. TNF-α can produce 
more severe mechanical allodynia by sensitizing peripheral 
P2X3 receptors. Therefore, combination of TNF-α and α,β- 
meATP resulted in a synergistic effect on mechanical allo-
dynia in rats.

Conclusion
It has been reported that intramuscular administration of α, 
β-meATP results in an increase in the local TNF-α and 
interleukin 1β levels, which contributes to mechanical 
hyperalgesia induced by activation of peripheral P2X3 
receptors.53 Our results suggested that P2X3 receptor 

was a downstream regulatory target of TNF-α. A brief 
exposure of DRG neurons to TNF-α rapidly increased 
P2X3 receptor-mediated ATP currents via a p38 MAPK- 
dependent pathway, which constituted one mechanism by 
which TNF-α mediated rapid hyperalgesia. Thus, there 
was a positive feedback bidirectional relationship between 
P2X3 receptor and TNF-α, which amplified the peripheral 
pain signaling.
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