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Background and Purpose: We set out to investigate the effects of

electroacupuncture (EAP) and moxibustion on pain states mediated by a range of

acid‐ and ATP‐sensitive nociceptors in acute and inflammatory rodent pain models.

Experimental Approach: We injected PBS (pH 6.0 or 4.0) or α,β‐methylene ATP

into the paw of rats or mice to cause thermal hypersensitivity, which was quantified

by the paw withdrawal latency (PWL). Inflammatory pain was induced by the injection

of complete Freund's adjuvant (CFA) into the rat paw.

Key Results: EAP and moxibustion counteracted the decrease of PWL mediated by

acid‐sensing ion channel 3 (ASIC3) and transient receptor potential vanilloid 1

(TRPV1) channels in response to pH 6.0 PBS, but not that mediated by TRPV1

channels only, initiated by the injection of pH 4.0 PBS. Similarly, EAP and moxibustion

prevented the purinergically induced pain which was caused by stimulation of P2X3

(P2X2/3) and P2X7 receptors. The effect of CFA was also relieved by EAP and

moxibustion.

Conclusions and Implications: During acute thermal pain and CFA‐induced inflam-

matory pain, ASIC3/TRPV1 channels and P2X3/P2X7 receptors are activated by pro-

tons and exogenous α,β‐methylene ATP or endogenously released ATP respectively.

Low‐threshold acute acidic pain mediated by the activation of ASIC3/TRPV1 channels

was reversed by EAP/moxibustion, while high‐threshold acidic pain that is mediated

exclusively by the activation of TRPV1 channels was not. ASIC3 and P2X3 receptors

appear to interact with each other in responding to both protons and ATP, by forming

an ASIC3/P2X3 “cognate receptor”, sensitive to EAP/moxibustion.
1 | INTRODUCTION

Local acidosis has been suggested to play a major role in pain and

hyperalgesia (Reeh & Steen, 1996). On the one hand, protons activate

pain‐sensing receptors (nociceptors) located at primary afferent fibres

in peripheral tissues transmitting information to the spinal cord and

eventually to higher brain centres (Burnstock, 2009b; Y. Dai, 2016;

Deval & Lingueglia, 2015). These pain‐sensing receptors represent

mainly the TRPV1 member of the transient receptor potential (TRP)
, dibenzoyl‐ATP; CFA, complete

w withdrawal latency; TRPV1,

thylene ATP
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protein superfamily (Jardin et al., 2017; Moran & Szallasi, 2018) as well

as the acid‐sensing ion channel 1a (ASIC1a) and ASIC3 members of

the ASIC family (Y. R. Cheng, Jiang, & Chen, 2018; Wemmie, Taugher,

& Kreple, 2013). On the other hand, protons may modulate the func-

tion of various receptors responding to compounds released by the

damaged tissue (histamine, 5‐HT, and ATP; Burnstock, 2009b;

Burnstock, 2013; Jardin et al., 2017). For example, ATP leaves the cell

interior through the injured cell membrane and activates at lower con-

centrations the P2X3 (and P2X2/3) and at higher concentrations the

P2X7 members of the P2X family of receptors (Burnstock, 2009b;

Wirkner, Sperlagh, & Illes, 2007).
© 2019 The British Pharmacological Societyh 77
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What is already known

• Acupuncture family procedures cause analgesia via

stimulation of certain points of the skin.

What this study adds

• Electroacupuncture and moxibustion counteract slight

acidic pain mediated by ASIC3 and TRPV1 channels in

rodents.

• Electroacupuncture and moxibustion alleviate

purinergically induced pain mediated by ATP‐sensitive

P2 receptors (P2X3 and P2X7).

What is the clinical significance

• Based on its identified mode of action, acupuncture

efficiently relieves subacute inflammatory pain.
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ASICs belonging to the epithelial sodium channel/degenerin super-

family (Deval & Lingueglia, 2015; Grunder & Chen, 2010) exhibit high

structural similarity to P2X receptors (Baconguis, Hattori, & Gouaux,

2013; Kellenberger & Grutter, 2015). Although the amino acid com-

position of the two receptor‐channel types is different, their trimeric

structure and ion conductive pathways are similar. Recently, it has

been suggested that ASIC3 and P2X3 subunits do not form a

heteromeric channel but tightly associate with each other to consti-

tute a protein complex, mediating unidirectional inhibition (Stephan

et al., 2018).

Acupuncture family procedures have been practiced as a sub-

discipline of Traditional Chinese Medicine for the past 3,000 to

4,000 years; they are based on the stimulation of certain points of

the skin (acupoints) and the underlying subcutaneous tissue via

mechanical or thermal (moxibustion) stimulation (Campbell, 2006;

Tang, Yin, Rubini, & Illes, 2016). Increasing evidence from both

basic and clinical research on acupuncture indicates that pain is par-

ticularly sensitive to this therapeutic manoeuvre (Vickers & Linde,

2014; Zhang, Lao, Ren, & Berman, 2014). Analgesia appears to be

due to the release of opioid peptides from peripheral immunocytes

during inflammation but also from opioidergic neurons in the brain

and spinal cord (Pomeranz & Chiu, 1976; Zhang et al., 2014). More

recently, it was suggested that the local release of ATP and probably

its enzymic degradation to adenosine is responsible for acupuncture‐

induced analgesia (Burnstock, 2009a; Goldman et al., 2010; Tang

et al., 2016).

Because clinical studies on acupuncture‐induced analgesia have

often yielded conflicting results (Colquhoun & Novella, 2013; Madsen,

Gotzsche, & Hrobjartsson, 2009), it is of eminent importance to rely on

experiments carried out on laboratory animals and to evaluate the data

with stringent statistical methods including comparison with a suffi-

cient number of control animals (Tang et al., 2016; Tang, Yin, Liu,

Rubini, & Illes, 2018). For example, systematic investigations on pain

mediated by acid‐sensing nociceptors in conjunction with the applica-

tion of acupuncture are largely missing.

The aim of the present work was threefold: (a) to clarify whether

electroacupuncture (EAP)/moxibustion equally interfere with acidic

and purinergic pain; (b) to find out whether low‐ and high‐threshold

acidic pain is differentially modulated by EAP/moxibustion; and (c) to

investigate whether there is an interaction between ASIC3/ P2X3

receptors in vivo as was suggested to occur on the basis of in vitro

experiments (Stephan et al., 2018). We report that during acute acidic

pain and complete Freund's adjuvant (CFA)‐induced inflammatory

pain, ASIC3/TRPV1 channels and P2X3/P2X7 receptors are activated

by endogenously released protons and ATP respectively. Furthermore,

low‐threshold acute acidic pain mediated by the activation of

ASIC3/TRPV1 channels was prevented by EAP/moxibustion, while

high‐threshold acidic pain mediated exclusively by the activation of

TRPV1 channels was not. ASIC3 and P2X3 receptors appeared

to interact with each other in response to both protons and ATP,

by forming an ASIC3/P2X3 “cognate” receptor, sensitive to

EAP/moxibustion. Inflammatory pain was also sensitive to these

acupuncture family procedures.
2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the

National Institute of Health Guidelines for the Care and Use of Labo-

ratory Animals and were approved by the Animal Ethics Committee of

Chengdu University of Traditional Chinese Medicine. Animal studies

are reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010) and with the recommenda-

tions made by the British Journal of Pharmacology. The experiments

were performed on 429 adult male Sprague–Dawley rats (180–220 g

of weight), TRPV1 knockout (Trpv1tm1Jul; RRID:MGI:4417977; KO;

n = 36) mice, and their wild‐type (WT; n = 29) controls (18–22 g;

Jackson Laboratory, Bar Harbor, ME, USA). P2X7 receptor KO mice

(P2rx7tm1.2Jde; MGI:6203042; n = 7) and their WT controls (n = 7;

17–22 g each) were a generous gift of Dr Jan M. Deussing (Max Planck

Institute of Psychiatry, Munich, Germany). We established colonies of

TRPV1 and P2X7 KO as well as WT mice in our animal house. Only

male rats and mice were used for experiments in order to exclude

any sex‐dependent variability. Animals were 7–8 weeks of age, were

housed 3–6 per cage, and experienced at least 1‐week acclimation to

our laboratory animal observation room in a natural light/dark cycle

at 22–24°C with free access to water and food.

2.2 | Drug application protocols

All drugs were applied by the intra‐plantar (i.pl.) route into the left hind

paw of rats and mice in volumes of 100 and 20 μl respectively. Drugs,

except in experiments with CFA, were injected immediately after the

baseline testing of the paw withdrawal latency (PWL) at the −30‐min

time point (see, e.g., Figure 1). Then, the PWL was measured in 30‐

min intervals, for an additional 120 min.

In experiments with inflammatory pain, the PWL was determined

and immediately afterwards, a CFA cell suspension (100 μl) was

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2844


FIGURE 1 Modulation by pharmacological antagonists and acupuncture family procedures of acute thermal hypersensitivity caused by local
acidification to pH 6.0. At −30 min, pH 7.4 or pH 6.0 PBS alone, APETx2 (20 μM), capsazepine (10 μM), or A‐317491 (300 nM), all dissolved in
pH 7.4 or pH 6.0 PBS were injected to the left hind paw of rats; in another series of experiments, EAP or moxibustion, both for 30 min, was
delivered to the Zusanli acupoint (ST36) of rats at the ipsilateral or contralateral side, again after injecting pH 7.4 or pH 6.0 PBS. For sham EAP, the
needle was positioned as for EAP, but without electrical stimulation. The PWL was determined at −30 min and every 30 min afterwards, six times
in total, until the 120‐min time point. This experimental protocol was used in Figures 1–6. One hundred and eleven rats were used to generate the
data present in this figure (a–f). The time‐dependent effects of APETx2 (a), capsazepine (b), A‐317491 (c), EAP (d), sham acupuncture (e),
moxibustion (f), contralateral EAP (g), and EAP at a non‐acupoint (h) are shown on the acidification‐induced decrease of PWL. For comparison, the
change in PWL measured after injection of pH 7.4 PBS injection was plotted at each time point. Mean ± SEM determined on the number of animals
in brackets. (i–k) Effects of pH 6.0 PBS, APETx2, capsazepine, and A‐317491 (i), or EAP, contralateral EAP, sham EAP, and moxibustion (j), or
contralateral EAP, and EAP at a non‐acupoint (k) determined in pH 6.0 PBS and expressed as a percentage of the normal PBS (pH 7.4; 100%) effect
at 0 min. As controls, the effects of pharmacological antagonists and acupuncture‐family treatments were also measured, when applied together
with normal PBS (pH 7.4) (i,j). Mean ± SEM of the indicated number of experiments. APET, APETx2; CAPSAZ, capsazepine; A31, A‐317491; EAP,
electro‐acupuncture; SHAM, sham EAP; MOXI, moxibustion; contEAP, contralateral EAP; nonEAP, EAP applied to a non‐acupoint. *P < .05,
significantly different from the mean PWL measured at 0 min after PBS (pH 7.4) injection. §P < .05, significantly different from the effect of pH 6.0
PBS injection; Kruskal–Wallis one‐way ANOVA on ranks (H = 50,872, i; H = 45,893, j; H = 29,398, k) followed by Dunn's test
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injected into the left hind paw of rats. Subsequently, the animals were

returned to their cages for 24 hr. Then, at the −30‐min time point, the

PWL was redetermined, various pharmacological antagonists were

injected, or EAP/moxibustion was applied for 30 min (see Figure 7).

Once again, thereafter, the PWL was measured in 30‐min intervals

for 120 min in total.

2.3 | EAP and moxibustion

EAP and moxibustion were administered at roughly the same time of

the day (10:00 a.m. to 12:00 a.m.) to awake animals, immobilized by

two Velcro brand hooks and loop fasteners as well as additional tapes

fixed to a wooden block for the duration of EAP and moxibustion only.

Although immobilization is certainly a stressful stimulus, sham acu-

puncture applied to the same acupoint but without electrical stimula-

tion or EAP delivered to a non‐acupoint, both did not modify the

baseline PWL value when compared with the PWL values measured

in all other experiments (compare Figure 1e,h with, e.g., Figure 1a–d).

EAP was delivered to the Zusanli acupoint (ST36; located at the

left knee, about 2 mm for mice or 6 mm for rats below the fibular head).

An electrical current of 1 mA for rats or 0.5 mA for mice and a frequency

of 15 Hz was delivered for 30 min, by an “acupoint nerve

electrostimulator” (HANS‐200, Nanjing Jisheng Medical Technology

Co., Jiangsu, China). EAP was applied through stainless steel needles

(2.5 cm long, 0.25mmdiameter; Hwato‐Med. Co., Jiangsu, China), intro-

duced 5–8mmdeep (rats) or 2–3mmdeep (mice) below the skin at ST36

unilaterally. As controls, a sham EAP group of rats was treated with the

same procedure, but without electrical stimulation. In another group of

rats, a non‐acupoint was stimulated about 3 cm distal from the ST36

acupoint towards the tail and opposite to the knee joint (Torres‐Rosas

et al., 2014). This non‐acupoint is neither referred to in the acupoint

map of rodents nor is it close to any major nerve.

Moxibustion was applied for 30 min at a distance of approximately

1 cm from the skin to ST36 unilaterally, onto the left limb of the

animals using moxa sticks (Nanyang Han‐yi moxa LLC., Henan, China)

with a diameter of 5 mm and a length of 120 mm.

2.4 | Measurement of thermal PWL

Responses to thermal laser stimulation were determined at the plantar

surface of the left hind paw by using a “Thermal Stimuli Instrument”

(PL‐200, Techman Software Co., Chengdu, China). The instrument was

preheated for 30 min before use. The intensity of the light beam was

adjusted to 30% (10% for mice) and the cut‐off time was set to 20 s (in

TRPV1 KO mice to 30 s). In spite of the prolongation of the baseline

PWL in TRPV1 KO mice, there was no evident tissue damage caused

by the thermal stimulus. All measurements were made in an air‐

conditioned room (22–24°C).Withdrawal, shaking, or licking of the hind

paw was considered as responses to thermal stimulation. Animals were

allowed to get accustomed to a transparent plastic enclosure

(210 mm × 210 mm × 160 mm) on the top of the vitreous experimental

platform (800mm×400mm×165mm) for 30–40min for three consec-

utive days each, before the beginning of the test. The baseline PWLwas

determined only once. Then, the PWL of rats and mice was measured
three times (each time with 5‐min intervals), every 30 min, including

the following six time points: baseline (−30), 0, 30, 60, 90, and 120 min.

All experimenters were blinded to the experimental treatments. Rats

and mice were randomly assigned to one of the experimental groups or

to the control group. The number of animals in the control group was

higher than that in the respective experimental groups. We increased

the number of animals in the control group (pH 7.4, PBS) to 22 by

performing measurements on three groups of 6–8 animals each

(approximately time matching with the experimental groups). The mean

PWL values in the three groups at the 0‐min time points were

12.3 ± 0.4 s (n = 8), 12.8 ± 0.8 s (n = 6), and 12.4 ± 0.5 s (n = 8) respec-

tively. As there was no statistically significant difference between these

values (P > .05; F = 0.236; Kruskal–Wallis ANOVA on ranks), they were

pooled for the final calculations. In another control group (CFA, pH 7.4,

PBS), two groups of 6–8 animals each were used for measurements and

the PWL values obtained at different times were again pooled

(12.9 ± 0.4 s, n = 6; 12.1 ± 0.6 s, n = 8; P > .05; Mann–Whitney rank

sum test). Otherwise, sample size estimation for the

different experimental groupswas not conducted; they consisted of five

to 10 animals throughout. Rats or mice were used only once for

drug/acupuncture procedure experiments.

2.5 | Data analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology (Curtis et al., 2018). All data were expressed as

means ± SEM of n observations, where n means the number of animals

per group. SigmaPlot 13.0 was used for statistical evaluation. We

tested for and found that, when using parametric tests, all sampled dis-

tributions satisfied the normality and equal variances criteria. Multiple

comparisons between data were performed in case of their normal dis-

tribution by one‐way ANOVA followed by the Holm–Sidak test or

repeated measures ANOVA on ranks followed by the Tukey's test.

Multiple comparisons between data were performed in case of their

non‐normal distribution by Kruskal–Wallis ANOVA on ranks, followed

by the Dunn's test. Two‐way ANOVA followed by the Dunn's or

Tukey's test was performed to compare data obtained in KO and

WT mice in Figures 3c,e and 6f as well as to compare data obtained

at the time points 0 and 60 min in Figure 2d,e. Post hoc tests were

run only if F or H achieved P < .05. Two data sets were compared

by the parametric Student's t‐test or the non‐parametric Mann–

Whitney rank sum test, as appropriate. A probability level of .05 or less

was considered to be statistically significant.

2.6 | Materials

The drugs used were the following: 5‐[[[(3‐phenoxyphenyl)

methyl][(1S)‐1,2,3,4‐tetrahydro‐1‐naphthalenyl]amino]carbonyl]‐1,2,4‐

benzenetricarboxylic acid sodium salt hydrate (A317491), 3‐[[5‐(2,3‐

dichlorophenyl)‐1H‐tetrazol‐1‐yl]methyl]pyridine hydrochloride

(A438079), amiloride hydrochloride, 2′(3′)‐O‐(4‐benzoylbenzoyl)

adenosine‐5′‐triphosphate tri(triethylammonium) salt (Bz‐ATP),

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4115
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FIGURE 2 Modulation by pharmacological antagonists and acupuncture family procedures of acute thermal hypersensitivity caused by local
acidification to pH 4.0. At −30 min, pH 4.0 PBS alone, or alternatively capsazepine (10 μM), or APETx2 (20 μM) dissolved in pH 4.0 PBS, was
injected to the left hind paw of rats; in another series of experiments, EAP or moxibustion, both for 30 min, was delivered to the Zusanli acupoint
(ST36) of rats at the ipsilateral side, again after injecting pH 4.0 PBS. PWL measurement was as in Figure 1. Thirty four rats were used to generate
the data presented below. (a–c) The time‐dependent effects of pH 6.0 and pH 4.0 PBS are shown alone (a), as well as the effects of pH 4.0 PBS
together with APETx2 (20 μM), capsazepine (10 μM) (b), EAP, or moxibustion (c) on the acidification‐induced decrease of PWL. For comparison,
the change in PWL measured after injection of pH 7.4 PBS injection was plotted at each time point. Mean ± SEM determined on the bracketed
number of animals. (d,e) Effects of pH 4.0 PBS, and APETx2 (20 μM), capsazepine (10 μM), EAP, or moxibustion determined in pH 4.0 PBS,
expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at 0 min (d) or 60 min (e). Mean ± SEM of the indicated number of experiments.
*P < .05, significantly different from the mean PWL measured after PBS (pH 7.4) injection at 0 min (d) and at 60 min respectively. §P < .05,
significantly different from the effect of pH 4.0 PBS injection at 60 min; Kruskal–Wallis one‐way ANOVA on ranks (D,H = 50,290; E,H = 50,223)
followed by Dunn's test. #P < .05, significantly different from the effect of pH 4.0 PBS injection at 0 min (d) or 60 min (e); two‐way ANOVA
(Ftreatment = 18.784, Ftime × treatment = 3.615) followed by Dunn's test
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capsazepine, CFA cell suspension (CFA), α,β‐methylene ATP (α,β‐

meATP; Sigma‐Aldrich; Saint Louis, MO, USA), and APETx2 (Tocris

Bioscience; Abingdon, UK). Ugr9‐1 was obtained by the production

of a recombinant analogue in Escherichia coli (Osmakov et al.,

2013). Stock solutions of all drugs (A317491, 1 mM; A438079, 10

mM; APETx2, 1 mM; Bz‐ATP, 10 mM; α,β‐meATP, 1 mM; Ugr9‐1,

1 mM) were prepared in distilled water, with the exception of

capsazepine (1 mM) and amiloride (10 mM) which were diluted in

DMSO (Biofroxx, Einhausen, Germany). Further dilutions were made

in PBS (Solarbio, Beijing, China), the pH of which was set to the

required values (7.4, 6.0, or 4.0) by adding 0.1‐N HCl, or in addition

0.1‐N NaOH, if required.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2017/18

(Alexander, Christopoulos et al., 2017; Alexander, Peters et al., 2017;

Alexander, Striessnig et al., 2017).
3 | RESULTS

3.1 | Effects of pharmacological antagonists, EAP,
and moxibustion on acidification‐induced pain in rats

In all experiments, the PWL of rats was measured with a thermal laser

stimulator as described in Section 2. The application of a PBS with a

slightly alkaline pH (7.4; termed “normal”) into the left hind paw

caused no change in PWL from the first measurement at −30 min to

the second and third measurements at 0 and 30 min. However, a

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2461
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4093
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4093
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4135
http://www.guidetopharmacology.org


FIGURE 3 Modulation by pharmacological antagonists and acupuncture family procedures of acute thermal hypersensitivity caused
by local acidification to pH 6.0 inTRPV1−/− KO and TRPV1+/+ wild‐type (WT) mice. At −30 min, pH 7.4 or pH 6.0 PBS was injected to the left hind
paw of either type of mice; in another series of experiments, EAP or moxibustion, both for 30min, was delivered to the Zusanli acupoint (ST36) at the
ipsilateral side to wild‐type and KO animals. PWL measurement was as in Figure 1. The time‐dependent effect of pH 6.0 PBS alone, or together with
EAP, or moxibustion are shown in the acidification‐induced decrease of PWL inTRPV1+/+ (n = 36; a,b) or TRPV1−/− (n = 29; d,e) mice. For comparison,
the change in PWL measured after injection of pH 7.4 PBS was plotted at each time point. Mean ± SEM determined on the bracketed number of
animals. (c,f) Effects of pH 6.0 PBS alone or together with EAP, or moxibustion expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at
0min inTRPV1+/+ (c) or TRPV1−/− (f) mice.Mean± SEMof the indicated number of experiments. The abbreviations are the same as in Figure 1. *P < .05;
statistically significant difference from the mean PWL measured after PBS (pH 7.4) injection at 0 min inTRPV1+/+ (c) and TRPV1−/−(f) mice
respectively. §P < .05, significantly different from the effect of pH 6.0 PBS injection at 0 min inTRPV1−/−(f) mice; Kruskal–Wallis one‐way ANOVA on
ranks (H = 27.273, c; H = 18,085, f) followed by Dunn's test. #P < .05,significantly different from effect of pH 6.0 PBS inTRPV1+/+ mice; two‐way
ANOVA (Ftreatment = 23.140, Fgenotype × treatment = 3.554) followed by Dunn's test
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statistically significant, although minor, decline from the fourth mea-

surement at 60 min onwards, was observed in comparison with the

first measurement (Figure 1a–h; P < .05; one‐way repeated measures

ANOVA; Chi‐square = 18.953; followed by the Tukey test). In an

attempt to exclude any time‐dependent variability, we decided to

compare all drug effects with their time‐matched controls.
In contrast to the effect of PBS at a normal pH, injection of a mod-

erately acidic PBS (pH, 6.0) to the left hind paw at −30 min caused a

pronounced shortening of the PWL as measured at 0 min (Figure 1

a–h). It has to be mentioned that the pH does not remain stable at

the site of injection over time. A constant dilution of the low pH

PBS is expected to occur. Nonetheless, it is reassuring that the effect
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of the PBS injection is absolutely stable throughout the experiment,

and therefore, this may not interfere with the reliability of the

conclusions.

The effect of pH 6.0 PBS was abolished by the ASIC3‐selective

marine toxin APETx2 (20 μM; Figure 1a) and the selective TRPV1

channel antagonist capsazepine (10 μM; Figure 1b) at 0 min but not

by the selective P2X3 receptor antagonist A‐317491 (300 nM;

Figure 1c). By contrast, the same dose of A‐317491 abolished the

effect of α,β‐meATP (200 nM) in another series of experiments carried

out according to a similar application protocol (Figure 4b). It is also

noteworthy that APETx2 at a lower dose of 2 μM did not alter the

effect of the acidic PBS, whereas at a higher dose of 20 μM, it caused

a complete blockade (Figure 1a,i). Therefore, we used in all subsequent

experiments 20 μM of APETx2.
FIGURE 4 Modulation by pharmacological antagonists and acupuncture
injection of α,β‐meATP. At −30 min, α,β‐meATP (100, 200, and 400 nM) w
also co‐injected with APETx2 (20 μM) or A‐317491 (300 nM). In another
delivered to the Zusanli acupoint (ST36) of rats at the ipsilateral side, imme
in Figure 1. Fifty two rats were used to generate the data presented below
400 nM) alone are shown on the PWL (a); the effects of α,β‐meATP (200 n
and EAP or moxibustion for 30 min (c), are also displayed. For comparison,
at each time point. Mean ± SEM determined on the bracketed number of
alone or together with APETx2 (20 μM), A‐317491 (300 nM), EAP, and mo
effect at 0 min. The effects of α,β‐meATP (100–400 nM) are also shown.

significantly different from the mean PWL measured after PBS (pH 7.4) inj
meATP (200 nM) injection at 0 min; Kruskal–Wallis one‐way ANOVA on r
Inspection of the graphs shows that the antagonism by APETx2

(20 μM) was of longer duration than that caused by capsazepine

(10 μM; compare Figure 1a and b). Interestingly, APETx2 (20 μM)

significantly depressed the effect of the pH 7.4 PBS at the 90‐min

and 120‐min sampling points (P < .05; Student's t‐test each). Pres-

ently, we have no explanation for this depression; however, at the

0‐min time point relevant for the evaluation of the data, we did

not observe any effect of APETx2 (20 μM).

Further, EAP (Figure 1d) and moxibustion (Figure 1f) applied for

30 min each at the −30‐min time point counteracted the decrease of

PWL produced by the injection of acidic PBS. The effects of EAP

and moxibustion had approximately identical durations (compare

Figure 1d with Figure 1f). When an acupuncture needle was intro-

duced into the left hind paw of rats, without electrical stimulation
family procedures of acute thermal hypersensitivity caused by local
as injected into the left hind paw of rats; α,β‐meATP (200 nM) was
series of experiments, EAP or moxibustion, both for 30 min, was
diately after injecting α,β‐meATP (200 nM). PWL measurement was as
. (a–c) The time‐dependent effects of α,β‐meATP (100, 200, and
M) applied together with APETx2 (20 μM) or A‐317491 (300 nM) (b),

the change in PWL measured after injection of pH 7.4 PBS was plotted
animals. (d) Effects of pH 7.4 PBS and α,β‐meATP (200 nM) injected
xibustion expressed as a percentage of the normal PBS (pH 7.4; 100%)
Mean ± SEM of the indicated number of experiments. *P < .05,
ection at 0 min. §P < .05, significantly different from the effect of α,β‐
anks (H = 38.308) followed by Dunn's test
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(“sham EAP”), the PWL continued to decrease in response to local

acidification (Figure 1e). Moreover, acupuncture applied to ST36 at

the contralateral hind paw also interfered with the acidification‐

induced pain (Figure 1g), while acupuncture delivered to a non‐

acupoint had no effect at all on this pain quality (Figure 1h).

For a better comparability of the drug‐ and treatment‐induced

changes in PWL, they were expressed at 0 min as percentage values

relative to the normal PBS effect at 0 min (designated as 100% and

indicated by a broken line; Figure 1i–k). The bar graphs shown confirm

the conclusions made on the basis of Figure 1a–h, showing also that

normal (pH 7.4) PBS in combination with APETx2 (20 μM) and

A317491 (300 nM) at the doses applied (Figure 1i), as well as EAP,

sham EAP, and moxibustion alone (Figure 1j), in the absence of an

acidic PBS injection, did not alter the percentage drug or treatment

effects. Capsazepine (10 μM) prolonged the effect of normal PBS

probably because it antagonized the activation of TRPV1 by its endog-

enous agonists (Figure 1i). Whereas stimulation of St36 at the contra-

lateral paw inhibited the thermal hypersensitivity induced by acidic

pain, stimulation of a non‐acupoint with the standard electrical param-

eters failed to modify this pain quality (Figure 1k). We decided to

calculate the inhibition of the acidic PBS (α,β‐meATP and Bz‐ATP)‐

induced sensitivity increase by various drugs/treatments 30 min after

drug application or after the start of EAP/moxibustion, because this

inhibition was in almost all cases maximal at 0 min, with no change

or a time‐dependent decrease afterwards.

Then, we investigated the effects of the used drugs and treatments

in identical doses as previously, against a stronger local acidification by

a PBS solution of pH 4.0 (Figure 2a). A decrease of the pH from 6.0 to

4.0 did not cause a further increase in PWL (Figure 2a). Whereas

capsazepine (10 μM) antagonized the effect of a strongly acidic PBS,

and this effect even increased with time, neither APETx2 (20 μM)

nor EAP, or moxibustion caused any change (Figure 2b,c); the calcula-

tion of the percentage effects of these drugs and treatments at 0 min

(Figure 2d) and 60 min (Figure 2e) confirmed our findings. The two bar

charts also show that capsazepine at 0 min caused only partial inhibi-

tion of the strong acidification‐induced effect, while at 60 min, the

inhibition was complete. By contrast, the effects of all other treat-

ments than those with capsazepine remained stable with time.
3.2 | Effects of pharmacological antagonists, EAP,
and moxibustion on acidification‐induced pain in WT
and TRPV1 receptor‐deleted mice

In view of the failure of EAP and moxibustion to counteract the

decrease of PWL by local acidification to pH 4.0, but not pH 6.0,

and the antagonism by APETx2 of the latter but not the former effect,

we decided to compare the modulation by EAP and moxibustion of the

pH 6.0‐induced decrease in PWL of WT and TRPV1‐deficient mice

(Figure 3). The initial (pretreatment) PWL value of the knockout mice

(Figure 3d) was higher than the corresponding value of theWT animals

(Figure 3a; P < .05; Student's t‐test). This difference was expected,

because TRPV1 is one of the cation channels which respond to heat

perceived by cutaneous, sensory nerve terminals. From the evaluation
of the percentage changes at 0 min of the normal PWL in the two

types of animals, it could be deduced that the effects of EAP were sim-

ilar, although the inhibition by pH 6.0 PBS of the PWL appeared to be

somewhat more marked in the WT than in the knockout mice,

although this change did not reach the level of statistical significance

(Figure 3c,e). By contrast, moxibustion had more effect in the knock-

out than in the WT mice (Figure 3c,e). Eventually, we tentatively sug-

gest that in the knockout mice, ASIC3 took over the function of

TRPV1 channels in sensing cutaneous tissue acidification; however,

the participation of acid‐sensing ion channels other than ASICs (volt-

age‐sensitive tetrodotoxin‐resistant Na+ channels; NaV1.8; Nakamura

& Jang, 2015) or proton‐sensing GPCRs (GPR65, TDAG8; S. P. Dai

et al., 2017) cannot be excluded either.
3.3 | Effects of pharmacological antagonists, EAP,
and moxibustion on P2X3 and P2X7
receptor‐mediated pain in rats

After having carried out measurements on rats and mice by injection of

acidic PBS, we turned our attention to acute pain hypersensitivity

induced by the P2X1,3 receptor agonist α,β‐meATP (Figure 4). α,β‐

meATP (100 and 200 nM) caused a dose‐dependent decrease of PWL

(Figure 4a). A further increase of the α,β‐meATP dose to 400 nM failed

to induce more inhibition; therefore, we used in the subsequent exper-

iments 200 nM of the purinergic agonist. APETx2 (20 μM), A‐317491

(300 nM), EAP, and moxibustion caused an equal inhibition of the α,β‐

meATP (200 nM) effect, although the pharmacological antagonists

caused a longer lasting normalization of the PWL than theAP family pro-

cedures (compare Figure 4b with Figure 4c). It was an unexpected find-

ing that not only the selective P2X3 receptor blocker A‐317491 but also

the ASIC3 blocker APETx2was inhibitory (see also Figure 5). All findings

could be confirmed by considering the percentage changes at 0 min of

the normal PWL, as documented in Figure 4d. The effect of 200‐nM

α,β‐meATP (Figure 4d) calculated on a percentage basis did not differ

from that of pH 6.0 or pH 4.0 (Figure 2d; P > .05; one‐way ANOVA; F

= 1.744), as determined in previous experiments.

In view of the blockade of the pH 6.0 as well as the α,β‐meATP‐

induced thermal hypersensitivity by APETx2 (20 μM), we decided

to investigate whether this is due to a failure of this specific

marine toxin to reliably differentiate between ASIC3 and P2X3

receptors or whether an ASIC3/P2X3 cognate receptor appears to

operate at the cutaneous nerve terminals (Stephan et al., 2018).

We considered this latter possibility highly likely because not only

APETx2 (20 μM) but also another selective ASIC3 antagonist Ugr9‐

1 (20 μM; Andreev et al., 2018) and the general epithelial sodium

channel/degenerin (ASIC2) antagonist amiloride (10 μM; Boscardin,

Alijevic, Hummler, Frateschi, & Kellenberger, 2016) inhibited the

thermal hypersensitivity caused by both acidic pH and purinergic

stimulation (Figure 5a–e). It is noteworthy that neither UGr9‐1 nor

amiloride altered the PWL when injected into the paw dissolved in

pH 7.4 PBS (Figure 5a,b).

The prototypic P2X7 receptor agonist dibenzoyl‐ATP (Bz‐ATP)

depressed the PWL with very steep dose–response dependence

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=585
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=113
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=122
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=122
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=685


FIGURE 5 Modulation by selective (Ugr9‐1) or non‐selective (amiloride) ASIC3 antagonists of acute thermal hypersensitivity caused by local
acidification to pH 6.0 or injection of α,β‐meATP (200 nM) into the left hind paw of rats at the −30 min time point. PWL measurement was as in
Figure 1. Eighty rats as well as seven KO and seven WT mice were used to generate the data presented below. (a,b) The time‐dependent effects of
pH 6.0 PBS alone, or together with Ugr9‐1 (20 μM; a) or amiloride (10 μM; b), are shown. For comparison, the change in PWL measured after
injection of pH 7.4 PBS was also plotted. (c) The time‐dependent effect of α,β‐meATP (200 nM) alone, or together with Ugr9‐1 (20 μM) or
amiloride (10 μM), is shown. Mean ± SEM determined on the bracketed number of animals. Effects of pH 6.0 PBS alone or together with Ugr9‐1 or
amiloride expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at 0 min (d). The missing effects of the two antagonistic drugs
dissolved in pH 7.4 PBS are also plotted. Mean ± SEM of the indicated number of experiments. Effect of α,β‐meATP (200 nM) alone or together
with Ugr9‐1 or amiloride expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at 0 min (d). Mean ± SEM of the indicated number of
experiments. AMI, amiloride. *P < .05, significantly different from the mean PWL measured after PBS (pH 7.4) injection at 0 min in b or d
respectively. §P < .05, significantly different from the effect of pH 6.0 PBS injection at 0 min in d or e; Kruskal–Wallis one‐way ANOVA on ranks
(H = 21.886; d) and (H = 27.726; e), followed by Holm–Sidak test
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(Figure 6). Bz‐ATP at 20 nM had no effect, while at 50‐nM Bz‐ATP, the

inhibition was already maximal (Figure 6a). When the dose of Bz‐ATP

was increased from 50 to 100 nM, no further reduction of the PWL

occurred. Moreover, Bz‐ATP at 200 nM had less effect than Bz‐ATP

at 100 nM, indicating a bell‐shaped dose–response relationship.

Therefore, we used Bz‐ATP at 50 nM in rats for all consecutive mea-

surements. Experiments with the selective antagonists A‐317491

(P2X3 receptors; 300 nM) and A‐438079 (P2X7 receptors; 300 nM)

showed that only antagonism at P2X7 receptors, but not at P2X3

receptors, blocked the reduction of PWL by Bz‐ATP (Figure 6b). In

addition, A‐438079 alone facilitated the PWL at the 0‐min time point,

probably by antagonizing a tonic inhibition of the P2X7 receptors by

endogenous ATP (Figure 6b,e). Eventually, both EAP and moxibustion

inhibited the Bz‐ATP (50 nM)‐induced inhibition with equal potency

and comparable time course (Figure 6c). All findings could be con-

firmed by calculating the percentage changes at 0 min of the normal

PWL, as shown in Figure 6e. By inspecting these data, it was surprising

that, although Bz‐ATP was effective at a lower concentration (50 nM)
than α,β‐meATP (200 nM), the maximum percentage inhibitory effect

at 0 min was less when P2X7 receptors were activated by Bz‐ATP,

compared with activation of P2X3 receptors by α,β‐meATP (compare

Fig 4d with Figure 6e; P < .05; Student's t‐test). Further, the dose–

response curves of Bz‐ATP and α,β‐meATP both exhibited a bell‐

shaped pattern (compare Figure 6a with Figure 4a).

An additional argument for the stimulation of P2X7 rather than

P2X3 receptors by Bz‐ATP in its relevant dose was provided by

experiments using P2X7 receptor KO (P2X7R−/−) animals (Figure 6

d,f). It was clear that Bz‐ATP (100 nM) had a marked effect in the

WT (P2X7R+/+) mice, while it had no effect at all in the P2X7R−/−

mice. In contrast to the classic P2X7R−/− mice (Glaxo and Pfizer),

which are not a complete null allele, because certain functional splice

variants evade inactivation, in the humanized P2X7R−/− mouse used

by us, this receptor is completely inactivated (Metzger et al., 2017).

Bz‐ATP (100 nM) was used in mice, which caused a considerably

larger inhibition in the WT animals than the maximum effective dose

of 50 nM in rats.



FIGURE 6 Modulation by pharmacological antagonists and acupuncture family procedures of acute thermal hypersensitivity caused by local
injection of Bz‐ATP. At −30 min, Bz‐ATP (20, 50, 100, and 200 nM) was injected into the left hind paw of rats. In another series of
experiments, Bz‐ATP (50 nM) was injected together with A‐438079 (300 nM) or A‐317491 (300 nM) at the −30 min time point, or EAP/
moxibustion, both for 30 min, were delivered to the Zusanli acupoint (ST36) of rats at the ipsilateral side, after injecting Bz‐ATP (50 nM). PWL
measurement was as in Figure 1. (a–c) Eighty rats were used to generate the data present below. The time‐dependent effects of the Bz‐ATP doses
indicated are shown on the PWL (a); the effects of Bz‐ATP (50 nM) applied together with A‐438079 or A‐317491 (b), and EAP or moxibustion for
30 min (c), are also displayed. In addition, Bz‐ATP (100 nM) or PBS was injected to the Zusanli acupoint of P2X7−/− (KO) and P2X7+/+ wild‐type
(WT) mice. Bz‐ATP decreased the PWL of the WT group of animals only (d). For comparison, the change in PWL measured after injection of pH 7.4
PBS was plotted at each time point. Mean ± SEM determined on the bracketed number of animals. (e) Effects of pH 7.4 PBS and Bz‐ATP (50 nM)
injected alone or together with A‐438079, A‐317491, EAP, and moxibustion expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at
0 min. (f) Effects Bz‐ATP (100 nM) in P2X7R KO and WT mice paws, respectively, expressed as a percentage of the normal PBS (pH 7.4; 100%)
effect at 0 min. Bz‐ATP, dibenzoyl‐ATP; A43, A‐438079. (e) *P < .05, significantly different from the mean PWL measured after PBS (pH 7.4)
injection at 0 min. §P < .05, significantly different from the mean PWL measured after Bz‐ATP (50 nM) injection at 0 min; Kruskal–Wallis one‐way
ANOVA on ranks (H = 60.151) followed by Dunn's test. (f) *P < .05, significantly different from the mean PWL measured after Bz‐ATP (100 nM)
injection at 0 min in WT mice; Kruskal–Wallis one‐way ANOVA (H = 18.965) followed by Dunn's test. §P < .05, significantly different from the
effect of Bz‐ATP (100 nM) in P2X+/+ mice; two‐way ANOVA (Ftreatment = 99.955, Fgenotype × treatment = 70.190) followed by Tukey's test. #P < .05,
significantly different from the effect of Bz‐ATP (50 nM) measured in rats; Student's t‐test
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FIGURE 7 At −30 min (post‐CFA), pharmacological antagonists were applied, or EAP, sham EAP, or moxibustion were delivered for 30 min to the
Zusanli acupoint (ST36) of rats at the ipsilateral side. Then, the PWL was determined every 30 min, six times in total until 120 min. Eighty rats were
used to generate the data presented below. (a–e) CFA caused a similar decrease in PWL either with or without the intra‐plantar injection of PBS
(a). APETx2 (20 μM) and A‐317491 (300 nM) were applied separately or in combination (b). A‐438079 (300 nM) was applied alone or in
combination with A‐317491 (300 nM) (c). Capsazepine was applied alone or in combination with A‐317491 (300 nM) (d). EAP, sham EAP, or
moxibustion were delivered separately (e). For comparison, the change in PWL measured after injection of pH 7.4 PBS was plotted at each time
point. Mean ± SEM determined on the bracketed number of animals. (f,g) Effects of CFA alone, or in combination with APETx2, capsazepine, A‐
317491, APETx2 plus A‐317491, capsazepine plus A‐317491, A‐438079, A‐438079 plus A‐317491 (f), EAP, sham EAP and moxibustion (g), and
expressed as a percentage of the normal PBS (pH 7.4; 100%) effect at 0 min. CFA, complete Freund's adjuvant. Mean ± SEM of the indicated
number of experiments. *P < .05, significantly different from the mean PWL measured after PBS (pH 7.4) injection before CFA treatment of rats
(pre‐CFA). §P < .05, significantly different from the effect of PBS (pH 7.4) injection at 0 min after CFA treatment of rats (post‐CFA); Kruskal–Wallis
ANOVA on ranks (H = 67.636, f; H = 43.672, g) followed by Holm–Sidak test
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3.4 | Effects of pharmacological antagonists, EAP, and
moxibustion on CFA‐induced inflammatory pain in rats

In the above experiments, we found that EAP and moxibustion

reversed the thermal hypersensitivity due to the injection of acidic

PBS into the rat or mouse paw in an acute experimental setting. This

effect was suggested to be due to a preferential modification of

ASIC3‐mediated nociception at pH 6.0 but not at pH 4.0. It is generally

believed that elevated proton concentrations can be registered in

inflamed tissue and that inflammatory pain triggers the release of auta-

coids such as bradykinin, PGs, interleukins, and growth factors (Julius

& Basbaum, 2001). Accordingly, in the present experiments, 24 hr

after CFA (100 μl) injection into the left hind paw of rats, inflammatory

hypersensitivity developed against radiant thermal pain.

In Figure 7, we present a summary of the experimental data gener-

ated on CFA‐treated rats. Figure 7a shows that the injection of PBS,

24 hr after applying CFA, did not change the extent and time course

of the thermal hypersensitivity. The intra‐plantar application of

APETx2 (20 μM) or A‐317491 (300 nM) partly reversed the decrease

of PWL by CFA, whereas the combination of these antagonists caused

complete blockade (Figure 7b). The injection of the selective P2X7

receptor antagonist A‐438079 (300 nM) also counteracted the

effect of CFA; the combined blockade of P2X7 and P2X3 receptors

by A‐438079 (300 nM) and A‐317491 (300 nM) caused a still larger

effect (Figure 7c). The co‐application of capsazepine to block TRPV1

and A‐317491 to block P2X3 receptors caused also stronger inhibi-

tion, than the application of the two agonists alone (Figure 7b,d). Fur-

ther, both EAP and moxibustion increased the fall in PWL, while sham

EAP did not modify it (Figure 7e).

These observations were confirmed by calculating the percentage

changes of the normal PWL at 0 min, as documented in Figure 7f,g.

The occupation of ASIC3 and P2X3 receptors by the co‐application

of APETx2 with A‐317491, the blockade of both TRPV1 channels

and P2X3 receptors by capsazepine plus A317491, and the occupation

of P2X7 and P2X3 receptors by the co‐application of A‐438079 with

A‐317491, all eliminated the CFA‐induced inflammatory pain

(Figure 7f). EAP and moxibustion, although probably to a lesser extent

than the pharmacological antagonists, also inhibited this pain modality

(Figure 7g). It became also evident that sham EAP on the ipsilateral

side did not alter the effect of CFA alone. Hence, it could be concluded

that inflammatory pain under our experimental conditions is mediated

by a number of pH‐ and ATP‐sensitive nociceptors and that

EAP/moxibustion most likely induced analgesia by reducing pain medi-

ated by ASIC3 (and probably TRPV1 channels), as well as P2X3 and

P2X7 receptors. The abolition of the CFA‐induced pain by combining

A‐317491 with APETx2, capsazepine, or A‐438079 suggests that the

stimulation of the pH‐ and ATP‐sensitive nociceptors involved caused

a supra‐maximal effect.
4 | DISCUSSION

There appears to be a direct link between tissue acidosis and the devel-

opment of pain. Acute cutaneous pain is accompanied by a rapid drop of
tissue pH and injection of acidic saline subcutaneously or intramuscu-

larly results in the development of localized pain both in rodents and

human subjects (Karczewski et al., 2010; Ugawa et al., 2002). It has

been repeatedly shown that acid‐sensitive homomeric ASIC channels

(ASIC1a and ASIC3; Deval & Lingueglia, 2015; Grunder & Chen,

2010), TRP channels (TRPV1 and TRPA1; Caterina et al., 1997; Y. Dai,

2016), homomeric P2X3 and P2X7 receptors, and heteromeric

P2X2/3 receptors (North, 2002; Wirkner et al., 2007) mediate pain

(Burnstock, 2009b; Y. Dai, 2016; Deval & Lingueglia, 2015).

P2X receptors respond to the injurious release of ATP from the

intracellular into the extracellular space (Burnstock, 2009b; Burnstock,

2013; Wirkner et al., 2007). Whereas the effect of low concentrations

of ATP is decreased at homomeric P2X3 receptors, in an acidic

milieu (Stoop, Surprenant, & North, 1997; Virginio, Church, North, &

Surprenant, 1997), that of high ATP concentrations are potentiated

by a low pH (Gerevich et al., 2007). A direct comparison of the pH‐

induced modulation of P2X receptor sensitivities showed that shifting

the pH from 8.3 to 6.3, the current amplitudes evoked by ATP in dor-

sal root ganglia (DRG) neurons became smaller at homomeric P2X1,

P2X3, P2X4, and P2X7 receptors (Flittiger, Klapperstuck, Schmalzing,

& Markwardt, 2010; Virginio et al., 1997), but at the same time, they

were potentiated at homomeric P2X2 receptors (North, 2002;

North & Surprenant, 2000; Stoop et al., 1997). Because P2X2 and

P2X3 subunits may assemble into heteromeric P2X2/3 receptors, this

receptor type acquires significance in mediating acidic pain during co‐

stimulation with ATP and protons (Hausmann et al., 2012; Kowalski

et al., 2015).

As already pointed out, it is quite clear that acupuncture relieves

painful conditions, but the reported experimental evidence is rather

incomplete, and systematic investigations are missing. It has been con-

cluded that moderate accumulation of protons (>pH 6.0) may gate pref-

erentially ASIC3, while a greater accumulation of protons (< pH 6.0)

appears to gate mostly TRPV1 channels (Deval et al., 2010). Thus,

ASIC3 and TRPV1 channels have probably complementary roles in the

acid sensitivity of sensory neurons. In fact, the distribution of both

types of channels is significantly different, with less than 50% overlap

in rat DRGs (Molliver et al., 2005; Ugawa, Ueda, Yamamura, & Shimada,

2005). In accordance with this assumption, we found that the injection

of a pH 6.0 PBS into the rat paw decreased the PWL by primarily stim-

ulating ASIC3, because a more marked and longer lasting inhibition of

this decrease was achieved with APETx2 than with capsazepine. On

the other hand, the reduction of PWL induced by the injection of

pH 4.0 PBS primarily stimulated TRPV1 channels, because capsazepine

but not APETx2 blocked the thermal hypersensitivity. EAP and moxi-

bustion delivered to the ST36 acupoint were able to relieve pain caused

by the weakly acidic but not the strongly acidic PBS.

In the rat CFA model of inflammatory pain, APETx2, a selective

ASIC3 antagonist, significantly reduced both thermal and mechanical

hypersensitivity (Deval et al., 2008). It was concluded that amiloride‐

sensitive channels including ASICs play a role in the development of

inflammatory pain (Karczewski et al., 2010; Kellenberger & Schild,

2002). We had to use a rather high dose of APETx2 throughout our

experiments, in excess of those used previously for relieving acid‐
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induced inflammatory pain in the rodent paw (2.2 μM, rats; 1 μM,

mice; Karczewski et al., 2010; Yen, Hsieh, Hsu, & Lin, 2017). However,

these authors tested tactile hypersensitivity with von Frey filaments

after the repeated injection of acidic solution into the gastrocnemius

muscle, whereas we injected acidic PBS subcutaneously into the paw

and measured thermal hypersensitivity. The repeated intramuscular

injection of acidic medium with a pH of 4.0 causes inflammatory fibro-

myalgia and has been reported to be sensitive to EAP stimulation at

ST36 acupoint but also to treatment with opioid and adenosine A1

receptor agonists (Yen et al., 2017). The injection of APETx2 into the

paw of WT mice or experiments in ASIC3‐deficient mice also

counteracted the inflammatory pain. Similarly, both miRNAs directed

against ASIC3 (Walder, Gautam, Wilson, Benson, & Sluka, 2011) and

EAP at ST36 (Chen et al., 2011) reduced mechanical hypersensitivity

as measured in the mouse paw after carrageenan‐induced paw

and/or muscle inflammation.

Our experiments showed for the injection of weakly acidic PBS

(pH, 6.0) to the hind paw of TRPV1 WT mice that the percentage

change in thermal hyperalgesia was eliminated by EAP and reduced,

but not abolished, by moxibustion. By contrast, a similar procedure

carried out in TRPV1‐deficient mice led to the complete blockade of

the percentage change in thermal hypersensitivity by both EAP and

moxibustion. We suggest that the deletion of the TRPV1 gene led to

a compensatory increase of ASIC3 sensitivity, which resulted in a

strengthening of the ASIC3‐dependent effect of EAP/moxibustion. In

accordance with these results, EAP applied to ST36 abolished the

CFA‐induced decrease in PWL of TRPV1−/− mice (Liao, Hsieh, Huang,

& Lin, 2017).

In our inflammatory pain model, we found only a moderate

decrease of the thermal paw hypersensitivity after the application of

APETx2 or capsazepine. As mentioned above, ASIC3 and TRPV1 chan-

nels appear to work together in a complementary manner to perceive

pain. Experimental fibromyalgia or inflammatory pain induced by CFA

injection into the rodent paw up‐regulated the expression of both

channel types in lumbar DRGs and the spinal cord dorsal horn, as

shown by immunohistochemistry and western blotting techniques

(Chen et al., 2011; Fang, Du, Liang, & Fang, 2013; Liao et al., 2017;

Yang, Hsieh, & Lin, 2017). EAP applied to ST36 prevented not only

nociception but also the increase of the respective channel proteins.

In contrast to the relatively restricted evidence for the effect of

EAP on pain caused by acidification, there is a wealth of data available

about the effect of EAP on pain caused by purinergic mechanisms (see

Tang et al., 2018; Tang et al., 2016). It has been suggested that

mechanical acupuncture and also EAP release ATP from (sub)cutane-

ous keratinocytes and mast cells and that either ATP itself or its enzy-

mic degradation product, adenosine, is responsible for the ensuing

analgesic effect (Burnstock, 2009a; Goldman et al., 2010). Whereas

A1 receptors mediated the acupuncture‐induced analgesia (Goldman

et al., 2010; Hurt & Zylka, 2012), we suggest that P2X3, P2X2/3,

and P2X7 receptors might also mediate the comparable effect of

EAP in our current experiments. It is noteworthy that Goldman et al.

(2010) used manual acupuncture by turning around the needles

inserted to ST36 every 5 min for 30 min, whereas we used EAP with
continuous electrical stimulation of the same acupoint also for

30 min. Thus, our stimulation procedure was more powerful than the

manual acupuncture, and therefore, these P2X receptors may come

into play in addition to the A1 receptors involved.

We demonstrated that the acute pain due to the effect of the

P2X1 and P2X3 selective agonist α,β‐meATP was ameliorated by the

selective P2X3 receptor antagonist A‐317491. Inflammatory pain

caused by CFA injection was also diminished by P2X3 receptor block-

ade and EAP/moxibustion, apparently because of the inflammation‐

dependent release of ATP and the subsequent activation of P2X3

and P2X2/3 receptors (present study). In agreement with these find-

ings, the involvement of P2X3 receptors in neuropathic pain and also

the beneficial effect of EAP in this pain state has been repeatedly con-

firmed (R. D. Cheng et al., 2013; Wang et al., 2014; Zhou et al., 2018).

Convincing experimental evidence has been published for the par-

ticipation of P2X7 receptors in neuropathic (Xu, Chen, Zheng, & Wang,

2016) and neck incision‐induced pain states (Gao et al., 2017), but not

in inflammatory pain. In the present study, we demonstrated that

acute thermal hypersensitivity induced by intra‐plantar injection of

the preferential P2X1,3,7 receptor agonist Bz‐ATP was due to the

stimulation of P2X7 rather than P2X1 or P2X3 receptors, because

the highly selective P2X7 receptor antagonist A‐438079 caused a

complete inhibition. Accordingly, the combined blockade of P2X3

and P2X7 receptors by A‐317491 and A‐438079 almost abolished

the CFA‐induced inflammatory pain. Further, the co‐application of A‐

317491 with APETx2 or capsazepine also strongly inhibited the effect

of CFA. In consequence, the injurious release of ATP may activate

P2X3 and P2X7 receptors, whereas the simultaneous release of pro-

tons activates ASIC3 and TRPV1 channels. EAP and to a lesser extent,

moxibustion, might alleviate inflammatory pain arising through the

stimulation of ASIC3/(TRPV1) and P2X3/P2X7 receptors.

In conclusion, EAP/moxibustion abolished the low pH‐ and ATP‐

induced pain both under acute and subchronic inflammatory

conditions. Although this does not necessarily imply that acid and

purine‐sensitive receptors are involved in this effect, the limited

number of channels/receptors mediating these pain states suggests

that EAP/moxibustion interfered with the signalling pathways of

ASIC3/P2X3 and P2X7 receptors.
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