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Background and Purpose: While dipyrone is a widely used analgesic, its mechanism

of action is not completely understood. Recently, we have reported that the dipyrone

metabolite 4-aminoantipyrine (4-AA) reduces PGE2-induced pain-related behaviour

through cannabinoid CB1 receptors. Here, we ascertained, in naive and PGE2-induced

“inflamed” conditions, both in vivo and in vitro, the molecular mechanisms involved

in the 4-AA-induced analgesic effects.

Experimental Approach: The effect of local administration of 4-AA (160 μg per paw)

on capsaicin (0.12 μg per paw) injection-induced pain-related behaviour and 4-AA's

effect on 500-nM capsaicin-induced changes in intracellular calcium concentration

([Ca2+]i) in cultured primary sensory neurons were assessed in vivo and in vitro,

respectively.

Key Results: 4-AA reduced capsaicin-induced nociceptive behaviour in naive and

inflamed conditions through CB1 receptors. 4-AA (100 μM) reduced capsaicin-

induced increase in [Ca2+]i in a CB1 receptor-dependent manner, when PGE2 was not

present. Following PGE2 application, 4-AA (1–50 μM) increased the [Ca2+]i. Although

4-AA activated both TRPV1 and TRPA1 channels, increased [Ca2+]i was mediated

through TRPV1 channels. Activation of TRPV1 channels resulted in their

desensitisation. Blocking CB1 receptors reduced both the excitatory and desensitising

effects of 4-AA.

Conclusion and Implications: CB1 receptor-mediated inhibition of TRPV1 channels

and TRPV1-mediated Ca2+-influx- and CB1 receptor-dependent desensitisation of

TRPV1 channels contribute to the anti-nociceptive effect of 4-AA in naive and

inflamed conditions respectively. Agonists active at both CB1 receptors and TRPV1

channels might be useful as analgesics, particularly in inflammatory conditions.
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1 | INTRODUCTION

Dipyrone is an antipyretic and analgesic drug marketed for more than

a century. The clinical use of dipyrone is based on its high analgesic

efficacy, although the mechanism of action is not fully understood

(Edwards et al., 2010; Dos Santos et al., 2014). In spite of the high

analgesic efficacy, dipyrone has been banned in some countries (such

as the United States, the United Kingdom, and Sweden) due to its

association with agranulocytosis, though supporting data on this issue

are still controversial (Andersohn, Konzen, & Garbe, 2007). Neverthe-

less, after administration, dipyrone is quickly hydrolysed to

4-methylaminoantipyrine (4-MAA) which is then metabolised to

4-formylaminoantipyrine (4-FAA), 4-aminoantipyrine (4-AA), and

4-acetylaminoantipyrine (4-AAA) (Pierre et al., 2007). As 4-MAA and

4-AA have the same analgesic effect as dipyrone, they are called bio-

active metabolites (Pierre et al., 2007; Rogosch et al., 2012).

4-MAA and 4-AA are found in the plasma and CSF 30 min after

dipyrone administration (Cohen, Zylber-Katz, Caraco, Granit, &

Levy, 1998). Accordingly, dipyrone produces analgesic effect both

through peripheral actions and actions in the CNS (Lorenzetti &

Ferreira, 1985; Vazquez, Hernandez, Escobar, & Vanegas, 2005). In a

model of PGE2-evoked pain-related behaviour, unlike the anti-

nociceptive effect of 4-MAA, we have shown that one of 4-AA

involves the activation of the cannabinoid CB1 receptors, expressed

predominantly by neurons (Di Marzo, Stella, & Zimmer, 2014; Dos

Santos et al., 2014).

Activation of TRPV1 ion channels, which is essential for the

development of inflammatory heat hyperalgesia contributes to the

development of PGE2-induced pain as, through phosphorylation,

PGE2 sensitises TRPV1 channels (Btesh, Fischer, Stott, &

McNaughton, 2013; Caterina et al., 1997, 2000; Davis et al., 2000;

Moriyama et al., 2005). Both TRPV1 channels and CB1 receptors are

expressed by the overwhelming majority of nociceptive primary sen-

sory neurons and they exhibit a huge degree of co-localisation

(Ahluwalia, Urban, Capogna, Bevan, & Nagy, 2000; Chen et al., 2016;

Veress et al., 2013). In addition to the co-localisation, CB1 receptors

and TRPV1 channels exhibit a complex relationship though which CB1

receptors may inhibit or sensitise TRPV1 channels (Ahluwalia, Urban,

Bevan, & Nagy, 2003; Chen et al., 2016; Fioravanti et al., 2008;

Hermann et al., 2003). Therefore, the effect of 4-AA on

TRPV1-mediated responses, especially when neurons are sensitised

by inflammatory mediators, is of particular interest. Accordingly, here

we have assessed, both in vivo and in vitro, the effects of 4-AA on

capsaicin-evoked effects, both with and without sensitisation induced

by prior application of PGE2.

2 | METHODS

2.1 | Animals

All animal care and experimental protocols were approved by the

Committee on Animal Research of the State University of Campinas

(protocol number: 3372-1) and by veterinary services (Central

Biological Services) at Imperial College London, UK. Experiments were

conducted in accordance with the International Association for the

Study of Pain (IASP) guidelines (Zimmermann, 1983), UK Animals

(Scientific Procedures) Act 1986, the revised National Institutes of

Health Guide for the Care and Use of Laboratory Animals, and the Direc-

tive 2010/63/EU of the European Parliament and of the Council on

the Protection of Animals Used for Scientific Purposes. Every effort

was made to minimise the number of animals used. Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny,

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

torial series updates for experiments involving animals (McGrath &

Lilley, 2015) as recommended by the British Journal of Pharmacology.

A total of 84 male Wistar rats (8 weeks old, 200–250 g) were

used in this study: 69 were obtained from the Multidisciplinary Center

for Biological Research (CEMIB – UNICAMP, Campinas, Brazil) and

15 male Wistar rats from Charles River, UK. Animals (specific patho-

gen free [SPF]) were separated randomly and housed in standard plas-

tic cages with soft bedding (four per cage) on a 12:12 light cycle, with

food (commercial chow for rodents) and filtered water available ad

libitum, in a temperature-controlled room (�23�C). Testing sessions

took place during the light phase (09:00 a.m.–5:00 p.m.) in a quiet

room maintained at �23�C.

2.1.1 | Drugs and treatments in vivo

We used PGE2 (100 ng per paw), one of the most prominent inflamma-

tory mediators to induce an “inflammatory” conditions (Moriyama

What is already known

• Analgesic effects of dipyrone involves L-arginine-KATP

channels, cannabinoids and opioid receptors activation.

• A dipyrone metabolite, 4-aminoantipyrine, is analgesic in

models of inflammation, through activation of CB1

receptors

What this study add

• Analgesic actions of 4-aminoantipyrine involve

desensitisation of TRPV1 channels dependent on CB1

receptors.

What is the clinical significance

• 4-aminoantipyrine may be a useful lead in developing

effective analgesics acting through desensitising TRPV1

channels.
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et al., 2005; St-Jacques & Ma, 2013), capsaicin (0.12 μg per paw) as an

acute nociceptive stimuli activating TRPV1 channels, 4-AA (160 μg per

paw; Romero & Duarte, 2013; Vivancos et al., 2004), and AM251 as a

selective cannabinoid CB1 receptor antagonist (50 μg per paw; Dos

Santos et al., 2014). PGE2 was dissolved in ethanol to a concentration

of 10 mg�ml−1 and then diluted in 0.9% NaCl. Capsaicin was initially

dissolved in ethanol to a concentration of 0.2 mg�ml−1 and then diluted

further with 0.9% NaCl for behaviour tests. AM251 was dissolved in

propylene glycol and 10% DMSO; 4-AA was dissolved in 0.9% NaCl.

Drugs or vehicle were injected subcutaneously (50 μl) in the rat hind

paw (intraplantar), using a BD Ultra-Fine® (30 gauge) needle.

2.2 | Behaviour measurements

Rats were placed separately in acrylic boxes for a habituation period

of 15–30 min before testing. Following capsaicin injection, the

number of flinches and licking was counted during a 5-min period. A

“flinch” was defined as a rapid jerk of the injected paw and “licking” as

the time spent licking the hind paw. Assessing flinch frequency is

simple to perform and one of the best scoring approaches for stereo-

typed behaviour in models of chemogenic nociception (Taylor,

Peterson, & Basbaum, 1995; Tjølsen, Berge, Hunskaar, Rosland, &

Hole, 1992). To analyse PGE2-induced sensitisation of TRPV1

channels, PGE2 (100 ng per paw) was injected 3 h before capsaicin.

Control experiments were performed in all studies using the capsaicin

vehicle, which did not produce any significant nociceptive behaviour

when injected into the hind paw. All behaviour tests were performed

using six rats per condition and carried out without knowledge of the

treatment given (blind assessment).

2.3 | Primary cultures of sensory neurons

Cultures were prepared as described by Chen and co-workers (Chen

et al., 2016). Briefly, DRGs (C1 to the S1 segment) were dissected and

placed into Ham's nutrient F12 culture medium (Sigma, UK) sup-

plemented with 1-mM L-glutamine (Invitrogen, UK), 5,000 IU�ml−1

penicillin (Invitrogen, UK), 5,000 μg�ml−1 streptomycin (Invitrogen,

UK), and 2% Ultroser G (Biospectra, France). Ganglia were incubated

in type IV collagenase (Lorne Diagnostics, UK, 300 U�ml−1) for 3 h and

in trypsin (0.25%) for 30 min at 37�C at 5% CO2. Following washes,

ganglia were triturated, and dissociated cells plated on poly-

DL-ornithine (Sigma, UK)-coated glass coverslips in the supplemented

medium. Cells were grown in the supplemented medium in the

presence of 50 ng�ml−1 nerve growth factor (NGF, Promega, USA)

for 12–24 h.

2.3.1 | Drugs in vitro

PGE2 (1 μM, Mistry et al., 2014), capsaicin (500 nM, Mistry

et al., 2014), 4-AA (100, 50, 25, 10, and 1 μM; Nassini et al., 2015),

AM251 (10 μM; Patil, Patwardhan, Salas, Hargreaves, &

Akopian, 2011), capsazepine (10 μM; Chen et al., 2016), and the

TRPA1 channel antagonist, HC-030031 (10 μM; Boiko et al., 2017).

AM251, capsaicin, and capsazepine stock solutions were prepared

with DMSO. PGE2 stock solution was prepared in ethanol. Other

drugs were dissolved in 0.9% NaCl.

2.4 | Ca2+ imaging

For assessing changes in the [Ca2+]i, primary sensory neurons

cultured for 1 day were loaded with Fura-2 acetoxymethyl ester

(Fura-2 AM; 5 μM) in the presence of 2-mM probenecid for

30 min at 37�C in a HEPES-buffered saline (in mM): NaCl 122;

KCl 3.3; CaCl2 1.3; MgSO4 0.4; KH2PO4 1.2; HEPES 25; glucose

10; adjusted with NaOH to pH 7.4. Coverslips were placed in a

laminar flow perfusion chamber (Warner Instrument Corp., UK) and

superfused with extracellular solution (in mM: NaCl 160; KCl 2.5;

CaCl2 1; MgCl2 2; HEPES 10; glucose 10; pH 7.4) continuously via

a six-channel perfusion system. The following test solutions were

applied to the cells: PGE2 (1 μM), AM251 (10 μM), capsazepine

(10 μM), HC-030031 (10 μM), 4-AA (100, 50, 25, 10, and 1 μM),

capsaicin (500 nM), and KCl (50 mM). The outlet of the perfusion

system was positioned about 2–3 mm from the group of neurons

from which the recordings were obtained. Application of drugs was

controlled manually. Experiments were performed at 37�C. Only

one field of view was tested on each coverslip.

Images of Fura-2 loaded cells with the excitation wavelength

alternating between 355 and 380 nM were captured with a Peltier

element-cooled slow scan charge-coupled camera (optiMOS,

QImaging, Canada) connected to a PC which ran the WinFluor

software package (Dr Dempster, Strathclyde University, UK). The

ratio of fluorescence intensity at the two wavelengths as a func-

tion of time (rate 0.5 Hz) was calculated automatically (R = F355/

F380) by the WinFluor software package. Data were further

analysed by the pClamp 10 software package (Molecular

Devices, USA).

2.5 | Data and statistical analysis

The significance of differences between groups was established

with unpaired t-test, one-way ANOVA followed by Tukey's test or

Fisher's exact test, as appropriate. A value of P < 0.05 was set as

the threshold of statistical significance. Statistical analyses were

performed in GraphPad Prism v5.00 for Windows® software

packages (GraphPad Software). “n” refers to the number of animals

for in vivo experiments, whereas it refers to the number of

neurons for in vitro measurements. In vitro, each drug application

protocol was repeated in cultures from at least three animals. The

data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology.
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2.6 | Materials

Capsazepine and AM251 were bought from Tocris (Bristol, UK);

Fura-2 AM and probenecid were supplied by Molecular Probes, Inc.

(Eugene, OR). All other drugs were obtained from Sigma-Aldrich

(MO, USA).

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 PHAR-

MACOLOGY (Harding et al., 2018), and are permanently archived

in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander,

Christopoulos et al., 2019; Alexander, Mathie et al., 2019).

3 | RESULTS

3.1 | 4-AA reduces capsaicin-induced pain-related
behaviour as well as capsaicin-induced Ca2+-influx into
cultured primary sensory neurons through activation
of CB1 receptors

Subcutaneous capsaicin injection (0.12 μg per paw) into the rat hind

paw induced pain-related behaviour (Figure 1a). The capsaicin-

induced pain-related behaviour was significantly reduced by the

administration of 4-AA (160 μg per paw, Figure 1a) prior to the capsai-

cin injection. To analyse the involvement of CB1 receptors in the anti-

nociceptive effect of 4-AA, the CB1 receptor antagonist (AM251,

50 μg per paw) was administered 15 min before 4-AA. As shown in

Figure 1a, AM251 completely blocked the anti-nociceptive effect

of 4-AA.

F IGURE 1 4-aminoantipyrine (4-AA) reduces the excitatory effect of capsaicin through CB1 receptor activation in naive (non-inflamed)
conditions. (a) Local administration of capsaicin (CAP; 0.12 μg per paw) induces flinches. The capsaicin-induced nociceptive behaviour is reduced
by the administration of 4-AA (160 μg per paw). AM251 (50 μg per paw) reversed the anti-nociceptive effect of 4-AA. *P< .05, significantly
different from 0.9% NaCl, vehicle and (capsaicin+4-AA). # P< .05, significantly different from 0.9% NaCl, vehicle, capsaicin and (capsaicin+4-AA
+AM251); one-way ANOVA, withTukey's test. (b–d) Representative recordings of calcium imaging from cultured primary sensory neurons.
Capsaicin (500 nM) induces a rise in the intracellular calcium concentration ([Ca2+]i; (b)) that is reversed by 4-AA (100 μM; (c)). AM251 (10 μM)
reversed the inhibitory effect of 4-AA on the capsaicin-induced calcium-influx (ANOVA, Tukey's test, P < .05; (d)). (e) Average normalised
amplitudes of capsaicin-evoked changes in the [Ca2+]i in various conditions. (f) Proportions of neurons responding the capsaicin at various
conditions; 4-AA reduces the proportion of neurons that respond to capsaicin and AM251 reduces the inhibitory effect of 4-AA (Fisher's exact
test, P < .05). In (e–f), *P< .05, significantly different from capsaicin and (capsaicin+4-AA+AM251); one-way ANOVA, withTukey's test

4618 GONCALVES DOS SANTOS ET AL.

http://www.guidetopharmacology.org


To confirm the CB1 receptor-mediated inhibitory effects of 4-AA

on TRPV1, we next measured the [Ca2+]i in cultures of DRG neurons.

As expected, administration of capsaicin (500 nM) induced a signifi-

cant increase in the [Ca2+]I in a major sub-population of the cells

(Figure 1b,e). Application of 4-AA alone did not produce any

measurable response or affect the responsiveness of DRG neurons to

KCl. However, pretreatment of the cells with 4-AA (100 μM) signifi-

cantly reduced capsaicin-evoked responses (Figure 1c–e). Application

of AM251 (10 μM) prevented the inhibitory effect of 4-AA (Figure 1d,

e). Further, 4-AA also reduced the number of capsaicin-responsive

cells (Figure 1f) and AM251 prevented this reduction without

affecting the number of cells responding to KCl (Figure 1f ).

3.2 | 4-AA produces different effects on
TRPV1-mediated responses following PGE2-induced
sensitisation in vivo and in vitro

The inhibitory effect of 4-AA on TRPV1-mediated responses is

relevant if it is maintained in sensitised conditions which underlie the

development of pathological pain experiences of various diseases

including inflammation. During inflammation, inflammatory mediators

sensitise TRPV1 channels. PGE2, a major component of the

inflammatory soup, is one of the most powerful sensitisers of TRPV1

channels (Moriyama et al., 2005; St-Jacques & Ma, 2013). In

agreement with previous findings (Lin et al., 2006), pretreatment of

the rat paw with PGE2 (100 ng, injected subcutaneously, 3 h before

capsaicin injection) significantly increased the capsaicin-induced pain-

related behaviour (Figure 2a,b).

The sensitising effect of PGE2 was also evident in vitro, because

cultured primary sensory neurons pretreated with PGE2 (1 μM, 5 min

before capsaicin application) exhibited significantly greater responses

to capsaicin (500 nM, for 30 s) than without PGE2 pretreatment

(Figure 2c–e). However, the proportion of capsaicin-responding

neurons was not changed by PGE2 pretreatment (Figure 2f). Further,

although PGE2 per se produced change in the [Ca2+]i in some cells, on

average, that change did not reach the level of significance

(Figure 2e).

After confirming that PGE2 could sensitise the TRPV1 channels,

both in vivo and in vitro, we then assessed the effect of 4-AA

following PGE2 administration. In vivo, 4-AA (160 μg) was injected 3 h

after PGE2 injection, which was followed by capsaicin administration

F IGURE 2 PGE2 increases capsaicin-induced pain-related behaviour and capsaicin-induced increase in the [Ca2+]i in primary sensory neurons.

(a) and (b) Local administration of capsaicin (0.12 μg per paw) into subcutaneous tissues of the hind paw induces pain-related behaviour.
Pretreatment with PGE2 (100 nM, 150 min) increases the capsaicin-induced responses. *P< .05, significantly different from capsaicin alone; one-
way ANOVA withTukey's test. (c, d) Typical recordings on changes in the [Ca2+]i in cultured primary sensory neurons. The pretreatment with
PGE2 (1 μM, for 5 min) increases capsaicin-induced increase in the [Ca2+]i (d) when compared to responses without pretreatment (c). (e) Average
normalised amplitudes of capsaicin-evoked responses in cultured primary sensory neurons without and with pretreatment with PGE2. *P< .05,
significantly different from capsaicin alone; one-way ANOVA withTukey's test. (f) PGE2 pretreatment does not affect the number of capsaicin-
responsive neurons (Fisher's exact test, P < .05)
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30 min later. Assessing pain-related behaviour following 4-AA

injection did not reveal any excitatory effect of 4-AA following PGE2

injection (Figure 3a,b). However, similar to the observations in the

absence of PGE2, 4-AA did reduce the capsaicin-induced pain-related

behaviour (Figure 3a,b). To find whether this inhibitory effect was

mediated through CB1 receptors, we administered AM251 (10 μM)

2 min before 4-AA injection. As found in the absence of PGE2,

AM251 completely prevented the anti-nociceptive effect of 4-AA

(Figure 3a,b).

To confirm the CB1 receptor-mediated inhibitory effect of 4-AA

on sensitised TRPV1 channels in vitro, we pretreated cultured primary

sensory neurons with PGE2 (1 μM) and then administered 4-AA for

2 min. Unexpectedly, 4-AA (50, 25, 10, and 1 μM), in a concentration-

dependent manner, increased the [Ca2+]i in primary sensory neurons

in this condition (Figure 4a,c). The number of cells responding to 4-AA

(25 and 50 μM) was also increased (Figure 4b).

4-AA has recently been found to be a potent activator of TRPV1

channels and another related group of cation channels, the TRPA1

channels (Schenk, Dick, Herzog, Eberhardt, & Leffler, 2019). Further,

in addition to its effects on TRPV1 channels, PGE2 also contributes to

the pathophysiological role of TRPA1 channels (Dall'Acqua

et al., 2014; Moriyama et al., 2005; Btesh et al., 2013). Therefore, we

reasoned that the co-application of 4-AA and PGE2 (Figure 4c) might

have resulted in TRPA1- and/or TRPV1-mediated increase in [Ca2+]i.

Accordingly, first, we repeated the experiment in the presence of the

TRPA1 channel antagonist, HC030031 (10 μM; Figure 4d) and found

that HC-030031 did not change the 4-AA-induced increase in the

[Ca2+]i (Figure 4c,d,g). Unexpectedly, however, at the start of washing

out the PGE2, 4-AA and HC030031 out from the recording chamber,

a calcium transient developed (Figure 4d). This transient did not

develop when only PGE2 and HC030031 were washed out from the

cells (Figure 4e). Hence, the effect must depend on the presence of

4-AA, indicating that, in addition to another channel, the TRPA1

channel did contribute, to some extent, to the increase in [Ca2+]i

induced by 4-AA after PGE2 administration, in vitro.

To find whether or not that other channel is TRPV1, we repeated

the experiment in the presence of capsazepine (10 μM), which has

been used as a selective and specific TRPV1 channel antagonist

(Bevan et al., 1992), though above 10-μM capsazepine does activate

and desensitise TRPA1 channels (Kistner et al., 2016). As shown in

Figure 4f,g, the 4-AA-induced increase in the [Ca2+]i was completely

blocked by capsazepine. These findings together indicate that,

although TRPA1 channels are activated by 4-AA in certain conditions,

the TRPV1 channels mediate the 4-AA-evoked increase in [Ca2+]i in

primary sensory neurons, in the presence of PGE2.

3.3 | 4-AA desensitises TRPV1 channels with the
contribution of CB1 receptor

When 4-AA was applied for 2 min to cultured primary sensory

neurons, the change in [Ca2+]i after reaching a peak exhibited a rapid

recovery indicating TRPV1 channel desensitisation (Figure 4d). Indeed,

the increase in the [Ca2+]i by 4-AA (10, 25, and 50 μM) significantly

reduced in subsequent responses to capsaicin (Figure 5a,b).

In order to find out whether the CB1 receptors played any part in

the 4-AA-increased [Ca2+]I , we pretreated the cells with AM251

(10 μM) before applying 4-AA. The increase in the [Ca2+]i induced by

4-AA (10 μM) was significantly reduced by this pretreatment

(Figure 5c,d). In addition, desensitisation of TRPV1 channels was

significantly reduced (Figure 5c,d). Further, 4-AA reduced the number

of capsaicin-responsive neurons to 27% when compared to capsaicin

application alone, and the pretreatment with the CB1 receptor antago-

nist increased the number of responsive neurons to capsaicin to 55%

(Figure 5e). AM251 did not change the number of cells responding to

4-AA (Figure 5e).

4 | DISCUSSION

Recently, we have shown that CB1 receptors are involved in 4-AA's

analgesic effect after PGE2 administration (Dos Santos et al., 2014).

Here, we report that 4-AA also reduces capsaicin-induced nociceptive

behaviour as well capsaicin-evoked responses assessed by measuring

[Ca2+]i in cultured primary sensory neurons. However, while in vivo,

the 4-AA-produced inhibition of capsaicin-evoked nocifensive

F IGURE 3 4-AA reduces capsaicin-
induced pain-related behaviour
following PGE2 pretreatment. (a, b) 4-AA

reduces capsaicin-induced pain-related
behavioural responses following
pretreatment with PGE2. *P< .05,
significantly different from
(PGE2+capsaicin), #P< .05, significantly
different from (PGE2+capsaicin+4-AA);
one-way ANOVA withTukey's test
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behaviour was blocked by the CB1 receptor antagonist AM251,

in vitro, 4-AA through the desensitisation of TRPV1 channels reduced

the TRPV1-mediated increase in the [Ca2+]i, though this latter effect

also depended on CB1 receptors. Although both CB1 receptors and

TRPV1 channels might be expressed on cells other than peripheral

terminals of primary sensory neurons (Ahluwalia et al., 2000; Basu &

Srivastava, 2005; Bodó et al., 2005; Caterina et al., 1997; Chen

et al., 2016; Sacerdote, Massi, Panerai, & Parolaro, 2000; Ständer,

Schmelz, Metze, Luger, & Rukwied, 2005; Veress et al., 2013), our

findings together indicate that the 4-AA-induced behavioural effects

following local applications were mediated, at least predominantly,

directly via primary sensory neurons.

Although there is an apparent difference in the molecular

pathway in vitro and that used in vivo, we propose that the mecha-

nisms of actions are the same in vitro and in vivo, under conditions of

inflammation. The molecular events in these pathways include the

PGE2-induced sensitisation of several Ca2+-permeable ion channels

(Bonet, Fischer, Parada, & Tambeli, 2013; Dall'Acqua et al., 2014;

F IGURE 4 4-AA increases [Ca2+]i through activation of TRPV1 channels in cultured primary sensory neurons following pretreatment of the
cells with PGE2. (a) 4-AA (50, 25, 10, and 1 μM) increases [Ca2+]i in primary sensory neurons, sensitised by PGE2 in a concentration-dependent
manner. (b) The proportion of 4-AA-responding cells is also increased following PGE2 pretreatment. *P< .05, significant effect of 4-AA. (c–f)
Representative recordings of changes in the [Ca2+]i by various conditions. Following PGE2 pretreatment, 4-AA (50 μM) induces an increase in the
[Ca2+]i in the presence of PGE2 (c). While the 4-AA-induced increases in the [Ca2+]i were not affected by theTRPA1 channel antagonist HC-
030031 (10 μM) in the presence of PGE2 (1 μM), at the start of washing PGE2, HC-030031 and 4-AA out from the recording chamber, a “buffer-
evoked” calcium transient emerged (d). Importantly, no such “buffer-evoked” calcium transient was observed when 4-AA was missing from the
superfusate (e). TheTRPV1 channel antagonist capsazepine (CAPZ; 10 μM), but not theTRPA1 channel antagonist, blocked the 4-AA-evoked
calcium transient in the presence of PGE2 (f). (g) Average normalised amplitudes of responses of cultured primary sensory neurons in various
conditions. Data shown are means SEM from a number of neurons, as follows: 4-AA, n = 156; PGE2 +4-AA, n = 156; PGE2+4-AA+CAPZ, n = 142;
PGE2+4-AA+HC, n = 100; PGE2 +CAPZ, n = 115; PGE2+HC, n = 289: PGE2, n = 156. * P< .05, significant differences; one-way ANOVA with
Tukey's test
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Lopshire & Nicol, 1998; Mistry et al., 2014; Patil et al., 2020). We

have found evidence that 4-AA activated at least two of those

sensitised channels, TRPV1 and TRPA1. Recently, Schenk et al.

(Schenk et al., 2019) have reported that heterologously expressed

human TRPV1 channels are indeed activated by as low as 100-nM

4-AA. However, 100-μM 4-AA did not increase the [Ca2+]i when cells

F IGURE 5 4-AA desensitisesTRPV1 channels, involving CB1 receptors. (a) Average normalised amplitudes of primary sensory neurons to
4-AA (1–50 μM) or capsaicin (CAPS; 500 nM) with and without PGE2 (1 μM) pretreatment. Note that 4-AA applied before capsaicin, at and above
10 μM, significantly reduces the amplitude of capsaicin-evoked responses. *P< .05, significantly different from capsaicin alone; one-way ANOVA
withTukey's test. (b) Representative recording of changes in the [Ca2+]i from a cultured primary sensory neuron by the application of 4-AA
(10 μM), capsaicin (CAP; 500 nM) in the presence of PGE2 (1 μM). Note that capsaicin induces only a small response. (c) Average normalised
amplitudes of primary sensory neurons to 4-AA (10 μM) and capsaicin (500 nM) in the presence of PGE2 (1 μM) and without or with AM251
(10 μM) pretreatment. Note the opposing changes in the 4-AA- and 4-AA + capsaicin-evoked increase in the [Ca2+]i by AM251; while the 4-AA-
induced responses are decreased, the 4-AA + capsaicin-evoked responses are increased. *P< .05, significantly different from capsaicin, #P< .05,
significantly different from capsaicin, †P< .05, significantly different from 4-AA, §P< .05, significantly different from (capsaicin+4-AA); one-way
ANOVA withTukey's test. (d) A typical recording of changes in the [Ca2+]i by 4-AA (10 μM) and capsaicin (500 nM) in the presence of PGE2
(1 μM) and AM251 (10 μM) from a cultured primary sensory neuron. (e) AM251 (10 μM) attenuates the effect of 4-AA on the number of
capsaicin-responding cells whereas it has no effect on the number of cells responsive to 4-AA (Fisher's exact test, P < .05). *P< .05, significantly
different from capsaicin, #P< .05, significantly different from capsaicin; one-way ANOVA withTukey's test
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were not pretreated with PGE2, indicating that either human and rat

TRPV1 channels, or the heterologously expressed and native

channels, are significantly different regarding 4-AA responsiveness.

Nevertheless, our findings indicate that PGE2 pretreatment of primary

sensory neurons results in a significant increase both in the efficacy

and potency of 4-AA on TRPV1 channels; 100 μM had no excitatory

effect under naive condition, whereas 1 μM produced a significant

increase in the [Ca2+]i under inflamed conditions.

We also found that at the start of PGE2, HC030031, and 4-AA

wash out, a 4-AA-dependent increase in the [Ca2+]i was induced in

the great majority of the cells. The most plausible explanation for that

response is that during the co-application of PGE2, HC030031, and

4-AA, the TRPA1 channel/channel gating blocker HC030031 and

4-AA both occupy their respective binding sites. At the start of

the wash out, HC030031, which has an IC50 of �5 (McNamara

et al., 2007) is removed significantly faster than 4-AA from TRPA1;

hence, 4-AA is still able to open the channel. Although the 4-AA-

evoked, TRPA1-mediated, increase in the [Ca2+]i was expected, its

appearance only after PGE2 pretreatment was surprising, because

similarly to heterologously expressed humanTRPV1 channels, heterol-

ogously expressed human TRPA1 channels also respond to 4-AA at

100 nM (Schenk et al., 2019). Hence, similarly toTRPV1, TRPA1 chan-

nels may have differing responses to 4-AA in human and rat or/and at

heterologous or native conditions. Interestingly, after PGE2

pretreatment, TRPA1 channels responded to 4-AA even after the

presence of this agent for 2 min and aTRPV1-mediated Ca2+ influx.

Although 4-AA activated TRPA1 channels, the findings that

HC030031 did not affect 4-AA-evoked responses, together with the

TRPV1 antagonist/TRPA1 activator/desensitiser capsazepine

completely blocking the 4-AA-evoked responses, indicate that the

increase in the [Ca2+]i by 4-AA is mediated primarily by TRPV1 chan-

nels in primary sensory neurons. The apparent lack of TRPA1 channels

to contribute to the 4-AA-evoked responses is difficult to explain.

However, TRPV1 and TRPA1 channels can form molecular complexes,

where TRPV1 channels have been shown to play a predominant,

controlling role over TRPA1 channel responses (Patil et al., 2020).

Although HC030031 acts only on TRPA1 channels, inhibiting the

channel gating might disrupt the control exerted by TRPV1 channels,

resulting in a transient activation of TRPA1 channels, immediately

after removing theTRPA1 channel antagonist.

TRPV1-mediated Ca2+ influx induces desensitisation of TRPV1

channels (Koplas, Rosenberg, & Oxford, 1997). Our present in vitro

data indicate that, in the presence of PGE2, TRPV1 channels are

desensitised after a brief, 4-AA-induced, activation. Hence, it is

feasible to propose that similar TRPV1 desensitisation by 4-AA also

occurs in vivo. However, while desensitisation of TRPV1 channels is

most often preceded by excitatory responses such as pain-related

behaviour in vivo (LaMotte, Shain, Simone, & Tsai, 1991), we did not

observe any nociceptive responses following the injection of 4-AA in

the inflamed condition. The development of nociceptive responses is

initiated by action potential generation in nociceptive primary sensory

neurons. Therefore, the most plausible explanation for the apparent

lack of any nociceptive response following 4-AA injection is that

although 4-AA activated TRPV1 channels, that activation did not

result in action potential generation in nociceptive primary sensory

neurons. Such lack of action potential generation could occur if the

rate of depolarisation is too slow for the activation of voltage-gated

sodium channels (Hille, 2001). Previously, the ultrapotent TRPV1

activator resiniferatoxin has been shown to induce slow

depolarisation, which then results in the generation of very few action

potentials in primary sensory neurons and, hence, no significant

pain-related behaviour by resiniferatoxin (Raisinghani, Pabbidi, &

Premkumar, 2005). While we have not specifically studied this point,

4-AA, similarly to resiniferatoxin may produce slow depolarisation per

se. Alternatively, by acting also on the CB1 receptors, 4-AA may

reduce the rate of depolarisation, for example, by increasing K+

currents (Vásquez et al., 2003; Di Marzo et al., 2014).

Following the administration of the CB1 receptor antagonist

AM251, no inhibitory effects by 4-AA on capsaicin-induced nocicep-

tive responses were observed either in naive condition or after PGE2

administration. AM251 also blocked the 4-AA-evoked inhibitory

effect on capsaicin-evoked increase in the [Ca2+]i when cells were not

pretreated with PGE2 as well as the 4-AA-induced increase in the

[Ca2+]i and the subsequent TRPV1 channel desensitisation after PGE2

pretreatment. As a result, the capsaicin-evoked increase in the [Ca2+]i

was significantly greater than without AM251 pretreatment after

PGE2 pretreatment. Importantly, in our in vitro experiment, AM251,

which had been shown to activate TRPA1 channels in trigeminal gan-

glion neurons (Patil et al., 2020), did not produce any change in the

[Ca2+]i either without or with PGE2 pretreatment. Further, AM251

administration per se did not produce any pain-related behaviour

in either condition. These findings together suggest that the

AM251-induced effects were mediated by CB1 receptors both in vivo

and in vitro.

The CB1 receptor-mediated inhibitory effect on TRPV1-mediated

responses in naive conditions is in agreement with previous data

(Mahmud, Santha, Paule, & Nagy, 2009; Patwardhan et al., 2006;

Sántha, Jenes, Somogyi, & Nagy, 2010). Previous findings also show

that the CB1 receptors, in addition to inhibiting TRPV1 channel

activity, also contribute to TRPV1 channel sensitisation (Chen

et al., 2016; Fioravanti et al., 2008; Hermann et al., 2003). Notably,

while such CB1 receptor-mediated increases in TRPV1-mediated

responsiveness is evident in naive conditions (Chen et al., 2016;

Fioravanti et al., 2008), our present findings suggest that it may

become significantly more pronounced in inflammatory conditions.

Taken together, our in vivo and in vitro findings strongly suggest

that 4-AA induced the following events both in vitro and in vivo under

inflammatory conditions. First, inflammatory mediators and CB1

receptors, activated by 4-AA, sensitise TRPV1 channels. That sensiti-

sation results in significantly increased excitatory efficacy and potency

of 4-AA on TRPV1 and TRPA1 channels. Activation of TRPV1

channels by 4-AA induces Ca2+ influx, which, while desensitising

TRPV1 channels, does not result in action potential generation. As a

result, capsaicin-evoked responses are reduced.

Importantly, inflammation-associated “switching” from an

exclusively CB1 receptor-mediated, to a mixed CB1 receptor- and
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TRPV1-mediated, inhibitory effect, as we found in the present study,

has been reported at the central terminals of nociceptive primary

sensory neurons (Nerandzic et al., 2018). This effect could be due to

inflammation-induced change in the CB1 receptor–TRPV1 channel

protein–protein interaction in a major sub-population of primary

sensory neurons (Chen et al., 2016). As a result, while in the naive

condition the CB1 receptor is able to reduce activity of TRPV1

channels (Mahmud et al., 2009; Sántha et al., 2010), under inflamma-

tory conditions, its predominant effect appears to be sensitisation of

TRPV1 channels.

In agreement with previous suggestions, our findings also indicate

that dual CB1 receptor/TRPV1 channel agonists, particularly when

restricted to the periphery, could produce significant analgesic effects

in inflammation. Some capsaicinoids including olvanil, arvanil, and pal-

vinil, though with various potency and efficacy, do exhibit such

activity, which is thought to be a major mechanism for their anti-

nociceptive effects (Alsalem et al., 2016; Brand et al., 1987; De

Petrocellis et al., 2011; Hoffmann et al., 2012; Melck et al., 1999).

However, the majority of the already known CB1 receptor / TRPV1

channel agonists also have significant effects on other components of

the endocannabinoid/endovanilloid system (Melck et al., 1999). While

it is not known whether 4-AA has any effects on other parts of the

endocannabinoid/endovanilloid system, our data do extend the list of

CB1 receptor / TRPV1 channel agonists. As a consequence, 4-AA

should be included into the list of compounds, which serve as a

starting point to develop highly potent and effective analgesics to

control inflammatory pain.
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