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Abstract  11 

Neuronal proton-gated Acid-Sensing Ion Channels (ASICs) participate in the detection of 12 

tissue acidosis, a phenomenon often encountered in painful pathological diseases. Such conditions 13 

often involve in parallel the activation of various signaling pathways such as the Mitogen Activated 14 

Protein Kinases (MAPKs) that ultimately leads to phenotype modifications of sensory neurons. Here, 15 

we identify one member of the MAPKs, c-Jun N-terminal Kinase (JNK), as a new post-translational 16 

positive regulator of ASIC channels in rodent sensory neurons. Recombinant H+-induced ASIC 17 

currents in HEK293 cells are potently inhibited within minutes by the JNK inhibitor SP600125 in a 18 

subunit dependent manner, targeting both rodent and human ASIC1b and ASIC3 subunits (except 19 

mouse ASIC3). The regulation by JNK of recombinant ASIC1b- and ASIC3-containing channels 20 

(homomers and heteromers) is lost upon mutation of a putative phosphorylation site within the 21 

intracellular N- and the C-terminal domain of the ASIC1b and ASIC3 subunit, respectively. Moreover, 22 

short-term JNK activation regulates the activity of native ASIC1b- and ASIC3-containing channels in 23 

rodent sensory neurons and is involved in the rapid potentiation of ASIC activity by the 24 

proinflammatory cytokine TNF. Local JNK activation in vivo in mice induces a short-term 25 

potentiation of the acid-induced cutaneous pain in inflammatory conditions that is partially blocked 26 

by the ASIC1-specific inhibitor mambalgin-1. Collectively, our data identify pain-related channels as 27 

novel physiological JNK substrates in nociceptive neurons, and propose JNK-dependent 28 

phosphorylation as a fast post-translational mechanism of regulation of sensory neuron-expressed 29 

ASIC1b- and ASIC3-containing channels that may contribute to peripheral sensitization and pain 30 

hypersensitivity.  31 
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Significance Statement 32 

Acid-Sensing Ion Channels (ASICs) are a class of excitatory cation channels critical for the 33 

detection of tissue acidosis, which is a hallmark of several painful diseases. Previous works in sensory 34 

neurons have shown that ASICs containing the ASIC3 or the ASIC1b subunit are important players in 35 

different pain models. We combine here functional and pharmacological in vitro and in vivo 36 

approaches to demonstrate that the MAP Kinase JNK is a potent post-translational positive regulator, 37 

probably via direct phosphorylation, of rodent and human ASIC1b- and ASIC3-containing channels. 38 

This JNK-dependent fast post-translational mechanism of regulation of sensory neuron-expressed 39 

ASIC channels may contribute to peripheral sensitization and pain hypersensitivity. These data also 40 

identify pain-related channels as direct downstream effectors of JNK in nociceptors. 41 

  42 
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Introduction 43 

Chemodetection of noxious and innocuous stimuli by sensory neurons encompasses the 44 

detection of a broad range of chemically distinct molecules such as protons, lipids, irritants, toxins or 45 

cytokines, often encountered in inflammatory or itch processes (Petho and Reeh, 2012). The various 46 

pain-related mediators that are released act on receptors and associated signaling pathways, which 47 

are critical in the establishment of pain hypersensitivity (Hucho and Levine, 2007). It includes several 48 

protein kinases like protein kinase A or C (PKA, PKC) and also several members of the mitogen-49 

activated protein kinase (MAPK) family like extracellular signal-regulated kinase (ERK), p38 and c-jun 50 

N-terminal kinase (JNK) (Obata et al., 2004). JNK is of particular interest regarding its activation in 51 

DRG neurons that has been well established in various pain models including migraine (Huang et al., 52 

2016), neuropathic and cancer pain (Simonetti et al., 2014). 53 

Acid-Sensing Ion Channels (ASICs) are critical for the detection of tissue acidosis, which is a 54 

hallmark of several painful diseases (Dinkel et al., 2012; Deval and Lingueglia, 2015). At least six 55 

subunits are expressed in rodents (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 and ASIC4) encoded by 56 

four genes, which associate into trimeric functional channels that are widely distributed in the 57 

nervous system and all along the pain pathway. Besides protons, ASICs can be modulated by multiple 58 

pain-related mediators, including lipids (Smith et al., 2007; Marra et al., 2016), small molecules 59 

(Cadiou et al., 2007; Li et al., 2010) and neuropeptides (Askwith et al., 2000). Early work on ASICs in 60 

sensory neurons has shown that the ASIC3 subunit is an important player in different pain models 61 

(Deval et al., 2008; Yan et al., 2013; Marra et al., 2016). Recent pharmacological and genetic 62 

evidences have refined this idea by proposing that ASIC1-containing, and especially sensory neuron-63 

specific ASIC1b-containing channels, can also participate in peripheral pain (Bohlen et al., 2011; 64 

Diochot et al., 2012; Diochot et al., 2016; Verkest et al., 2018; Chang et al., 2019).  65 

We combine here functional and pharmacological in vitro and in vivo approaches to 66 

demonstrate that the MAPK JNK is a potent post-translational regulator of the ASIC1b- and ASIC3-67 

containing channels. JNK activation potentiates within minutes the activity of recombinant and 68 

native ASIC1b- and ASIC3-containing channels in a species-dependent manner. The effect is 69 

dependent of key residues in a putative phosphorylation site within the N-terminal domain of rat, 70 

mouse and human ASIC1b, and the C-terminal domain of rat and human, but not mouse, ASIC3. Local 71 

activation of JNK in vivo in mice evokes a short-term and partially ASIC1-dependent potentiation of 72 

the acid-induced cutaneous pain in inflammatory conditions.  73 
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Materials and Methods 74 

Animals 75 

Experiments were performed on male C57BL/6J mice of 6 to 14 week-old weighting 20-25g 76 

and 6-8 week-old male Wistar rats (Charles River Laboratories). Animals were housed in a 12 hours 77 

light-dark cycle with food and water available ad libitum and were acclimated for at least one week 78 

before being subjected to experiments. Animal procedures were approved by the Institutional Local 79 

Ethical Committee and authorized the French Ministry of Research according to the European Union 80 

regulations and the Directive 2010/63/EU (Agreements E061525 and APAFIS#20260-81 

2019040816489112). Animals were sacrificed at experimental end points by CO2 euthanasia. 82 

 83 
Chemicals 84 

For stock solutions, the MAPK activator anisomycin (Tocris), the JNK inhibitor SP600125 85 

(Selleckchem), the TRPV1 inhibitor capsazepine (Sigma) were dissolved in DMSO, and TNF 86 

(Peprotech) in saline solution (NaCl 0.9%). Final dilution was made just before the experiments. 87 

The final concentration of DMSO never exceeded 0.1% including in control extracellular solution, 88 

during patch-clamp experiments, and never exceeded 0.5% including in the vehicle saline solution, 89 

during in vivo behavior experiments. ASIC-targeting toxins, i.e., PcTx1, APETx2 and mambalgin-1 that 90 

were shown to block ASIC1a (Escoubas et al., 2000), ASIC3-containing (Diochot et al., 2004), and both 91 

ASIC1a- and ASIC1b-containing (i.e., ASIC1-containing) (Diochot et al., 2012) channels, respectively, 92 

were purchased from Smartox and dissolved in water or saline, with 0.05% Bovine Serum Albumin 93 

(BSA, 99% fatty acid free, Sigma) added to the final solution for patch-clamp or behavior experiments 94 

in order to avoid non-specific adsorption on vessels and tubings.  95 

 96 

Mutagenesis and site prediction analysis 97 

Point mutants were obtained by recombinant PCR strategies as previously described (Salinas 98 

et al., 2009) using the following primers: rASIC1b S59A, forward:  5’ AGGGTGATGACGCACCTAGGGAC 99 

3’, reverse: 5’ GTCCCTAGGTGCGTCATCACCCT 3’. mASIC3 A509T, forward: 100 

5’ CCTCCTACCACTCCCAGTGCT 3’, reverse: 5’ AGCACTGGGAGTGGTAGGAGG 3’. Constructs were 101 

subsequently subcloned into pIRES2-EGFP vector using NheI-EcoRI restriction enzymes. All constructs 102 

were fully sequenced to confirm the presence of the desired mutation. 103 

Site prediction analysis was carried on intracellular N-terminal and C-terminal sequences of 104 

ASIC1a, 1b, 2a, 2b and 3 from different species (mouse, rat and human, Uniprot as source) using 105 

Eukaryotic Linear Motif (ELM) resource (Dinkel et al., 2012). Subsequent analysis for putative 106 
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phosphorylation sites was run using Group Prediction Site software (GPS v5.0) (Xue et al., 2008) with 107 

a medium sensitivity threshold in order to refine the list of potential protein kinases. 108 

 109 

Cell culture 110 

HEK293 cells were grown in DMEM medium (Lonza) with 10% fetal bovine serum (Biowest) 111 

and 1% peniciline/streptomycine (Lonza) in an incubator at 37°C with 5% CO2. One day after being 112 

plated at a density of 20,000 cells in 35 mm diameter dishes, cells were transfected with one or 113 

several of the following plasmids : pIRES2-rASIC1a-EGFP, pCI-rASIC1a, pIRES2-rASIC1b-EGFP, 114 

pCI-rASIC1b, pCI-rASIC2a, pIRES2-rASIC2b-EGFP, pCI-rASIC2b, pIRES2-rASIC3-EGFP, pCI-rASIC3, 115 

pIRES2-EGFP, pIRES2-hASIC1b-EGFP, pIRES2-hASIC3a-EGFP or pIRES2-hASIC1a-EGFP vectors using the 116 

JetPEI reagent according to the supplier’s protocol (Polyplus transfection SA, Illkirch, France). 0.5µg 117 

of DNA per dish was generally used, except 1µg for homomeric ASIC3. For co-expression of two ASIC 118 

subunits, a 1:1 plasmid ratio was used. Fluorescent cells were selected for patch-clamp recordings 2–119 

4 days after transfection. Heteromeric currents were identified by combining several biophysical and 120 

pharmacological properties. 121 

DRG neurons were prepared from male C57Bl6J mice (6–14 weeks old) and Wistar male rats 122 

(6-8 weeks old) and processed in a similar way, unless mentioned, than previously described 123 

(Francois et al., 2013). After isoflurane anesthesia, rats and mice were sacrificed by decapitation and 124 

thoracolumbar DRG were collected on cold HBSS and enzymatically digested at 37°C for 40min with 125 

collagenase II (Biochrom, 2mg/ml, 235U/mg) for mice and collagenase I (Worthington, 4mg/ml, 126 

370U/mg) for rats and dispase II (Gibco, 5mg/ml, 1,76U/mg) for both. Gentle mechanical dissociation 127 

was done with a 1ml syringe and several needles with progressively decreasing diameter tips (18G, 128 

21G and 26G) to obtain a single cell suspension. Neurons were plated on poly-D-lysine/laminin 129 

coated dishes with the following medium: Neurobasal-A (Gibco) completed with L-glutamine (Lonza, 130 

2mM final), B27 supplement (Gibco, 1X) and 1% peniciline/streptomycine. One to two hours later, 131 

neurons were carefully washed to remove cellular debris and incubated with complete medium. 132 

The following additional growth factors were used: Nerve Growth Factor (NGF) 100ng/ml and 133 

retinoic acid, 100nM (both from Sigma), Glial Derived Neurotrophic Factor (GDNF) 2ng/ml, Brain 134 

Derived Neurotrophic Factor (BDNF) 10ng/ml and Neurotrophin 3 (NT3) 10ng/ml (all three from 135 

Peprotech). Patch-clamp recording were done 1-4 days after plating on both “small” (membrane 136 

capacitance <40pF) and “large” (>40pF) diameter neurons. Acutely-dissociated mouse DRG neurons 137 

were processed the same way as above, except that they were incubated without the additional 138 

neurotrophic growth factors listed above, in order to limit basal activation of JNK and permit 139 

observation of activating effects, and recorded 3 to 10h after plating.  140 
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Patch-clamp recording experiments 141 

Ion currents were recorded using the whole cell patch-clamp technique. Recordings were 142 

made at room temperature using Axopatch 700A (Axon Instruments) or 200B (Molecular Devices) 143 

amplifiers, with a 2-5 kHz low-pass filter. Data were sampled at 10 kHz using pClamp9 or 144 

pClamp10 softwares. The borosilicate patch pipettes (2–7 MΩ) contained the following (in mM): 145 

135 KCl, 5 NaCl, 2 MgCl2, 2 CaCl2, 5 EGTA and 10 HEPES (pH7.25 with KOH). To investigate regulations 146 

by mediators or protein kinases in HEK293 cells and DRG neurons, 2.5mM Na2-ATP was used instead 147 

of NaCl. The control bath solution contained the following (in mM): 145 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 148 

10 glucose and 10 HEPES (pH7.4 with NaOH). MES was used instead of HEPES to buffer solutions with 149 

pH≤6. Cells were voltage-clamped at a holding potential of -60mV (HEK293) or at -80mV for neurons 150 

(i.e., close to the K+ equilibrium potential to minimize K+ current contribution). ASIC currents were 151 

activated by a rapid pH drop by shifting one out of eight outlets of a gravity driven perfusion system 152 

from a control solution (i.e., pH7.4 or pH8.0) to an acidic test solution. To test the effect of a 153 

mediator or a signaling pathway, ASIC currents were repetitively activated every 30s for ASIC1b 154 

homomeric current, every 15s for ASIC3 homomeric current, and every minute for ASIC1a 155 

homomeric current (these intervals allowing their full reactivation). Drugs were perfused for at least 156 

5 minutes and up to 10 minutes in the pH7.4 control bath solution until their maximal effect was 157 

observed. Activation curves were determined by activating whole-cell ASIC currents at a given pH 158 

after a 30s perfusion of control pH8.0 solution. Inactivation curves were obtained by maximally 159 

activating whole-cell ASIC currents by pH5.0, pH4.5 or pH4.0 after a 30s perfusion at a given pH. 160 

The curves of pH-dependent activation and inactivation were fitted by a Hill function : I = a + (Imax − 161 

a)/(1 + (pH0.5/[H]n)), where Imax is the maximal current, a is the residual current, pH0.5 is the pH at 162 

which half-maximal activation/inhibition of the transient peak ASIC current was achieved, and n is 163 

the Hill coefficient. Time constant of current decay were fitted with a single exponential function. 164 

Outside-out configuration was achieved after whole-cell configuration, by slowly pulling out 165 

the patch pipette. Intracellular and extracellular medium were the same as above. Cells were then 166 

perfused with SP600125 for 5min in the pH7.4 bath solution and a drop to pH5.0 was used to open 167 

ASIC channels.  168 

For DRG neurons, action potentials (APs) were evoked in current-clamp mode by 2ms 169 

depolarizing current injections of increasing amplitudes (50 or 100pA), and neurons that display a 170 

resting membrane potential superior to -40mV and/or no action potential were discarded. Time 171 

derivative of membrane voltage was calculated to determine if the falling phase had one or two 172 

components (a feature of nociceptive neurons, (Petruska et al., 2000)). In voltage-clamp mode, 173 

the pharmacological characterization of the ASIC-like peak current was done by applying for 30s the 174 
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ASIC inhibitory toxins APETx2 (3µM), PcTx1 (20 nM), and mambalgin-1 (1 µM), before the pH drop 175 

from resting pH7.4 to pH5.0. Toxin experiments were usually performed with activation of the 176 

current from resting pH7.4 to pH5.0. An activating pH of 6.6 (from resting pH7.4) was additionally 177 

tested when necessary to improve the functional characterization of the ASIC current. Current was 178 

considered as sensitive to a toxin if at least 20% of inhibition was observed (Table 1). Investigation of 179 

the effect of a signaling pathway was then done as described previously on HEK293 cells. 154 mouse 180 

DRG neurons from 10 cultures, 49 rat DRG neurons from 4 cultures and 28 acutely-dissociated mouse 181 

DRG neurons from 4 cultures were used in the analysis. 182 

 183 
In vivo behavior experiments 184 

Acid-induced cutaneous pain was evoked in mice by the intraplantar (i.pl.), subcutaneous 185 

injection (20 µl, 30-G needle) in the left hindpaw of a pH5.0-buffered solution (NaCl 0.9%, MES 186 

20 mM, pH5.0 with NaOH). To test their local pharmacological effect, drugs were pre-injected 187 

10 minutes before (10µl, 30-G needle) in a non-buffered saline solution (NaCl 0.9%) to allow diffusion 188 

within the tissue, then co-injected with the pH5.0 solution. Anisomycin and SP600125 were tested at 189 

500 µM (a higher concentration than the one used in patch-clamp experiments to account for 190 

in vivo/in vitro differences), capsazepine was tested at 10 µM (Kwak et al., 1998), mambalgin-1 was 191 

tested at 34 µM as previously described (Diochot et al., 2012; Diochot et al., 2016), and APETx2 was 192 

tested at 10 µM (Deval et al., 2008). The final concentrations of DMSO and BSA were 0.5% 193 

(anisomycin, SP600125, anisomycin + SP600125, anisomycin + capsazepine, vehicle) and 0.05% 194 

(mambalgin-1 and mambalgin-1 + APETx2 containing solutions and related vehicle), respectively. 195 

Mice were placed in mirror boxes where they acclimated for at least 15 min before 196 

undergoing a single pH5.0 i.pl. injection or the double i.pl. protocol (pre-injection followed by co-197 

injection) for pharmacological experiments. Duration of spontaneous pain-related behavior 198 

(paw licking, shaking and lifting) was measured over 5 minute-intervals during 15 minutes after the 199 

pH5.0 i.pl. injection, or from the pre-injection done 10 minutes before in the double i.pl. protocol.  200 

Paw inflammation was induced by injection of a 2% carrageenan solution (NaCl 0.9%) in the 201 

left hindpaw (20 µl, 25G) 3 hours before measuring the acid-induced cutaneous pain. Mice that did 202 

not show a visible red oedema (6 out of 174) and mice that showed more than 15 seconds left 203 

hindpaw movements during the 10 min period before the pH5.0 injection (20 out of 169) were 204 

excluded in order to avoid non-painful behavior (e.g., grooming) or spontaneous pain from other 205 

causes (e.g., wounds). 206 

  207 
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Data statistical analysis 208 

Patch-clamp experiments - Data are presented as mean ± SEM along with the individual data 209 

points (number of recorded cells in the figure legends). Data from the same cell before and after 210 

treatment were analyzed by a paired t-test or a Wilcoxon non-parametric paired test, and two 211 

different groups were compared by an unpaired t-test or a Mann Witney non-parametric unpaired 212 

test. For multiple comparisons, a one-way ANOVA with Tukey’s post-hoc test for multiple 213 

comparisons was performed. p<0.05 was considered statistically significant.  214 

Behavioural experiments - Data are presented as mean ± SEM as a function of time, with 215 

number of mice written in the figure legends. Data from the same mice were analyzed by a two-way 216 

Anova followed by a Dunnett post-hoc paired comparison with data obtained during the 5 min 217 

interval preceding the second i.pl. injection. Data from different mice were compared by a two-way 218 

Anova followed by a Dunnett post-hoc unpaired comparison with the data obtained when the i.pl. 219 

pH5.0 second injection was realized in the presence of anisomycin. p<0.05 was considered 220 

statistically significant, and p values and statistical results are written in the figure legends. Analysis 221 

in both patch-clamp and behavioural experiments was performed using GraphPad Prism v4.0 and 222 

v6.0 (GraphPad Software, Inc.). 223 

 224 

Results 225 

Recombinant ASIC1b- and ASIC3-containing channels are positively regulated by short-term JNK 226 

activation. 227 

Activation of the MAPK JNK has been shown to play important roles in pain, and we 228 

investigated the effect of short-term JNK activation on ASIC currents expressed in HEK293 cells 229 

transiently transfected with recombinant ASIC subunits. At the holding potential of -60 mV, a rapid 230 

drop of the extracellular pH from 7.4 to 5.0 evoked rat ASIC1b (rASIC1b) transient inward current 231 

(Fig. 1A). When the cells were incubated several minutes with the MAPK activator anisomycin 232 

(10 µM) a small increase in rASIC1b peak current amplitude was sometimes observed but remaining 233 

not significantly different from the control current (Fig. 1B). Subsequent incubation with the JNK 234 

inhibitor SP600125 (10 µM) for several minutes induced a strong decrease of the rASIC1b current 235 

amplitude (Fig. 1A) below the control amplitude, which was consistent with inhibition of a high basal 236 

level of JNK activity explaining the lack of significant mean stimulatory effect of anisomycin. 237 

A potential non-specific inhibitory effect of SP600125 through direct interaction with the channel 238 

was ruled out as the drug had no effect on the rASIC1b current amplitude in outside-out patches 239 

(n=3; not shown). To estimate the JNK total effect on the current, we calculated the ratio of rASIC1b 240 

peak current amplitude between the maximally JNK-stimulated (i.e., after anisomycin) and the 241 
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maximally JNK-inhibited (i.e., after SP600125) currents. JNK increased the rASIC1b current amplitude 242 

by approximately 50% for every test pH used (+63.2±11.6% at pH6.3, p<0.0001, +48.4±7.9% at pH6.0, 243 

p=0.0006, and +48.0±10.9% at pH5.0, p=0.0009) (Fig. 1B, dark blue bars). JNK regulation did not 244 

change the biophysical properties of rASIC1b, with similar pH0.5 values for pH-dependent activation 245 

(6.08±0.70 after anisomycin versus 6.05±0.09 after SP600125) as well as pH-dependent inactivation 246 

(6.78±0.04 after anisomycin versus 6.80±0.04 after SP600125) (Fig. 2A) and also similar inactivation 247 

time constant (Fig. 2B).  248 

We next explored the effect of JNK in the same conditions on the other homomeric ASIC 249 

channel isoforms except ASIC2b and ASIC4 that are not forming proton-activated channels per se 250 

(Baron et al., 2013). The amplitude of the peak current flowing through rat ASIC3 (rASIC3) 251 

homomeric channels was also significantly increased (+63.4±23.1% at pH7.0, p=0.015, and 252 

+88.0±25.0% at pH6.6, p=0.015) (Fig. 1C). On the other hand, currents recorded from rat ASIC1a and 253 

ASIC2a (rASIC1a and rASIC2a) homomeric channels were not potentiated for every test pH used 254 

(Fig 1D, E). We next tested the effect of JNK on several ASIC heteromers. JNK potentiated the peak 255 

current of all the rat ASIC1b- or ASIC3-containing heteromeric channels tested, but not of the rat 256 

ASIC1a+2a channels (Fig 1F). The sustained currents associated to ASIC3 (Salinas et al., 2009), i.e., the 257 

window current activated by pH close to 7.4, as well as the pH5.0-evoked sustained current, were 258 

also potentiated by JNK (+53.4±13.5% for rASIC3 at pH7.0, p=0.0156, and +27.4±6.1% for rASIC3+2b 259 

at pH5.0, p=0.0313) (Fig. 1G). The currents flowing through human ASIC1b and ASIC3 channel 260 

isoforms were potentiated by JNK in a similar way than their rat counterparts (Fig. 3A,B). 261 

These data show that short-term JNK activation exerts a positive regulation of the activity of 262 

recombinant rat and human ASIC1b- and ASIC3-containing channels, and that the presence of these 263 

subunits is necessary and sufficient to confer regulation to heteromeric channels combining subunits 264 

that are not per se regulated, like ASIC1a and ASIC2a. 265 

The JNK regulation is species-dependent and depends on a putative phosphorylation site within 266 

the intracellular domains of ASIC1b and ASIC3 subunits.  267 

To address the mechanism underlying the JNK-dependent potentiation of ASICs, we first 268 

performed a bioinformatic analysis on the intracellular segments of rASICs to identify putative 269 

phosphorylation sites. Interestingly, we identified a putative JNK2 phosphorylation site in the rASIC1b 270 

N-terminal domain (S59) as well as in the rASIC3 C-terminal domain (T512). These sites are conserved 271 

in rat, mouse and human except for mouse ASIC3 where the threonine is replaced by an alanine (Fig. 272 

4A).  273 

We next performed point mutations of the putative phosphorylation sites to test their 274 

possible involvement in the effects observed. The rASIC1b S59A mutant had biophysical properties 275 
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similar to the wild-type channel (pH0.5 for activation and inactivation, inactivation time constant; not 276 

shown), but lost the regulation by JNK for every test pH used (Fig. 4B, light blue bars). Consistent with 277 

the lack of putative JNK phosphorylation site (Fig. 4A), the mouse ASIC3 channel failed to be 278 

potentiated by JNK (Fig 4C, red bars), but the mASIC3 A509T mutant in which the alanine is replaced 279 

by a threonine to create a putative JNK phosphorylation site, was significantly potentiated by the 280 

kinase (Fig 4C, orange bars). Interestingly, since mouse and rat ASIC3 have more than 96% protein 281 

identity, mASIC3 A509 could be indeed considered as a “natural” mutation of the rat ASIC3 channel. 282 

Together with the A509T mutation that recreates in mouse the rat putative JNK phosphorylation site, 283 

this confirms the importance of this phosphorylation site in the JNK-dependent regulation of rat 284 

ASIC3. 285 

These results suggest that potentiation of the ASIC1b- and ASIC3-containing channel activity 286 

by JNK is supported by a phosphorylation of the ASIC1b and ASIC3 subunits at intracellular S59 and 287 

T512, respectively. The importance of this later site is further confirmed by the fact that a single 288 

mutation of the putative phosphorylation residue is sufficient to confer JNK-regulation to mouse 289 

ASIC3 that is naturally insensitive. 290 

Native ASIC channels in DRG neurons are positively regulated by short-term JNK activation. 291 

 The effects of JNK on native proton-gated currents in cultured DRG sensory neurons were 292 

then investigated. Rapid extracellular acidification from pH7.4 to pH5.0 on cultured mouse and rat 293 

DRG neurons hold at -80mV and randomly selected produced inward currents in all the neurons 294 

tested (n=101 and 49, respectively), with various shapes and kinetics. No difference was observed in 295 

the average capacitance and resting membrane potential between neurons recorded from rats and 296 

mice (Table 3). Action potential duration and rheobase were however different (Table 3), likely linked 297 

to subtle changes in voltage-gated ion channels profile and distribution. Higher ASIC transient current 298 

density and peak current inactivation time constant were observed in rat neurons, in agreement with 299 

previous data (Leffler et al., 2006). Neurons expressing transient ASIC-like currents, associated or not 300 

with a sustained current of variable amplitude were selected, while neurons showing only a 301 

sustained current without any peak were excluded. DRG neurons expressed a number of different, 302 

and often heteromeric, ASIC channels (Benson et al., 2002; Papalampropoulou-Tsiridou et al., 2020). 303 

We used a set of specific and potent ASIC-blocking toxins (Baron et al., 2013) to perform a 304 

pharmacological profiling of ASIC-like transient currents recorded in cultured DRG neurons to 305 

confirm the channel subtypes possibly associated (PcTx1, APETx2 and mambalgin-1 to block ASIC1a, 306 

ASIC3-containing, and both ASIC1a- and ASIC1b-containing channels, respectively; Table 1). An 307 

inhibition by at least 20% of the ASIC-like peak current by APETx2 (3M), PcTx1 (20nM), or 308 

mambalgin-1 (1M) was interpreted as a significant participation of ASIC3-containing channels, 309 
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ASIC1a channels, or ASIC1-containing channels, respectively. The different pharmacological profiles 310 

of ASIC currents in neurons and the inferred ASIC channel subtypes possibly associated are listed in 311 

Table 2. Neurons expressing an ASIC-like current can be found into both small and medium/large 312 

diameter DRG populations (membrane capacitance <40pF and >40pF, respectively) whatever the 313 

display of a prominent shoulder on the falling phase of the action potential (not shown), a feature of 314 

nociceptive neurons (Petruska et al., 2000), consistent with the broad distribution of ASICs in the 315 

global sensory neuron population.  316 

The MAPK activator anisomycin was then applied on mouse and rat ASIC-expressing neurons 317 

(n= 40 and 20, respectively) and showed little potentiating effect on ASIC peak current associated 318 

with various pharmacological profiles (Fig. 5A-C, light blue bars), whereas subsequent perfusion of 319 

the JNK inhibitor SP600125 induced a marked reduction of the current amplitude below the control 320 

level, thus revealing a high basal level of regulation of ASIC currents by JNK in at least 80% of the 321 

neurons tested in mouse and rat (32/40 and 18/20 neurons, respectively, Table 2). The culture 322 

process used is indeed known to increase the basal activity of the JNK pathway (Kristiansen and 323 

Edvinsson, 2010). A total JNK effect of +100.8±17.4% at pH5.0 (p<0.0001) and +107±19.0% at pH6.6 324 

(p<0.0001) in mouse DRG neurons, and of +78.8±13.6% at pH5.0 (p=0.0002) and +66.6±15.5% at 325 

pH6.6 (p=0.0001) in rat DRG neurons was calculated (Fig. 5B-C, dark blue bars). Interestingly, a small 326 

subset of mouse neurons expressed APETx2-sensitive (i.e., ASIC3-containing channels) but JNK-327 

insensitive currents (Table 2 and Fig. 5D, upper traces) while all currents sensitive to APETx2 were 328 

sensitive to JNK in rat (Table 2 and Fig. 5D, lower trace). This is consistent with the previous 329 

experiments in HEK293 cells (Figs. 1-4) and with the fact that the JNK regulation in mice solely 330 

involves the ASIC1b, but not the ASIC3, subunit. A large proportion of neurons expressing APETx2-331 

sensitive currents in mouse were however regulated by JNK (Table 2 and Fig. 5A, lower traces), 332 

suggesting that they flow through heteromeric ASIC3-containing channels also including the JNK-333 

sensitive ASIC1b subunit. Two rat neurons displaying currents sensitive to mambalgin-1 and PcTx1, 334 

likely expressing a majority of ASIC1a channels, were not sensitive to JNK (Table 2 and Fig. 5D, 335 

middle-down traces), but mouse and rat neurons displaying currents sensitive to mambalgin-1 but 336 

not to PcTx1, likely expressing ASIC1b-containing channels, all showed JNK-regulated currents (Table 337 

2, Fig. 5D, middle-up traces and Fig. 5A, lower traces), in good agreement with our previous 338 

experiments on recombinant ASIC channels in HEK293 cells.  339 

All together, these data show that the activity of native ASIC1b- and ASIC3-containing 340 

channels is positively regulated by short-term JNK activation in most mouse and rat DRG neurons. 341 

 342 
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JNK-dependent up-regulation of native ASIC currents in DRG neurons by the proinflammatory 343 

cytokine TNF. 344 

The ability of endogenous pain-related mediators to regulate native ASIC channels in DRG 345 

neurons via the JNK-pathway was then tested. The effect of TNF, a pain-related cytokine and a well-346 

known activator of receptor-mediated JNK activity (Natoli et al., 1997), was tested in acutely 347 

dissociated mouse DRG neurons (3-10h in culture) deprived of neurotrophic factors in order to limit 348 

basal activation of JNK. The ASIC-like peak currents were characterized in these neurons as previously 349 

described and displayed pharmacological profiles close to those established in primary cultures 350 

(Fig. 6B versus Fig. 5B, pie charts). The subsequent perfusion of TNF (10ng/ml) on these neurons led 351 

to a rapid (within 5 minutes) increase of the ASIC peak current amplitude in more than half of the 352 

neurons tested (11/19) (Fig. 6A,B; Table 2). Subsequent perfusion of the JNK inhibitor SP600125 353 

induced a decrease of the current amplitude in 9/11 TNF-responding neurons, including 8 neurons 354 

that are only sensitive to mambalgin-1 and not to PcTx1, i.e., likely expressing ASIC1b-containing 355 

channels (Table 2). There was no major difference in the magnitude of increase induced by TNF 356 

(TNF effect compared to control) and the TNF-JNK total effect (+36.4±11.1% vs +58.1±11.8% at 357 

pH5.0, and +57.2±18.4 vs +62.3±15.8 at pH6.6, not statistically significantly different, Fig. 6B), 358 

showing no significant basal activation of the JNK pathway in the absence of neurotrophic factors. 359 

The TNF-induced increase of ASIC peak current amplitude therefore mainly involved activation of 360 

the JNK pathway. However, the potentiating effect of TNF was not reversed by SP600125 in two 361 

neurons out of 11, including a neuron that predominantly expressed ASIC1b-containing channels 362 

(i.e., sensitive to mambalgin-1 and not to PcTx1) (Table 2), suggesting a possible minor involvement 363 

of other JNK-independent TNF-associated regulation(s) of ASICs in DRG neurons.  364 

The proinflammatory cytokine TNF therefore appears as a fast and potent up-regulator of 365 

ASIC1b-containing channel activity in mouse sensory neurons mainly through the activation of the 366 

JNK pathway.  367 

Potentiation by JNK of the acid-induced cutaneous pain in inflammatory conditions in mice and 368 

implication of peripheral ASIC1-containing channels.  369 

 The physiopathological relevance of JNK regulation of ASIC channels was tested in vivo on the 370 

spontaneous pain behavior induced by subcutaneous intraplantar (i.pl.) injection of a pH5.0 solution 371 

in the mouse hindpaw. The lack of regulation of mouse ASIC3 subunit was a good opportunity to 372 

investigate in vivo the specific role of the JNK regulation of ASIC1b-containing channels. 373 

A pharmacological approach has been used where compounds (or corresponding vehicles) were pre-374 

injected ten minutes before their co-injection with the pH5.0 solution. In naïve mice, pH5.0 i.pl. 375 
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injection (preceded by pre-injection of vehicle) induced a very small behavioral response during the 376 

first 5 minute-interval (5.9 ± 1.2 s, n=26, Fig. 7A, blue points). In the presence of anisomycin 377 

(500 µM), the acid-induced response was significantly increased (10.8 ± 2.9 s, n=23, p=0.0120, red 378 

points), and was also stronger than the effect of anisomycin alone (6.3 ± 2.3 s, n=23, p=0.0284, Fig. 379 

7A, orange points). Although these results already show some potentiation by anisomycin of the 380 

pH5.0-induced pain in naïve animals, the small amplitude of the effects precluded further 381 

investigation in these conditions.  382 

 A possible potentiation of acid-induced cutaneous pain by JNK was also tested in 383 

inflammatory conditions after an i.pl. injection of carrageenan in the hindpaw 3 hours before testing 384 

the acid pH5.0-induced spontaneous pain. The pH5.0 injection induced a 10.7 ± 3.6 s (n=25) mean 385 

response during the first 5 minute-interval (Fig. 7B, black points), with 76% of the tested mice 386 

showing a response longer than 3 s compared to only 14% of naïve mice, thus showing that the local 387 

hindpaw inflammation not only increased the duration of the response but above all the number of 388 

responding mice. Anisomycin induced a significantly enhanced pH5.0-induced pain behavior during 389 

the first 5 minutes (35.7 ± 6.8 s, n=25, red points) compared to the effect of vehicle (10.1 ± 2.3 s, 390 

n=26, p<0.001, Fig. 7B, blue points) or to the effect of anisomycin alone (9.3 ± 2.1 s, p<0.001, n=25, 391 

orange points). The potentiating effect of anisomycin on acidic pain was reversed by the JNK inhibitor 392 

SP600125 (500 µM), leading to a behavioral response of 12.1 ± 2.4 s (n=25, p<0.001, Fig. 7B, green 393 

points) that was similar to the response in the absence of anisomycin. JNK has therefore a major 394 

contribution to the anisomycin-induced acidic pain potentiation in inflammatory conditions. The 395 

response was significantly reduced in the presence of mambalgin-1 (34 µM), the specific ASIC1-396 

containing channel inhibitor (Fig. 7C, pink points), to 20.8 ± 3.5 s (n=23) during the first 5 minutes 397 

compared to 32.0 ± 5.7 s (n= 25, p=0.0196) in the presence of the corresponding vehicle (35% 398 

inhibition; Fig. 7C, red points). Co-application of 10 µM APETx2, which inhibits ASIC3-containing 399 

channels, with mambalgin-1 (Fig. 7C, dark green points) did not produce further inhibition (20.7±3.4 400 

s, n=23, p=0.0180) compared with mambalgin-1 alone, supporting the ASIC3-independent nature of 401 

the JNK-potentiated acidic pain response that remains. The TRPV1 inhibitor capsazepine (CPZ, 10 µM) 402 

did not significantly inhibit the spontaneous pain response induced by i.pl. injection of 403 

pH5.0+anisomycin in inflamed hind paw (Fig. 7B, brown points), despite a tendency to slightly reduce 404 

the response (from 35.7 ± 6.8 s (n=25), to 28.3 ± 6.8 s (n=26), 5 min after injection), suggesting only a 405 

minor contribution of TRPV1 to JNK-stimulated, pH5.0-triggered pain in inflammatory condition. 406 

These data show that ASIC1-containing channels are involved in the JNK-potentiated, acid-407 

induced cutaneous pain in inflammatory conditions in mice. 408 

 409 
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Discussion 410 

By combining electrophysiological approaches with specific pharmacologic tools, 411 

we identified a new JNK-mediated fast potentiation of the activity of ASIC1b- and ASIC3-containing 412 

channels. This regulation may involve a direct phosphorylation of the intracellular domains of the 413 

ASIC subunits since i) it is disrupted by mutation of a putative JNK phosphorylation site in the ASIC1b 414 

N-terminal domain (S59A), ii) it is absent in mouse ASIC3 naturally lacking the phosphorylation site 415 

because of the presence of an alanine (A509) instead of a threonine, but can be acquired by 416 

introducing a point mutation (A509T) recreating a JNK phosphorylation site. Native ASIC channels in 417 

DRG neurons are potentiated by JNK with a functional profile consistent with the data found from 418 

recombinant channels in HEK293 cells, and this JNK signaling pathway is involved in the fast 419 

potentiation of native ASIC currents by the proinflammatory cytokine TNF in sensory neurons. 420 

Finally, ASIC1-containing channels contribute to the JNK potentiating effect on cutaneous acid-421 

triggered pain in inflammatory conditions in mice.  422 

MAPKs as potent post-translational regulators of ASIC channels 423 

Our data support a role for JNK in the post-translational regulation of ASIC channels. We have 424 

combined in our protocols an activator (anisomycin) and an inhibitor (SP600125) that displays at the 425 

concentration used (50M) a good selectivity for JNK versus the other MAPKs (Bain et al., 2007). 426 

In addition, the ASIC current potentiation strictly depends on putative JNK phosphorylation sites in 427 

ASIC1b and ASIC3 subunits. Even if SP600125 has the potency to inhibit to some extent other kinases 428 

(e.g., DYRK, PDK1, CK2 or SGK1) (Bain et al., 2007), the predictive phosphorylation sites for theses 429 

kinases present in the ASIC1b and/or ASIC3 intracellular domains are clearly different from the two 430 

that has been shown to be mandatory for the effect described here. In addition, some of these 431 

predictive phosphorylation sites such as SGK1 are also present in the ASIC1a or ASIC2a subunits, 432 

which are not affected by SP600125. A role for JNK is therefore strongly supported by these 433 

complementary elements, even if minor contributions of other signaling pathways cannot be 434 

completely excluded.  435 

A large range of mediators of various origins have been shown to directly or indirectly 436 

modulate the activity of ASIC channels. Several pain-related signaling pathway targeting ASICs have 437 

been previously characterized, including PKC (Baron et al., 2002), PKA (Leonard et al., 2003) or 438 

phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB/Akt) (Duan et al., 2012). A MAPK-dependent 439 

transcriptional regulation of ASIC3 has been involved in the effect of NGF (Mamet et al., 2003; 440 

Chaumette et al., 2020) or interleukin 1 (Ross et al., 2016), and a MAPK-dependent transcriptional 441 

regulation of ASIC1a has also been associated to the effect of interleukin 6 (Zhou et al., 2015) or 442 

oxidative stress (Wu et al., 2020), but a MAPK-dependent phosphorylation of ASIC channels has 443 
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never been described so far. Our data are consistent with a phosphorylation by JNK of the ASIC1b 444 

and ASIC3 (except mouse ASIC3) subunits. The time scale of the effect (less than 10 minutes) makes 445 

an indirect transcriptional contribution to the effect unlikely. JNK may therefore participate in 446 

nociceptive neurons to the generation of pain hypersensitivity through transcription-independent, 447 

direct phosphorylation of ion channels besides its well-known transcription-dependent modulation 448 

of pain-related genes. The biophysical properties of ASIC1b channels including gating, proton 449 

sensitivity, inactivation time constant and conductance, are not affected by the JNK regulation, which 450 

may suggest an increase in the opening probability of the channel or an effect mediated at least in 451 

part through an increase in channel trafficking to the plasma membrane. Enhanced forward 452 

trafficking and increased surface expression of ASICs via direct phosphorylation has been already 453 

reported for the regulation of ASIC1a by BDNF through the PI3-kinase/Akt pathway in the spinal cord 454 

(Duan et al., 2012). The effect of JNK phosphorylation on a given target is often linked to the 455 

establishment of new protein-protein interactions (Zeke et al., 2016). This phosphorylation could 456 

therefore be a switch to increase channel number at the plasma membrane, as shown previously 457 

(Simonetti et al., 2014), or to prevent ion channels to be internalized.  458 

Native proton-gated currents of sensory neurons are strongly potentiated by JNK to modulate pain 459 

sensing  460 

Our results demonstrate that the vast majority of DRG neurons expressing ASIC currents (including 461 

small and medium/large neurons) are positively regulated by JNK signaling. The molecular identity of 462 

these currents can be, at least partially, inferred from their biophysical properties and their 463 

sensitivity to different ASIC toxins specifically blocking complementary set of homomeric and/or 464 

heteromeric channels (Baron et al., 2013). Some JNK-insensitive currents have been only recorded in 465 

ASIC1a-expressing neurons in rat, or in ASIC3-expressing neurons in mouse (all ASIC3-expressing 466 

neurons display JNK-regulated ASIC currents in rat). It fits with our experiments on recombinant 467 

channels in HEK293 cells showing a regulation supported by both the ASIC1b and ASIC3 subunits in 468 

rat but only the ASIC1b subunit in mouse. However, more than 70% of mouse ASIC3-expressing 469 

neurons display JNK-regulated currents despite the lack of regulation of ASIC3 subunit, suggesting 470 

the presence in DRG neurons of our primary cultures of a high proportion of ASIC3 heteromeric 471 

channels also containing ASIC1b. Multiplexed in situ hybridization has confirmed a significant co-472 

localization of ASIC1b and ASIC3 transcripts in mouse DRG neurons (Chang et al., 2019; 473 

Papalampropoulou-Tsiridou et al., 2020). It further supports, together with the high proportion of 474 

JNK-regulated ASIC1b-expressing neurons in mouse, a broad functional expression of ASIC1b in 475 

sensory neurons. This is fully consistent with our previous work indicating a significant role for 476 

sensory-neuron expressed ASIC1b-containing channels in pain (Diochot et al., 2012; Diochot et al., 477 
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2016). A possibly more robust response could be expected in rats from the regulation by JNK of both 478 

ASIC1b- and ASIC3-containing channels. However, the functional involvement in DRG neurons of a 479 

high proportion of ASIC3 heteromeric channels also containing ASIC1b supports the possibility of a 480 

significant overlap (at least in our culture conditions) between the ASIC1b- and ASIC3-dependent JNK 481 

regulations when they are both present like in rat and human. Our in vivo experiments in mice based 482 

on local application of specific ASIC blockers, further support the involvement of peripheral ASIC1-483 

containing channels, most probably ASIC1b-containing channels regarding the in vitro data on 484 

recombinant and native ASICs, in the JNK-potentiated acidic pain in inflammatory conditions. 485 

Interestingly, the strong potentiating effect observed in inflammatory conditions is consistent with a 486 

role for ASIC1b in producing “hyperalgesic priming”, a process that has been proposed to be involved 487 

in the transition from acute to chronic pain, as recently suggested in a preclinical model of muscle 488 

pain (Chang et al., 2019). The effect was however only partially inhibited by the specific ASIC 489 

blockers, suggesting the involvement, at least in our conditions in mice, of other JNK-regulated and 490 

ASIC-independent processes, with minor, if any, contribution of TRPV1 channels. 491 

Direct regulation of DRG-specific ASIC1b- and ASIC3-containing channels by JNK represents a 492 

new mechanism for pathological potentiation of ASIC channels upon activation of this signaling 493 

pathway in peripheral sensory neurons. Extracellular mediators contributing to pain sensitization can 494 

participate in this process like the cytokine TNF (Zelenka et al., 2005) that rapidly increases the 495 

amplitude of ASIC currents in a MAPK-dependent manner as shown here and by Wei et al. recently 496 

(Wei et al., 2021). However, a study reported a lack of potentiating effect of TNF on rat vagal 497 

sensory neuron rapid transient current mediated by ASICs but a significant increase of the slow 498 

sustained current mediated by TRPV1 through a COX2-dependant mechanism (Hsu et al., 2017). 499 

Differences in the experimental conditions (origin of the neurons and culture conditions, TNF 500 

concentration, perfusion time) could explain these different results. Interestingly, the JNK-dependent 501 

regulation of the activity of ASIC1b- and ASIC3-containing channels in sensory neurons is reminiscent 502 

to the one previously mentioned for BDNF, PI3-kinase/Akt pathway and ASIC1a channels in the spinal 503 

cord (Duan et al., 2012).  504 

In conclusion, our results identify a novel mechanism of post-translational regulation of 505 

sensory neuron-expressed ASIC1b- and ASIC3-containing channels by JNK, probably via direct 506 

phosphorylation of the channels suggesting that ion channels can be direct downstream effectors of 507 

JNK in nociceptors. Our in vivo results on cutaneous pain illustrate the important role this regulation 508 

may have in various pathophysiological pain conditions involving the JNK signaling pathway including 509 

inflammatory, neuropathic and migraine pain where ASIC1b and/or ASIC3-containing channels have 510 

been involved (Deval et al., 2008; Diochot et al., 2012; Yan et al., 2013; Diochot et al., 2016; Verkest 511 
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et al., 2018). In addition, we provide further evidence of a large functional expression of ASIC1b-512 

containing channels in sensory neurons, supporting the emerging role in pain of this ASIC isoform. 513 

The JNK regulation is conserved in human ASIC1b and ASIC3 channels and interfering with this 514 

regulation at the channel level might be of potential therapeutic benefit against pain.  515 
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Toxin inhibition 
profiles 

(i.e., currents only 
inhibited by the 

indicated toxins among 
the three tested) 

Possibly associated ASIC channel subtypes 

(Toxin selectivity) 

ASIC1a 

(PcTx1 or 

Mamb-1) 

ASIC1a/2a 

 or ASIC1b-

containing 

(Mamb-1) 

ASIC3-containing 

(APETx2) 

Mamb-1 + APETx2 + 
PcTx1 

Yes Yes Yes 

Mamb-1 + APETx2 No Yes Yes 

Mamb-1 + PcTx1 Yes Yes No 

Mamb-1 No Yes No 

APETx2 No No Yes 

 656 

Table 1: Pharmacological evidences supporting the proposed association between toxin inhibition 657 

profiles and ASIC channel subtypes. 658 

ASIC channel subtypes possibly associated (Yes) or not (No) with the different pharmacological 659 

profiles determined by testing the inhibitory effects of mambalgin-1 (1µM), APETx2 (3 µM) and PcTx1 660 

(20 nM). Channel subtypes regulated by JNK in vitro are indicated in bold. Only ASIC1b-containing 661 

channels are regulated in mouse, including heteromeric channels with ASIC3. Note that when 662 

different pharmacologically distinct types of channels are present together into a neuron (e.g., 663 

ASIC1b-containing and ASIC3-containing channels), the proportion of each channel type can 664 

significantly vary depending on the percentage of inhibition induced by each toxin that can vary from 665 

20% (threshold for inhibition) to 100%.  666 
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 667 

Toxin 
inhibition 
profiles 

(i.e., DRG 
currents 

only 
inhibited by 

the 
indicated 

toxins 
among the 

three 
tested) 

Number of neurons expressing toxin-
inhibited ASIC currents 

Possibly associated  
ASIC channel subtypes  

(based on the pharmacological 
profiles shown in Table 2) 

Mouse 
(JNK-

sensitive/total) 

(32/40) 

Rat 
(JNK-

sensitive/total) 

(18/20) 

Mouse TNF

(TNF-
sensitive/JNK-
sensitive/total) 

(11/9/19) 

Mamb-1 + 
APETx2 + 

PcTx1 
5/9 6/6 2/1/7 ASIC1a 

ASIC1a/2a 
or ASIC1b-
containing 

ASIC3-
containing 

Mamb-1 + 
APETx2 17/21 5/5 6/6/7  

ASIC1a/2a 
or ASIC1b-
containing 

ASIC3-
containing 

Mamb-1 + 
PcTx1 

 3/5  ASIC1a 
ASIC1a/2a 
or ASIC1b-
containing 

 

Mamb-1 10/10  3/2/5  
ASIC1a/2a 
or ASIC1b-
containing 

 

APETx2  4/4    
ASIC3-

containing 

 668 

Table 2: Pharmacological profiles of DRG-expressed JNK-sensitive and -insensitive ASIC currents 669 

and their possible association with ASIC channel subtypes inferred from peptide toxin blocking 670 

selectivity. 671 

Left, number of sensory neurons expressing toxin-inhibited ASIC currents in mouse and rat DRG 672 

primary cultures, and in TNF-treated, acutely dissociated mouse DRG neurons, and their 673 

distribution according to the different pharmacological profiles determined by testing the inhibitory 674 

effects of mambalgin-1 (1µM), APETx2 (3 µM) and PcTx1 (20 nM). Numbers of neurons expressing 675 

ASIC currents regulated by JNK are indicated in bold. 676 

Right, ASIC channel subtypes possibly associated with the different pharmacological profiles based 677 

on data shown in Table 2. Channel subtypes regulated by JNK in vitro are indicated in bold.  678 
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 679 

 680 

Table 3: Main electrophysiological properties of rat and mouse sensory neurons obtained from 681 

primary cultures. 682 

Mean±SEM (minimum/maximum), n=15-101 neurons from 4-10 independent cultures (1-4 days in 683 

culture, same culture conditions). Mann Whitney test to compare properties of recorded mouse DRG 684 

neurons versus properties of recorded rat DRG neurons for each category: capacitance ns p=0.8222, 685 

resting membrane potential ns p=0.2400, action potential duration *** p<0.0001, rheobase 686 

*** p<0.0001 , current density ** p=0.005, inactivation time constant * p=0.0157.  687 

Culture 
type 

Capacitance 
(pF) 

Resting 
membrane 

potential (mV) 

Action 
potential 
duration 

(ms) 

Rheobase (pA) 

Transient 
current 
density 
(pA/pF, 
pH5.0) 

Peak current 
inactivation time 

constant (ms, 
pH5.0) 

Mouse 
DRG 

42.81±2.01 
(15.00/94.00) 

-58.79±0.53 
(-71.00/-40.00) 

3.03±0.18 
(0.84/8.37) 

604.80±47.57 
(50.00/2611.00) 

35.02±4.03 
(2.12/119.40) 

376.20±50.20 
(73.00/1472.00) 

Rat  
DRG 

42.25±2.72 
(18.00/89.00) 

-57.59±1.11 
(-76.00/-40.00) 

4.87±0.35*** 
(1.09/10.03) 

1446.00±147.40*** 
(50.00/4950.00) 

85.13±18.16** 
(3.29/342.30) 

562.30±89.72* 
(159.00/1436.00) 
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Figure 1: Regulation of recombinant rodent ASIC peak currents by JNK  693 

A, Top: Representative time course of whole-cell rASIC1b current peak amplitude recorded at -60mV 694 

in HEK293 cells. Currents were activated by a pH drop from 7.4 to 5.0. Anisomycin (50M) and the 695 

JNK inhibitor SP600125 (50M) were successively applied in the extracellular solution. Bottom: 696 

Representative current traces of rASIC1b current in control condition (a, black), after anisomycin 697 

application (b, cyan) and after SP600125 application (c, grey). B, Potentiation by JNK of rASIC1b 698 

current. Ratio (%) of amplitude of H+-activated rASIC1b peak current activated at different pHs 699 

(conditioning pH7.4), in the three pharmacological conditions shown in A. Individual data points and 700 

mean ± SEM are shown (n= 9-11 cells). Control (black) values were calculated from the ratio of the 701 

last two control currents, activator effects (cyan) were calculated from the ratio of b/a current 702 

amplitudes, and the total JNK effects (blue) were calculated from the ratio of b/c, i.e., the ratio 703 

between the current amplitude after anisomycin and the maximally inhibited current amplitude after 704 

SP600125 perfusion. One-way ANOVA (F(2, 20)=26.50, p<0.0001, followed by a Tukey post-hoc test, 705 

***p<0.0001 pH6.3 JNK total effect vs control, *** p<0.0001 anisomycin vs JNK, ns p=0.91 706 

anisomycin vs control; F(2, 20)=12.01, p=0.0004, ***p=0.0006 pH6.0 JNK total effect vs control, 707 

** p=0.0027 anisomycin vs JNK, ns p=0.77 anisomycin vs control; F(2, 16)=12.8, p=0.0005, 708 

***p=0.0009 pH5.0 JNK total effect vs control, ** p=0.0018 anisomycin vs JNK, ns p=0.92 anisomycin 709 

vs control). C,D,E,F, Potentiation by JNK of rASIC3 (C), rASIC2 (D), rASIC1a (E) and heteromeric (F; 710 

subunit combinations given below the bar graphs) currents. Ratio (%) of amplitude of H+-activated 711 

ASIC peak current activated at different pHs (conditioning pH7.4). Mean potentiation by JNK (total 712 

effects) was calculated as in B. n=5-9 cells for each channel subtype. Wilcoxon paired test versus 713 

control, rASIC3 * p=0.015 pH7.0 and pH6.6 peak current; rASIC2a ns p=0,5781 pH6.0, p=04688 pH5.0, 714 

p=0.9375 pH4.5; rASIC1a ns p=0.7422; rASIC3+2b * p=0.0313 pH6.0; rASIC3+1a * p=0.0156 pH6.0; 715 

rASIC3+1b * p=0.0156 pH6.0; rASIC1b+2a * p=0.0313 pH6.0; rASIC1b+1a * p=0.039 pH6.0; 716 

rASIC1a+2a ns p=0.437 pH6.0. Bottom in C-E: Representative current traces recorded at -60mV in 717 

control condition (black), and after anisomycin and SP600125 application (cyan and grey, 718 

respectively). G, JNK-dependent potentiating effect on rASIC3 sustained window current activated at 719 

pH7.0 (left) and on rASIC3+2b pH5.0-evoked sustained current (right). Conditioning pH7.4, Wilcoxon 720 

paired test versus appropriate control, rASIC3 pH7.0 * p=0.0156; rASIC3+2b * p=0.0313; n=6-7. JNK 721 

effect calculated and plotted as in Fig. 1B.  722 

 723 

  724 
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 726 

 727 

Figure 2: Effect of the JNK-regulation on biophysical properties of rASIC1b and rASIC3 peak 728 

currents 729 

A, pH–dependent activation and inactivation curves of rat ASIC1b current after anisomycin (black) 730 

and SP600125 (blue) application on the same cells (n=4-14). Protocols used for activation and 731 

inactivation are shown in inset. B, Scatter plots of inactivation time constants (in ms) of rASIC1b peak 732 

current activated at pH5.0 and of rASIC3 peak current activated at pH6.6 from a conditioning pH of 733 

7.4, before and after extracellular perfusion with anisomycin (50M) and the JNK inhibitor SP600125 734 

(50M). One-way ANOVA F(2, 33)=0.2172, p=0.8059 ns ASIC1b pH5.0. One-way ANOVA 735 

F(2, 18)=0.1584, p=0.8547 ns ASIC3 pH6.6, n=7-12 cells. 736 

  737 
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 738 

Figure 3: JNK-regulation of human ASIC1b and ASIC3 peak currents 739 

A,B, Top: Potentiation by JNK (total effects) of recombinant H+-activated human ASIC1b (hASIC1b, A) 740 

and ASIC3 (hASIC3, B) peak currents expressed in HEK293 cells, activated at different pH 741 

(conditioning pH7.4) and recorded at -60mV (calculated and plotted as in Fig. 1B). n=7 cells for each 742 

channel subtype. Wilcoxon paired test versus control, hASIC1b * p=0.0469 pH6.6, p=0.0313 pH6.0, 743 

p=0.0156 pH5.0; hASIC3 * p=0.0156 pH7.0, p=0.0156 pH6.6, p=0.0156 pH6.0, p=0.0156 pH5.0. 744 

Bottom: Representative current traces in control condition (black), and after anisomycin (cyan) or 745 

SP600125 (grey) application.   746 
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 747 

 748 

Figure 4: The JNK regulation is species-dependent and depends on a putative phosphorylation site 749 

within the intracellular domains of ASIC1b and ASIC3 subunits  750 

A, Partial sequence alignments of rat, mouse and human ASIC1b and ASIC3 intracellular N- and C-751 

terminal domain, respectively. The potential JNK phosphorylation sites found with GPS and ELM 752 

softwares are highlighted (phosphorylated S/T residues followed by P). B,C, Potentiation by JNK (total 753 

effects) of H+-activated rASIC1b WT and S59A mutant currents (B), and of H+-activated mASIC3 WT 754 

and A509T mutant currents (C), recorded at different pH (calculated and plotted as in Fig. 1B). In B, 755 

one-way ANOVA followed by a Tukey post-hoc test: F(3, 36)=14.45, p<0.0001, ns p=0.9067 756 

rASIC1bS59A pH6.3 control vs JNK, *** p<0.0001 rASIC1b WT pH6.3 control vs JNK; F(3, 36)=14.10, 757 

p<0.0001, ns p=0.4476 rASIC1bS59A pH6.0 control vs JNK, *** p<0.0001 rASIC1b WT pH6.0 control vs 758 

JNK, F(3, 34)=12.89 p<0.0001, ns p=0.3334 rASIC1bS59A pH5.0 control vs JNK, *** p<0.0001 rASIC1b 759 

WT pH5.0 control vs JNK, n=9-12 cells. In C, one-way ANOVA followed by a Tukey post-hoc test: F(3, 760 

28)=8.09, p=0.0005, ns p=0.8014 mASIC3 WT pH7.0 control vs JNK, ** p=0.0011 mASIC3A509T pH7.0 761 

control vs JNK, * p=0.0198 mASIC3A509T pH7.0 JNK vs mASIC3 WT JNK. F(3, 27)=11.88, p<0.0001,  ns 762 

p>0.9999 mASIC3 WT pH6.6 control vs JNK, *** p<0.0001 mASIC3A509T pH6.6 control vs JNK, ** 763 

p=0.0027 mASIC3A509T pH6.6 JNK vs mASIC3 WT JNK n=6-9 cells.   764 
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 765 

Figure 5: JNK regulates native ASIC peak currents in cultured rodent DRG neurons 766 

A, Top: Representative time course of mouse DRG (mDRG) neuron ASIC peak current amplitude 767 

recorded at -80mV upon stimulation by a shift from resting pH7.4 to pH5.0, and extracellular 768 

perfusion with anisomycin (50M) and the JNK inhibitor SP600125 (50M). Bottom: Representative 769 

current traces of APETx2 and mambalgin-1-sensitive currents (see Tables 1 and 2 for details). B, 770 

Potentiation by JNK of H+-activated mouse DRG (mDRG) neuron ASIC peak current recorded at 771 

different pH (calculated and plotted as in Fig. 1B), n=36-40. One-way ANOVA followed by Tukey post-772 

hoc test: F(2,70)=27.68 p<0.0001, *** p<0.0001 control vs JNK pH6.6, p<0.0001 JNK vs anisomycin 773 

pH6.6, ns p=0.6476 control vs anisomycin pH6.6; F(2,78)=22.04 p<0.0001, *** p<0.0001 control vs 774 

JNK pH5.0, p<0.0001 JNK vs anisomycin pH5.0, ns p=0.5620 control vs anisomycin pH5.0. Bottom: Pie 775 

chart showing the proportion of ASIC peak currents with different pharmacological profiles tested for 776 

JNK regulation in mouse DRG neurons (n=40) and determined by the effects of the three ASIC 777 
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inhibitory toxins mambalgin-1 (1µM), APETx2 (3 µM) and PcTx1 (20 nM). A 20% threshold for 778 

inhibition has been used. See Tables 1 and 2 for details and interpretation. C, Potentiation by JNK of 779 

H+-activated rat DRG (rDRG) neuron ASIC peak current recorded at different pH (same protocol as in 780 

B), n=12-20. One-way ANOVA followed by Tukey post-hoc test: F(2,22)=13.96, p=0.0002, *** 781 

p=0.0001 control vs JNK pH6.6, ** p=0.0026 JNK vs anisomycin pH6.6, ns p=0.4331 control vs 782 

anisomycin pH6.6; F(2,38)=10.62, p=0.0002, *** p=0.0002 control vs JNK pH5.0, *** p=0.0038 JNK vs 783 

anisomycin pH5.0, ns p=0.2877 control vs anisomycin pH5.0. Bottom: Pharmacological profiles 784 

(determined as in B, see Tables 1 and 2 for interpretations) of the ASIC peak currents in rat DRG 785 

neurons tested for JNK regulation (n=20). D, Representative current traces of rat and mouse DRG 786 

neuron ASIC currents with different pharmacological profiles regarding inhibition by mambalgin-1 787 

(Mamb), PcTx1 and APETx2 in control condition (black), and after anisomycin and SP600125 788 

application (cyan and grey, respectively). The toxins inhibiting the current by at least 20% were 789 

indicated in brackets. Currents were recorded at -80mV and activated at two different pHs. See 790 

Tables 1 and 2 for interpretation of the pharmacological profiles. The same culture conditions were 791 

used for rat and mouse DRG neurons.   792 
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 793 

Figure 6: TNF potentiates H+-activated ASIC peak currents from acutely dissociated mouse 794 

sensory neurons through JNK activation 795 

A, Top: Representative time course of mouse DRG (mDRG) ASIC peak current amplitude upon 796 

stimulation at pH5.0 from conditioning pH7.4 and extracellular perfusion with TNF (10ng/ml) and 797 

the JNK inhibitor SP600125 (50M). Bottom: Representative pH5.0-evoked mambalgin-1- (Mamb) 798 

and APETx2-sensitive current traces (see Tables 1 and 2). B, Mean potentiation by TNF of H+-799 

activated ASIC peak currents in mouse DRG (mDRG) neurons recorded at different pH (ratio b/a, 800 

plotted as in Fig. 1B) and comparison with the TNF-JNK total effect (ratio b/c). n=18-19, One-way 801 

ANOVA followed by Tukey post-hoc test: F(2,34)=6.461, p=0.0042, ** p=0.0075 control vs TNF-JNK 802 

pH6.6, * p=0.0143 control vs TNF pH6.6, ns p=0.4331 TNF vs TNF-JNK pH6.6; F(2,36)=10.47, 803 

p=0.0003, *** p=0.0002 control vs TNF-JNK pH5.0, * p=0.0224 control vs TNF pH5.0, ns p=0.2014 TNF 804 

vs TNF-JNK pH5.0. Bottom: Pharmacological profiles of the ASIC peak currents in mouse DRG neurons 805 

tested for TNF regulation (as determined in Fig.4B; n=19). 806 

  807 
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 808 

Figure 7: ASIC1-containing channels contribute to the JNK-induced potentiation of cutaneous acid-809 

triggered pain in mice.  810 

A, Kinetics of spontaneous pain behavior duration (s) measured over 5 min-intervals in naïve mice 811 

hindpaw. Single i.pl. injection of pH5.0 (black symbols, n=28) and double i.pl. injection with drugs 812 

being pre-injected alone (i.pl.1) 10 min before their co-injection with pH5.0 (i.pl.2): Anisomycin alone 813 
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(500 µM, Aniso, orange symbols, n=23), pH5.0 + vehicle (DMSO 0.5%, blue symbols, n= 26), 814 

pH5.0+Anisomycin (500 µM, red symbols, n=23). B, Kinetics of spontaneous pain behavior duration 815 

(s) measured over 5 min-intervals in mice with local hindpaw inflammation (carrageenan 2%, 816 

3 hours). Single i.pl. injection of pH5.0 (black symbols, n=25) and double i.pl. injection protocol as 817 

described in A: Anisomycin alone (500 µM, Aniso, orange symbols, n=25), pH5.0+vehicle (DMSO 818 

0.5%, blue symbols, n= 26), pH5.0+Anisomycin (500 µM, red symbols, n=25), 819 

pH5.0+Anisomycin+SP600125 (500µM each, green symbols, n=25), pH5.0+Anisomycin+Capsazepine 820 

(CPZ) (500µM and 10 µM, respectively, brown symbols, n=26). Data are presented as mean ± SEM as 821 

a function of time. C, Kinetics of spontaneous pain behavior duration (s) measured over 5 min-822 

intervals in mice with local hindpaw inflammation (carrageenan 2%, 3 hours). Double i.pl. injection 823 

protocol: pH5.0+Anisomycin+vehicle (500µM and 0.05% BSA, respectively, red symbols, n=25), 824 

pH5.0+Anisomycin+Mambalgin-1 (Mamb) (500 µM and 34 µM, respectively, pink symbols, n=23), 825 

pH5.0+Anisomycin+Mambalgin-1+APETx2 (500 µM, 34 µM and 10 µM respectively, dark green 826 

symbols, n=23). Data are presented as mean ± SEM as a function of time.  827 

Statistics: A, Data obtained with the double i.pl. protocol were compared with pH5.0+Anisomycin 828 

with a two-way Anova followed by a Dunnett post-hoc test: Time F(4, 276)=18.03 p<0.0001, 829 

Treatment F(2, 69)=1.520 p=0.2260, Time x Treatment F(8, 276)=0.8958 p=0.5204, * p=0.0284 Aniso 830 

T=5min, * p=0.0120 pH5.0+Vehicle T=5min, other data non significantly different (p values not 831 

given). To determine if a pain response duration was significant, each point of the kinetics were 832 

compared to value during the 5 min interval before i.pl.2 injection with a two-way Anova followed by 833 

a Dunnett post-hoc paired comparison on the same mice : Time F(2.460, 637.2)=106.7 p<0.0001, 834 

Treatment F(10, 259)=10.48 p<0.0001, # p=0.0410 Anisomycin T=5min, ## p=0.0076 pH5.0+Aniso 835 

T=5min, ### p=0.0008 pH5.0+Vehicle T=5min.  B, Data obtained with the double i.pl. protocol were 836 

compared with pH5.0+Anisomycin with a two-way Anova followed by a Dunnett post-hoc test: Time 837 

F(4.488)=57.52 p<0.0001, Treatment F(4, 122)=9.101 p<0.0001, Time x Treatment F(16, 488)=5.911 838 

p<0.0001, Aniso T=5min *** p<0.0001, pH5.0+Vehicle T=5min *** p<0.0001, 839 

pH5.0+Anisomycin+SP600125 T=5min *** p<0.0001, ns p=0.0789 pH5.0+Anisomycin+CPZ T=5min, 840 

Aniso T=10min *** p=0.0001, pH5.0+Vehicle T=10min ** p=0.0016, pH5.0+Anisomycin+SP600125 841 

T=10min ns p=0.1763, * p=0.0215 pH5.0+Anisomycin+CPZ T=10min, other data non significantly 842 

different for T=-10min, T=-5min and T=15min (p values are not given).  C, Data obtained with the 843 

double i.pl. protocol were compared with pH5.0+Anisomycin+Vehicle with a two-way Anova followed 844 

by a Dunnett post-hoc test: Time F(4,272)=36.84 p<0.0001, Treatment F(2, 68)=1.836 p=0.1673, Time 845 

x Treatment F(8, 272)=1.71 p=0.0851, pH5.0+Anisomycin+Mamb T=5min * p=0.0196, 846 

pH5.0+Anisomycin+Mamb+APETx2 T=5min * p=0.0180, pH5.0+Anisomycin+Mamb+APETx2 T=15min 847 

* p=0.0300, other data non significantly different (p values are not given). To determine if a pain 848 

response duration was significant, each point of the kinetics in B and C were compared to value 849 

during the 5 min interval before i.pl.2 injection with a two-way Anova followed by a Dunnett post-850 

hoc paired comparison on the same mice : Time F(2.460, 637.2)=106.7 p<0.0001, Treatment F(10, 851 

259)=10.48 p<0.0001, ### p=0.0031 Aniso T=5min, ### p=0.0007 pH5.0+Vehicle T=5min, 852 

### p=0.0001 pH5.0+Aniso T=5min, # p=0.0168 pH5.0+Aniso T=10min, ### p=0.0009 853 

pH5.0+Aniso+SP600125 T=5min, # p=0.0275 pH5.0+Aniso+SP600125 T=10min, ### p<0.0001 854 

pH5.0+Aniso+CPZ T=5min, # p=0.0138 pH5.0+Aniso+CPZ T=10min, ### p<0.0001 855 

pH5.0+Aniso+Vehicule T=5min, ## p=0.0051 pH5.0+Aniso+Vehicule T=10min, ### p<0.0001 856 

pH5.0+Aniso+Mamb T=5min, ### p<0.0001 pH5.0+Aniso+Mamb T=10min, ### p<0.0001 857 
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pH5.0+Aniso+Mamb+APETx2 T=5min, # p=0.0116 pH5.0+Aniso+Mamb+APETx2 T=10min, p values 858 

are not given for the other non significant comparisons. 859 


