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Acid-sensing ion channels (ASICs) are activated by extracellular acidification. Because ASIC currents are transient, these channels appear to be ideal sensors for detecting the onset of rapid pH changes. ASICs are involved in neuronal death after ischemic stroke, and in the sensation of inflammatory pain. Ischemia and inflammation are associated with a slowly developing, long-lasting acidification. Recent studies indicate however that ASICs are unable to induce an electrical signaling activity under standard experimental conditions if pH changes are slow. In situations associated with slow and sustained pH drops such as high neuronal signaling activity and ischemia, the extracellular K+ concentration increases, and the Ca2+ concentration decreases. We hypothesized that the concomitant changes in H+, K+, and Ca2+ concentrations may allow a long-lasting ASIC-dependent induction of action potential (AP) signaling. We show that for acidification from pH7.4 to pH7.0 or 6.8 on cultured cortical neurons, the number of action potentials and the firing time increased strongly if the acidification was accompanied by a change to higher K+ and lower Ca2+ concentrations. Under these conditions, APs were also induced in neurons from ASIC1a–/– mice, in which a pH of ≤ 5.0 would be required to activate ASICs, indicating that ASIC activation was not required for the AP induction. Comparison between neurons of different ASIC genotypes indicated that the ASICs modulate the AP induction under such changed ionic conditions. Voltage-clamp measurements of the Na+ and K+ currents in cultured cortical neurons showed that the lowering of the pH inhibited Na+ and K+ currents. In contrast, the lowering of the Ca2+ together with the increase in the K+ concentration led to a hyperpolarizing shift of the activation voltage dependence of voltage-gated Na+ channels. We conclude that the ionic changes observed during high neuronal activity mediate a sustained AP induction caused by the potentiation of Na+ currents, a membrane depolarization due to the changed K+ reversal potential, the activation of ASICs, and possibly effects on other ion channels. Our study describes therefore conditions under which slow pH changes induce neuronal signaling by a mechanism involving ASICs.
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INTRODUCTION

The pH of body fluids is tightly controlled. The extracellular pH is normally close to 7.4. Rapid local pH fluctuations occur for example in synapses during neuronal activity (Chesler, 2003; Boscardin et al., 2016; Soto et al., 2018). Slower tissue acidification accompanies inflammation and ischemia (Cobbe and Poole-Wilson, 1980). Extracellular acidification induces action potentials (APs) in neurons. The transient receptor potential cation channel subfamily V member 1 (TRPV1) is an important pH sensor in the peripheral nervous system (PNS). It is activated by pH ≤ 6.5, with a pH of half-maximal activation, pH50, of ∼5.3 (Caterina et al., 1997; Tominaga et al., 1998). Acid-sensing ion channels (ASICs) are low pH-activated channels that are widely expressed in the peripheral and central nervous system (CNS) (Wemmie et al., 2013; Kellenberger and Schild, 2015). Several studies have shown that TRPV1 and ASICs are the pH sensors for acid-induced AP generation in the PNS (Deval et al., 2003; Blanchard and Kellenberger, 2011), while acid-induced AP generation in the CNS depends essentially on ASICs (Baron et al., 2002; Vukicevic and Kellenberger, 2004). In contrast to its effect on TRPV1 and ASICs, extracellular acidification inhibits many excitatory ion channels, such as glutamate receptors and voltage-gated Ca2+ and Na+ channels (reviewed in Boscardin et al., 2016).

The main ASIC subunits are ASIC1a, −1b, −2a, −2b, −3, and −4 (Wemmie et al., 2013; Kellenberger and Schild, 2015). In rodents, ASIC1a, −2a, −2b, and −4 are expressed in the CNS, while all ASIC subunits except ASIC4 are found in the PNS. The hetero- or homotrimeric assembly of ASIC subunits forms Na+-selective ion channels (Yang and Palmer, 2014; Lynagh et al., 2017) that differ in their H+ sensitivity [pH50 values between 6.6 (ASIC3) and 4.3 (ASIC2a)] and kinetics (Wemmie et al., 2013; Kellenberger and Schild, 2015; Schuhmacher et al., 2015; Rook et al., 2020, 2021). ASIC4 has so far not been shown to form functional channels and may regulate the expression of other ASICs (Akopian et al., 2000; Gründer et al., 2000; Lin et al., 2015). ASIC currents are transient because these channels enter a non-conducting, desensitized state after opening (Kellenberger and Schild, 2015; Rook et al., 2021). ASIC3 and some heterotrimeric ASICs produce in addition to the transient also a smaller sustained current. Animal studies identified roles of ASICs in synaptic plasticity and learning, fear-related behaviors, pain sensation, neuronal death after ischemic stroke and in neurodegenerative diseases (Wemmie et al., 2003; Xiong et al., 2004; Coryell et al., 2007; Friese et al., 2007; Pignataro et al., 2007; Deval et al., 2008, 2011; Kreple et al., 2014; Chiang et al., 2015; Sluka and Gregory, 2015; Lee and Chen, 2018; Chang et al., 2019). ASICs are potential drug targets of high interest. However, none of the available ASIC inhibitors is currently used in clinic (Baron and Lingueglia, 2015; Rash, 2017).

Traditionally, rapid solution changes are used to activate ASICs in studies in which ASIC currents are measured. However, some of the physiological and pathological processes in which ASICs are involved, are associated with slow and sustained pH changes, as e.g., inflammatory pain sensation or neurodegeneration after ischemic stroke. In a recent study we have investigated the activation of recombinant ASIC1a and of endogenous ASICs of cultured cortical neurons by pH ramps of defined speed (Alijevic et al., 2020). This analysis showed a strong decrease of the acid-induced current amplitude when the pH change was slowed, because a fraction of the channels desensitized without opening. If the pH ramp from 7.4 to 6.6 or 6.0 lasted 4–10 s, it induced longer bursts of action potentials (APs) in cultured cortical neurons than did faster pH ramps. However, with pH changes that took > 10 s to complete, APs were only very rarely induced. It seemed therefore that additional, currently unknown modulatory mechanisms are needed to allow an ASIC activation with such slow pH changes.

ASIC function is modulated by many compounds. Short peptides containing an Arg-Phe motif add a small sustained current to the transient ASIC1a current and shift its pH dependence of steady-state desensitization (the transition from the closed to the desensitized state) to more acidic values (Askwith et al., 2000; Sherwood and Askwith, 2009; Vick and Askwith, 2015; Bargeton et al., 2019; Borg et al., 2020) and have similar effects on ASIC3-containing channels. Molecules related to 2-guanidine-4-methylquinazoline induce a sustained activity in ASIC3 (Li et al., 2011). Reducing agents were shown to increase, while oxidizing reagents inhibit ASIC currents (Andrey et al., 2005; Chu et al., 2006; Cadiou et al., 2007; Cho and Askwith, 2007). ASIC function is also modulated by divalent cations (Babini et al., 2002; Chu et al., 2004). It is known that under some conditions that induce acidification, the concentrations of other ions are also changed. During high neuronal activity, seizures and ischemia, the extracellular concentrations of H+ and K+ increase in the CNS, while the Ca2+ concentration decreases (Heinemann and Louvel, 1983; Krishtal et al., 1987; Chesler, 2003; Brocard et al., 2013; Sibille et al., 2015; Larsen et al., 2016). These changes in ion concentration occur within seconds to minutes. During high neuronal activity, the extracellular K+ concentration reaches 6–10 mM, while the extracellular Ca2+ concentration, on the other hand, decreases to values as low as 0.8 mM (Heinemann et al., 1977; Brocard et al., 2013; Raimondo et al., 2015; Sibille et al., 2015; Larsen et al., 2016). In the present study we have investigated whether the above-described changes of K+ and Ca2+ concentrations may affect acid-induced AP generation. We show that such changes in K+ and Ca2+ concentration accompanied by a pH change to pH7.0 or 6.8 induced APs in cultured cortical neurons, even if the solution change was slow. The expressed ASIC subtype shaped the response; however, ASIC activity was not required for AP induction under these circumstances. Analysis of the modulation of channel function suggests that changed properties of voltage-gated Na+ channels, together with a depolarization induced by the increase in extracellular K+ concentration, as well as the activation of ASICs contribute to the AP induction under these ionic conditions.



MATERIALS AND METHODS


Embryonic Mouse Cerebral Cortex Neuron Culture

All animal handling procedures were carried out according to the Swiss federal law on animal welfare, and were approved by the committee on animal experimentation of the Canton de Vaud (License VD1750). ASIC1a–/– and ASIC2–/– mice were provided by Dr. John Wemmie (University of Iowa). The cortex neuronal culture was done as previously described (Alijevic et al., 2020). Cerebral cortices of fetuses of day E14–15 from C57BL/6 genetic background of WT, ASIC1a–/– or ASIC2–/– pregnant mice were dissected. They were placed in ice-cold HBSS medium (Thermo Fisher Scientific) complemented with 5 mM HEPES, chopped into small pieces (∼1 mm) and incubated at 37°C for 15 min in HBSS medium containing 0.05% Trypsin-EDTA (Thermo Fisher Scientific). The cortical tissues were then washed three times in Neurobasal medium (Thermo Fisher Scientific) containing 10% fetal calf serum (FCS) and dissociated to single cells by gentle trituration using 1 mL blue tips (cut to 0.4 cm diameter) in the Neurobasal/FCS medium containing additionally 1 mg/mL DNase (Sigma-Aldrich: DN25), before centrifugation at 1,000 rpm for 5 min. The neurons were re-suspended in Neurobasal/FCS medium and seeded at 40,000 –200,000 cells/dish on 35-mm petri dishes containing three 15-mm diameter glass coverslips previously coated with poly-L-lysine. After 3 h the medium was replaced by Neurobasal Medium, Electro (Thermo Fisher Scientific:) containing B27 serum-free supplement, Electro (Thermo Fisher Scientific), GlutaMAX supplement (Thermo Fisher Scientific) and gentamicin (10 mg/ml final concentration; Thermo Fisher Scientific). Neuronal cultures were maintained in an incubator (37°C, 5% CO2 in humidified air) and every 2–3 days half of the medium was replaced with fresh plating medium. Patch-clamp experiments of cortical neurons were performed in a Warner Instruments RC-42LP measuring chamber after at least 14 days post-seeding, to account for sufficient expression of both ASIC1 and ASIC2 channels (Li et al., 2010).



Electrophysiological Measurements

Electrophysiological measurements were carried out at room temperature (20–25°C) using the whole-cell configuration of the patch-clamp technique in voltage- and current-clamp mode with an EPC10 patch-clamp amplifier (HEKA Elektronik-Harvard Bioscience). Data were acquired with Patchmaster software and analysis of the currents and potentials was carried out with Fitmaster (HEKA Elektronik-Harvard Bioscience). The sampling interval and the low-pass filtering were set in voltage-clamp experiments to 0.02 ms and to 5 kHz, respectively, and in current-clamp experiments to 1 ms and 3 kHz (part of data of Figures 1–3) and 0.05 ms and 5 kHz (data for Figure 4 and most of the data of Figures 1–3). Recording pipettes were made of borosilicate glass (thin-wall capillaries, World Precision Instruments, United States) with a Narishige PC-10 puller and had resistances between 2 and 4 MΩ when filled with the pipette solution. In voltage-clamp experiments we set the series resistance compensation to 70–90% and the holding potential to −60 mV or as indicated.
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FIGURE 1. Action potential induction by changes in Ca2+ and K+ concentration. Current-clamp experiments with cortical neurons. Baseline current was injected to obtain a resting membrane potential close to –60 mV in the pH7.4 Tyrode (Tyr) solution. Solution change from Tyr solution at pH7.4 to either Tyr solution at pH7.0 or “neurotransmission” (NT) solution at pH7.0. The Ca2+ and K+ concentrations of the Tyr solution were 2 and 4 mM, respectively, and those of the NT solution 1 and 6 mM. The gradient part of the bar indicates the pH ramp, the black part the perfusion with pH7.0. (A) Rapid changes, (B) slow changes.
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FIGURE 2. Dependence of AP number and firing time on the kinetics of solution change. Current-clamp experiments with cortical neurons. Baseline current was injected to obtain a resting membrane potential close to –60 mV in the pH7.4 Tyr solution. In these experiments the solution was changed from Tyrode solution at pH7.4 to either NT solution at pH7.0 or SL solution at pH6.8. In the Tyr solution, Ca2+ and K+ concentrations are 2 and 4 mM, respectively, while they are 1 and 6 mM in the NT and 0.8 and 8 mM in the SL solution. Number of APs (A,C) and the firing time (FT; B,D) are plotted as a function of ramp fall time of the solution change, as indicated; n = 12–21 per genotype and condition. The FT was determined as the time between the start of the first and the end of the last AP.
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FIGURE 3. Analysis of AP number and firing time as a function of genotype and ion composition. The data were obtained from current-clamp experiments with cortical neurons as described in the legend to Figure 2. (A,D) Number of APs induced by solution changes from Tyr-pH7.4 to the solutions indicated, at pH7.0 (A) or pH6.8 (D), in WT, ASIC1a–/– and ASIC2–/– cortical neurons (n = 6–21). (B,E) The proportion of experiments in which at least 1 AP was induced is indicated for the different conditions and genotypes, Tyr and NT solution at pH7.0 in (B) and Tyr and SL solution at pH6.8 in (E), n = 6–21. (C,F) FT, determined as described in the legend to Figure 2, for the indicated experimental conditions [(C) pH7.0, (F) pH6.8], n = 6–21. For this analysis, the data solution changes with different kinetics were pooled, since the pH ramp kinetics did not influence the AP induction (Figure 2). The statistical significance of the differences between mean values was tested with the Kruskal-Wallis test, followed by Dunn’s multiple comparisons test.
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FIGURE 4. Analysis of AP number and firing time as a function of ion composition at pH7.4 from WT cortical neurons. The data were obtained from current-clamp experiments with cortical neurons as described in the legend to Figure 2. Note that in these experiments there was a signaling activity even at Tyr-pH7.4, probably due to a higher neuron density than in the experiments of Figures 1–3. The solutions were changed with a rapid solution change system from Tyr-pH7.4 to Tyr-pH7.4, NT-pH7.4 or SL-pH7.4 in each of the neurons tested to obtain a direct comparison between the three conditions of the number of APs (A) and the FT (B, n = 16). The statistical significance of the differences between mean values was tested with the Friedman test, followed by Dunn’s multiple comparisons test.


Extracellular Tyrode solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 MES, 10 glucose; pH was adjusted to the desired value using NaOH/HCl. The two following solutions were designed to represent concentration changes of K+ and Ca2+ that are observed during high neuronal activity and during seizures (see main text). Extracellular “neurotransmission solution” (NT) contained (in mM): 137 NaCl, 6 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 MES, 1 glucose. Extracellular “seizure-like” (SL) solution contained (in mM): 135 NaCl, 8 KCl, 0.8 CaCl2, 1 MgCl2, 10 MES, 10 HEPES, 10 glucose; Low Na+ extracellular solution contained (in mM): 30 NaCl, 114 TEA-Cl, 0.1 CdCl2, 2 BaCl2, 1 MgCl2, 10 MES, 10 HEPES, 10 glucose, 20 sucrose; Extracellular solution for K+ channel recording contained (in mM): 140 N-Methyl-D-Glucamine (NMDG), 4 KCl, 2 CaCl2, 1 MgCl2, 10 MES, 10 HEPES, 10 glucose, 30 sucrose. The pipette solution used for voltage-clamp experiments contained (in mM): 90 K gluconate, 10 NaCl, 10 KCl, 1 MgCl2, 60 HEPES, 10 EGTA; pH was adjusted to pH7.3 with KOH. The pipette solution for current-clamp experiments and for the experiments with voltage-gated currents contained (in mM): 90 K gluconate, 10 NaCl, 10 KCl, 3 MgCl2, 2 ATP-Na2, 0.3 GTP-Li+, 60 HEPES, 10 EGTA; pH was adjusted to pH7.3 with KOH. The intracellular solution used with low Na+ extracellular solution contained (in mM): 100 CsCl, 10 NaCl, 3 MgCl2, 10 EGTA, 2 ATP-Na2, 0.3 GTP-Li+, 60 HEPES; pH was adjusted to pH7.3 with CsOH. The pH of the solutions was controlled on the day of the experiment and adjusted if necessary. Rapid solution exchange was achieved using computer-controlled electrovalves (cF-8VS) and the MPRE8 perfusion head (Cell MicroControls, Norfolk, VA). pH ramps were generated using a pair of programmable pumps with 60 ml syringes (Aladdin syringe pump, World Precision Instruments, United States), whose output came together in a perfusion head. The hyperterminal program (Windows Operating System) was used for commanding the two syringe pumps. The total output rate of the two syringe pumps together was maintained constant at 100 ml/h. In current-clamp experiments, baseline current was injected to obtain a membrane potential close to −60 mV in presence of the pH7.4 Tyrode solution. This adjustment was made to start with similar resting membrane potential in all experiments. For the measurement of voltage-gated currents, the holding voltage was −90 mV, and currents were elicited by 100 ms steps of increasing amplitude to −90 to + 50 mV at 5 or 10 mV increments. The sweep interval was 4s. Leak current subtraction was done with the P/4 method.



Extracellular pH Imaging

The speed of the solution change was determined for experiments in which pH ramps were applied. pH imaging experiments were performed using an inverted fluorescence microscope (Zeiss Axio Observer, AX10) with a 63x objective (Plan-Apochromat) and a CoolSnap HQ2 camera (Photometrics, United States). The time resolution of the imaging part was ∼ 440 ms. Images were recorded using the Metafluor software (v.7.3.3, Molecular Devices, Sunnyvale, United States). Briefly, cells were grown in Fluorodish cell culture dishes (World Precision Instruments, United States) or on 15-mm diameter glass coverslips (VWR, Germany) and incubated prior to the experiment in Tyrode solution containing 10 μM of 5(6)-FAM SE (5-(and-6)-Carboxyfluorescein, succinimidyl ester mixed isomers (BIOTIUM, United States), a ratiometric dye able to sense extracellular pH changes (excitation 460/488 nm, emission 520 nm) for 15 min in an incubator (37°C, 5% CO2). The amine-reactive succinimidyl ester form of the dye binds exclusively amine groups on cell surface proteins. The baseline of the 5(6)-FAM SE ratio measured during the perfusion of the tyrode solution showed a certain degree of photobleaching. We corrected for the photobleaching using Origin PRO software (OriginLab Corp., Northampton, United States). After baseline correction, the 90–10% fall time of the fluorescence signal was determined to classify the time course of the pH changes.



Analysis and Statistics

The conductance-voltage curves of NaVs were fitted to a Boltzmann function: G(V) = Gmax/(1 + exp[(V−V1/2)/k], where G is the conductance, Gmax the maximal conductance, V the voltage, V1/2 the voltage of half-maximal activation and k the slope factor. The conductance was calculated at each test voltage as G(V) = I/(V−Vrev), where I is the current and Vrev the reversal potential obtained for each current-voltage (I–V) curve by linear interpolation or as indicated. The number of action potentials in current-clamp experiments was determined with FitMaster, measured over the same duration in pH ramps of different duration. The normality of the data distribution was determined by using the Shapiro-Wilk normally test. For normally distribution data we used student t-test for comparison between two groups or for paired comparisons and ANOVA followed by appropriate post hoc tests when more than two groups were involved. For not normally distribution data we used the Mann-Whitney test (for comparison between two groups) and the Kruskal-Wallis followed by Tukey post hoc test (or other appropriate tests, as indicated, for comparison between more than two groups). P-values of < 0.05 were considered significant. Data are presented as mean ± S.E.M.



RESULTS


Changes to Solutions That Mimic the Composition Observed With High Neuronal Activity Induce Action Potentials

Several studies have shown that extracellular acidification induces a neuronal depolarization in neurons via the activation of ASICs, which leads to the generation of APs (Baron et al., 2002; Deval et al., 2003; Vukicevic and Kellenberger, 2004). We have recently shown that slowing of the pH change reduces the ASIC current amplitude and affects the ASIC-mediated AP induction in neurons (Alijevic et al., 2020). In this previous study we showed that acidification to pH6.6 or 6.0 in the presence of physiological ion concentrations induced APs in cultured mouse cortical neurons if the duration of the completion of the pH change was not longer than ∼10 s. As mentioned in the introduction, situations of high neuronal activity induce concentration changes of several ions, among them an increase in extracellular K+ and a decrease in extracellular Ca2+ concentration (Heinemann and Louvel, 1983; Frohlich et al., 2008; Brocard et al., 2013; Raimondo et al., 2015; Larsen et al., 2016). The difference in K+ concentration changes the equilibrium potential of K+ currents; a lowering of the extracellular Ca2+ concentration increases the pH sensitivity of ASICs (Babini et al., 2002), and strong reductions in Ca2+ concentrations were shown to induce a hyperpolarizing shift of the voltage dependence of activation of voltage-gated Na+ channels (NaVs) (Hille, 2001). Acidification has been shown to inhibit NaV function (Hille, 2001). We reasoned that an acidification, if accompanied by changes in K+ and Ca2+ concentration, may induce even with slower pH ramps a long-lasting ASIC-mediated neuronal activity. To test this hypothesis, the Ca2+, H+ and K+ concentrations were simultaneously changed. When, in current-clamp experiments with physiological ion concentrations (“Tyrode” (Tyr) solution), the pH was rapidly changed from 7.4 to 7.0, generally no APs were induced (Figure 1A, left panel). Rodent cortical neurons express homotrimeric ASIC1a channels, heterotrimers composed of ASIC1a together with ASIC2a and/or ASIC2b, and ASIC2a homotrimers (Askwith et al., 2004; Wemmie et al., 2013; Kellenberger and Schild, 2015). The pH50 of these channels depends on the ASIC subunit combination. Homotrimeric ASIC1a has a pH50 of ∼6.4, while the pH50 of ASIC2a is ∼4.5; pH50 values of heteromeric ASIC1a/2 channels are in-between. We have previously measured a pH50 value of 6.3 in wild type (WT) mouse cortical neurons (Alijevic et al., 2020). This analysis showed that a pH change from 7.4 to 7.0 induced only very small ASIC currents that would probably not depolarize the membrane potential sufficiently to activate voltage-gated Na+ channels and induce action potentials, consistent with our observation in Figure 1A. If, however, the Tyrode solution at pH7.4 was changed to one at pH7.0 that mimics a situation of high neuronal activity, with 6 instead of 4 mM K+, and 1 instead of 2 mM Ca2+ (“neurotransmission” (NT) solution), action potentials were induced (Figure 1A, right panel). When the experiments described in Figure 1A were repeated with a slow pH change, the result was very similar (Figure 1B). In these experiments, the extracellular pH was gradually changed from 7.4 to 7.0 using two syringes for the perfusion, one at pH7.4 and one at 7.0 (Materials and methods). The solution at pH7.0 contained physiological K+ and Ca2+ concentrations for the experiment shown in the left panel, and 6 mM K+ and 1 mM Ca2+ for the experiment shown on the right.

Next it was determined whether the AP induction depended on the kinetics of the solution change from the Tyrode solution pH7.4 to the NT solution at pH7.0. To this end, experiments of the kind described in Figure 1 were carried out at different speeds of solution change. Figure 2A plots the number of induced APs as a function of the fall time (time to pass from 10 to 90%) of the solution change. This showed that for WT neurons (black triangles), there was no clear correlation between the kinetics of the solution change and the number of induced APs. As expected, the AP burst duration (“firing time,” FT, Figure 2B) did not show a dependence on the kinetics of the solution change either. Similarly to WT neurons, the number of induced APs and the FT did not depend on the kinetics of the solution change in ASIC1a–/– and ASIC2–/– neurons. In most measured neurons, the number of APs, and with it the FT, were relatively low. We had previously shown that acidification to 6.0 or 6.6 under physiological K+ and Ca2+ concentrations led to APs in WT and ASIC2–/–, but not in ASIC1a–/– neurons (Alijevic et al., 2020). The absence of APs in ASIC1a–/– neurons is due to the much lower pH sensitivity of ASICs formed by ASIC2 subunits. Changing to the NT solution at pH7.0 induced APs as expected in WT and ASIC2–/– neurons. Surprisingly, the AP induction was also observed in ASIC1a–/– neurons, suggesting that the ASIC activation is not required for NT solution-induced APs. As discussed above, the NT solution represents ionic conditions observed in high neuronal activity. During seizures, there occur even stronger changes in K+, Ca2+ and H+ concentrations (Raimondo et al., 2015; Boscardin et al., 2016). AP induction was in an additional set of experiments investigated for such a “seizure-like” (SL) condition (8 instead of 4 mM K+, 0.8 instead of 2 mM Ca2+ at pH6.8; Figures 2C,D). These experiments showed qualitatively similar results as observed with the NT solution, with a tendency of higher numbers of APs, however. Supplementary Figure 1A plots the depolarization, thus the difference between the basal membrane potential and the maximal membrane potential reached during the exposure to the test solution, as measured between the APs. A three-way ANOVA analysis confirmed as sources of variation the pH (p < 0.0001), the genotype (p = 0.0005) and the solution type (Tyr as compared to NT or SL; p = 0.0207). The figure illustrates the smaller depolarization induced by pH7.0 as compared to pH6.8 solutions. With changes to pH7.0, the depolarization appears higher with the NT as compared to the Tyr solution. The observation that acidification to pH6.8 in the Tyr solution induced a depolarization of 16 ± 2 mV (n = 6; Supplementary Figure 1A), suggests that these neurons may express other pH sensors than ASICs, or that the acidification may inhibit K+ channels (Boscardin et al., 2016). There was no clear correlation between the depolarization amplitude and the number of induced APs or the firing time (Supplementary Figures 1B,C). The overall conclusions of these experiments are that AP induction by NT and SL solutions 1) does not depend on the kinetics of the solution change and 2) does not require the activation of ASICs.



Analysis of Action Potential Number and Firing Time of Pooled Data

Since the AP properties did not depend on the kinetics of solution change, data with different kinetics of solution change were pooled for the analysis and grouped according to the genotype and type of solution change. The FT values and numbers of APs were highly variable, as illustrated for the NT and SL conditions in Figure 2. Similarly to WT neurons, pH changes to the NT, but not the Tyrode solution of pH7.0, induced APs in ASIC1a–/– and ASIC2–/– neurons (Figure 3A). The increase in AP numbers in the NT compared to the Tyr solution was statistically significant in ASIC1a–/– and ASIC2–/– neurons. The plot of the proportion of experiments showing at least 1 AP (Figure 3B) further illustrates the effect of the changes in K+ and Ca2+ concentration. For changes to the Tyr solution at pH7.0, there were no APs in WT and ASIC2–/– neurons; in one experiment with ASIC1a–/– neurons, APs were induced. With the NT solution at pH7.0, at least one AP was observed in ∼65–90% of the experiments with WT and ASIC1a–/– neurons, and in all experiments with ASIC2–/– neurons. Due to the almost complete absence of APs with pH changes to pH7.0 in the Tyrode solution, the FT in this condition was 0s, while average FTs for experiments with APs in the NT condition were 10.2, 11.9 and 18.2 s for WT, ASIC1a–/– and ASIC2–/– neurons, respectively (Figure 3C). These values were significantly higher in the NT than the Tyr condition in ASIC1a–/– and ASIC2–/– neurons. Analogous experiments with the SL solution at pH6.8 showed higher numbers of APs compared to the Tyr solution at pH6.8 in WT neurons, and tendencies of higher numbers in ASIC1a–/– and ASIC2–/– neurons (p = 0.059 for ASIC1a–/– and p = 0.0518 for ASIC2–/– neurons; Figure 3D). In contrast to the experiments with acidification to pH7.0, the pH change to pH6.8 induced also with the Tyr solution ≥ 1 AP in ∼40% of the experiments with WT and ASIC2–/– neurons. In ASIC1a–/– neurons, no APs were induced in these conditions (Figure 3E). The change to the SL condition at pH6.8 induced APs in almost all WT and ASIC2–/– neurons, and in 70% of ASIC1a–/– neurons. The FT was < 1 s for the Tyr solution at pH6.8 in WT and ASIC2–/– neurons, and 17.4, 7.7, and 19.7 s for WT, ASIC1a–/– and ASIC2–/– neurons, respectively, with the SL condition (Figure 3F); this increase was statistically significant for WT and ASIC2–/– neurons. The AP numbers and FTs were not significantly different between the SL and the NT condition for a given genotype.

To evaluate the impact of the Ca2+ and K+ changes alone on the neuronal excitability, we measured the number of APs and FT induced by solution changes from Tyr-pH7.4 to Tyr-pH7.4, NT-pH7.4, or SL-pH7.4 solutions in WT cortical neurons. In this set of experiments, we observed a basal signaling activity even in the Tyr-pH7.4 solution, most likely due to higher neuronal density and consequently an increased number of interneuronal connections than in the previous cultures. In the absence of any pH changes, a higher number of APs, and a tendency to longer FTs was observed in NT as compared to the Tyr solution (Figures 4A,B). In SL solution at pH7.4, the number of APs and FT increased with regard to the Tyr solution (Figures 4A,B). This indicates that the increased signaling activity in NT and SL solutions did not require the acidification. Switching from the Tyr-pH7.4 to the NT-pH7.4 or the SL-pH7.4 solution induced in these experiments a sustained depolarization of 6.2 ± 0.4 and 12.7 ± 0.4 mV, respectively (n = 16).

Our experiments show that concomitant changes of H+, Ca2+, and K+ ion concentrations, as they occur during high neuronal activity or epileptic seizures, can induce long bursts of action potentials in cultured mouse cortical neurons, independently of the speed of solution change. In the two particular conditions that were studied here (corresponding to high neutrotransmission and seizure-like situations), the acidification was less important for the AP induction than was the change in Ca2+ and K+ ion concentrations. In the following we investigated which changes in ion channel function led to the observed increased excitability in NT and SL conditions.



Lowering of the pH Induces Small Changes of Voltage Dependence and Current Amplitude of NaVs

We analyzed first how the pH changes used to activate ASICs and induce APs affect the voltage-gated Na+ and K+ channels. Figures 5A–C shows NaV I–V curves obtained from WT neurons in a solution with physiological K+ and Ca2+ concentrations at pH7.4 and 6.6. The pH6.6, which is 0.2 units below the value of the more extreme condition investigated in current-clamp experiments, was chosen to make sure not to miss any effect of the pH. For these experiments, the Na+ concentration had been lowered to 30 mM (section “Materials and Methods”) to allow a better voltage-clamp of the currents. Changing the extracellular pH from pH7.4 to 6.6 showed in direct comparison a tendency of a depolarizing shift with acidification in WT neurons (Figures 5C,D; V1/2, pH7.4: −33.5 ± 1.2 mV and pH6.6, −31.3 ± 0.7 mV, n = 10, p = 0.066). A similar, statistically significant shift was observed in cortical neurons of ASIC1a–/– and ASIC2–/– mice (Figures 5E–G). The peak amplitude of NaV currents, measured at −25 mV, was decreased by acidification to pH6.6 in WT, ASIC1a–/– and ASIC2–/– cortical neurons (Figure 5H). This inhibition amounted to 24 ± 4% in WT (n = 10), 37 ± 4% in ASIC1a–/– (n = 7) and 24 ± 3% in ASIC2–/– neurons (n = 9).


[image: image]

FIGURE 5. Acidification to pH6.6 induces a small inhibition of voltage-gated Na+ channels. Experiments were done in whole-cell voltage-clamp on cortical neurons. The voltage protocols are described under Materials and methods. The response to two different solutions was directly compared in the same cell. Only the pH was changed between the two conditions. (A,B) Representative current traces obtained at pH7.4 (A) and pH6.6 (B) from the same WT neuron (C) NaV I-V curve at pH 7.4 and 6.6. Current amplitudes were normalized in each cell to the amplitude measured at pH7.4 at –10 mV, n = 10. (D–F) NaV conductance-voltage curve at pH 7.4 and 6.6. The conductance was normalized to the conductance at –10 mV. (D) Neurons from WT mice. The V1/2, determined from a Boltzmann fit, was –33.5 ± 1.2 mV (pH7.4) and –31.3 ± 0.7 mV (pH6.6, p = 0.066, n = 10). (E) Neurons from ASIC1a–/– mice. The V1/2 values were –33.4 ± 2.8 mV (pH7.4) and –28.0 ± 2.2 mV (pH6.6, p = 0.0104, n = 7). (F) Neurons from ASIC2–/– mice. The V1/2 values were –38.2 ± 1.6 mV (pH7.4), –35.7 ± 1.8 mV (pH6.6, p = 0.0059, n = 9). (G) Plot of the V1/2 values obtained in experiments described in (D–F). (H) NaV current amplitude at –25 mV, measured from WT, ASIC1a–/– and ASIC2–/– cortical neurons, n = 7–10. Data of Figure 5 were obtained in an extracellular solution with decreased Na+ concentration to improve the clamp control (Materials and methods). P-values derived from paired t-tests are indicated in (G,H).




Small Effects of pH on K+ Currents

Acidification from pH7.4 to 6.6 led to an apparent decrease in K+ current amplitudes as illustrated in representative current traces and the I-V curves (Figures 6A–E). Since the reversal potential could not be measured reliably due to the small inward currents, conductance-voltage (G-V) curves were constructed based on a reversal potential of −83 mV, calculated from the nominal K+ concentrations in the measuring solutions (Supplementary Figure 2). The G-V curves obtained at pH7.4 and 6.6 from the same neurons indicated that the acidification does not affect the voltage dependence. Comparison of the current amplitudes at + 30 mV showed decreased values at pH6.6 (Figure 6F). This difference was significant in ASIC1a–/– and ASIC2–/–, but not WT neurons. Inspection of the I-V curves at pH7.4 and 6.6 shows that the ratio of the current amplitude between the two conditions is the same over the voltage range of −20 to + 50 mV, and thus the difference between the amplitudes measured at the two conditions increases with positive voltage.


[image: image]

FIGURE 6. Inhibition of K+ currents by acidification to pH6.6. Experiments were done in whole-cell voltage-clamp on cortical neurons. The response to two different solutions was directly compared in the same cell. Only the pH was changed between the two conditions. (A,B) Representative current traces obtained at pH7.4 (A) and pH6.6 (B) from the same neuron. (C–E) I–V curve of K+ currents, measured at pH7.4 and pH6.6. Current amplitudes were normalized in each cell to the amplitude measured at pH7.4 at + 50 mV. (C) Neurons from WT mice, n = 6, (D) ASIC1a–/– mice, n = 4 and (E) ASIC2–/– mice, n = 4. (F) Peak K+ current amplitudes measured at + 30 mV, at pH7.4 and 6.6, from WT, ASIC1a–/– and ASIC2–/– cortical neurons, n = 4–6. P-values obtained with paired t-tests are indicated in (F) if they were < 0.05.




Changes of Ca2+ and K+ Concentrations Affect NaV Currents

To determine the effect of changes in Ca2+ and K+ concentrations on NaV currents, a first series of experiments was carried out at pH7.4, either in physiological extracellular Tyrode solution, or in a solution with 0.8 mM Ca2+ and 8 mM K+, mimicking thus in this regard a seizure-like condition (SL solution). These experiments were carried out with WT neurons. The change to the SL solution led to a hyperpolarizing shift of the voltage dependence of activation (Figures 7A,B; V1/2, Tyr-pH7.4, −39.0 ± 1.6 mV; SL-pH7.4, −42.3 ± 2.1 mV, p = 0.041, n = 10). The SL solution did not significantly change the NaV peak current amplitude measured at −25 mV (Figure 7C). To test the consequences of the combined effect of Ca2+ and K+ concentration changes and a lowering of the pH, NaV currents were measured in a second set of paired experiments in Tyr-pH7.4 and SL-pH6.8 solutions (Figures 7D–F). The voltage dependence of activation was shifted negatively in the SL-pH6.8 solution (Figure 7E, V1/2, Tyr-pH7.4, −34.2 ± 2.1 mV; SL-pH6.8, −41.0 ± 2.9 mV, p = 0.0083, n = 10). Although the I-V curves suggests slightly smaller current amplitudes in the SL-pH6.8 condition, the NaV current amplitudes at −25 mV were not significantly different between the two conditions (Figure 7F). The hyperpolarizing shift of the activation voltage dependence in the SL-pH6.8 condition is expected to contribute to an increased excitability of the cortical neurons. Thus, the lowering of the Ca2+ together with the increasing of the K+ concentration has an opposite effect on the NaV function compared to the acidification alone. Our analysis shows that the hyperpolarizing shift of the voltage dependence predominates when these changes in Ca2+ and K+ concentrations are combined with an acidification to pH6.8.
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FIGURE 7. Solutions mimicking seizure-like conditions change the voltage dependence of voltage-gated Na+ channels. Experiments were done in whole-cell voltage-clamp on cortical neurons from WT mice. The response to two different solutions was directly compared in the same cell. (A–C) Between the two conditions, only the Ca2+ and K+ concentration, but not the pH was changed. (A) NaV I-V curve in Tyr-pH7.4 or SL-pH7.4 solution. Current amplitudes were normalized in each cell to the amplitude measured in the Tyr solution at –10 mV, n = 10. (B) NaV conductance-voltage curve in Tyr-pH7.4 or SL-pH7.4 solution. The conductance was normalized for each condition to the conductance determined at –10 mV. The V1/2 values were –39.0 ± 1.6 mV (Tyr) and –42.3 ± 2.1 mV (SL, p = 0.041, n = 10, paired t-test). (C) NaV peak current amplitudes at –25 mV, measured in Tyr and SL solution at pH7.4 (n = 10). (D–F) Comparison of NaV properties between Tyr-pH7.4 and SL-pH6.8 conditions in paired experiments. (D) NaV I-V curve in Tyr-pH7.4 or SL-pH6.8 solution from paired experiments. Current amplitudes were normalized in each cell to the amplitude measured in the Tyr solution at –10 mV, n = 10. (E) NaV conductance-voltage curve in Tyr-pH7.4 or SL-pH6.8 solution. The conductance was normalized for each condition to the conductance determined at –10 mV. The V1/2 values were –34.2 ± 2.1 mV (Tyr-pH7.4) and –41.0 ± 3.0 mV (SL-pH6.8). (F) NaV peak current amplitudes at –25 mV, measured in Tyr-pH7.4 and SL-pH6.8 solution (n = 10). (G) I–V curve of K+ currents, measured in Tyr-pH7.4 and SL-pH7.4 solution, n = 11. (H) K+ peak amplitude, measured at + 30 mV, in Tyr-pH7.4 and SL-pH7.4 solution, n = 11. (I) I–V curve of K+ currents, measured in Tyr-pH7.4 and SL-pH6.8 solution, n = 11. (J) K+ peak amplitude at + 30 mV, measured in Tyr-pH7.4 and SL-pH6.8 solution, n = 11. The current amplitudes compared in (C,F,H,J) were not different between the two conditions tested. (G,I) In each cell, the current amplitudes measured were normalized to the amplitude measured in the Tyr-pH7.4 condition at +50 mV.


For the K+ currents, changing at pH7.4 from normal Tyrode to SL solution did not affect the voltage dependence, nor the current amplitudes (Figures 7G,H). If this change was accompanied by an acidification to pH6.8, apparently smaller current amplitudes were observed in the SL-pH6.8 condition (Figure 7I) that were however not significantly different from the current amplitudes measured in the Tyr-pH7.4 solution in paired experiments (Figure 7J).



DISCUSSION

Extracellular acidification induces neuronal activity via the activation of pH-sensing ion channels. ASICs are important pH sensors of the nervous system. It was documented in several studies that they contribute to the sensation of inflammatory pain and to neurodegeneration after ischemic stroke, two processes associated with slowly developing pH changes. In a recent study we showed that pH changes from pH7.4 to 6.6 or 6.0 that take more than 10 s to complete are unlikely to induce APs in neurons of the CNS (Alijevic et al., 2020). Since conditions of high neuronal activity and ischemia are associated with concentration changes of other ions besides protons, we tested here whether concentration changes of Ca2+ and K+ ions modulated acid-induced AP generation. We observed that small acidifications combined with lowering of the Ca2+ and increasing of the K+ concentration induced APs efficiently, independently of the speed of solution change. This AP induction did not require ASICs, was however modulated by ASICs. Investigation of the effects of these concentration changes on voltage-gated Na+ and K+ currents showed an inhibition of Na+ and K+ channels by the lowering of the pH, and a hyperpolarization of the activation voltage dependence of NaVs if the acidification was combined with a lowering of the Ca2+ and an increase of the K+ concentration.


Effects of the Acid-Sensing Ion Channel Genotype

The experiments in which the speed of the change to the NT or SL solution was varied, indicated that the number of induced APs and the FT did not depend on the kinetics of the changes in ion concentrations, in opposition to the limitation observed in experiments with solutions of physiological ion concentrations (Alijevic et al., 2020), in which the AP induction required ASIC activation.

The ASIC subunits that can contribute to functional ASICs in CNS neurons are ASIC1a, ASIC2a, and ASIC2b. ASIC2b cannot form pH-activated homotrimeric channels but participates in the formation of heteromers (Lingueglia et al., 1997). Homotrimeric ASIC1a has a higher H+ sensitivity than ASIC2a, as discussed above. In CNS neurons of ASIC1a–/– mice, lower pH values than pH5.0 are required to induce ASIC currents (Askwith et al., 2004). CNS neurons of ASIC2–/– mice have ASICs that are more sensitive to pH than is found in WT neurons, because functional ASICs in this background are essentially ASIC1a homotrimers. The pH50 of ASIC activation in cortical neurons of WT mice was ∼6.3, while this value was ∼6.7 in ASIC2–/–, and < 4.3 in ASIC1a–/– neurons (Alijevic et al., 2020). These pH50 values in the ASIC knockout neurons are close to the reported pH50 values of recombinant ASIC1a and ASIC2a, respectively, strongly suggesting that there is no compensatory upregulation of other ASIC subunits in the knockout animals. Changes to the Tyr solution induced APs in ≤ 10% of the experiments, if the final pH was 7.0. In contrast, a change to the Tyr solution at pH6.8 induced APs in ∼40% of the experiments in WT and ASIC2–/– neurons, consistent with previous observations that acidification to pH6.8 induces small ASIC currents. In ASIC1a–/– neurons, APs were not induced with the pH6.8 Tyr solution, because of the reduced pH sensitivity of the ASIC1a-less channels.

The NT and SL solutions at pH7.0 and 6.8, respectively, induced APs also in neurons from ASIC1a–/– mice, suggesting that the activation of ASICs was not required for AP induction. The ASIC genotype of the neurons influenced the AP induction in the Tyr-pH6.8 condition. We did, however, not observe any significant differences between the ASIC genotypes regarding the AP induction with the NT and SL solutions. The AP generation in neurons depends on many factors, resulting in a high neuron-to-neuron variability, which may have precluded the detection of a contribution of ASICs to AP induction in the other test conditions. It is expected that with smaller concentration changes of Ca2+ and K+ than tested here, the activation of ASICs by the acidification would contribute more significantly to the AP generation.

In a separate set of experiments in WT neurons, we have directly compared AP induction by the Ca2+ and K+ changes alone, without concomitant acidification. The comparison of the three solutions in the same neurons indicates that the lowering of the Ca2+ together with the increase of the K+ concentration increased the signaling activity independently of an acidification.



Changes in Ion Concentrations Observed During High Neuronal Activity and Seizures

Variations in interstitial ion concentrations in the brain occur under many physiological conditions (Ding et al., 2016). Higher concentration changes were observed under pathological conditions. The basal extracellular K+ concentration in brain was measured as 3–4 mM. During high neuronal activity, such as seizures, this concentration increased up to 10, maximally 12 mM (Heinemann and Louvel, 1983; Frohlich et al., 2008; Brocard et al., 2013; Raimondo et al., 2015; Larsen et al., 2016). Basal Ca2+ concentrations in the brain were between 1 and 2 mM, in many studies close to 1.2 mM. During high neuronal activity, this concentration decreased to ∼0.8 mM (Heinemann and Louvel, 1983; Brocard et al., 2013) or even lower concentrations (Raimondo et al., 2015). Following an ischemic stroke, even more dramatic changes in Ca2+ and K+ concentrations were observed (Kristian and Siesjo, 1998; Mori et al., 2002). An increase of the extracellular K+ concentration depolarizes the neuronal membrane potential, decreases input resistance, and can activate bursting in some neuron types (reviewed in Frohlich et al., 2008). On the level of the neuronal circuitry, increases in K+ concentration reduce synaptic inhibition, because the K+-Cl–-cotransporter KCC2 will operate with a reduced electrochemical driving force, and extrude less Cl– (Frohlich et al., 2008). Consequently, the GABAergic transmission might show excitatory effects as long as the increased extracellular K+ concentration is able to maintain a reduced KCC2 activity. The resting pH value of the interstitial fluid of the brain is generally 0.1–0.2 pH units more acidic than the pH of the blood (Mutch and Hansen, 1984; Syková and Svoboda, 1990). Repetitive electrical stimulation induced in several studies first a short alkalinization of 0.01–0.2 pH units, which was followed by a slower developing, long-lasting acidic shift of 0.1–0.25 pH units (Chesler, 1990, 2003; Makani and Chesler, 2010). The acidification occurring in synapses was estimated to 0.2–0.6 pH units (DeVries, 2001; Vessey et al., 2005). A study with rats showed a brain tissue acidification induced by seizures of ∼0.36 pH units in normoxic, and of 0.51 pH units in moderately hypoxic animals (Siesjö et al., 1985).

One of the consequences of the extracellular acidification is dampening the excitatory neurotransmission, while the concomitant reduction of external calcium and rise of potassium ions appear to have a counterbalancing effect for restoring the excitatory tone. The changes in NaV function that we observed with the SL solution are consistent with earlier studies that investigated the dependence of NaV function on the Ca2+ concentration. Reducing the extracellular Ca2+ concentration shifts the conductance-voltage relationship of NaVs and other voltage-gated channels to more hyperpolarized values (Campbell and Hille, 1976; Hille, 2001). In frog skeletal muscle, lowering the extracellular Ca2+ concentration from 2 to 0.5 mM shifted the conductance-voltage curve by −8 mV (Campbell and Hille, 1976). This effect may be due to reduced surface charge screening (Hille, 2001). The extracellular Ca2+ concentration co-defines also the pH dependence of ASICs. There appears to be a competition between Ca2+ and H+. Therefore, lowering of the Ca2+ concentration induces an alkaline shift of the pH dependence of activation and steady-state desensitization (Babini et al., 2002). Ca2+ concentration changes between 2 and 0.5 mM appear to induce rather small shifts in ASIC1a pH dependence (Babini et al., 2002). Millimolar Ca2+ concentrations are known to lead to a weak pore block of several ion channels, as NaVs and ASICs among others. For ASIC1a, the IC50 for inhibition is ∼5 mM (Paukert et al., 2004).

Extracellular protons have been shown to induce a pore block of NaV currents. A midpoint of inhibition between pH4.6 and 5.4 has been reported for amphibian NaVs (reviewed in Hille, 2001). Extracellular pH is known to affect also the voltage dependence of NaVs. In amphibian nerve fibers, lowering the extracellular pH to values < 5.5 induced a depolarizing shift of the voltage dependence of activation (Hille, 1968). Acidification to pH6.0 induced a ∼30% reduction of the current amplitude and did not affect the voltage dependence of recombinantly expressed rat NaV1.2 (Vilin et al., 2012). An earlier study using rat CA1 neurons showed that a change from pH7.4 to 6.4 induced a small depolarizing shift in the voltage dependence of activation and did not affect steady-state inactivation and current kinetics (Tombaugh and Somjen, 1996). Our observations are consistent with these earlier findings obtained in different organisms and cell systems at more acidic pH ranges.

Another prominent ion channel type whose activity depends on the extracellular Ca2+ concentration is the calcium homeostasis modulator 1 (CALHM1), which is permeable to monovalent cations and to Ca2+, and is expressed in mouse cortical neurons. Its activity depends on the membrane voltage and the extracellular Ca2+ concentration (Ma et al., 2012, 2016). The IC50 for Ca2+ inhibition of CALHM1 was estimated as ∼0.2 mM at −60 mV (Ma et al., 2012), suggesting that CALHM1 would only be partially potentiated by the Ca2+ concentration changes investigated in our study.



Changing to Neurotransmission or Seizure-Like Solutions Increases Neuronal Excitability

The increased AP induction with NT and SL solutions is due to the effects of the H+, K+, and Ca2+ concentrations on different targets. Our voltage-clamp analysis of Na+ and K+ channels provided the following information. Lowering of the pH to 6.6 induced in our experimental conditions a decrease of the NaV current amplitude, in accordance with previous studies, as well as a small depolarizing shift of the activation voltage dependence. It decreased in addition the amplitude of K+ currents. If the pH was kept at 7.4, but the K+ and Ca2+ concentrations were changed to the SL conditions, thus from 4 to 8 mM for K+, and from 2 to 0.8 mM for Ca2+, the NaV current amplitude was not affected, and the activation voltage dependence was shifted to more hyperpolarized values. If these changes in K+ and Ca2+ concentrations were combined with an acidification to pH6.8, which corresponds to the SL-pH6.8 condition tested in the current-clamp experiments of Figures 2, 3, the effect of the K+ and Ca2+ concentration changes was predominant over the effect of the acidification, resulting thus in a hyperpolarizing shift, which is expected to increase the neuronal excitability, consistent with the observed effects on AP induction. The K+ current amplitudes were not affected by the change to the SL conditions, although this solution change induced a theoretical shift of + 18 mV of the reversal potential, and with this a reduced driving force.

In situations in which the H+, K+, and Ca2+ concentrations change, the effect of acidification on ASICs can induce APs if acidification is fast, or prevent ASIC-mediated APs, if the acidification is slow, because of desensitization of ASICs (Alijevic et al., 2020), while the effects of K+ and Ca2+ concentration changes on neuronal excitability do not depend on the speed of the solution change. Such changes in K+ and Ca2+ concentration will allow a contribution of ASICs to neuronal signaling under pH conditions in which ASICs are normally not or not sufficiently activated. The different dependence of H+-induced ASIC activity and of K+ and Ca2+ concentration-dependent changes in neuronal signaling on the kinetics of the concentration changes add an additional level of complexity to the regulation of AP signaling.

In conclusion, the efficient induction of APs by the NT and SL solutions in our experiments is therefore due in part to changed properties of NaVs, for which the positive modulation by the decrease of the Ca2+ concentration is stronger than the negative modulation by the increase in H+ concentration. The increased K+ concentration led to a depolarization of the membrane potential. On ASICs, the lowering of the Ca2+ concentration shifted the pH-response curve to more alkaline values, while the acidification led to a partial activation, at least in the SL condition. It is highly probable that these ion concentration changes also affect other channels or transporters that may further contribute to the changed excitability. Our study describes conditions under which an acidification, independently of the speed of the solution change, induces APs. Although the ASICs were not required for the AP induction, they contributed to it in some of the tested conditions.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the committee on animal experimentation of the Canton de Vaud, Service vétérinaire.



AUTHOR CONTRIBUTIONS

OA and SK designed the project and wrote the manuscript. ZP and OA carried out the experiments. All authors approved the final manuscript.



FUNDING

This research was supported by the Swiss National Science Foundation grant 31003A_172968 to SK.



ACKNOWLEDGMENTS

We thank Jan P. Kucera and Ophélie Molton for discussions and for comments on the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2021.732869/full#supplementary-material


ABBREVIATIONS

AP, action potential; ASIC, acid-sensing ion channel; FCS, fetal calf serum; FT, firing time; G-V curve, conductance-voltage curve; I-V curve, current-voltage curve; NaV, voltage-gated Na+ channel; NMDG, N-Methyl-D-Glucamine; NT, neurotransmission; pH50, pH of half-maximal activation; SL, seizure-like; TRPV1, transient receptor potential cation channel subfamily V member 1; Tyr, tyrode; V1/2, voltage of half-maximal activation; WT, wild-type.


REFERENCES

Akopian, A. N., Chen, C. C., Ding, Y. N., Cesare, P., and Wood, J. N. (2000). A new member of the acid-sensing ion channel family. Neuroreport 11, 2217–2222.

Alijevic, O., Bignucolo, O., Hichri, E., Peng, Z., Kucera, J. P., and Kellenberger, S. (2020). Slowing of the time course of acidification decreases the acid-sensing ion channel 1a current amplitude and modulates action potential firing in neurons. Front. Cell. Neurosci. 14:41. doi: 10.3389/fncel.2020.00041

Andrey, F., Tsintsadze, T., Volkova, T., Lozovaya, N., and Krishtal, O. (2005). Acid sensing ionic channels: modulation by redox reagents. Biochim. Biophys. Acta 1745, 1–6. doi: 10.1016/j.bbamcr.2005.01.008

Askwith, C. C., Cheng, C., Ikuma, M., Benson, C., Price, M. P., and Welsh, M. J. (2000). Neuropeptide FF and FMRFamide potentiate acid-evoked currents from sensory neurons and proton-gated DEG/ENaC channels. Neuron 26, 133–141.

Askwith, C. C., Wemmie, J. A., Price, M. P., Rokhlina, T., and Welsh, M. J. (2004). ASIC2 modulates ASIC1 H+-activated currents in hippocampal neurons. J. Biol. Chem. 279, 18296–18305.

Babini, E., Paukert, M., Geisler, H. S., and Grunder, S. (2002). Alternative splicing and interaction with di- and polyvalent cations control the dynamic range of acid-sensing ion channel 1 (ASIC1). J. Biol. Chem. 277, 41597–41603. doi: 10.1074/jbc.M205877200

Bargeton, B., Iwaszkiewicz, J., Bonifacio, G., Roy, S., Zoete, V., and Kellenberger, S. (2019). Mutations in the palm domain disrupt modulation of acid-sensing ion channel 1a currents by neuropeptides. Sci. Rep. 9:2599. doi: 10.1038/s41598-018-37426-5

Baron, A., and Lingueglia, E. (2015). Pharmacology of acid-sensing ion channels - Physiological and therapeutical perspectives. Neuropharmacology 94, 19–35. doi: 10.1016/j.neuropharm.2015.01.005

Baron, A., Waldmann, R., and Lazdunski, M. (2002). ASIC-like, proton-activated currents in rat hippocampal neurons. J. Physiol. 539, 485–494.

Blanchard, M. G., and Kellenberger, S. (2011). Effect of a temperature increase in the non-noxious range on proton-evoked ASIC and TRPV1 activity. Pflugers Arch. 461, 123–139. doi: 10.1007/s00424-010-0884-3

Borg, C. B., Braun, N., Heusser, S. A., Bay, Y., Weis, D., Galleano, I., et al. (2020). Mechanism and site of action of big dynorphin on ASIC1a. Proc. Natl. Acad. Sci. U S A 117, 7447–7454. doi: 10.1073/pnas.1919323117

Boscardin, E., Alijevic, O., Hummler, E., Frateschi, S., and Kellenberger, S. (2016). The function and regulation of acid-sensing ion channels (ASICs) and the epithelial Na+ channel (ENaC): IUPHAR Review 19. Br. J. Pharmacol. 173, 2671–2701. doi: 10.1111/bph.13533

Brocard, F., Shevtsova, N. A., Bouhadfane, M., Tazerart, S., Heinemann, U., Rybak, I. A., et al. (2013). Activity-dependent changes in extracellular Ca2+ and K+ reveal pacemakers in the spinal locomotor-related network. Neuron 77, 1047–1054. doi: 10.1016/j.neuron.2013.01.026

Cadiou, H., Studer, M., Jones, N. G., Smith, E. S., Ballard, A., McMahon, S. B., et al. (2007). Modulation of acid-sensing ion channel activity by nitric oxide. J. Neurosci. 27, 13251–13260. doi: 10.1523/JNEUROSCI.2135-07.2007

Campbell, D. T., and Hille, B. (1976). Kinetic and pharmacological properties of the sodium channel of frog skeletal muscle. J. Gen. Physiol. 67, 309–323. doi: 10.1085/jgp.67.3.309

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., and Julius, D. (1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 816–824. doi: 10.1038/39807

Chang, C. T., Fong, S. W., Lee, C. H., Chuang, Y. C., Lin, S. H., and Chen, C. C. (2019). Involvement of acid-sensing ion channel 1b in the development of acid-induced chronic muscle pain. Front. Neurosci. 13:1247. doi: 10.3389/fnins.2019.01247

Chesler, M. (1990). The regulation and modulation of pH in the nervous system. Progr. Neurobiol. 34, 401–427.

Chesler, M. (2003). Regulation and modulation of pH in the brain. Physiol. Rev. 83, 1183–1221. doi: 10.1152/physrev.00010.2003

Chiang, P. H., Chien, T. C., Chen, C. C., Yanagawa, Y., and Lien, C. C. (2015). ASIC-dependent LTP at multiple glutamatergic synapses in amygdala network is required for fear memory. Sci. Rep. 5:10143. doi: 10.1038/srep10143

Cho, J. H., and Askwith, C. C. (2007). Potentiation of acid-sensing ion channels by sulfhydryl compounds. Am. J. Physiol. Cell. Physiol. 292, C2161–C2174. doi: 10.1152/ajpcell.00598.2006

Chu, X. P., Close, N., Saugstad, J. A., and Xiong, Z. G. (2006). ASIC1a-specific modulation of acid-sensing ion channels in mouse cortical neurons by redox reagents. J. Neurosci. 26, 5329–5339.

Chu, X. P., Wemmie, J. A., Wang, W. Z., Zhu, X. M., Saugstad, J. A., Price, M. P., et al. (2004). Subunit-dependent high-affinity zinc inhibition of acid-sensing ion channels. J. Neurosci. 24, 8678–8689.

Cobbe, S. M., and Poole-Wilson, P. A. (1980). Tissue acidosis in myocardial hypoxia. J. Mol. Cell. Cardiol. 12, 761–770. doi: 10.1016/0022-2828(80)90078-4

Coryell, M. W., Ziemann, A. E., Westmoreland, P. J., Haenfler, J. M., Kurjakovic, Z., Zha, X. M., et al. (2007). Targeting ASIC1a reduces innate fear and alters neuronal activity in the fear circuit. Biol. Psychiatry 62, 1140–1148. doi: 10.1016/j.biopsych.2007.05.008

Deval, E., Baron, A., Lingueglia, E., Mazarguil, H., Zajac, J. M., and Lazdunski, M. (2003). Effects of neuropeptide SF and related peptides on acid sensing ion channel 3 and sensory neuron excitability. Neuropharmacology 44, 662–671.

Deval, E., Noel, J., Gasull, X., Delaunay, A., Alloui, A., Friend, V., et al. (2011). Acid-sensing ion channels in postoperative pain. J. Neurosci. 31, 6059–6066. doi: 10.1523/JNEUROSCI.5266-10.2011

Deval, E., Noel, J., Lay, N., Alloui, A., Diochot, S., Friend, V., et al. (2008). ASIC3, a sensor of acidic and primary inflammatory pain. EMBO J. 27, 3047–3055.

DeVries, S. H. (2001). Exocytosed protons feedback to suppress the Ca2+ current in mammalian cone photoreceptors. Neuron 32, 1107–1117.

Ding, F., O’Donnell, J., Xu, Q., Kang, N., Goldman, N., and Nedergaard, M. (2016). Changes in the composition of brain interstitial ions control the sleep-wake cycle. Science 352, 550–555. doi: 10.1126/science.aad4821

Friese, M. A., Craner, M. J., Etzensperger, R., Vergo, S., Wemmie, J. A., Welsh, M. J., et al. (2007). Acid-sensing ion channel-1 contributes to axonal degeneration in autoimmune inflammation of the central nervous system. Nat. Med. 13, 1483–1489. doi: 10.1038/nm1668

Frohlich, F., Bazhenov, M., Iragui-Madoz, V., and Sejnowski, T. J. (2008). Potassium dynamics in the epileptic cortex: new insights on an old topic. Neuroscientist 14, 422–433. doi: 10.1177/1073858408317955

Gründer, S., Geissler, H.-S., Bässler, E.-L., and Ruppersberg, J. P. (2000). A new member of acid-sensing ion channels from pituitary gland. Neuroreport 11, 1607–1611.

Heinemann, U., and Louvel, J. (1983). Changes in [Ca2+]o and [K+]o during repetitive electrical stimulation and during pentetrazol induced seizure activity in the sensorimotor cortex of cats. Pflugers Arch. 398, 310–317. doi: 10.1007/BF00657240

Heinemann, U., Lux, H. D., and Gutnick, M. J. (1977). Extracellular free calcium and potassium during paroxsmal activity in the cerebral cortex of the cat. Exp. Brain Res. 27, 237–243.

Hille, B. (1968). Charges and potentials at the nerve surface : divalent ions and pH. J. Gen. Physiol. 51, 221–236.

Hille, B. (2001). Ion channels of excitable membranes. Sunderland: Sinauer Associates.

Kellenberger, S., and Schild, L. (2015). International union of basic and clinical pharmacology. XCI. Structure, function, and pharmacology of acid-sensing ion channels and the epithelial Na+ Channel. Pharmacol. Rev. 67, 1–35. doi: 10.1124/pr.114.009225

Kreple, C. J., Lu, Y., Taugher, R. J., Schwager-Gutman, A. L., Du, J., Stump, M., et al. (2014). Acid-sensing ion channels contribute to synaptic transmission and inhibit cocaine-evoked plasticity. Nat. Neurosci. 17, 1083–1091. doi: 10.1038/nn.3750

Krishtal, O. A., Osipchuk, Y. V., Shelest, T. N., and Smirnoff, S. V. (1987). Rapid extracellular pH transients related to synaptic transmission in rat hippocampal slices. Brain Res. 436, 352–356.

Kristian, T., and Siesjo, B. K. (1998). Calcium in ischemic cell death. Stroke 29, 705–718. doi: 10.1161/01.str.29.3.705

Larsen, B. R., Stoica, A., and MacAulay, N. (2016). Managing brain extracellular K+ during neuronal activity: The physiological role of the Na+/K+-ATPase subunit isoforms. Front. Physiol. 7:141. doi: 10.3389/fphys.2016.00141

Lee, C. H., and Chen, C. C. (2018). Roles of ASICs in nociception and proprioception. Adv. Exp. Med. Biol. 1099, 37–47. doi: 10.1007/978-981-13-1756-9_4

Li, M., Kratzer, E., Inoue, K., Simon, R. P., and Xiong, Z. G. (2010). Developmental change in the electrophysiological and pharmacological properties of acid-sensing ion channels in CNS neurons. J. Physiol. 588, 3883–3900. doi: 10.1113/jphysiol.2010.192922

Li, W. G., Yu, Y., Zhang, Z. D., Cao, H., and Xu, T. L. (2011). ASIC3 channels integrate agmatine and multiple inflammatory signals through the nonproton ligand sensing domain. Mol. Pain 6:88. doi: 10.1186/1744-8069-6-88

Lin, S.-H., Chien, Y.-C., Chiang, W.-W., Liu, Y.-Z., Lien, C.-C., and Chen, C.-C. (2015). Genetic mapping of ASIC4 and contrasting phenotype to ASIC1a in modulating innate fear and anxiety. Eur. J. Neurosci. 41, 1553–1568. doi: 10.1111/ejn.12905

Lingueglia, E., de Weille, J. R., Bassilana, F., Heurteaux, C., Sakai, H., Waldmann, R., et al. (1997). A modulatory subunit of acid sensing ion channels in brain and dorsal root ganglion cells. J. Biol. Chem. 272, 29778–29783.

Lynagh, T., Flood, E., Boiteux, C., Wulf, M., Komnatnyy, V. V., Colding, J. M., et al. (2017). A selectivity filter at the intracellular end of the acid-sensing ion channel pore. Elife 6:e24630. doi: 10.7554/eLife.24630

Ma, Z., Siebert, A. P., Cheung, K. H., Lee, R. J., Johnson, B., Cohen, A. S., et al. (2012). Calcium homeostasis modulator 1 (CALHM1) is the pore-forming subunit of an ion channel that mediates extracellular Ca2+ regulation of neuronal excitability. Proc. Natl. Acad. Sci. U S A 109, E1963–E1971. doi: 10.1073/pnas.1204023109

Ma, Z., Tanis, J. E., Taruno, A., and Foskett, J. K. (2016). Calcium homeostasis modulator (CALHM) ion channels. Pflugers Arch. 468, 395–403. doi: 10.1007/s00424-015-1757-6

Makani, S., and Chesler, M. (2010). Rapid rise of extracellular pH evoked by neural activity is generated by the plasma membrane calcium ATPase. J. Neurophysiol. 103, 667–676. doi: 10.1152/jn.00948.2009

Mori, K., Miyazaki, M., Iwase, H., and Maeda, M. (2002). Temporal profile of changes in brain tissue extracellular space and extracellular ion (Na+, K+) concentrations after cerebral ischemia and the effects of mild cerebral hypothermia. J. Neurotrauma 19, 1261–1270. doi: 10.1089/08977150260338047

Mutch, W. A., and Hansen, A. J. (1984). Extracellular pH changes during spreading depression and cerebral ischemia: mechanisms of brain pH regulation. J. Cerebral Blood Flow Metabol. 4, 17–27. doi: 10.1038/jcbfm.1984.3

Paukert, M., Babini, E., Pusch, M., and Grunder, S. (2004). Identification of the Ca2+ blocking site of acid-sensing ion channel (ASIC) 1: implications for channel gating. J. Gen. Physiol. 124, 383–394.

Pignataro, G., Simon, R. P., and Xiong, Z. G. (2007). Prolonged activation of ASIC1a and the time window for neuroprotection in cerebral ischaemia. Brain 130, 151–158. doi: 10.1093/brain/awl325

Raimondo, J. V., Burman, R. J., Katz, A. A., and Akerman, C. J. (2015). Ion dynamics during seizures. Front. Cell. Neurosci. 9:419. doi: 10.3389/fncel.2015.00419

Rash, L. D. (2017). Acid-sensing ion channel pharmacology, past, present, and future. Adv. Pharmacol. 79, 35–66. doi: 10.1016/bs.apha.2017.02.001

Rook, M. L., Musgaard, M., and MacLean, D. M. (2021). Coupling structure with function in acid-sensing ion channels: challenges in pursuit of proton sensors. J. Physiol. 599, 417–430. doi: 10.1113/JP278707

Rook, M. L., Williamson, A., Lueck, J. D., Musgaard, M., and Maclean, D. M. (2020). β11-12 linker isomerization governs acid-sensing ion channel desensitization and recovery. Elife 9:e51111. doi: 10.7554/eLife.51111

Schuhmacher, L. N., Srivats, S., and Smith, E. S. (2015). Structural domains underlying the activation of acid-sensing ion channel 2a. Mol. Pharmacol. 87, 561–571. doi: 10.1124/mol.114.096909

Sherwood, T. W., and Askwith, C. C. (2009). Dynorphin opioid peptides enhance acid-sensing ion channel 1a activity and acidosis-induced neuronal death. J. Neurosci. 29, 14371–14380. doi: 10.1523/JNEUROSCI.2186-09.2009

Sibille, J., Dao Duc, K., Holcman, D., and Rouach, N. (2015). The neuroglial potassium cycle during neurotransmission: role of Kir4.1 channels. PLoS Comput. Biol. 11:e1004137. doi: 10.1371/journal.pcbi.1004137

Siesjö, B. K., von Hanwehr, R., Nergelius, G., Nevander, G., and Ingvar, M. (1985). Extra- and intracellular pH in the brain during seizures and in the recovery period following the arrest of seizure activity. J. Cerebral Blood Flow Metabol. 5, 47–57. doi: 10.1038/jcbfm.1985.7

Sluka, K. A., and Gregory, N. S. (2015). The dichotomized role for acid sensing ion channels in musculoskeletal pain and inflammation. Neuropharmacology 94, 58–63. doi: 10.1016/j.neuropharm.2014.12.013

Soto, E., Ortega-Ramirez, A., and Vega, R. (2018). Protons as messengers of intercellular communication in the nervous system. Front. Cell. Neurosci. 12:342. doi: 10.3389/fncel.2018.00342

Syková, E., and Svoboda, J. (1990). Extracellular alkaline-acid-alkaline transients in the rat spinal cord evoked by peripheral stimulation. Brain Res. 512, 181–189. doi: 10.1016/0006-8993(90)90625-L

Tombaugh, G. C., and Somjen, G. G. (1996). Effects of extracellular pH on voltage-gated Na+, K+ and Ca2+ currents in isolated rat CA1 neurons. J. Physiol. 493, 719–732.

Tominaga, M., Caterina, M. J., Malmberg, A. B., Rosen, T. A., Gilbert, H., Skinner, K., et al. (1998). The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron 21, 531–543.

Vessey, J. P., Stratis, A. K., Daniels, B. A., Da Silva, N., Jonz, M. G., Lalonde, M. R., et al. (2005). Proton-mediated feedback inhibition of presynaptic calcium channels at the cone photoreceptor synapse. J. Neurosci. 25, 4108–4117. doi: 10.1523/JNEUROSCI.5253-04.2005

Vick, J. S., and Askwith, C. C. (2015). ASICs and neuropeptides. Neuropharmacology 94, 36–41. doi: 10.1016/j.neuropharm.2014.12.012

Vilin, Y. Y., Peters, C. H., and Ruben, P. C. (2012). Acidosis differentially modulates inactivation in NaV1.2, NaV1.4, and NaV1.5 channels. Front. Pharmacol. 3:109. doi: 10.3389/fphar.2012.00109

Vukicevic, M., and Kellenberger, S. (2004). Modulatory effects of acid-sensing ion channels on action potential generation in hippocampal neurons. Am. J. Physiol. Cell. Physiol. 287, C682–C690. doi: 10.1152/ajpcell.00127.2004

Wemmie, J. A., Askwith, C. C., Lamani, E., Cassell, M. D., Freeman, J. H. Jr., and Welsh, M. J. (2003). Acid-sensing ion channel 1 is localized in brain regions with high synaptic density and contributes to fear conditioning. J. Neurosci. 23, 5496–5502.

Wemmie, J. A., Taugher, R. J., and Kreple, C. J. (2013). Acid-sensing ion channels in pain and disease. Nat. Rev. Neurosci. 14, 461–471. doi: 10.1038/nrn3529

Xiong, Z. G., Zhu, X. M., Chu, X. P., Minami, M., Hey, J., Wei, W. L., et al. (2004). Neuroprotection in ischemia: Blocking calcium-permeable acid- sensing ion channels. Cell 118, 687–698.

Yang, L., and Palmer, L. G. (2014). Ion conduction and selectivity in acid-sensing ion channel 1. J. Gen. Physiol. 144, 245–255. doi: 10.1085/jgp.201411220


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer, LR, declared a shared committee with one of the authors, SK, at the time of review.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Alijevic, Peng and Kellenberger. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Changes in H+, K+, and Ca2+ Concentrations, as Observed in Seizures, Induce Action Potential Signaling in Cortical Neurons by a Mechanism That Depends Partially on Acid-Sensing Ion Channels



		INTRODUCTION



		MATERIALS AND METHODS



		Embryonic Mouse Cerebral Cortex Neuron Culture



		Electrophysiological Measurements



		Extracellular pH Imaging



		Analysis and Statistics







		RESULTS



		Changes to Solutions That Mimic the Composition Observed With High Neuronal Activity Induce Action Potentials



		Analysis of Action Potential Number and Firing Time of Pooled Data



		Lowering of the pH Induces Small Changes of Voltage Dependence and Current Amplitude of NaVs



		Small Effects of pH on K+ Currents



		Changes of Ca2+ and K+ Concentrations Affect NaV Currents







		DISCUSSION



		Effects of the Acid-Sensing Ion Channel Genotype



		Changes in Ion Concentrations Observed During High Neuronal Activity and Seizures



		Changing to Neurotransmission or Seizure-Like Solutions Increases Neuronal Excitability







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers |
in Cellular Neuroscience

Changes in HT, Kt, and Ca**
Concentrations, as Observed
in Seizures, Induce Action
Potential Signaling in Cortical
Neurons by a Mechanism That
Depends Partially on
Acid-Sensing lon Channels





OPS/images/fncel-15-732869-g007.jpg
-80 -60 -40 -20 20

\oltage (mV)

-©- TyrpH7.4
—o- SL pH7.4

D -o- TyrpH7.4
e SL pH7.4

20 40

Voltage (mV)

-©- TyrpH7.4
—-# SL pH6.8

Normalized conductance

Normalized conductance

/

1.0 -

0.0

0.0

Peak K" current @ +30 mV (nA)
(@)

0.5 -

1.0

0.5

80 -60

40 20 O

Voltage (mV)

80 -60

40 -20 O

\oltage (mV)

-©- TyrpH7.4
- S| pH6.8

-60 -40 -20

20 40

Voltage (mV)

Peak Na™ current Peak Na* current
(nA) @ -25 mV (nA) @ -25 mV

Peak K" current @ +30 mV (nA)

0-
o—o
5
-10-
60—
-15 I 1
S o
O_
5 -
10 -
1 1
&7 ©
Q Q
S ev
6 -






OPS/images/fncel-15-732869-g006.jpg
WT pH7.4

—

ASIC1a™"

At A2 LT T

Voltage (mV)

50

WT pH6.6

Voltage (mV)

(0))
1

AN
1

N
1

o

K* current (nA) @ +30 mV






OPS/images/fncel-15-732869-g005.jpg
WT pH6.6

D E .
3 3 1.0; 3
o= (o o=
b 8 ' b
(@) O O
- = =
© © ©
C C C
3 SR 3
5 5 0.51 5
Q (O} - Q
N N N
© © ' ©
£ £ £
O O . O
Z = S 2 < 0.0¢ =
-80 -60 -40 -20
\oltage (mV) Voltage (mV) Voltage (mV)
G o H7.4 O H6.6 H
3 3 0.0017 1-10™ 1-10*
0'0—134 Z 0.0- S
S -20 (0.066) 0.0059 9 0.5 E% —.
E & o o_n @ 10- % OZ
& -304 ¢ °°§ — 7
E %%’ ¥ g -15-
% w® %% E 2.0 /
© 407 Qo m o
B 8 0° 5 25 / ——
.50 : * 2 4 O
' ' ' g LTI ELE
$& N \ ~ N &N R R K R
o v T X 0 e D
NG 2 o N SR> N~
@ ¥ @ @ ¥ ¥








OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





OPS/images/fncel-15-732869-g004.jpg
<«

6.6-107

15+

3-10

| |
- -
O o

200 -

1 1

s|enuajod uonoe Jo JaquinN





OPS/images/fncel-15-732869-g003.jpg
o
m_ o> H— o oo &\vu
S 7, <O,
O mE EN _ITnﬁl &u\nv b
© )
0.7 el S
° 7.9,

<< < < _I_i &A\,W,@O b

7

| | | | | z/\

o o o o o Y

< ™ (q\| —

(s) swiy Buui-

dV | < YiIm
sjuawiiadxa jo uoiuodold

® 0.0008

0.0026

A
A

|
-
o
(Q\

300 -
100

sjenuajod uoIloe Jo JaquinN

m7 o Qo ot|+1 fﬁo
= offf < <5
N
@/ fv\wa
I 4 s dwHe 2 ,\,@\o b
07 S \
M ,\,\m&@ s
_ I _ |
o o o (@) @
© < ~N
" () awnp bupi
1 1 1 /\
o 00 (O < AN o
-~ O©o o o o o K4
dV | < yim
W Siuswuadxa jo uopodold
@ e o0 _I_.’ V%
o
B ll V%,, O\
Yk
0 ,\u\,mv \@V\
S| B4
L 7, 29
o “r $ b
_ I I I _ ,\,@
S 8 8 8 ©°
00 © < N

o

sjenuajod uoloe Jo JaquinN





OPS/images/fncel-15-732869-g002.jpg
Number of action potentials

Number of action potentials

Tyr pH7.4 - NT pH7.0

400
200 -
D
5]
150-1- 2
. E
1004 & ;é)
o LL
50 4® o =,
%a s T, "
0 1A wnls®, M o o
0 10 20 30 40 50

Speed of solution change (fall time, s)

D
800 Tyr pH7.4 - SL pHG6.8 °
400 ¢° a
w
. A
()
3001 £
200 = A 2
:: m AR 4 a
1008 %® »= .
o, Y e A A
0 —joh-AdB—s—morin= : _1
0 10 20 30
Speed of solution change (fall time, s)
A WT m ASIC1a”

Tyr pH7.4 - NT pH7.0

40*‘.A A,
o e o o

30 .

20 - A

10-3’ . 2

0Jbh—pmany o o
0 10 20 30 40 50

Speed of solution change (fall time, s)

60 - Tyr pH7.4 - SL pH6.8
c . o
A
40 N
A A A R
20 _.A: . A ..
5
@ . W
l% " =
0 —hﬂ—m—nrﬁ- - , —
0 10 20 30

Speed of solution change (fall time, s)

e ASIC2+"





OPS/images/fncel-15-732869-g001.jpg
A Rapid change Tyr-7.0 Rapid change NT-7.0

I oemccmeme s nmememeene  simas] | R P
— _ S gl LAl
PO ——— Hl L. - b
R -
3 Solution change m pH7.0 %gsmv
B Slow change Tyr-7.0 Slow change NT-7.0
I i s rwmmam I Y A -
et ——— -lJ __.;.JL-N[UU‘I_
- -
20 mV





