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The remodelling of neuronal ionic homeostasis by altered channels and transporters is a critical feature of the Alzheimer’s disease (AD) pathogenesis. Different reports converge on the concept that the Na+/Ca2+ exchanger (NCX), as one of the main regulators of Na+ and Ca2+ concentrations and signalling, could exert a neuroprotective role in AD. The activity of NCX has been found to be increased in AD brains, where it seemed to correlate with an increased neuronal survival. Moreover, the enhancement of the NCX3 currents (INCX) in primary neurons treated with the neurotoxic amyloid β 1–42 (Aβ1–42) oligomers prevented the endoplasmic reticulum (ER) stress and neuronal death. The present study has been designed to investigate any possible modulation of the INCX, the functional interaction between NCX and the NaV1.6 channel, and their impact on the Ca2+ homeostasis in a transgenic in vitro model of AD, the primary hippocampal neurons from the Tg2576 mouse, which overproduce the Aβ1–42 peptide. Electrophysiological studies, carried in the presence of siRNA and the isoform-selective NCX inhibitor KB-R7943, showed that the activity of a specific NCX isoform, NCX3, was upregulated in its reverse, Ca2+ influx mode of operation in the Tg2576 neurons. The enhanced NCX activity contributed, in turn, to increase the ER Ca2+ content, without affecting the cytosolic Ca2+ concentrations of the Tg2576 neurons. Interestingly, our experiments have also uncovered a functional coupling between NCX3 and the voltage-gated NaV1.6 channels. In particular, the increased NaV1.6 currents appeared to be responsible for the upregulation of the reverse mode of NCX3, since both TTX and the Streptomyces griseolus antibiotic anisomycin, by reducing the NaV1.6 currents, counteracted the increase of the INCX in the Tg2576 neurons. In agreement, our immunofluorescence analyses revealed that the NCX3/NaV1.6 co-expression was increased in the Tg2576 hippocampal neurons in comparison with the WT neurons. Collectively, these findings indicate that NCX3 might intervene in the Ca2+ remodelling occurring in the Tg2576 primary neurons thus emerging as a molecular target with a neuroprotective potential, and provide a new outcome of the NaV1.6 upregulation related to the modulation of the intracellular Ca2+ concentrations in AD neurons.
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INTRODUCTION
Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders, with a clinical symptomatology ranging from cognitive disabilities to severe dementia (Querfurth and LaFerla, 2010). Dysfunctional ion channels and transporters have been implicated in neuronal loss and network disruption, thus emerging as a potential candidate responsible for neurodegeneration (Wada, 2006; Chakroborty and Stutzmann, 2014). Nonetheless, the remodelling of ionic homeostasis is historically considered a critical feature of the AD pathogenesis, being involved in neuronal and glial responses to amyloid β1-42 (Aβ1–42)-mediated injury (Berridge, 2010). However, despite the variety of studies aimed at exploring the role of ionic dyshomeostasis in the AD etiopathogenesis, including Ca2+ and Na+ dysregulation, many issues remain to be elucidated.
The involvement of the Na+/Ca2+ exchanger (NCX) in AD has been proposed in different studies (Colvin et al., 1991 and, 1994; Sokolow et al., 2011; Pannaccione et al., 2012; Pannaccione et al., 2020). Indeed, as a crucial regulator of intracellular Na+ and Ca2+ concentrations, NCX displays a neuroprotective role in many pathophysiological conditions affecting the central nervous system, thus emerging as a key target in neurodegeneration (Gomez-Villafuertes et al., 2007; Annunziato et al., 2020; Pannaccione et al., 2020). Although mainly considered as a Ca2+ extrusion mechanism, NCX works in fact in a bidirectional manner by mediating the Ca2+ influx along with the Na+ efflux (reverse mode) or, vice versa, the Ca2+ efflux and Na+ influx (forward mode) (Blaustein and Lederer, 1999). Of note, the proximity of NCX to different types of Na+ channels, including the voltage-gated sodium (NaV) channels, may render the exchanger an important source for Ca2+ influx (Poburko et al., 2007; Gershome et al., 2010).
Different reports have provided evidence about a neuroprotective role of NCX in the AD pathogenesis (Colvin et al., 1991 and, 1994; Pannaccione et al., 2012; Pannaccione et al., 2020). First, the increase of the NCX activity observed in surviving neurons in AD brain areas affected by neurodegeneration suggested that the exchanger could participate in the survival mechanisms occurring in AD neurons (Colvin et al., 1991). On the other hand, the modulation of the expression pattern of the three NCX isoforms, NCX1-3, was observed in AD brain tissues, with a marked loss of NCX3 in the parietal cortex of AD patients and in the synaptosomes from AD-affected brains (Sokolow et al., 2011). In agreement, we demonstrated that the upregulation of the NCX3 activity in primary hippocampal neurons exposed to Aβ1–42 oligomers was involved in neuronal survival in the early phase of Aβ1–42 injury (Pannaccione et al., 2012). In contrast, NCX3 dysfunction in the late phase of Aβ1–42 exposure determined neuronal death via endoplasmic reticulum (ER) stress and caspase-12 activation (Pannaccione et al., 2012). Intriguingly, a genome wide association study for the age at onset of AD identified SLC8A3, the gene encoding for NCX3, as a candidate gene for AD since its rare variants were shown to affect the age at onset of the disease (Saad et al., 2015).
Notably, we have recently reported that the expression and activity of the NaV1.6 channel subunit were upregulated in both primary hippocampal neurons exposed to exogenous Aβ1–42 oligomers and those from Tg2576 mice, a well-known transgenic model of AD (Ciccone et al., 2019). NaV1.6 channels, which are densely clustered at the axon initial segment (AIS) and at the nodes of Ranvier of myelinated axons, play a crucial role in the initiation and propagation of action potentials in excitable cells (Royeck et al., 2008; Akin et al., 2015; Solé and Tamkun, 2020). In line with several studies, our results showed that NaV1.6 channels were largely expressed not only at the AIS but also as somatic nanoclusters and that their expression was significantly increased in the soma and neurites of Tg2576 hippocampal neurons, hence determining their hyperexcitability (Akin et al., 2016; Sikora et al., 2017; Ciccone et al., 2019). Several studies have suggested that NaV channels might collaborate with NCX to constitute a linkage between the Na+ and Ca2+ fluxes across the plasma membrane (Pappalardo et al., 2014; Radwański et al., 2016; Veeraraghavan et al., 2017; Torres, 2021). However, whether such cooperation may intervene in the neuronal Na+ and Ca2+ regulation in AD has not been explored yet.
Based on these considerations, the purpose of the present study has been to investigate by means of electrophysiological studies any possible changes in the NCX activity in primary hippocampal neurons from the Tg2576 mouse, a transgenic model overproducing the Aβ1–42 peptide. In addition, we have also assessed, through pharmacological and siRNA approaches, the possible involvement of a specific NCX isoform and explored the functional interaction between NCX and the NaV1.6 channel.
MATERIALS AND METHODS
Animals
All the animals were handled according to the International Guidelines for Animal Research and the experimental protocols were approved by the Animal Care and Use Committee of the “Federico II” University of Naples. The heterozygous male Tg2576 mice and Wild Type (WT) females were purchased from a commercial source [B6; SJLTg(APPSWE)2576Kha, model 1349, Taconic, Hudson, NY].
PCR Analysis
The genomic DNA from embryonic brain tissues was isolated by salt precipitation. Briefly, embryonic brain tissues were harvested during cerebral dissection and then thawed and homogenized with the TRI-reagent (SigmaAldrich, Milan, Italy). After adding one volume of chloroform to each sample, the DNA was precipitated with 100% ethanol and centrifuged at 4°C for 5 min at 16,000 × g. The DNA pellet was dried at room temperature and then re-suspended in Tris-EDTA buffer. The following primers were used to amplify the DNA region with the human APP Swedish mutation on both types of genomic DNA: 5′-CTG​ACC​ACT​CGA​CCA​GGT​TCT​GGG​T-3′ and 5′GTG​GAT​AAC​CCC​TCC​CCC AGCCTAGACCA-3′ (Eurofins Genomics, Ebersberg, Germany). The DNA was amplified as previously described (Ciccone et al., 2019) to detect the transgenic genotype.
Primary Hippocampal Neurons
Primary neuronal cultures were prepared from the hippocampi of embryonic day 15 WT and Tg2576 mise as described by Ciccone et al. (2019). The cells were plated on 35 mm culture dishes coated with poly(d)-lysine hydrobromide Molecular Weight >300,000 (Sigma Aldrich, Milan, Italy), or onto 25 mm glass coverslips (Glaswarenfabrik Karl Hecht KG, Sondheim, Germany), coated with 100 μg/ml poly(d)-lysine hydrobromide Molecular Weight 30,000–70,000 (Sigma Aldrich, Milan, Italy), at a density of one embryo hippocampus/1 ml 10 μM of cytosine β-d-arabinofuranoside (Sigma Aldrich, Milan, Italy) were added 3 days after plating to inhibit non-neuronal cell growth. The neurons were cultured at 37°C in a humidified 5% CO2 atmosphere. The experiments were performed not earlier than 8 days in vitro (DIV).
Electrophysiological Recordings: NCX and Na+ Currents
The NCX and Na+ currents (INCX; INa, respectively) were recorded in primary hippocampal neurons from the Tg2576 and WT mice by means of the patch-clamp technique in a whole-cell configuration using the commercially available amplifier Axopatch 200B and the Digidata 1322 A interface (Molecular Devices) as previously described (Molinaro et al., 2008; Pannccione et al., 2012; Secondo et al., 2015; Ciccone et al., 2019). The data were acquired and analyzed using the pClamp software (version 9.0, Molecular Devices). The INCX were recorded starting from a −60 mV holding potential up to a short-step depolarization at +60 mV as previously described (Molinaro et al., 2008; Pannccione et al., 2012). In particular, reverse mode of NCX is represented in rising portion of the ramp ranging from 0 mV to +60 mV and measured at the end of +60 mV whereas Forward mode is represented in the descending portion of the ramp (from −120 to −0 mV) and measured at the end of −120 mV.The INCX, sensitive to Ni2+, were isolated by subtracting the Ni2+-insensitive components from the total currents (INCX = ITOT-INi-Resistent). The tetrodotoxin (TTX)-sensitive INa were recorded using low resistance electrodes (1.4–2.3 MΩ), sampled at a rate of 100 kHz and filtered at 5 kHz. The neurons were held at −120 mV and stepped to a range of potentials (−100 to +30 mV in 10 mV increments) as reported previously (Secondo et al., 2015; Ciccone et al., 2019). The neurons were perfused with external Ringer’s solution containing the following (in mM): 126 NaCl, 1.2 NaHPO4, 2.4 KCl, 2.4 CaCl2, 1.2 MgCl2, 10 glucose, and 18 NaHCO3, pH7.4. Tetraethylammonium (TEA) and nimodipine (20 mM and 10 μM, respectively) were added to the external solution in order to block the potassium and calcium currents. The pipettes were filled with 100 K-gluconate, 10 TEA, 20 NaCl, 1 Mg-ATP, 0.1 CaCl2, 2 MgCl2, 0.75 EGTA, and 10 HEPES, adjusted to pH 7.2 with Cs(OH)2. Any possible changes in cell size were calculated by monitoring the capacitance of each cell membrane, which is directly related to the membrane surface area, and by expressing the current amplitude data as current densities (pA/pF). The capacitive currents were estimated from the decay of the capacitive transient induced by 5 mV depolarizing pulses from a holding potential of −80 mV and acquired at a sampling rate of 50 kHz. The capacitance of the membrane was calculated according to the following equation: Cm = τc•Io/ΔEm(1-I∞/Io), where Cm is the membrane capacitance, τc is the time constant of the membrane capacitance, Io is the maximum capacitance current value, ΔEm is the amplitude of the voltage step, and I∞ is the amplitude of the steady-state current (Pannaccione et al., 2012).
[Ca2+]i Measurement
Hippocampal neurons were incubated with 10 µM Fura-2 AM for 30 min at 37°C in normal Krebs solution containing 5.5 mM KCl, 160 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES-NaOH (pH 7.4). At the end of the loading period, coverslips were placed into a perfusion chamber (Medical System Co., Greenvale, NY, United States), mounted onto the stage of an inverted Zeiss Axiovert 200 microscope (Carl Zeiss, Milan, Italy), equipped with a FLUAR 40X oil objective lens. The experiments were carried out with a digital imaging system composed of a MicroMax 512BFT cooled CCD camera (Princeton Instruments), LAMBDA10-2 filter wheeler (Sutter Instruments), and Meta-Morph/MetaFluor Imaging System software (Universal Imaging). Primary neurons were alternatively illuminated at wavelengths of 340 and 380 nm by a Xenon lamp. The emitted light was passed through a 512 nm barrier filter. Fura-2 fluorescence intensity was measured every 3 s. Fura-2 ratiometric values were automatically converted by MetaMorph/MetaFluor Imaging System software (Universal Imaging) to cytosolic Ca2+ levels, by using a preloaded calibration curve obtained in preliminary experiments, as previously described (Grynkiewicz et al., 1985).
To elicit ER Ca2+ release in neurons, ATP (100 µM) and the irreversible inhibitor of sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) pump thapsigargin (1 µM) were added in a Ca2+-free solution (containing 5.5 mM KCl, 160 mM NaCl, 1.2 mM MgCl2, 10 mM glucose, and 10 mM HEPES-NaOH, pH 7.4), as indicated by the bar of Figure 3. Specifically, ATP was able to trigger a rapid ER Ca2+ release by activating its plasmalemmal purinergic receptors coupled to Gq, while thapsigargin, by blocking SERCA, inhibits tonic refilling into ER and determines a progressive and slow ER Ca2+ release. The use of both tools allows to recruit all components of ER Ca2+ store (Caputo et al., 2012; Criscuolo et al., 2019; Secondo et al., 2019; Tedeschi et al., 2019; Tedeschi et al., 2021).
Western Blotting
Total lysates for the immunoblotting analyses were obtained as follows: the primary hippocampal neurons were washed in phosphate buffered saline (PBS) and collected by gentle scraping in ice-cold RIPA buffer containing (in mM) 50 Tris pH 7.4, 100 NaCl, 1 EGTA, 1 PMSF, 1 sodium orthovanadate, 1 NaF, 0.5% NP-40, and 0.2% SDS supplemented with protease inhibitor cocktail II (Roche Diagnostic, Monza, Italy). The nitrocellulose membranes were incubated with the following antibodies: rabbit-polyclonal anti-NCX3, anti-NCX1, anti-NCX2 (1:1,000, Alomone Labs, Israel) and anti-β-actin peroxidase (1:10,000, Sigma-Aldrich, Milan, Italy). The immunoreactive bands were detected with thechemiluminescence system (Amersham-Pharmacia-Biosciences, UK). The films were developed with a standard photographic procedure and the quantitative analysis of the bands detected was carried out by densitometric scanning.
Confocal Immunofluorescence Analysis
The confocal immunofluorescence procedures in neuronal cultures were performed as previously described (Boscia et al., 2017; de Rosa et al., 2019). The cell cultures were fixed in 4% wt/vol paraformaldehyde in phosphate buffer for 30 min. After blocking with 3% BSA, the cells were incubated with monoclonal anti-NCX3 (1:1,000, Trans Genic Inc., Japan) and rabbit policlonal anti-NaV1.6 (1:1,000, Alomone Labs, Israel). Next, the cells were incubated with Alexa594-conjugated anti-mouse IgGs and biotinylated anti-rabbit antibodies. NCX3 was detected by using the tyramide signal amplification (TSA) fluorescein system (Perkin-Elmer, Life Sciences). Hoechst 33258 was used to stain the nuclei. The images were observed using a Zeiss LSM 700 laser (Carl Zeiss) scanning confocal microscope. The single images were taken with an optical thickness of 0.7 μm and a resolution of 1024 × 1024. The NCX3 and NaV1.6 fluorescence intensities were quantified in terms of pixel intensity by using the NIH image software, as previously described (Boscia et al., 2012). Briefly, digital images were taken with 63× objective and identical laser power settings and exposure times were applied to all the photographs from each experimental set. The co-localization between NCX3 and NaV1.6 was analysed by line profiling the Cy3 (red) and FITC (green) fluorescence intensities using the ZEN lite software (Carl Zeiss) (Cammarota et al.,2021).
Statistical Analysis
GraphPad Prism 6.02 was used for the statistical analyses (GraphPad Software, La Jolla, CA). Thedata are expressed as the mean ± S.E.M. of the values obtained from individual experiments. The statistical comparisons between the groups were performed by means of the Student’s t-test or one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test or Newman–Keuls’ test. p < 0.05 was considered significant.
RESULTS
The Activity of NCX Is Significantly Upregulated in the Reverse Mode of Operation in the Tg2576 Hippocampal Neurons
First, we examined any possible changes of the NCX activity in the Tg2576 hippocampal neurons. We assessed the INCX in the forward and reverse modes of operation by patch-clamp experiments in a whole-cell configuration in both the WT and Tg2576 cultured hippocampal neurons after 8, 12, and 15 DIV. Electrophysiological recordings showed that the NCX activity was significantly modulated in a time-dependent manner only in the reverse mode of operation in the Tg2576 hippocampal neurons, while the forward mode was not affected (Figures 1A,B). In particular, the INCX in theTg2576 neurons were increased at 8, 12, and 15 DIV in comparison with those recorded in the WT neurons at the same DIV, with a marked peak at 12 DIV (Figure 1A,B).
[image: Figure 1]FIGURE 1 | INCX in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces of INCX in the reverse and forward modes of operation recorded in WT (black trace) and Tg2576 (gray trace) primary hippocampal neurons at 12 DIV. (B) Quantification of INCX in the reverse and forward modes of operation recorded in WT and Tg2576 primary hippocampal neurons at 8, 12, and 15 DIV, expressed as percentage of increase in comparison to WT. Values are expressed as mean ± SEM of 3 independent experimental sessions. Statistical comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’ test. (*p < 0.05 vs. WT). The number of cells used for each experimental condition is noted on the bars.
NCX3 Silencing or Pharmacological Inhibition Prevents the Upregulation of the INCX in the Tg2576 Hippocampal Neurons
Patch-clamp experiments revealed that the silencing of NCX3 (siNCX3) prevented the upregulation of the INCX in the reverse mode in the Tg2576 hippocampal neurons (Figures 2A,B). Of note, the siRNA directed against NCX3 did not modify the expression of the other two NCX isoforms, NCX1 and NCX2 (Figure 2C). Moreover, the specific contribution of NCX3 to the INCX upregulation in the reverse mode was further confirmed by blocking the exchanger with the 2-{2-[4-(4-nitrobenzyloxy) phenyl]ethyl}isothiourea mesylate (KB-R7943). Of note, KB-R7943 was demonstrated to be three-fold more inhibitory to NCX3 than to NCX1 and NCX2, with IC50 values of 4.9 ± 0.4 μM and 4.1 ± 0.3 μM for NCX1 and NCX2, respectively, and of 1.5 ± 0.1 μM for NCX3 (Iwamoto and Shigekawa, 1998). Additionally, KB-R7943 at low concentrations inhibits the NCX3 activity preferentially in the reverse mode (IC50 = 1.1 ± 3.4 μM for the reverse mode and IC50 > 30 μM for the forward mode) (Iwamoto and Shigekawa, 1998; Watano et al., 1996; Annunziato et al., 2004). In particular, preliminary concentration/response experiments revealed that 0.5 μM kB-R7943 was the minimum concentration able to significantly inhibit NCX3 without interfering with NCX1 and NCX2 isoforms. Importantly, electrophysiological recordings showed that in the presence of KB-R7943 at the concentration of 0.5 μM, the upregulation of the INCX in the reverse mode in the Tg2576 hippocampal neurons was completely prevented, with the return of the INCX to levels similar to those of the WT neurons (Figures 2D,E). Interestingly, as previously observed in hippocampal neurons exposed to Aβ1–42 oligomers (Pannaccione et al., 2012), Western blot analyses revealed that the Tg2576 neurons displayed an upregulation of the NCX3 truncated band migrating at around 65 kDa in comparison with the WT neurons (Figures 2F,G).
[image: Figure 2]FIGURE 2 | Effect of NCX3 silencing or inhibition by KB-R7943 in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces of INCX in the reverse and forward modes of operation recorded in WT and WT plus siNCX3 (black traces), Tg2576 and Tg2576 plus siNCX3 (grey traces) primary hippocampal neurons at 12 DIV. (B) Quantification of INCX in the reverse mode of operation represented in A, expressed as percentage of variation in comparison to WT. Values are expressed as mean ± SEM of 3 independent experimental sessions. (C) Representative Western blotting experiments and relative quantifications showing the effect of NCX3 silencing (siNCX3) on NCX3, NCX1, and NCX2 protein expression in primary hippocampal neurons (D) Representative superimposed traces of INCX in the reverse and forward modes of operation recorded from WT and WT plus 0.5 μM kB-R7943 (black traces), Tg2576 and Tg2576 plus 0.5 μM kB-R7943 (grey traces) primary hippocampal neurons at 12 DIV. (E) Quantification of INCX in the reverse mode of operation represented in D, expressed as percentage of variation in comparison to WT. Values are expressed as mean ± SEM of 3 independent experimental sessions. The number of cells used for each experimental condition is noted on the bars. (F, G) Representative Western blot of NCX3 protein expression and densitometric quantification of NCX3 truncated band in WT and Tg2576 primary hippocampal neurons at 12 DIV, represented as percentage of WT. Values are expressed as mean ± SEM of 3 independent experimental sessions. Statistical comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’ test. (*p < 0.05 vs. WT; **p < 0.05 vs. Tg2576 mice).
The Enhancement of the NCX3 Activity in the Reverse Mode Participates to the Filling State of ER but Not to the Maintenance of Cytosolic Ca2+ Levels in the Tg2576 Hippocampal Neurons
To study the intracellular Ca2+ homeostasis and the putative relationship between NCX3 and the ER Ca2+ content in the Tg2576 hippocampal neurons, we performed Ca2+ imaging analyses with the fluorescent Ca2+ indicator Fura-2AM. The [Ca2+]i in the Tg2576 hippocampal neurons did not differ from that measured in the WT neurons (Figures 3A,B) unlike the ER Ca2+ levels (Figures 3A,C). Indeed, the exposure to ATP plus the SERCA inhibitor thapsigargin, both triggering an ER Ca2+ release, determined a significantly higher increase in [Ca2+]i and in the area under the curve (AUC) value in the Tg2576 hippocampal neurons compared with those in the WT neurons (Figures 3A,D).
[image: Figure 3]FIGURE 3 | Effect of NCX3 inhibition by KB-R7943 on ER Ca2+ content in WT and Tg2576 primary hippocampal neurons. (A) Representative superimposed traces of [Ca2+]i measured in WT (black trace, N = 36) and Tg2576 (grey trace, N = 34) primary hippocampal neurons at 12 DIV, representative images in panel (A). (B) Quantification of basal values of [Ca2+]i in WT (N = 36) and Tg2576 primary hippocampal neurons at 12 DIV (N = 34). (C) ER Ca2+ content quantified as [Ca2+]i increase induced by Thapsigargin (Tg; 1 μM) and ATP (100 μM) in 0 μM Ca2+, and expressed as percentage of the effect observed in WT (considered as 100%). (D) AUCs of [Ca2+]i calculated for (A). (E) Quantification of ER Ca2+ content in WT and Tg2576 primary hippocampal neurons at 12 DIV treated with KB-R7943 at 0.5 μM. Values are represented as percentage of respective controls, expressed as mean ± SEM of 3 independent experimental sessions. Statistical comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’ test. (*p < 0.05 vs. WT; **p < 0.05 vs. Tg2576 mice).
In particular, we measured a significant difference between WT and Tg2576 when ATP plus thapsigargin was added to 0 mM extracellular Ca2+, showing that the simultaneous activation of NCX reverse mode is not necessary to measure changes in ER Ca2+ levels. This suggested that the addition of ATP and thapsigargin may unmask a tonic and stable ER Ca2+ dysfunction in Tg2576 neurons. Moreover, to study the putative contribution of NCX3 isoform to the filling state of ER Ca2+ stores, basal and ER Ca2+ levels were measured in the absence or presence of the well known NCX inhibitor KB-R7943. Specifically, KB-R7943 was preincubated for 20 min in a Ca2+-containing solution at the final concentration of 0.5 μM, selectively inhibiting the NCX3 reverse activity. Under these conditions, it significantly reduced the amount of Ca2+ released from the ER both in the WT hippocampal neurons and in the Tg2576 neurons (Figure 3E). However, this effect was significantly greater in the Tg2576 neurons than in the WT neurons (Figure 3E).
The Functional Coupling Between NaV1.6 Channels and NCX3 Exchangers Underlies the Increased Reverse Activity of NCX3 in theTg2576 Hippocampal Neurons
We previously showed that the expression and activity of NaV1.6 channels were time-dependently upregulated in the Tg2576 hippocampal neurons, with a maximum increase at 12 DIV (Ciccone et al., 2019). To explore whether the neuronal NCX3 and NaV1.6 functions might be coupled, we first investigated the co-expression of NCX3 and NaV1.6 in the 12 DIV Tg2576 hippocampal neurons. In line with our previous observations (Ciccone et al., 2019), quantitative immunofluorescence analyses showed that the NaV1.6 immunofluorescence significantly increased intracellularly and along the plasma membrane of both the soma and neurites of the 12 DIV Tg2576 hippocampal neurons compared with the WT cultures (Figures 4A–C). Although the global immunofluorescence signal of NCX3 remained unaltered in the Tg2576 neurons compared to the WT, a clustered co-expression of the upregulated NaV1.6 channels with NCX3 was clearly detected along several plasma membrane and cytosolic domains of both the soma and neurites of the Tg2576 neurons (Figures 4A–C).
[image: Figure 4]FIGURE 4 | Distribution of NaV1.6 channels and NCX3 in Tg2576 primary hippocampal neurons. (A) Confocal microscopic images displaying the distribution of NaV1.6 (red) and NCX3 (green) immunoreactivities in hippocampal neurons isolated from WT and Tg2576 mouse embryos and cultured for 12 DIV (scale bars: in a–f: 20 µm). (B) Confocal microscopic images displaying the distribution of NaV1.6 (red) and NCX3 (green) immunoreactivities in Tg2576 primary hippocampal neurons at 12 DIV. Arrows in a-c point to the intense co-localization of NaV1.6 and NCX3 immunostaining along neurites (scale bars: 20 µm). (C) Densitometric analysis of NaV1.6 (left) and NCX3 (right) fluorescence intensities in WT and Tg2576 neurons at 12 DIV. The data are expressed in arbitrary units (*p < 0.05 vs. WT). (D) Confocal microscopic images displaying the distribution of NaV1.6 (red) and NCX3 (green) immunoreactivities in WT and Tg2576 primary hippocampal neurons at 12 DIV. Arrows in a–f point to NaV1.6 and NCX3 immunoreactivities along the somatic plasma membrane of both WT and Tg2576 neurons. Panels g and h show higher magnification images of the frame depicted in c and f, respectively. Nuclei were counterstained with DAPI (blue) (scale bars: in a–f: 10 μm; in g and h: 2 µm). Panels i and j show the line profiling of NaV1.6 (red) and NCX3 (green) fluorescence intensities along the line selected on the somatic plasma membrane of both WT (c) and Tg2576 (f) hippocampal neurons.
Next, to test the hypothesis that the reversal of the NCX3 activity was driven by the increased Na+ inward currents mediated by the NaV1.6 channels, we measured both the INa and INCX in the presence of the sodium channel blocker TTX added to the extracellular recording solution, or after the treatment with anisomycin, a Streptomyces griseolus antibiotic that, by promoting p38 mitogen-activated protein (MAP) kinase activation, induces the selective endocytosis of NaV1.6 and, subsequently, the reduction of the NaV1.6-mediated currents (Wittmack et al., 2005; Gasser et al., 2010; Ciccone et al., 2019). We observed that the INa recorded in the presence of TTX or after the treatment with anisomycin were significantly reduced in both the WT and Tg2576 hippocampal neurons (Figures 5A,B). Moreover, both the pharmacological tools, TTX and anisomycin, were able to counteract the increase of the INCX in the reverse mode of operation not only in the Tg2576 hippocampal neurons but also in the WT neurons, despite the extent of the INCX reduction was greater in the Tg2576 neurons than in the WT neurons (Figures 5C,D).
[image: Figure 5]FIGURE 5 | Effect of TTX and anisomycin on INa and INCX in WT and Tg2576 primary hippocampal neurons. (A) Representative traces of INa recorded in control conditions and in the presence of TTX or anisomycin pre-treatment in WT (black traces) and Tg2576 (grey traces) primary hippocampal neurons at 12 DIV. (B) Quantification of INa represented in A, expressed as percentage of WT in control conditions. Values are expressed as mean ± SEM of 3 independent experimental sessions. (C) Representative superimposed traces of INCX in the reverse and forward modes of operation recorded in control conditions and in the presence of TTX or anisomycin pre-treatment in WT (top) and Tg2576 (bottom) primary hippocampal neurons at 12 DIV. (D) Quantification of INCX in the reverse mode of operation represented in C, expressed as percentage of WT in control conditions. Values are expressed as mean ± SEM of 3 independent experimental sessions. Statistical comparisons between groups were performed by one-way ANOVA followed by Newman-Keuls’ test (*p < 0.05 vs. WT; **p < 0.05 vs. Tg2576 mice). The number of cells used for each experimental condition is noted on the bars.
DISCUSSION
The impact of the modulation of NCX on neuronal survival in AD has been investigated in several studies. Notably, a recent genome-wide association study by Saad and co-workers identified SLC8A3, the gene encoding for NCX3, among different genes in which multiple rare variations were associated with the age of onset of AD, thus proposing the exchanger as a possible molecular factor determining the timing of the onset of the disorder (Saad et al., 2015). However, although different reports have suggested a neuroprotective role of NCX in different experimental models of AD, further efforts should be made to characterize the involvement of the exchanger in the onset of AD. Many studies have demonstrated that the failure of the machinery regulating Ca2+ homeostasis is a crucial event in the AD etiopathogenesis (Berridge, 2010). Of note, disturbances in Ca2+ homeostasis were demonstrated to occur before the development of overt AD symptoms (Etcheberrigaray et al., 1998). This evidence suggested that the alteration of the systems regulating [Ca2+]i may be an upstream event in the AD pathogenesis, inducing the early changes in learning and memory functions. In the present study, we have therefore moved to assess any possible modulation of the NCX activity and its impact on the [Ca2+]i in primary hippocampal neurons from the Tg2576 mouse, an in vitro model of AD. Primary cultures from the Tg2576 mouse, which carries the APPSWE double mutation of the amyloid precursor protein, accumulate Aβ1–42 over time in culture, thus recapitulating some of the main features of the Aβ-induced neurodegeneration (Takahashi et al., 2004; Almeida et al., 2005; Takahashi et al., 2013).
Interestingly, we observed that the INCX were increased in the reverse, Ca2+ influx mode, while the forward mode was not affected. The enhancement of the INCX appeared to be mediated by a specific NCX isoform, NCX3, since both the silencing of NCX3 and the treatment with the isoform-selective inhibitor KB-R7943 significantly reduced the reverse INCX in the Tg2576 neurons. Interestingly, the upregulation of the NCX3 currents in the Tg2576 hippocampal neurons was time-dependent, with a maximum increase at 12 DIV. In agreement, a previous in vitro study by our group had demonstrated that NCX3 was modulated after the exposure of primary hippocampal neurons to synthetic Aβ1–42 oligomers, thus strongly implicating NCX3 in the neuronal responses to Aβ1–42 injury (Pannaccione et al., 2012). Of note, the upregulation of the activity of NCX3 was associated with an increased formation of its truncated isoform, which was demonstrated to be hyperfunctional (Pannaccione et al., 2012). In line with this finding, we observed that the maximum increase of the activity of NCX3 was concomitant with the over-expression of its truncated isoform also in the Tg2576 hippocampal neurons, as Western blot analyses revealed a marked increase of the NCX3 band migrating at around 65 kDa in the 12 DIV Tg2576 neuronal lysates in comparison with the WT lysates. Interestingly, different truncated isoforms of NCX3, as well as of NCX1, corresponding to any splicing variants or cleavage products, have been found in the brain by different research groups and have been demonstrated to be functional or even hyper-functional, probably due to the loss of regulatory domains (Gabellini et al., 1996; Van Eylen et al., 2001; Lindgren et al., 2005; Michel et al., 2015; Michel et al., 2016). Of note, our group, and others, have shown that the cleavage of NCX3 by calpains could be a form of post-translational regulation providing a hyperactive NCX3 isoform by increasing, in particular, the reverse mode capacity of the exchanger (Pannaccione et al., 2012; Michel et al., 2016; Cammarota et al., 2021).
Ca2+ entry following NCX reversal has been implicated in a variety of pathophysiological conditions (Czyz and Kiedrowski, 2002; Floyd et al., 2005; Andrikopoulos et al., 2015; Gerkau et al., 2017; Brazhe et al., 2018; Secondo et al., 2020). In particular, the Ca2+ signalling mediated by reverse NCX has been shown to contribute to the astrocytic response to mechanical injury as well as to oligodendrocyte differentiation and myelin synthesis (Floyd et al., 2005; Boscia et al., 2012; Pappalardo et al., 2014; Hammann et al., 2018; Boscia et al., 2020). We also demonstrated in a previous study that the activation of the reverse mode of NCX1 induced by increased NaV-mediated currents played a fundamental role in Akt signalling and neuronal differentiation (Secondo et al., 2015). In the present study we show that the Ca2+ influx mediated by NCX3 working in the reverse mode significantly increased the amount of Ca2+ ions in the ER, a mechanism that has been demonstrated to be crucial for neuroprotection (Sirabella et al., 2009; Pannaccione et al., 2012; Sisalli et al., 2014).
In order to refill the ER Ca2+ store, a privileged pathway may occur between NCX working in the reverse mode and SERCA (Fameli et al., 2007; van Breemen et al., 2013). Furthermore, the tonic Ca2+ signal elicited by the application of thapsigargin in a calcium-free medium may suggest that SERCA is the main pump clearing cytosolic Ca2+ in hippocampal neurons. On the other hand, in Tg2576 neurons a significant alteration of the Ca2+ clearing mechanisms has been already reported (Lee et al., 2012). Among these mechanisms, the impairment of mitochondrial Ca2+ uptake, associated with increased mitochondrial reactive oxygen species and depolarization of mitochondrial membrane potential, may play an important role. Of note, the dysfunctional ER Ca2+ content was associated to the abnormal NCX3 reverse mode activity in Tg2576 neurons. In particular, our [Ca2+]i measurements through Fura-2 AM fluorescence did not reveal any significant change in the cytosolic Ca2+ levels in the Tg2576 neurons compared with the WT neurons. In contrast, we observed a marked enhancement of the ER Ca2+ content in the transgenic neurons compared with the WT neurons, thus identifying the organellar Ca2+ dyshomeostasis as a putative biomarker of the AD pathology. Importantly, the inhibition of NCX3 through KB-R7943 significantly reduced the ER Ca2+ levels in the Tg2576 hippocampal neurons, hence showing that the increased Ca2+ influx through reverse NCX3 contributed to enhance the Ca2+ refilling into the ER of these neurons. On the other hand, the reduction of the ER Ca2+ content induced by KB-R7943 in the WT neurons indicated that NCX3 plays a key role in the ER Ca2+ replenishment in hippocampal neurons also in physiological conditions. These results are in line with several studies showing that NCX is located at the plasma membrane next to the junctional ER in numerous cell types (Blaustein et al., 2002; Lencesova et al., 2004; Fameli et al., 2007; Di Giuro et al., 2017), where it participates in ER Ca2+ handling. In agreement, many experimental data reported thus far have supported the concept that the entire NCX family is involved in the regulation of Ca2+ levels in the ER and in the sarcoplasmic reticulum (SR) by working in its reverse modality (Hirota et al., 2007; Lemos et al., 2007; Sirabella et al., 2009; Di Giuro et al., 2017). In particular, NCX has been recognized as an important mediator of Ca2+ influx in vascular smooth muscle cells (Poburko et al., 2007; Lee et al., 2012; Fameli et al., 2007; van Breemen et al., 2013), where its spatial and functional linkage to the SERCA pump allows the SR Ca2+ refilling that sustains [Ca2+]i oscillations underlying smooth muscle contraction (Fameli et al., 2007; van Breemen et al., 2013). Moreover, it has been demonstrated that NCX is functionally coupled with the transient receptor channel protein 6 (TRPC6) at specialized SR/ER-plasma membrane junctions, where it mediates Ca2+ influx and hence regulates SR Ca2+ content following the localized intracellular Na+ concentration elevations mediated by TRPC6 (Poburko et al., 2007).
While in muscle cells the SR-mediated Ca2+ signalling is essential for excitation-contraction coupling, in central neurons the ER represents a dynamic Ca2+ reservoir indispensable for neuronal signalling. Moreover, as it constitutes the location of protein synthesis and post-translational folding, the ER may be also considered a regulator of cell fate. Indeed, any alteration of ER Ca2+ homeostasis, including severe changes in luminal Ca2+ levels, may trigger the unfolded protein response and ER stress, thus turning the ER in a potential source of cell death signals (Morishima et al., 2002; Verkhratsky and Petersen, 2002; Verkhratsky, 2004; 2005). Such a mechanism has been reported in a variety of AD models and is currently considered a crucial aspect of the AD pathogenesis (Verkhratsky and Toescu, 2003; Alberdi et al., 2013; Pannaccione et al., 2020; Salminen et al., 2020; Uddin et al., 2020). Indeed, Aβ oligomers may affect ER Ca2+ homeostasis by inducing an exaggerated Ca2+ release or interacting with ER-residing Ca2+ regulators such as ryanodine and inositol triphosphate receptors (Ferreiro et al., 2004; Costa et al., 2012; Alberdi et al., 2013; Wang and Zheng, 2019; Pannaccione et al., 2020). ER Ca2+ dyshomeostasis, in turn, may exert detrimental effects on neuronal function and survival and, likewise damaging, may favour the APP amyloidogenic processing and subsequent Aβ accumulation hence triggering a vicious circle (Paschen, 2001).
In this context, the NCX-mediated Ca2+ refilling into the ER, counteracting the reduction of the ER Ca2+ levels and preventing the ER stress cascade, may be determinant for neuronal survival. Of note, previous works have demonstrated that the ER Ca2+ refilling mediated by NCX, in particular the isoform 1, represents a protective mechanism helping cortical neurons to survive anoxic conditions (Sirabella et al., 2009; Sisalli et al., 2014). More importantly, our previous study on primary hippocampal neurons exposed to exogenous Aβ1–42 oligomers demonstrated that the increased reverse activity of NCX3 in the early phase contributed to a Ca2+ refilling into the ER, thus preventing an ER Ca2+ content reduction, ER stress activation and apoptotic cell death. Remarkably, the silencing or the knocking-out of the NCX3 gene prevented the enhancement of both the INCX and Ca2+ content in the ER stores and, in turn, activated caspase-12 (Pannaccione et al., 2012). Likewise, NCX3 loss in a late phase of Aβ exposure induced the activation of caspase-12 and the subsequent apoptotic cell death (Pannaccione et al., 2012). Interestingly, while NCX3 upregulation abruptly ceased in the late phase of a single exposure to exogenous Aβ1–42 oligomers, we did not observe any reduction of the INCX in the Tg2576 neurons over time in culture. This result could be explained by the fact that Tg2576 primary neurons progressively accumulate intracellular and extracellular Aβ over time in culture, with the highest Aβ burden observed at 19–21 DIV (Takahashi et al., 2004; Almeida et al., 2005). Importantly, an increased NCX activity had been already observed by Colvin and colleagues (1991) as Na+-dependent Ca2+ uptake in AD brains. In particular, an increased NCX activity was observed in the surviving neurons of AD brain areas suffering neurodegeneration. Although the exact mechanism involving the NCX upregulation was not clear, the authors concluded that NCX could have a role in the survival mechanisms implemented by the AD-affected neurons (Colvin et al., 1991). Based on our findings, we suggest that the neuroprotective effect of NCX observed in the AD neurons could be related to the ER Ca2+ remodelling.
We have previously shown that the INa carried by the NaV1.6 channels were upregulated in the Tg2576 hippocampal neurons (Ciccone et al., 2019). Interestingly, our co-expression studies revealed that in Tg2576 hippocampal neurons at 12 DIV, a time point displaying the maximum NCX3 activity and the upregulation of NaV1.6 currents (Ciccone et al., 2019), both the NaV1.6 and NCX3 immunoreactivities clustered along several cellular domains of both the soma and neurites, thus suggesting their possible functional coupling. In support of this observation, we provided evidence that the upregulation of the reverse INCX in the 12 DIV Tg2576 neurons was significantly reduced by inhibiting the NaV1.6 currents. In particular, we found that the widely used NaV channel blocker TTX, by restricting the Na+ entry through the NaV1.6 channels, was able to significantly reduce the reverse INCX in the Tg2576 hippocampal neurons. Similarly, but to a lesser extent, also anisomycin, which induces the selective endocytosis of NaV1.6 and the subsequent reduction of NaV1.6 currents on the plasma membrane (Wittmack et al., 2005; Gasser et al., 2010; Ciccone et al., 2019), was able to decrease the INCX in the Tg2576 hippocampal neurons. These results suggested that the NaV1.6 over-expression and functional upregulation were responsible for the increased activation of the reverse mode of NCX in the Tg2576 hippocampal neurons. Of note, both TTX and anisomycin reduced the reverse INCX also in the WT neurons, a result suggesting that the Na+ influx through NaV1.6 channels could be one of the major Na+ sources inducing NCX3 reversal in hippocampal neurons also in physiological conditions. However, we cannot exclude the possibility that the modulation of the NCX3 expression pattern, namely the increase of the expression of the NCX3 truncated isoform, might contribute to enhance the reverse INCX in the Tg2576 hippocampal neurons to further potentiate the Ca2+ uptake.
The concept that the NaV channels may play a key role in the interplay between the Na+ and Ca2+ cycling by modulating the NCX working modality has emerged from several studies. In particular, different experimental models of multiple sclerosis, astrogliosis and arrhythmogenesis have suggested that the NaV/NCX co-localization supports NCX reversal following NaV-mediated Na+ influx (Craner et al., 2004a; Craner et al., 2004b; Floyd et al., 2005; Larbig et al., 2010; Pappalardo et al., 2014; Radwański et al., 2016; Struckman et al., 2020). Indeed, although the rapid inactivation of NaV currents could theoretically prevent a Na+ elevation sufficiently high to induce NCX reversal, the NaV/NCX proximity in a restricted microdomain may in fact generate a localized Na+ increase capable of activating the NCX reverse mode. The Ca2+ entry induced by NCX reversal following the NaV-mediated Na+ influx has been implicated in certain pathological conditions such as mechanical strain injury and in vitro astrogliosis (Floyd et al., 2005; Pappalardo et al., 2014). Pappalardo and colleagues (2014), in particular, showed that the [Ca2+]i fluctuations through the reverse operation of NCX triggered by the NaV1.5 subunit contributed to the astrocytic response to mechanical injury (Pappalardo et al., 2014). Evidence suggesting that the NaV/NCX coupling might instead have a detrimental impact on cell functions has been provided by different studies focusing on axonal degeneration in multiple sclerosis. Craner and colleagues demonstrated that the NaV1.6 channels were extensively expressed on demyelinated axons and strongly associated with NCX in injured axonal regions (Craner et al., 2004a; Craner et al., 2004b). Based on these results, the authors speculated that NaV1.6 and NCX, inducing the accumulation of intra-axonal calcium, could participate in a cascade of deleterious events such as protease activation and mitochondrial failure leading to axonal injury. Nevertheless, due to the absence of functional analyses of the NaV1.6 and NCX activity, these studies did not clarify the exact implication of the increased Na+ influx nor whether the Ca2+ entering through reverse NCX underwent a further compartmentalization in order to trigger specific pathways. In this regard, it was shown that the inhibition of neuronal electrical activity with TTX reduced the number of myelinated fibers (Demerens et al., 1996) and decreased the proliferation of oligodendrocyte precursor cells (Barres and Raff, 1993), thus positively implicating TTX-sensitive Na+ currents and axonal electrical activity in the myelinogenesis process.
In the present study, we have found that the INa mediated by the NaV1.6 channel not only are crucial players in neuronal hyperexcitability (Patel et al., 2016; Wang et al., 2016; Ciccone et al., 2019; Zybura et al., 2021), but also modulate [Ca2+]i by inducing the activation of the NCX reverse activity thus providing a Ca2+ source from the extracellular space to refill the ER Ca2+ stores. This evidence sheds new light on the NaV1.6 upregulation in AD neurons and suggests that its downstream effects may also depend on channel sub-cellular localization as well as on NaV1.6 interacting proteins.
CONCLUSION
The present study has shown that NCX3 activity was upregulated in the reverse, Ca2+ influx mode in Tg2576 hippocampal neurons. Moreover, the enhanced reverse activity of NCX3 was associated with an increased Ca2+ refilling into the ER. Notably, functional experiments have indicated that the NaV1.6 channels, upregulated in the Tg2576 hippocampal neurons, were responsible for the increased activation of the NCX reverse mode, while confocal analyses have shown that their co-localization increased in the Tg2576 hippocampal neurons in comparison with the WT.
Collectively, these data reinforce the concept that the NCX3-mediated replenishment of the ER Ca2+ stores is a crucial mechanism intervening in neuronal homeostasis and promoting neuronal survival under pathological conditions such as those induced by Aβ1–42 oligomers. In addition, the observation that the reverse activity of NCX3 is driven by the Na+ influx mediated by NaV1.6 channels implies a possible functional link between NaV channels and Ca2+ homeostasis and provides a new outcome of the NaV1.6 upregulation in AD hippocampal neurons.
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.
ETHICS STATEMENT
The animal study was reviewed and approved by the Care and Use Committee of “Federico II” University of Naples.
AUTHOR CONTRIBUTIONS
AP and IP conceived the study. IP, RC, AS, FB, VT, VdR, and PC performed all the experiments. IP, AS, and AP wrote the manuscript. AP, AS, and LA reviewed and edited the final draft of the manuscript.
FUNDING
This study was supported by the following grants: Programma di finanziamento linea-1 54_2020_FRA to AP; Progetto Speciale di Ateneo CA.04_CDA_n_103 March 27, 2019 to AS, and Programma di finanziamento linea-1 54_2020_FRA to AS; Programma Operativo Nazionale (PON PERMEDNET ArSol-1226) from the Italian Ministry of Research, MIUR, to LA.
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.
REFERENCES
 Akin, E. J., Solé, L., Dib-Hajj, S. D., Waxman, S. G., and Tamkun, M. M. (2015). Preferential Targeting of Nav1.6 Voltage-Gated Na+ Channels to the Axon Initial Segment during Development. PLoS One 10, e0124397. doi:10.1371/journal.pone.0124397
 Akin, E. J., Solé, L., Johnson, B., Beheiry, M. E., Masson, J. B., Krapf, D., et al. (2016). Single-Molecule Imaging of Nav1.6 on the Surface of Hippocampal Neurons Reveals Somatic Nanoclusters. Biophys. J. 111, 1235–1247. doi:10.1016/j.bpj.2016.08.016
 Alberdi, E., Wyssenbach, A., Alberdi, M., Sánchez-Gómez, M. V., Cavaliere, F., Rodríguez, J. J., et al. (2013). Ca(2+) -dependent Endoplasmic Reticulum Stress Correlates with Astrogliosis in Oligomeric Amyloid β-treated Astrocytes and in a Model of Alzheimer's Disease. Aging Cell 12, 292–302. doi:10.1111/acel.12054
 Almeida, C. G., Tampellini, D., Takahashi, R. H., Greengard, P., Lin, M. T., Snyder, E. M., et al. (2005). Beta-amyloid Accumulation in APP Mutant Neurons Reduces PSD-95 and GluR1 in Synapses. Neurobiol. Dis. 20, 187–198. doi:10.1016/j.nbd.2005.02.008
 Andrikopoulos, P., Kieswich, J., Harwood, S. M., Baba, A., Matsuda, T., Barbeau, O., et al. (2015). Endothelial Angiogenesis and Barrier Function in Response to Thrombin Require Ca2+ Influx through the Na+/Ca2+ Exchanger. J. Biol. Chem. 290, 18412–18428. doi:10.1074/jbc.M114.628156
 Annunziato, L., Pignataro, G., and Di Renzo, G. F. (2004). Pharmacology of Brain Na+/Ca2+ Exchanger: from Molecular Biology to Therapeutic Perspectives. Pharmacol. Rev. 56, 633–654. doi:10.1124/pr.56.4.5
 Annunziato, L., Secondo, A., Pignataro, G., Scorziello, A., and Molinaro, P. (2020). New Perspectives for Selective NCX Activators in Neurodegenerative Diseases. Cell Calcium 87, 102170. doi:10.1016/j.ceca.2020.102170
 Barres, B. A., and Raff, M. C. (1993). Proliferation of Oligodendrocyte Precursor Cells Depends on Electrical Activity in Axons. Nature 361, 258–260. doi:10.1038/361258a0
 Berridge, M. J. (2010). Calcium Hypothesis of Alzheimer's Disease. Pflugers Arch. 459, 441–449. doi:10.1007/s00424-009-0736-1
 Blaustein, M. P., Juhaszova, M., Golovina, V. A., Church, P. J., and Stanley, E. F. (2002). Na/Ca Exchanger and PMCA Localization in Neurons and Astrocytes: Functional Implications. Ann. N. Y. Acad. Sci. 976, 356–366. doi:10.1111/j.1749-6632.2002.tb04762.x
 Blaustein, M. P., and Lederer, W. J. (1999). Sodium/calcium Exchange: its Physiological Implications. Physiol. Rev. 79, 763–854. doi:10.1152/physrev.1999.79.3.763
 Boscia, F., D'Avanzo, C., Pannaccione, A., Secondo, A., Casamassa, A., Formisano, L., et al. (2012). Silencing or Knocking Out the Na(+)/Ca(2+) Exchanger-3 (NCX3) Impairs Oligodendrocyte Differentiation. Cell Death Differ 19, 562–572. doi:10.1038/cdd.2011.125
 Boscia, F., de Rosa, V., Cammarota, M., Secondo, A., Pannaccione, A., and Annunziato, L. (2020). The Na+/Ca2+ Exchangers in Demyelinating Diseases. Cell Calcium 85, 102130. doi:10.1016/j.ceca.2019.102130
 Boscia, F., Pannaccione, A., Ciccone, R., Casamassa, A., Franco, C., Piccialli, I., et al. (2017). The Expression and Activity of KV3.4 Channel Subunits Are Precociously Upregulated in Astrocytes Exposed to Aβ Oligomers and in Astrocytes of Alzheimer's Disease Tg2576 Mice. Neurobiol. Aging 54, 187–198. doi:10.1016/j.neurobiolaging.2017.03.008
 Brazhe, A. R., Verisokin, A. Y., Verveyko, D. V., and Postnov, D. E. (2018). Sodium-Calcium Exchanger Can Account for Regenerative Ca2+ Entry in Thin Astrocyte Processes. Front. Cel. Neurosci. 12, 250. doi:10.3389/fncel.2018.00250
 Cammarota, M., de Rosa, V., Pannaccione, A., Secondo, A., Tedeschi, V., Piccialli, I., et al. (2021). Rebound Effects of NCX3 Pharmacological Inhibition: A Novel Strategy to Accelerate Myelin Formation in Oligodendrocytes. Biomed. Pharmacother. 143, 112111. doi:10.1016/j.biopha.2021.112111
 Caputo, I., Secondo, A., Lepretti, M., Paolella, G., Auricchio, S., Barone, M. V., et al. (2012). Gliadin Peptides Induce Tissue Transglutaminase Activation and ER-Stress through Ca2+ Mobilization in Caco-2 Cells. PLoS One 7, e45209. doi:10.1371/journal.pone.0045209
 Chakroborty, S., and Stutzmann, G. E. (2014). Calcium Channelopathies and Alzheimer's Disease: Insight into Therapeutic success and Failures. Eur. J. Pharmacol. 739, 83–95. doi:10.1016/j.ejphar.2013.11.012
 Ciccone, R., Franco, C., Piccialli, I., Boscia, F., Casamassa, A., de Rosa, V., et al. (2019). Amyloid β-Induced Upregulation of Nav1.6 Underlies Neuronal Hyperactivity in Tg2576 Alzheimer's Disease Mouse Model. Sci. Rep. 9, 13592. doi:10.1038/s41598-019-50018-1
 Colvin, R. A., Bennett, J. W., Colvin, S. L., Allen, R. A., Martinez, J., and Miner, G. D. (1991). Na+/Ca2+ Exchange Activity Is Increased in Alzheimer's Disease Brain Tissues. Brain Res. 543, 139–147. doi:10.1016/0006-8993(91)91056-7
 Colvin, R. A., Davis, N., Wu, A., Murphy, C. A., and Levengood, J. (1994). Studies of the Mechanism Underlying Increased Na+/Ca2+ Exchange Activity in Alzheimer's Disease Brain. Brain Res. 665, 192–200. doi:10.1016/0006-8993(94)91338-2
 Costa, R. O., Ferreiro, E., Martins, I., Santana, I., Cardoso, S. M., Oliveira, C. R., et al. (2012). Amyloid β-induced ER Stress Is Enhanced under Mitochondrial Dysfunction Conditions. Neurobiol. Aging 33, 824, e5-16. e5. doi:10.1016/j.neurobiolaging.2011.04.011
 Craner, M. J., Hains, B. C., Lo, A. C., Black, J. A., and Waxman, S. G. (2004a). Co-localization of Sodium Channel Nav1.6 and the Sodium-Calcium Exchanger at Sites of Axonal Injury in the Spinal Cord in EAE. Brain 127, 294–303. doi:10.1093/brain/awh032
 Craner, M. J., Newcombe, J., Black, J. A., Hartle, C., Cuzner, M. L., and Waxman, S. G. (2004b). Molecular Changes in Neurons in Multiple Sclerosis: Altered Axonal Expression of Nav1.2 and Nav1.6 Sodium Channels and Na+/Ca2+ Exchanger. Proc. Natl. Acad. Sci. U. S. A. 101, 8168–8173. doi:10.1073/pnas.0402765101
 Criscuolo, C., Cianflone, A., Lanzillo, R., Carrella, D., Carissimo, A., Napolitano, F., et al. (2019). Glatiramer Acetate Modulates Ion Channels Expression and Calcium Homeostasis in B Cell of Patients with Relapsing-Remitting Multiple Sclerosis. Sci. Rep. 9, 4208. doi:10.1038/s41598-018-38152-8
 Czyz, A., and Kiedrowski, L. (2002). In Depolarized and Glucose-Deprived Neurons, Na+ Influx Reverses Plasmalemmal K+-dependent and K+-independent Na+/Ca2+ Exchangers and Contributes to NMDA Excitotoxicity. J. Neurochem. 83, 1321–1328. doi:10.1046/j.1471-4159.2002.01227.x
 de Rosa, V., Secondo, A., Pannaccione, A., Ciccone, R., Formisano, L., Guida, N., et al. (2019). D-aspartate Treatment Attenuates Myelin Damage and Stimulates Myelin Repair. EMBO Mol. Med. 11, e9278. doi:10.15252/emmm.201809278
 Demerens, C., Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, F., et al. (1996). Induction of Myelination in the central Nervous System by Electrical Activity. Proc. Natl. Acad. Sci. U. S. A. 93, 9887–9892. doi:10.1073/pnas.93.18.9887
 Di Giuro, C. M. L., Shrestha, N., Malli, R., Groschner, K., van Breemen, C., and Fameli, N. (2017). Na +/Ca2+ Exchangers and Orai Channels Jointly Refill Endoplasmic Reticulum (ER) Ca2+ via ER Nanojunctions in Vascular Endothelial Cells. Pflugers Arch. 469, 1287–1299. doi:10.1007/s00424-017-1989-8
 Etcheberrigaray, R., Hirashima, N., Nee, L., Prince, J., Govoni, S., Racchi, M., et al. (1998). Calcium Responses in Fibroblasts from Asymptomatic Members of Alzheimer's Disease Families. Neurobiol. Dis. 5, 37–45. doi:10.1006/nbdi.1998.0176
 Fameli, N., van Breemen, C., and Kuo, K. H. (2007). A quantitative model for linking Na+/Ca2+ exchanger to SERCA during refilling of the sarcoplasmic reticulum to sustain [Ca2+] oscillations in vascular smooth muscle. Cell Calcium 42, 565-575. doi:10.1016/j.ceca.2007.02.001.10.1016/j.ceca.2007.02.001
 Ferreiro, E., Oliveira, C. R., and Pereira, C. (2004). Involvement of Endoplasmic Reticulum Ca2+ Release through Ryanodine and Inositol 1,4,5-triphosphate Receptors in the Neurotoxic Effects Induced by the Amyloid-Beta Peptide. J. Neurosci. Res. 76, 872–880. doi:10.1002/jnr.20135
 Floyd, C. L., Gorin, F. A., and Lyeth, B. G. (2005). Mechanical Strain Injury Increases Intracellular Sodium and Reverses Na+/Ca2+ Exchange in Cortical Astrocytes. Glia 51, 35–46. doi:10.1002/glia.20183
 Gabellini, N., Zatti, A., Rispoli, G., Navangione, A., and Carafoli, E. (1996). Expression of an Active Na+/Ca2+ Exchanger Isoform Lacking the Six C-Terminal Transmembrane Segments. Eur. J. Biochem. 239, 897–904. doi:10.1111/j.1432-1033.1996.0897u.x
 Gasser, A., Cheng, X., Gilmore, E. S., Tyrrell, L., Waxman, S. G., and Dib-Hajj, S. D. (2010). Two Nedd4-Binding Motifs Underlie Modulation of Sodium Channel Nav1.6 by P38 MAPK. J. Biol. Chem. 285, 26149–26161. doi:10.1074/jbc.M109.098681
 Gerkau, N. J., Rakers, C., Petzold, G. C., and Rose, C. R. (2017). Differential Effects of Energy Deprivation on Intracellular Sodium Homeostasis in Neurons and Astrocytes. J. Neurosci. Res. 95, 2275–2285. doi:10.1002/jnr.23995
 Gershome, C., Lin, E., Kashihara, H., Hove-Madsen, L., and Tibbits, G. F. (2010). Colocalization of Voltage-Gated Na+ Channels with the Na+/Ca2+ Exchanger in Rabbit Cardiomyocytes during Development. Am. J. Physiol. Heart Circ. Physiol. 300, H300–H311. doi:10.1152/ajpheart.00798.2010
 Gomez-Villafuertes, R., Mellström, B., and Naranjo, J. R. (2007). Searching for a Role of NCX/NCKX Exchangers in Neurodegeneration. Mol. Neurobiol. 35, 195–202. doi:10.1007/s12035-007-0007-0
 Grynkiewicz, G., Poenie, M., and Tsien, R. Y. (1985). A New Generation of Ca2+ Indicators with Greatly Improved Fluorescence Properties. J. Biol. Chem. 260, 3440–3450. doi:10.1016/s0021-9258(19)83641-4
 Hammann, J., Bassetti, D., White, R., Luhmann, H. J., and Kirischuk, S. (2018). α2 Isoform of Na+,K+-ATPase via Na+,Ca2+ Exchanger Modulates Myelin Basic Protein Synthesis in Oligodendrocyte Lineage Cells In Vitro. Cell Calcium 73, 1–10. doi:10.1016/j.ceca.2018.03.003
 Hirota, S., Pertens, E., and Janssen, L. J. (2007). The Reverse Mode of the Na(+)/Ca(2+) Exchanger Provides a Source of Ca(2+) for Store Refilling Following Agonist-Induced Ca(2+) Mobilization. Am. J. Physiol. Lung Cel. Mol. Physiol. 292, L438–L447. doi:10.1152/ajplung.00222.2006
 Iwamoto, T., and Shigekawa, M. (1998). Differential Inhibition of Na+/Ca2+ Exchanger Isoforms by Divalent Cations and Isothiourea Derivative. Am. J. Physiol. 275, C423–C430. doi:10.1152/ajpcell.1998.275.2.C423
 Larbig, R., Torres, N., Bridge, J. H., Goldhaber, J. I., and Philipson, K. D. (2010). Activation of Reverse Na+-Ca2+ Exchange by the Na+ Current Augments the Cardiac Ca2+ Transient: Evidence from NCX Knockout Mice. J. Physiol. 588, 3267–3276. doi:10.1113/jphysiol.2010.187708
 Lee, S. H., Kim, K. R., Ryu, S. Y., Son, S., Hong, H. S., Mook-Jung, I., et al. (2012). Impaired Short-Term Plasticity in Mossy Fiber Synapses Caused by Mitochondrial Dysfunction of Dentate Granule Cells Is the Earliest Synaptic Deficit in a Mouse Model of Alzheimer's Disease. J. Neurosci. 32, 5953–5963. doi:10.1523/JNEUROSCI.0465-12.2012
 Lemos, V. S., Poburko, D., Liao, C. H., Cole, W. C., and van Breemen, C. (2007). Na+ Entry via TRPC6 Causes Ca2+ Entry via NCX Reversal in ATP Stimulated Smooth Muscle Cells. Biochem. Biophys. Res. Commun. 352, 130–134. doi:10.1016/j.bbrc.2006.10.160
 Lencesova, L., O'Neill, A., Resneck, W. G., Bloch, R. J., and Blaustein, M. P. (2004). Plasma Membrane-Cytoskeleton-Endoplasmic Reticulum Complexes in Neurons and Astrocytes. J. Biol. Chem. 279, 2885–2893. doi:10.1074/jbc.M310365200
 Lindgren, R. M., Zhao, J., Heller, S., Berglind, H., and Nistér, M. (2005). Molecular Cloning and Characterization of Two Novel Truncated Isoforms of Human Na+/Ca2+ Exchanger 3, Expressed in Fetal Brain. Gene 348, 143–155. doi:10.1016/j.gene.2005.01.003
 Michel, L. Y., Hoenderop, J. G., and Bindels, R. J. (2016). Calpain-3-mediated Regulation of the Na⁺-Ca²⁺ Exchanger Isoform 3. Pflugers Arch. 468, 243–255. doi:10.1007/s00424-015-1747-8
 Michel, L. Y., Hoenderop, J. G., and Bindels, R. J. (2015). Towards Understanding the Role of the Na²⁺-Ca²⁺ Exchanger Isoform 3. Rev. Physiol. Biochem. Pharmacol. 168, 31–57. doi:10.1007/112_2015_23
 Molinaro, P., Cuomo, O., Pignataro, G., Boscia, F., Sirabella, R., Pannaccione, A., et al. (2008). Targeted Disruption of Na+/Ca2+ Exchanger 3 (NCX3) Gene Leads to a Worsening of Ischemic Brain Damage. J. Neurosci. 28, 1179–1184. doi:10.1523/JNEUROSCI.4671-07.2008
 Morishima, N., Nakanishi, K., Takenouchi, H., Shibata, T., and Yasuhiko, Y. (2002). An Endoplasmic Reticulum Stress-specific Caspase cascade in Apoptosis. Cytochrome C-independent Activation of Caspase-9 by Caspase-12. J. Biol. Chem. 277, 34287–34294. doi:10.1074/jbc.M204973200
 Pannaccione, A., Piccialli, I., Secondo, A., Ciccone, R., Molinaro, P., Boscia, F., et al. (2020). The Na+/Ca2+exchanger in Alzheimer's Disease. Cell Calcium 87, 102190. doi:10.1016/j.ceca.2020.102190
 Pannaccione, A., Secondo, A., Molinaro, P., D'Avanzo, C., Cantile, M., Esposito, A., et al. (2012). A New Concept: Aβ1-42 Generates a Hyperfunctional Proteolytic NCX3 Fragment that Delays Caspase-12 Activation and Neuronal Death. J. Neurosci. 32, 10609–10617. doi:10.1523/JNEUROSCI.6429-11.2012
 Pappalardo, L. W., Samad, O. A., Black, J. A., and Waxman, S. G. (2014). Voltage-gated Sodium Channel Nav 1.5 Contributes to Astrogliosis in an In Vitro Model of Glial Injury via Reverse Na+ /Ca2+ Exchange. Glia 62, 1162–1175. doi:10.1002/glia.22671
 Paschen, W. (2001). Dependence of Vital Cell Function on Endoplasmic Reticulum Calcium Levels: Implications for the Mechanisms Underlying Neuronal Cell Injury in Different Pathological States. Cell Calcium 29, 1–11. doi:10.1054/ceca.2000.0162
 Patel, R. R., Barbosa, C., Brustovetsky, T., Brustovetsky, N., and Cummins, T. R. (2016). Aberrant Epilepsy-Associated Mutant Nav1.6 Sodium Channel Activity Can Be Targeted with Cannabidiol. Brain 139, 2164–2181. doi:10.1093/brain/aww129
 Poburko, D., Liao, C. H., Lemos, V. S., Lin, E., Maruyama, Y., Cole, W. C., et al. (2007). Transient Receptor Potential Channel 6-mediated, Localized Cytosolic [Na+] Transients Drive Na+/Ca2+ Exchanger-Mediated Ca2+ Entry in Purinergically Stimulated Aorta Smooth Muscle Cells. Circ. Res. 101, 1030–1038. doi:10.1161/CIRCRESAHA.107.155531
 Querfurth, H. W., and LaFerla, F. M. (2010). Alzheimer's Disease. N. Engl. J. Med. 362, 329–344. doi:10.1056/NEJMra0909142
 Radwański, P. B., Ho, H. T., Veeraraghavan, R., Brunello, L., Liu, B., Belevych, A. E., et al. (2016). Neuronal Na+ Channels Are Integral Components of Pro-arrhythmic Na+/Ca2+ Signaling Nanodomain that Promotes Cardiac Arrhythmias during β-adrenergic Stimulation. JACC Basic Transl. Sci. 1, 251–266. doi:10.1016/j.jacbts.2016.04.004
 Royeck, M., Horstmann, M. T., Remy, S., Reitze, M., Yaari, Y., and Beck, H. (2008). Role of Axonal NaV1.6 Sodium Channels in Action Potential Initiation of CA1 Pyramidal Neurons. J. Neurophysiol. 100, 2361–2380. doi:10.1152/jn.90332.2008
 Saad, M., Brkanac, Z., and Wijsman, E. M. (2015). Family-based Genome Scan for Age at Onset of Late-Onset Alzheimer's Disease in Whole Exome Sequencing Data. Genes Brain Behav. 14, 607–617. doi:10.1111/gbb.12250
 Salminen, A., Kaarniranta, K., and Kauppinen, A. (2020). ER Stress Activates Immunosuppressive Network: Implications for Aging and Alzheimer's Disease. J. Mol. Med. (Berl) 98, 633–650. doi:10.1007/s00109-020-01904-z
 Secondo, A., Esposito, A., Sirabella, R., Boscia, F., Pannaccione, A., Molinaro, P., et al. (2015). Involvement of the Na+/Ca2+ Exchanger Isoform 1 (NCX1) in Neuronal Growth Factor (NGF)-induced Neuronal Differentiation through Ca2+-dependent Akt Phosphorylation. J. Biol. Chem. 290, 1319–1331. doi:10.1074/jbc.M114.555516
 Secondo, A., Petrozziello, T., Tedeschi, V., Boscia, F., Pannaccione, A., Molinaro, P., et al. (2020). Nuclear Localization of NCX: Role in Ca2+ Handling and Pathophysiological Implications. Cell Calcium 86, 102143. doi:10.1016/j.ceca.2019.102143
 Secondo, A., Petrozziello, T., Tedeschi, V., Boscia, F., Vinciguerra, A., Ciccone, R., et al. (2019). ORAI1/STIM1 Interaction Intervenes in Stroke and in Neuroprotection Induced by Ischemic Preconditioning through Store-Operated Calcium Entry. Stroke 50, 1240–1249. doi:10.1161/STROKEAHA.118.024115
 Sikora, G., Wyłomańska, A., Gajda, J., Solé, L., Akin, E. J., Tamkun, M. M., et al. (2017). Elucidating Distinct Ion Channel Populations on the Surface of Hippocampal Neurons via Single-Particle Tracking Recurrence Analysis. Phys. Rev. E. 96, 062404. doi:10.1103/PhysRevE.96.062404
 Sirabella, R., Secondo, A., Pannaccione, A., Scorziello, A., Valsecchi, V., Adornetto, A., et al. (2009). Anoxia-induced NF-kappaB-dependent Upregulation of NCX1 Contributes to Ca2+ Refilling into Endoplasmic Reticulum in Cortical Neurons. Stroke 40, 922–929. doi:10.1161/STROKEAHA.108.531962
 Sisalli, M. J., Secondo, A., Esposito, A., Valsecchi, V., Savoia, C., Di Renzo, G. F., et al. (2014). Endoplasmic Reticulum Refilling and Mitochondrial Calcium Extrusion Promoted in Neurons by NCX1 and NCX3 in Ischemic Preconditioning Are Determinant for Neuroprotection. Cel Death Differ 21, 1142–1149. doi:10.1038/cdd.2014.32
 Sokolow, S., Luu, S. H., Headley, A. J., Hanson, A. Y., Kim, T., Miller, C. A., et al. (2011). High Levels of Synaptosomal Na(+)-Ca(2+) Exchangers (NCX1, NCX2, NCX3) Co-localized with Amyloid-Beta in Human Cerebral Cortex Affected by Alzheimer's Disease. Cell Calcium 49, 208–216. doi:10.1016/j.ceca.2010.12.008
 Solé, L., and Tamkun, M. M. (2020). Trafficking Mechanisms Underlying Nav Channel Subcellular Localization in Neurons. Channels (Austin) 14, 1–17. doi:10.1080/19336950.2019.1700082
 Struckman, H. L., Baine, S., Thomas, J., Mezache, L., Mykytyn, K., Györke, S., et al. (2020). Super-Resolution Imaging Using a Novel High-Fidelity Antibody Reveals Close Association of the Neuronal Sodium Channel NaV1.6 with Ryanodine Receptors in Cardiac Muscle. Microsc. Microanal. 26, 157–165. doi:10.1017/S1431927619015289
 Takahashi, R. H., Almeida, C. G., Kearney, P. F., Yu, F., Lin, M. T., Milner, T. A., et al. (2004). Oligomerization of Alzheimer's Beta-Amyloid within Processes and Synapses of Cultured Neurons and Brain. J. Neurosci. 24, 3592–3599. doi:10.1523/JNEUROSCI.5167-03.2004
 Takahashi, R. H., Capetillo-Zarate, E., Lin, M. T., Milner, T. A., and Gouras, G. K. (2013). Accumulation of Intraneuronal β-amyloid 42 Peptides Is Associated with Early Changes in Microtubule-Associated Protein 2 in Neurites and Synapses. PLoS One 8, e51965. doi:10.1371/journal.pone.0051965
 Tedeschi, V., Petrozziello, T., Sisalli, M. J., Boscia, F., Canzoniero, L. M. T., and Secondo, A. (2019). The Activation of Mucolipin TRP Channel 1 (TRPML1) Protects Motor Neurons from L-BMAA Neurotoxicity by Promoting Autophagic Clearance. Sci. Rep. 9, 10743. doi:10.1038/s41598-019-46708-5
 Tedeschi, V., Sisalli, M. J., Petrozziello, T., Canzoniero, L. M. T., and Secondo, A. (2021). Lysosomal Calcium Is Modulated by STIM1/TRPML1 Interaction Which Participates to Neuronal Survival during Ischemic Preconditioning. FASEB J. 35, e21277. doi:10.1096/fj.202001886R
 Torres, N. S. (2021). Activation of Reverse Na+-Ca2+ Exchanger by Skeletal Na+ Channel Isoform Increases Excitation-Contraction Coupling Efficiency in Rabbit Cardiomyocytes. Am. J. Physiology-Heart Circulatory Physiol. 320, H593–H603. doi:10.1152/ajpheart.00545.2020
 Uddin, M. S., Tewari, D., Sharma, G., Kabir, M. T., Barreto, G. E., Bin-Jumah, M. N., et al. (2020). Molecular Mechanisms of ER Stress and UPR in the Pathogenesis of Alzheimer's Disease. Mol. Neurobiol. 57, 2902–2919. doi:10.1007/s12035-020-01929-y
 Van Breemen, C., Fameli, N., and Evans, A. M. (2013). Pan-junctional sarcoplasmic reticulum in vascular smooth muscle: nanospace Ca2+ transport for site- and function-specific Ca2+ signalling. J. Physiol. 591, 2043-2054. doi:10.1113/jphysiol.2012.246348
 Van Eylen, F., Kamagate, A., and Herchuelz, A. (2001). A New Na/Ca Exchanger Splicing Pattern Identified In Situ Leads to a Functionally Active 70kDa NH(2)-terminal Protein. Cell Calcium 30, 191–198. doi:10.1054/ceca.2001.0223
 Veeraraghavan, R., Györke, S., and Radwański, P. B. (2017). Neuronal Sodium Channels: Emerging Components of the Nano-Machinery of Cardiac Calcium Cycling. J. Physiol. 595, 3823–3834. doi:10.1113/JP273058
 Verkhratsky, A. (2004). Endoplasmic Reticulum Calcium Signaling in Nerve Cells. Biol. Res. 37, 693–699. doi:10.4067/s0716-97602004000400027
 Verkhratsky, A., and Petersen, O. H. (2002). The Endoplasmic Reticulum as an Integrating Signalling Organelle: from Neuronal Signalling to Neuronal Death. Eur. J. Pharmacol. 447, 141–154. doi:10.1016/s0014-2999(02)01838-1
 Verkhratsky, A. (2005). Physiology and Pathophysiology of the Calcium Store in the Endoplasmic Reticulum of Neurons. Physiol. Rev. 85, 201–279. doi:10.1152/physrev.00004.2004
 Verkhratsky, A., and Toescu, E. C. (2003). Endoplasmic Reticulum Ca(2+) Homeostasis and Neuronal Death. J. Cel. Mol. Med. 7, 351–361. doi:10.1111/j.1582-4934.2003.tb00238.x
 Wada, A. (2006). Roles of Voltage-dependent Sodium Channels in Neuronal Development, Pain, and Neurodegeneration. J. Pharmacol. Sci. 102, 253–268. doi:10.1254/jphs.crj06012x
 Wang, X., Zhang, X. G., Zhou, T. T., Li, N., Jang, C. Y., Xiao, Z. C., et al. (2016). Elevated Neuronal Excitability Due to Modulation of the Voltage-Gated Sodium Channel Nav1.6 by Aβ1-42. Front. Neurosci. 10, 94. doi:10.3389/fnins.2016.00094
 Wang, X., and Zheng, W. (2019). Ca2+ Homeostasis Dysregulation in Alzheimer's Disease: a Focus on Plasma Membrane and Cell Organelles. FASEB J. 33, 6697–6712. doi:10.1096/fj.201801751R
 Watano, T., Kimura, J., Morita, T., and Nakanishi, H. (1996). A Novel Antagonist, No. 7943, of the Na+/Ca2+ Exchange Current in guinea-pig Cardiac Ventricular Cells. Br. J. Pharmacol. 119, 555–563. doi:10.1111/j.1476-5381.1996.tb15708.x
 Wittmack, E. K., Rush, A. M., Hudmon, A., Waxman, S. G., and Dib-Hajj, S. D. (2005). Voltage-gated Sodium Channel Nav1.6 Is Modulated by P38 Mitogen-Activated Protein Kinase. J. Neurosci. 25, 6621–6630. doi:10.1523/JNEUROSCI.0541-05.2005
 Zybura, A., Hudmon, A., and Cummins, T. R. (2021). Distinctive Properties and Powerful Neuromodulation of Nav1.6 Sodium Channels Regulates Neuronal Excitability. Cells 10, 1595. doi:10.3390/cells10071595
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.
Copyright © 2021 Piccialli, Ciccone, Secondo, Boscia, Tedeschi, de Rosa, Cepparulo, Annunziato and Pannaccione. 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/fphar-12-775271-g005.gif





OPS/images/fphar-12-775271-g003.gif
H

T
o wowed 033






OPS/images/fphar-12-775271-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Na+/Ca2+ Exchanger 3 Is Functionally Coupled With the NaV1.6 Voltage-Gated Channel and Promotes an Endoplasmic Reticulum Ca2+ Refilling in a Transgenic Model of Alzheimer’s Disease		Introduction

		Materials and Methods		Animals

		PCR Analysis

		Primary Hippocampal Neurons

		Electrophysiological Recordings: NCX and Na+ Currents

		[Ca2+]i Measurement

		Western Blotting

		Confocal Immunofluorescence Analysis

		Statistical Analysis





		Results		The Activity of NCX Is Significantly Upregulated in the Reverse Mode of Operation in the Tg2576 Hippocampal Neurons

		NCX3 Silencing or Pharmacological Inhibition Prevents the Upregulation of the INCX in the Tg2576 Hippocampal Neurons

		The Enhancement of the NCX3 Activity in the Reverse Mode Participates to the Filling State of ER but Not to the Maintenance of Cytosolic Ca2+ Levels in the Tg2576 Hippocampal Neurons

		The Functional Coupling Between NaV1.6 Channels and NCX3 Exchangers Underlies the Increased Reverse Activity of NCX3 in theTg2576 Hippocampal Neurons





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

The Na*/Ca** Exchanger 3 Is
Functionally Coupled With the
Nay1.6 Voltage-Gated Channel
and Promotes an Endoplasmic
Reticulum Ca®* Refilling in a

Transgenic Model of Alzheimer’s
Disease





OPS/images/fphar-12-775271-g001.gif
ek (PAJPF, % of WT)

g

Tg2576 (12DIV)

wr(i20m)

Mombrane potential (mV)

FoRWARD. ReveRse
X
o s .

WT Tozre Tozere Tazmre Wi

W s Tozere azeTe. WT






OPS/images/fphar-12-775271-g002.gif
W TG T
weo oo

g 8

NCXa truncated fsoform
T

expression (s of W)

&

o









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





