Cell Calcium 80 (2019) 63-70

Contents lists available at ScienceDirect

Cell Calcium

journal homepage: www.elsevier.com/locate/ceca

Check for
updates

Extracellular mild acidosis decreases the Ca®>* permeability of the human
NMDA receptors

Simona Plutino®, Miriam Sciaccaluga”, Sergio Fucile™”"

2 Dipartimento di Fisiologia e Farmacologia “V. Erspamer”, Sapienza Universita di Roma, Rome, Italy
Y JRCCS Neuromed, Pozzilli, Italy

ARTICLE INFO ABSTRACT

Keywords: NMDA receptors (NMDARs) are glutamate-gated ion channels involved in excitatory synaptic transmission and
Neurodegeneration in others physiological processes such as synaptic plasticity and development. The overload of Ca®* ions through
Neuroprotection NMDARSs, caused by an excessive activation of receptors, leads to excitotoxic neuronal cell death. For this reason,

Excitotoxicity
Excitatory synaptic transmission
Neuromodulation

the reduction of Ca®* flux through NMDARs has been a central focus in finding therapeutic strategies to prevent
neuronal cell damage.

Extracellular H* are allosteric modulators of NMDARSs. Starting from previous studies showing that extra-
cellular mild acidosis reduces NMDA-evoked whole cell currents, we analyzed the effects of this condition on the
NMDARs Ca?* permeability, measured as “fractional calcium current” (Py, i.e. the percentage of the total current
carried by Ca®* ions), of human NMDARs NR1/NR2A and NR1/NR2B transiently transfected in Hela cells.
Extracellular mild acidosis significantly reduces P¢ of both human NR1/NR2A and NR1/NR2B NMDARs, also
decreasing single channel conductance in outside out patches for NR1/NR2A receptor. Reduction of Ca®* flux
through NMDARs was also confirmed in cortical neurons in culture. A comparative analysis of both NMDA
evoked Ca®" transients and whole cell currents showed that extracellular H* differentially modulate the per-
meation of Na™ and Ca®* through NMDARs.

Our data highlight the synergy of two distinct neuroprotective mechanisms during acidosis: Ca*>* entry
through NMDARs is lowered due to the modulation of both open probability and Ca®* permeability.
Furthermore, this study provides the proof of concept that it is possible to reduce Ca®>* overload in neurons
modulating the NMDAR Ca®* permeability.

1. Introduction

Neuronal damage and death represent the end point of several
neurological diseases, with different aetiologies and molecular path-
ways, but usually sharing a common excitotoxic step: excessive gluta-
mate-evoked Ca®* entry [1]. In particular, the highly Ca®>* permeable
N-Methyl-D-Aspartate glutamate receptor (NMDAR) is involved in
glutamate excitotoxicity and has been identified as a pharmacological
target in neurodegenerative pathologies and in brain ischemia [2-4].
NMDARs are a family of tetrameric channels with different subunit
compositions, associated with different functional properties, pharma-
cology and subcellular localization for review see [5-7], allowing
substantial Ca®>* entry if activated during depolarization, which elim-
inates the Mg“-dependent channel block [8]. Indeed, the selective

NMDAR open channel blocker memantine is one of the very few
pharmacological tools used in the therapy against Alzheimer disease
[9]. However, the complete inhibition of NMDAR is not compatible
with life, and even its partial block causes several adverse effects [10].
Thus, to find a way to reduce the glutamate-mediated Ca®* overload,
we propose the modulation of NMDAR Ca®" permeability, as already
shown possible with nicotinic acetylcholine receptors nAChRs [11,12].
We identified extracellular H as possible modulators of Ca®* flow
through NMDARs for the following reasons: i) protons are well-de-
scribed negative modulators of NMDAR kinetics [13]; ii) low extra-
cellular pH (pH.) reduces the Ca®>* permeability (measured as frac-
tional Ca®* current, Pf, i.e. the percentage of the total current carried
by Ca?" ions [14,15]) of other cationic channels [16]; iii) extracellular
mild acidosis is neuroprotective [17,18]. In mild acidosis the pH, can

Abbreviations: NMDA, N-Methyl-D-Aspartate; NMDAR, NMDA receptor; pH,, extracellular pH; Py, fractional Ca?* current, i.e. the percentage of the total current
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reach values of 6.8-6.5 [19], able to strongly reduce the open prob-
ability of NMDARSs but not to significantly activate the Ca®>* permeable
acid-sensing ion channels (ASICs), whose pHso value is 5.8 [20].
Therefore, we measured the P; of human NMDARs NR1/NR2 A and
NR1/NR2B transiently transfected in HeLa cells in acidic conditions,
finding for the first time, beside the well-described reduction of the
open probability, a significant reduction of the Ca** permeability at
pH. 6.5. Furthermore, we describe for the first time a slight but

significant reduction of NMDA single-channel conductance in the
same pH, conditions. The pH.-mediated modulation of NMDARs was
confirmed in mouse cortical neurons in culture: extracellular acidosis
decreased NMDA-mediated Ca®>* transients more than expected from
the parallel reduction of whole-cell currents. Our data provide the proof
of concept that Ca>* entry through human NMDARs can be reduced by
lowering the Ca?*/Na™* ratio in the current flowing through these re-
ceptor-channels, highlighting the need to find other pharmacological
modulators acting in the same way.

2. Methods
2.1. Whole-cell currents in transfected HeLa cells

Human epithelial HeLa cells were grown in Dulbecco’s Modified
Eagle Meadium (DMEM) supplemented with 10% heat-inactivated FBS
and 1% penicillin-streptomycin, at 37 °C in a 5% CO, humidified at-
mosphere. Cells were plated on cover slides (8 * 10* cells/ml) and
transiently transfected 24 h later using Magnetofection (Neuromag; OZ
Bioscences, Mairselle, France) according to the manufacturer’s pro-
tocol, adding 0.5 pg human NR1, NR2 A or NR2B cDNA subtype per
well. Recordings were carried out 24-36h following transfection.
Whole-cell currents were recorded at room temperature using bor-
osilicate glass patch pipettes having a tip resistance of 3-5 MQ filled
with the internal solution: for Py measurements, 140 mM CsCl, 10 mM
HEPES and 0.5 mM Fura-2 (pH 7.3); otherwise, 140 mM CsCl, 10 mM
HEPES, pH value was adjusted at 7.3 with CsOH 1 M. The patch series
resistance was compensated by 80-95%, and measurements were per-
formed at holding potential of —70 mV. Cell capacitance was routinely
compensated using the amplifier function and value used to estimate
cell surface. Membrane currents were filtered at 3KHz upon the ac-
quisition with HEKA EPC 800 (HEKA Elektronik, Germany) and ana-
lyzed offline. During recording, cells were continuously superfused
using a gravity-driven perfusion system consisting of independent tubes
for normal and NMDA and Glycine containing external solutions:
140 mM NaCl, 2.8 mM KCl, 2mM CaCl,, 10 mM glucose, and 10 mM
HEPES, pH values were adjusted with NaOH 1M at 7.3, 6.8 and 6.5.
Perfusion tubes were connected to a fast exchanger system (RSC-100;
Bio-logic,Claix, France). Data sampling and analysis were performed
using pClamp10 software (Molecular Devices, Sunnyvale, CA, USA).

2.2. Single channel recordings on transfected HeLa cells

Transfected HeLa cells, with 0.5 uM human NR1 and NR2 A cDNA as
described above, were used for single channel recordings 36-48 h fol-
lowing transfection. Single channel recordings were performed from
excised outside-out patches with HEKA EPC 800 (HEKA Elektronik,
Germany) at room temperature using borosilicate glass patch pipettes
having a tip resistance of 3-5 MQ filled with the internal solution:
140 mM CsCl, 10 mM HEPES, pH value was adjusted at 7.3 with CsOH
1 M. The holding potential was —70 mV. External solution contained:
140 mM NacCl, 2.8 mM KCl, 2mM CaCl,, 10 mM glucose, and 10 mM
HEPES, pH values were adjusted with NaOH 1 M at 6.5 and 7.3. NR1/
NR2A channels in patches were activated by addition of NMDA 200 p M
and glycine 50 uM to the external solution. Responses were recorded
during continuous perfusion of the agonist-containing external solu-
tions at different pH values (7.3, 6.5) using a gravity-driven perfusion
system consisting of independent tubes connected to a fast exchanger
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system (RSC-100; Bio-Logic, Claix, France). Voltage-clamp recordings
were filtered at 5kHz and digitized at 20 kHz (pClamp 10). Selected
parts of the recordings were filtered at 1 kHz and used to find opening
events, by means of a threshold-based routine (ClampFit 10, Molecular
Devices). Distributions of event amplitudes were fitted to the sum of
two Gaussian curves, and then chord conductance values were calcu-
lated.

2.3. Whole-cell currents in primary cortical neurons

Cortical neuronal cultures were prepared from the brain of newborn
C57BL/6 mice (PO-P1). All experiments concerning animals strictly
comply with the EU Directive 2010/63/EU for animal experiments.
Cerebral cortices were chopped and digested in 2.5% (wt/vol) trypsin
for 20 min at 37 °C. Cells (10 x 10* cells/cm?) were seeded on dishes
coated with poly-L-lysine (100 ug/ml) in MEM with Earle’s BSS sup-
plemented with 100 mM sodium pyruvate, 20% (wt/vol) Glucose, 10%
FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 200 mM
Glutamine. After 4 hours, the medium was changed with Neurobasal
medium supplemented with 200 mM glutamine, 1% B-27, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. Twice a week, half Neurobasal
medium was changed and replaced with fresh medium. Cell cultures
were used after 10-11 days. Whole-cell patch-clamp recordings were
performed on cortical neurons in culture at room temperature, at a
holding potential of —70mV, using borosilicate glass patch pipettes
having a tip resistance of 3-5 MQ filled with internal solution: 140 mM
CsCl, 10 mM HEPES, pH value was adjusted with CsOH 1 M at pH 7.3.
The patch series resistance was compensated by 10-30%. Cell capaci-
tance was routinely compensated, membrane currents were filtered at
3KHz upon the acquisition with HEKA EPC 800 (HEKA Elektronik,
Germany) and analyzed off-line. During recordings, cells were con-
tinuously superfused using a gravity-driven perfusion system consisting
of independent tubes for normal and NMDA and glycine containing
external solutions: 140 mM NaCl, 10 mM HEPES, 2.8 mM KCl, 2 mM
CaCl,, 2mM MgCl,, 10 mM glucose, pH values were adjusted with
NaOH at 6.5 and 7.3. Perfusion tubes were connected to a fast ex-
changer system (RSC-100; Bio-Logic, Claix, France). Data sampling and
analysis were performed using pClamp 10 software (Molecular devices,
Sunnyvale, CA, USA).

2.4. [Ca®™]; measurements in cortical neurons in culture
Measures of [Ca%™]; were obtained by time-resolved digital fluor-
escence microscopy using Ca®* indicator Fura-2 (excitation 340 and
380 nm, emission 510 nm). Cortical neurons in culture were incubated
with the cell-permeant Fura-2 acetoxylmethylester (2uM; Molecular
probes, Life technologies) for 45 min at 37 °C in culture medium. Ca®*
transients were elicited by applying NMDA 200 uM and glycine 50 pM
for 3 s with a preapplication of normal external solution at pH 6.5 or 7.3
for 10 s without agonist.

2.5. Fractional Ca®* current (Pp)

The procedure used for P measurements follows the method pro-
posed by [14], which has the advantage to be independent of any as-
sumption on ion-permeation properties [15,21]. All measurements
were performed in transfected HeLa cells, which have a membrane
capacitance ranging between 10 and 20 pF and allow almost perfect
voltage clamp, thus being an ideal preparation for determination of Py,
which requires that current flows uniquely through the channel under
study. Cells were loaded with cell-impermeant Fura-2 through the patch
pipette used to measure NMDA-evoked currents. Recordings of fluor-
escence signals and whole-cell membrane currents were synchronized,
and images were acquired and analysed off-line. All optical parameters
and digital camera settings were maintained throughout this study to
avoid nonhomogeneous data. The changes of [Ca2* ]I were expressed as
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AF/F (ie. basal fluorescence), using only one excitation wavelength,
380 nm, to increase the temporal resolution. Determinations were car-
ried out after the basal fluorescence had reached a stable value. Cells
displaying a low-basal F3go values were discarded. In order to evaluate
P; the F:Q ratio between the fluorescence increase (F) and total charge
that had entered the cell at each fluorescence acquisition time (Q) was
defined as F/Q = (AF/F)/ Q. For each cell, we used the F/Q points that,
immediately after the onset of the NMDA evoked response, exhibited a
linear relationship, indicating that the Ca®*-buffering capability of
Fura-2 was not saturated. The F/Q ratio value was then measured as the
slope of the linear regression best fitting the F-Q plot. Finally, P was
determined by normalizing the ratio obtained in standard medium (F/
Q) to the calibration ratio, measured when Ca?* ions were the only
permeant species (F/Qc.): Py = (F/Q) / (F/Qc.). Calibrations were
performed on different days throughout the whole experimental period,
using NMDA-evoked Ca®* currents. NMDA was applied to each cell
only once, to avoid possible variations of conditions upon repetitive
applications, such as basal [Ca?*]; increase.

2.6. Statisics

All data were expressed as means = S.D. and analysed using one-
way ANOVA or paired t-test, as appropriated. Data were tested for
normality (Shapiro-Wilks) and equal variance. When necessary, the non
parametric Kruskal-Wallis one way ANOVA on ranks was used. In case
of significance, all pairwise multiple comparison procedure was used
(Holm-Sidak, or Dunn’s method for non parametric tests). Minimum
power of statistical tests was set at 0.8. Significance for all tests was set
atp < 0.05.

3. Results
3.1. Mild acidosis reduces the Ca®* permeability of human NMDARs

To investigate the effect of acidosis on the NMDAR Ca®* perme-
ability we measured the fractional Ca®>* current (i.e. the percentage of
the total current carried by Ca®* ions; Py) of human NR1/NR2A
NMDAR expressed in HeLa cells, simultaneously recording NMDA-
evoked whole-cell currents and variations of intracellular free Ca®*
concentration ([Ca%™] i; Fig. 1A). Selective agonist NMDA (200 pM) and
glycine (50 uM) were co-applied for two seconds at three different pH,
values (6.5, 6.8, 7.3). At pH. 7.3 the P; value of NR1/NR2 A NMDAR
was 11.3 = 4.4% (n = 9), in agreement with previous studies [21].
Lowering pH, from 7.3 to 6.8, the Py value was not significantly dif-
ferent from the value at physiological pH. (8.5 * 3.1%; n =9),
whereas when pH, was reduced to 6.5 the P; was significantly de-
creased to 7.6 = 1.9% (Fig. 1B,C; n = 12). The current density values
at pH, 7.3, 6.8 and 6.5 were measured in distinct transfected cells and
did not show any significant difference, due to the high variability of
expression levels (mean values 71 = 59 pA/pF, n = 14; 63 *+ 36 pA/
pF, n =17; 54 + 23 pA/pF, n = 14, respectively). When pH. was
shifted from 7.3 to 6.5 during NMDA and glycine co-application on the
same NR1/NR2 A transfected cells, the steady-state current amplitude
was reduced to 52 = 20% (n = 7, not shown), confirming that acidosis
inhibits NMDAR-mediated currents.

To have a more general view about the effects of acidosis on the
Ca®* fluxes mediated by NMDARs, we extended our study to the
human NR1/NR2B NMDAR subtype, mainly expressed at extrasynaptic
locations and exhibiting distinct functional properties [22]. We ana-
lyzed the human NR1/NR2B NMDARs as above described for NR1/
NR2 A receptor (Fig. 2A), again finding that low pH, values could alter
the Ca®>* permeability. In particular, P; value of NR1/NR2B receptor
was 9.1 * 2.3% at pH, 7.3 and 8.1 = 2.5% at pH. 6.8 P; (not sig-
nificantly different; n =7 and n = 6, respectively), whereas the P
value fell to 4.6 = 1.2% at pH, 6.5 (Fig. 2B,C; n = 9). Our data de-
monstrated that extracellular acidosis is able to reduce significantly and
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Fig. 1. Acid pH, reduces the Ca®>* permeability of human NR1/NR2A NMDAR.
A, typical traces obtained by simultaneous recordings of whole-cell currents
(top) and Ca®* transients (bottom) evoked by coapplication of NMDA and
glycine (200 pM and 50 pM, respectively) at the indicated pH. values in three
distinct HeLa cells transiently transfected with human ¢cDNA encoding for NR1
and NR2 A subunits. Please note that current amplitudes variability is due to
different expression levels in distinct transfected cells, and hence do not reflect
pH_. effects. Experiments were performed in Mg>* free normal external solution
to unmask NMDA currents at negative potentials. Holding potential, —70 mV.
At excitation wavelength of 380 nm, [Ca?*]; increase corresponds to a down-
ward deflection of Fura-2 fluorescence emission. Traces are aligned and share
the same temporal scale. B, linear relationships between AF/F and Q obtained
from the same cells as in A. The dashed line represents the mean slope obtained
from calibration experiments (5.54 nC~!; n=09). C, the P; values was
7.6 £ 1.9% (n =12),8.5 = 3.1% (n = 9), and 11.3 = 4.4% (n = 9) for pH,
value of 6.5, 6.8 and 7.3, respectively. * P = 0.036 (ANOVA). Symbols re-
present the P¢ value of the individual cells. Error bars represent SD.
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Fig. 2. Acid pH, reduces the Ca** permeability of human NR1/NR2B NMDA
receptor.

A, typical traces obtained by simultaneous recordings of whole-cell currents
(top) and Ca?" transients (bottom) evoked by coapplication of NMDA and
glycine (200 pM and 50 pM, respectively) at the indicated pH. values in three
distinct HeLa cells transiently transfected with human ¢cDNA encoding for NR1
and NR2B subunits. Experiments were performed in Mg?* free normal external
solution to unmask NMDA currents at negative potentials. Holding potential,
—70mV. At excitation wavelength of 380 nm, [Ca?*]; increase corresponds to
a downward deflection of Fura-2 fluorescence emission. Traces are aligned and
share the same temporal scale. B, linear relationships between AF/F and Q
obtained from the same cells as in A. The dashed line represents the mean slope
obtained from calibration experiments (5.54 nC™~ L n = 9). C, the Py values were
4.6 £ 1.2% n=9), 81 * 25% (n=6), and 9.1 = 2.3% (n =7) when
measured at pH. value of 6.5, 6.8 and 7.3, respectively. *** P < 0.001,
**P = 0.006 (ANOVA). Error bars represent SD. Symbols represent the P; value
of the individual cells.

selectively the Ca®>* flow through human NMDARs.

3.2. Mild acidosis reduces the single channel conductance of human NR1/
NR2 A NMDARs

The above reported P¢ data led us to hypothesize that the selective
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reduction, due to acidosis, of the Ca®>*/Na™ ratio of the current flowing
through NMDARs could affect the conductance of these receptor-
channels, even though previous reports did not find significant varia-
tions of this parameter in similar conditions [13,23-26]. We recorded
single channel activity in outside-out patches excised from HeLa cells
transiently expressing human NR1/NR2 A NMDARs. To detect the slight
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Fig. 3. Extracellular acidosis modulates single channel activity of human NR1/
NR2 A NMDAR in outside-out patches.

A, Typical traces recorded from the same outside-out patch excised from a HeLa
cell expressing human NR1/NR2 A NMDARs upon coapplication of NMDA and
glycine (200 uM and 50 pM, respectively); pH. values, 7.3 (top) and 6.5
(bottom). Holding potential, —70 mV. B, event amplitude histograms from the
outside-out traces shown in A at physiological pHe. C, event amplitude histo-
grams from the outside-out traces shown in A during acidosis. Distributions
were obtained from the same outside-out patch and were best fitted by two
Gaussian curves. The indicated chord conductances (—70 mV) were calculated
from the Gaussian fit. D, mean (bar) and individual (symbols) single channel
chord conductance values at two different values of pH. 6.5, 7.3 (n = 8), *
P < 0.001, paired t-test.

amplitude shifts expected from the observed Ca®* permeability
changes, the recording conditions were the same of P measurements.
Furthermore, in these conditions (high extracellular Ca®", high agonist
concentrations) the occurrence of subconductance levels is greatly re-
duced [27] (Banke and Traynelis, Nature Neuroscience 2003), allowing
a more precise comparison between whole-cell and single-channel re-
cordings, considering that subconductance states may have in principle
different ion selectivity. Coapplication of NMDA and glycine (200 pM
and 50pM, respectively) elicited a high number of channels openings,
with a relatively high open probability, strongly reduced upon shifting
the pH, from 7.3 to 6.5 (Fig. 3A), as expected from previous studies
[23,25,26].

The single channel chord conductance values were obtained by
event histograms best fitted with two Gaussian distributions (Fig. 3B,C;
—70mV): all outside-out patch exhibited a reduction in chord con-
ductance going from physiological pH, to acidosis (pH. 6.5). The mean
chord conductance values were 40.3 = 5.5 pS and 37.6 = 5.8 pS for
pH. values of 7.3 and 6.5, respectively (Fig. 3D; p < 0.001; n = 8).
Though the conductance value at physiological pH is similar to the
values previously reported, the small but significant conductance re-
duction upon acidosis, to our knowledge, has never been recognized
before [13,23,25,26].

3.3. Extracellular acidosis differently modulates NMDAR-evoked whole-cell
currents and Ca®™ entry in mouse cortical neurons in culture

Basing on our findings, we hypothesized that also in native neurons
an acid pH, should reduce to a greater extent the Ca®>* entry due to
NMDAR activation, rather than the NMDAR-mediated whole-cell cur-
rents. To investigate this hypothesis, considering that in neurons is not
possible to reliably measure the P¢ due to diffusion and clamp limita-
tions, we decided to measure disjointedly Ca®>* transients and whole-
cell currents evoked by NMDA application on cortical neurons in cul-
ture (Fig. 4A,B). Experiments were performed co-applying NMDA and
glycine as above, at pH, values of 7.3 and 6.5. As expected from pre-
vious studies [13,24-26], we observed a significant reduction of both
NMDA-evoked Ca?" transients (Fig. 4A) and NMDA-evoked whole-cell
currents (Fig. 4B) when pH. was decreased from 7.3 to 6.5. The ex-
tracellular acidosis did not affect [Ca®*]; and currents at the same ex-
tent: the NMDA-evoked Ca?™ influx decreased significantly more than
NMDA-evoked whole-cell currents (35.7 = 19.7% vs 53.4 = 10.0%;
Fig. 4C; n = 318 and n = 15, respectively), confirming our hypothesis
and suggesting that the proton-induced modulation of NMDAR P; could
exert significant effects on the accumulation of Ca®* ions in native
neurons. The reduction of whole-cell current amplitudes is very similar
to what observed in HeLa cells transfected with human NR1/NR2 A
NMDARs in the same kind of experiments (52 + 20%; n = 7), sug-
gesting that mouse and human receptors are modulated in the same
way by acidosis.

Interestingly, in the absence of any agonist the application of ex-
ternal solution at pH 6.5 evoked small but evident Ca®>* transients in
neurons, likely due to the opening of proton-gated ion channels
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Fig. 4. Extracellular acidosis reduces both NMDA-evoked Ca®* transients and
NMDA-evoked whole-cell currents in cortical neurons in culture.

A, Ca?* transients recorded from a mouse cortical neuron in culture elicited by
coapplication of NMDA and glycine (200uM and 50uM, respectively; short
horizontal bars). pH. was transiently shifted during agonist application from
7.3 to 6.5 (3 s application, as indicated). Please note the Ca** transient elicited
by the application of the external solution at pH 6.5 immediately before the
application of agonists. B, whole-cell current elicited by coapplication of NMDA
and glycine (200uM and 50 pM, respectively; long horizontal bar) recorded
from a different cortical neuron. pH, was transiently shifted during agonist
application from 7.3 to 6.5, as indicated. Please note the small and transient
inward current elicited by protons and the succeeding reduction of the NMDA-
evoked current. C, percentage reduction of whole-cell currents (left,
53.4 + 9.8%; n = 15) and Ca®* transient amplitudes (right, 35.7 = 19.7%;
n = 318) recorded from individual mouse cortical neurons in culture when pH,
was shifted from 7.3 to 6.5. Please note that Ca®>" transient amplitudes were
significantly more reduced than currents. *** P < 0.001 (ANOVA). D, dis-
tributions of the Ca®* transient amplitudes elicited by application of an acid
external solution (white bars, pH. 6.5) or by the coapplication of NMDA and
glycine (200 uM and 50 uM, respectively; black bars, pH. 7.3).
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Table 1
Effect of different extracellular cations on Pf value of human NR1/NR2A
NMDAR.

Cations P (%) Current amplitudes (pA)

- Mg2+
+ Mg?* (2mM)
Memantine (1 pM)

113 + 44,n=9
9.9 + 2.9, n=11
16.4 = 2.8,n =4

1367 + 920, n =14
183 + 167,n=13
51 £ 17,n=4

Spermine (100 puM) 8.6 + 3.0,n=14 147 = 127, n =19
IEM 1754 (1 uM) 93 *+*17,n=4 121 £ 97, n=6
IEM 1460 (100 uM) 9.2 + 3.0,n=11 150 + 111,n=15

All P¢ values were measured at —70 mV holding potential. All measurements
were done on distinct cells, and each drug was tested in the presence of Mg2 +,
to assess their ability to modulate Ca®>* permeability in the physiological pre-
sence of divalent cations. In the presence of Mg? the residual NMDA-evoked
whole-cell currents were still adequate to allow reliable P; determinations.

(Fig. 4A; [28]). However, neurons exhibited acid-evoked CaZ* entry
at pH, 6.5 rather small and transient if compared with the Ca®>* entry
through NMDARs, with a completely different distribution (Fig. 4D),
suggesting a negligible excitotoxicity due to proton-gated ion channels
at this level of pH..

3.4. In search of other cations able to modulate the Py of human NMDARs

The reduction of the P; of human NMDARs could be exploited to
reduce glutamate neurotoxicity in pathological conditions. For this
reason we looked for the action of different cations, starting with the
effect of the presence of extracellular Mg>* on the NMDAR Ca®* per-
meability. Despite the strong reduction of the total current elicited in
the presence of Mg®* (2mM, —70mV) by NMDA in HeLa cells trans-
fected with human NR1/NR2 A receptors, it was still possible to mea-
sure the P¢value: 9.9 = 2.9% (n = 11, Table 1), not different from the
same value in the absence of Mg?*. Furthermore, we measured the P; of
the same receptor in the presence of other larger organic cations:
memantine (1 pM), an open channel blocker of NMDAR used in patients
with Alzheimer’s disease [10]; spermine (100 pM), an intracellular
polyammine known to block cation fluxes through ligand-gated chan-
nels [29]; IEM 1754 (1 uM) and IEM 1460 (100 pM), two open channel
blocker of NMDARs [30,31]. None of these molecules was able to re-
duce the P; value of human NMDA NR1/NR2 A receptors (Table 1),
evidencing the need of future studies to identify different kinds of ca-
tionic modulators.

4. Discussion

Overactivation of NMDARs, with consequent Ca?"* overload, is a
major cause of neuronal excitotoxicity [4]. Thus, NMDARs represent a
suitable target for a pharmacological strategy against neuronal damage,
but to date no drug appears to be useful for neuroprotection, con-
sidering that most molecules interfere with the normal neuronal func-
tion and cause substantial side effects at potentially therapeutic doses
[32].

Here we report that mild extracellular acidosis (pHe 6.5; [18]) re-
duces the Ca®>* permeability of human NMDARSs, contributing to limit
the Ca®™ entry through these receptors. Using simultaneous recordings
of whole-cell currents and Ca>* transients elicited by NMDA applica-
tion, we showed that the fractional Ca®* current (Py, i.e. the percentage
of total current carried by Ca2™) of both NR1/NR2 A and NR1/NR2B
human NMDARs is significantly reduced during extracellular acidosis
compared to P; measured at physiological pH,. This reduction of Ca®*
flux has been confirmed also for NMDARs expressed in native mouse
cortical neurons. Taken together, these results show a new molecular
mechanism underlying the neuroprotective effect of extracellular mild
acidosis [17,18], providing an important contribute in the search of a
new strategy against glutamate-mediated neurotoxicity, mainly due to
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the an excess of Ca?™ ions flowing through NMDARs [4].

Acidification occurs in CNS during normal neuronal functions and
modulates ligand-,voltage- and proton-gated ion channels [33], but is
also involved in several brain acute pathologies and neurodegenerative
disorders causing acidosis-mediated cell death [33,34]. Acidotoxicity
and excitotoxicity are two major cell death mechanisms in ischemic
brain, and for this reason several studies focused their attention to the
modulation of rat NMDARs by extracellular mild acidosis
[13,17,24,25]. These studies clearly showed that extracellular acidosis
reduced NMDARs open probability with a consequent reduction of
NMDA-evoked currents. Our results confirm the acidosis-induced re-
duction of NMDA activation also for human receptors, with a relevant
novelty: extracellular acidosis significantly and selectively reduces the
Ca®” flux through open NMDA receptor-channels. It is important to
note that the two pH-dependent mechanisms modulating open prob-
ability and Ca®* permeability appear to be distinct, acting at different
concentration ranges of H* and likely involving different H" binding
sites.

The high Ca?* permeability of NMDARs is due to several Ca**
binding sites within the pore as well as in external vestibule, depends
on subunit composition with receptors containing NR2A and NR2B
showing the highest Ca>* permeability [5,21]. Previous studies de-
monstrated that the P of NMDARs and others receptor channels can be
physiologically and pharmacologically modulated [11,35,36]. Our
work reports a significant reduction of P¢ of human NR1/NR2 A and
NR1/NR2B NMDARs in extracellular acidosis, adding new evidence
about the possibility to modulate the Ca®>* permeability of ligand-gated
ion channels.

Previous studies stated that an acidification in pH,. strongly de-
creased the NMDA channel opening frequency without changing uni-
tary conductance [24,25]. Thus, at least one of the H* binding sites on
NMDARs is thought to be closely associated with the gating site, but the
exact mechanism of action is still unclear [23,37]. Our analysis of
single-channel activity of human NR1/NR2 A NMDARs in outside-out
patches confirms a reduction in frequency of channel openings, high-
lighting a small but significant decrease of the single channel con-
ductance. This finding is in good agreement with the reduction of ion
fluxes expected from the observed reduction of Py In particular, com-
bining our P; and single channel data, it is possible to estimate that,
upon shift of the pH, from 7.3 to 6.5, the Na* flux through human
NMDAR is almost unaffected (from 38.5 pS to 37.6 pS, 98%), while the
Ca®™ flux is much more reduced (from 4.8 pS to 3.0 pS, 63%). The
subtle but significant decrease of unitary conductance was not evi-
denced in previous studies analyzing the effects of acidification on the
single-channel properties of NMDAR [13,25,26], likely because of dif-
ferent experimental conditions: lower extracellular concentration of
Ca®" ions, rat vs human NMDARSs, different pH, values. The observed
Pf reduction of both NR1/NR2 A and NR1/NR2B receptors suggests that
extracellular H* may modulate Ca®>* permeation binding negatively
charged residues on NR1 subunit. A possible H* binding site could be a
cluster of charged residues (DRPEER) located at the extracellular ves-
tibule in NR1 subunit that represents a key determinant of the high
Ca?t permeability of NMDARs [38], but further studies will be neces-
sary to identify the exact mechanism of the H™-induced reduction the
NMDAR Ca?* permeability.

As expected from previous studies [13,24,25], our experiments with
cultured cortical neurons show that both NMDA-evoked Ca®* mobili-
zation and whole-cell current amplitudes are strongly reduced upon
mild acidification. However, the two reductions are not proportional,
with NMDA Ca** mobilization significantly more reduced than NMDA
currents, further supporting the hypothesis of a differential effect of
protons on Ca®>* and Na™ fluxes. All the experimental data show that
mild acidosis exerts a dual action on NMDARs: a reduction of open
probability plus a selective reduction of Ca®>* permeability. An im-
portant question raised from these results is whether this second me-
chanism may play a relevant pathophysiological role in neurons upon
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acidosis. Indeed, the strong inhibition of the NMDAR open probability
could suggest that a further reduction of the amount of Ca®* ions
flowing through these channels could hardly impact on the overall
Ca®™" load. However, our data support a different conclusion. In fact,
combining these two effects it is possible to quantitatively estimate the
overall reduction, triggered by the pH, shift from 7.3 to 6.5, of NMDAR-
mediated Ca®* influx: 35%, due to the decrease of both NMDA currents
and P¢ (to 52% and 67%, respectively, for human NMDA NR1/NR2 A
receptor). Even considering a higher open probability inhibition, as
reported by previous studies in rodents (£80% at pH. 6.5; [25]), the
total reduction of Ca®* fluxes through NMDARs would be still affected
by the Py modulation, passing from 20% to 13%. The overall neuro-
protective effect of this double downregulation of NMDAR-mediated
Ca®" entry can be esteemed considering that NMDARs are non-de-
sensitizing channels and that previous study clearly demonstrated their
involvement in acidotoxicity in combination with other mechanisms
[39,40].

The extracellular acidosis is known to activate acid sensing ion
channels ASICs [28], proton-gated channels expressed throughout the
nervous system. To date seven isoforms have been identified, but only
la, 2a and 2b subtypes are present in CNS neurons [41]. The homo-
meric ASICla channels are highly permeable to Ca®*, whereas the
other subtypes are only permeable to Na™ [42]. Activation of ASICsla
is due to extracellular pH ranging from 6.9-5.0 with a pHs, of 5.8 [20]
and increases the probability of action potential initiation [43]. A
coupling between NMDARs and ASICla channels worsen the neuronal
conditions during ischemic damage, leading to cell death [44]. In our
experiments we show that in the absence of agonist, the pH, 6.5 solu-
tion elicited small Ca®* transients likely due to ASIC activation. These
Ca®* transients were much smaller than those evoked by NMDA at pH,
7.3, suggesting a negligible contribution of ASICs to neuronal toxicity at
pH. 6.5, in agreement with their known pHs values [20].

As expected, extracellular Mg?™, present in all our experiments on
neurons, is able to strongly decrease the channel open probability at
hyperpolarized potentials [45], but we show here that it does not affect
the Ca®* permeability. Hence, the residual NMDA-evoked current,
observed in neurons in the presence of Mg>* at a holding potential
—70mV, is sufficient to mediate a relevant Ca®* influx, which can
contribute to neurotoxicity in the prolonged presence of extracellular
glutamate. Besides Mg®*, we tried to identify cationic molecules able to
decrease the Py of human NMDARs as new pharmacological tools
against excitotoxity due to excessive glutamate-induced Ca®* entry.
Unfortunately, our effort was not successful. Further studies will be
necessary to unveil possible novel pharmacological tools, as well as to
explain the exact molecular mechanism by which extracellular H*
modulate NMDARs ion selectivity.

5. Conclusions

Our data confirm the results of previous studies, according to which
extracellular mild acidosis decreases the effect of glutamatergic neu-
rotransmission reducing NMDA-evoked whole cell currents, and adds
new evidence demonstrating that the neuroprotective action of mild
acidosis is also due to a reduction of Ca®>* influx through NMDARSs.
Thus, this study provides a proof of concept of the hypothesis that, in
different kind of neuropathologies, such as neurodegenerative diseases
or ischaemic insults, it is possible to reduce Ca®>* overload in neurons,
and hence excitotoxicity, modulating the NMDAR Ca?* permeability,
without blocking these receptor channels. Although to date several
tested molecules have failed in attaining this goal, this therapeutic
strategy will remain the focus of future studies, aiming to unveil the
mechanisms and the sites of the H* modulation of human NMDARs,
thus allowing a targeted pharmacological design.

69

Cell Calcium 80 (2019) 63-70

Authors

All authors approved the final version of the manuscript. All persons
designated as authors qualify for authorship, and all those who qualify
for authorship are listed. In this work S.P., M.S. and S.F contributed to
the acquisition, analysis and interpretation of data and to the drafting
and critical revision of the work. S.F. designed the study.

Declaration of interest
None.
Funding

S.F. and M.S. were supported by a grant of Italian Ministry of Health
to the IRCCS Neuromed (Ministero della Salute-Ricerca Corrente).

Acknowledgement

We thank Dr. Katiuscia Martinello for critical reading of the
manuscript.

References

[1] A. Lau, M. Tymianski, Glutamate receptors, neurotoxicity and neurodegeneration,
Pflugers Arch. 460 (2010) 525-542.

C. Villmann, C.-M. Becker, On the hypes and falls in neuroprotection: targeting the
NMDA receptor, Neuroscientist 13 (2007) 594-615.

K.P. Doyle, R.P. Simon, M.P. Stenzel-Poore, Mechanisms of ischemic brain damage,
Neuropharmacology 55 (2008) 310-318.

G.E. Hardingham, Coupling of the NMDA receptor to neuroprotective and neuro-
destructive events, Biochem. Soc. Trans. 37 (2009) 1147-1160.

S.F. Traynelis, L.P. Wollmuth, C.J. McBain, F.S. Menniti, K.M. Vance, K.K. Ogden,
K.B. Hansen, H. Yuan, S.J. Myers, R. Dingledine, Glutamate receptor ion channels:
structure, regulation, and function, Pharmacol. Rev. 62 (2010) 405-496.

P. Paoletti, C. Bellone, Q. Zhou, NMDA receptor subunit diversity: impact on re-
ceptor properties, synaptic plasticity and disease, Nat. Rev. Neurosci. 14 (2013)
383-400.

K.B. Hansen, F. Yi, R.E. Perszyk, H. Furukawa, L.P. Wollmuth, A.J. Gibb,

S.F. Traynelis, Structure, function, and allosteric modulation of NMDA receptors, J.
Gen. Physiol. 150 (2018) 1081-1105.

L. Nowak, P. Bregestovski, P. Ascher, A. Herbet, A. Prochiantz, Magnesium gates
glutamate-activated channels in mouse central neurones, Nature 307 (1984)
462-465.

G. Rammes, W. Danysz, C.G. Parsons, Pharmacodynamics of memantine: an update,
Curr. Neuropharmacol. 6 (2008) 55-78.

C.G. Parsons, W. Danysz, G. Quack, Memantine is a clinically well tolerated N-
methyl-D-aspartate (NMDA) receptor antagonist-a review of preclinical data,
Neuropharmacology 38 (1999) 735-767.

V. Piccari, C. Deflorio, R. Bigi, F. Grassi, S. Fucile, Modulation of the Ca(2+) per-
meability of human endplate acetylcholine receptor-channel, Cell Calcium 49
(2011) 272-278.

S. Fucile, The distribution of charged amino acid residues and the Ca2+ perme-
ability of nicotinic acetylcholine receptors: a predictive model, Front. Mol.
Neurosci. 10 (2017) 155.

S.F. Traynelis, S.G. Cull-Candy, Proton inhibition of N-methyl-D-aspartate receptors
in cerebellar neurons, Nature 345 (1990) 347-350.

Z. Zhou, E. Neher, Calcium permeability of nicotinic acetylcholine receptor chan-
nels in bovine adrenal chromaffin cells, Pflugers Arch. 425 (1993) 511-517.

E. Neher, The use of fura-2 for estimating Ca buffers and Ca fluxes,
Neuropharmacology 34 (1995) 1423-1442.

H.U. Zeilhofer, M. Kress, D. Swandulla, Fractional Ca2+ currents through cap-
saicin- and proton-activated ion channels in rat dorsal root ganglion neurones, J.
Physiol. 503 (1997) 67-78.

R.G. Giffard, H. Monyer, C.W. Christine, D.W. Choi, Acidosis reduces NMDA re-
ceptor activation, glutamate neurotoxicity, and oxygen-glucose deprivation neu-
ronal injury in cortical cultures, Brain Res. 506 (1990) 339-342.

G.C. Tombaugh, R.M. Sapolsky, Mild acidosis protects hippocampal neurons from
injury induced by oxygen and glucose deprivation, Brain Res. 506 (1990) 343-345.
S. Rehncrona, Brain acidosis, Ann. Emerg. Med. 14 (1985) 770-776.

M. Hesselager, D.B. Timmermann, P.K. Ahring, pH dependency and desensitization
kinetics of heterologously expressed combinations of acid-sensing ion channel
subunits, J. Biol. Chem. 279 (2004) 11006-11015.

N. Burnashev, Z. Zhou, E. Neher, B. Sakmann, Fractional calcium currents through
recombinant GluR channels of the NMDA, AMPA and kainate receptor subtypes, J.
Physiol. (Lond.) 485 (Pt 2) (1995) 403-418.

S.G. Cull-Candy, D.N. Leszkiewicz, Role of distinct NMDA receptor subtypes at
central synapses, Sci. STKE 2004 (2004) rel6-rel6.

[2]
[3]
[4]

[5]

[6

[71

[8]

[91]

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0005
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0005
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0010
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0010
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0015
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0015
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0020
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0025
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0030
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0035
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0040
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0040
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0040
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0045
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0045
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0050
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0055
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0055
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0055
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0060
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0060
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0060
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0065
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0065
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0070
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0070
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0075
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0075
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0080
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0080
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0080
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0085
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0085
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0085
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0090
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0090
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0095
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0100
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0100
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0100
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0105
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0105
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0105
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0110
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0110

S. Plutino, et al.

[23]
[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

T.G. Banke, S.M. Dravid, S.F. Traynelis, Protons trap NR1/NR2B NMDA receptors in
a nonconducting state, J. Neurosci. 25 (2005) 42-51.

C.M. Tang, M. Dichter, M. Morad, Modulation of the N-methyl-D-aspartate channel
by extracellular H+, PNAS 87 (1990) 6445-6449.

S.F. Traynelis, S.G. Cull-Candy, Pharmacological properties and H+ sensitivity of
excitatory amino acid receptor channels in rat cerebellar granule neurones, J.
Physiol. 433 (1991) 727-763.

L. Vyklicky, V. Vlachova, J. Krisek, The effect of external pH changes on responses
to excitatory amino acids in mouse hippocampal neurones, J. Physiol. 430 (1990)
497-517.

T.G. Banke, S.F. Traynelis, Activation of NR1/NR2B NMDA receptors, Nat.
Neurosci. 6 (2003) 144-152.

R. Waldmann, G. Champigny, F. Bassilana, C. Heurteaux, M. Lazdunski, A proton-
gated cation channel involved in acid-sensing, Nature 386 (1997) 173-177.

M. Benveniste, M.L. Mayer, Multiple effects of spermine on N-methyl-D-aspartic
acid receptor responses of rat cultured hippocampal neurones, J. Physiol. 464
(1993) 131-163.

S.M. Antonov, J.W. Johnson, Voltage-dependent interaction of open-channel
blocking molecules with gating of NMDA receptors in rat cortical neurons, J.
Physiol. 493 (1996) 425-445.

S.M. Antonov, J.W. Johnson, N.Y. Lukomskaya, N.N. Potapyeva, V.E. Gmiro,

L.G. Magazanik, Novel adamantane derivatives act as blockers of open ligand-gated
channels and as anticonvulsants, Mol. Pharmacol. 47 (1995) 558-567.

C. Ikonomidou, L. Turski, Why did NMDA receptor antagonists fail clinical trials for
stroke and traumatic brain injury? Lancet Neurol. 1 (2002) 383-386.

M. Obara, M. Szeliga, J. Albrecht, Regulation of pH in the mammalian central
nervous system under normal and pathological conditions: facts and hypotheses,
Neurochem. Int. 52 (2008) 905-919.

Y.-Z. Wang, T.-L. Xu, Acidosis, acid-sensing ion channels, and neuronal cell death,
Mol. Neurobiol. 44 (2011) 350-358.

V.A. Skeberdis, V. Chevaleyre, C.G. Lau, J.H. Goldberg, D.L. Pettit, S.0. Suadicani,

70

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Cell Calcium 80 (2019) 63-70

Y. Lin, M.V.L. Bennett, R. Yuste, P.E. Castillo, R.S. Zukin, Protein kinase A regulates
calcium permeability of NMDA receptors, Nat. Neurosci. 9 (2006) 501-510.

A. Sobezyk, K. Svoboda, Activity-dependent plasticity of the NMDA-receptor frac-
tional Ca2+ current, Neuron 53 (2007) 17-24.

C.-M. Low, P. Lyuboslavsky, A. French, P. Le, K. Wyatte, W.H. Thiel, E.M. Marchan,
K. Igarashi, K. Kashiwagi, K. Gernert, K. Williams, S.F. Traynelis, F. Zheng,
Molecular determinants of proton-sensitive N-methyl-D-aspartate receptor gating,
Mol. Pharmacol. 63 (2003) 1212-1222.

J. Watanabe, C. Beck, T. Kuner, L.S. Premkumar, L.P. Wollmuth, DRPEER: a motif in
the extracellular vestibule conferring high Ca2+ flux rates in NMDA receptor
channels, J. Neurosci. 22 (2002) 10209-10216.

J. Gao, B. Duan, D.-G. Wang, X.-H. Deng, G.-Y. Zhang, L. Xu, T.-L. Xu, Coupling
between NMDA receptor and acid-sensing ion channel contributes to ischemic
neuronal death, Neuron 48 (2005) 635-646.

N.K. Isaev, E.V. Stelmashook, E.Y. Plotnikov, T.G. Khryapenkova, E.R. Lozier,
Y.V. Doludin, D.N. Silachev, D.B. Zorov, Role of acidosis, NMDA receptors, and
acid-sensitive ion channel 1a (ASIC1a) in neuronal death induced by ischemia,
Biochem. Mosc. 73 (2008) 1171-1175.

J.A. Wemmie, M.P. Price, M.J. Welsh, Acid-sensing ion channels: advances, ques-
tions and therapeutic opportunities, Trends Neurosci. 29 (2006) 578-586.

0. Yermolaieva, A.S. Leonard, M.K. Schnizler, F.M. Abboud, M.J. Welsh,
Extracellular acidosis increases neuronal cell calcium by activating acid-sensing ion
channel 1a, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 6752-6757.

M. Vukicevic, S. Kellenberger, Modulatory effects of acid-sensing ion channels on
action potential generation in hippocampal neurons, Am. J. Physiol., Cell Physiol.
287 (2004) C682-690.

R.P. Simon, Acidotoxicity trumps excitotoxicity in ischemic brain, Arch. Neurol. 63
(2006) 1368-1371.

M.L. Mayer, G.L. Westbrook, P.B. Guthrie, Voltage-dependent block by Mg2 + of
NMDA responses in spinal cord neurones, Nature 309 (1984) 261-263.


http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0115
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0115
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0120
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0120
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0125
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0125
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0125
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0130
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0130
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0130
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0135
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0135
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0140
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0140
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0145
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0145
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0145
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0150
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0150
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0150
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0155
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0155
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0155
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0160
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0160
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0165
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0165
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0165
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0170
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0170
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0175
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0175
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0175
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0180
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0180
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0185
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0185
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0185
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0185
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0190
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0190
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0190
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0195
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0195
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0195
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0200
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0200
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0200
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0200
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0205
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0205
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0210
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0210
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0210
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0215
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0215
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0215
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0220
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0220
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0225
http://refhub.elsevier.com/S0143-4160(19)30001-6/sbref0225

	Extracellular mild acidosis decreases the Ca2+ permeability of the human NMDA receptors
	Introduction
	Methods
	Whole-cell currents in transfected HeLa cells
	Single channel recordings on transfected HeLa cells
	Whole-cell currents in primary cortical neurons
	[Ca2+]i measurements in cortical neurons in culture
	Fractional Ca2+ current (Pf)
	Statisics

	Results
	Mild acidosis reduces the Ca2+ permeability of human NMDARs
	Mild acidosis reduces the single channel conductance of human NR1/NR2 A NMDARs
	Extracellular acidosis differently modulates NMDAR-evoked whole-cell currents and Ca2+ entry in mouse cortical neurons in culture
	In search of other cations able to modulate the Pf of human NMDARs

	Discussion
	Conclusions
	Authors
	Declaration of interest
	Funding
	Acknowledgement
	References




