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Glutamate-induced delayed calcium dysregulation (DCD) is a causal factor leading to neuronal death. The
mechanism of DCD is not clear but Ca®* influx via N-methyl-p-aspartate receptors (NMDAR) and/or the re-
verse plasmalemmal Na*/Ca%* exchanger (NCX;e,) could be involved in DCD. However, the extent to which
NMDAR and NCX;., contribute to glutamate-induced DCD is uncertain. Here, we show that both NMDAR and
NCX;.y are critical for DCD in neurons exposed to excitotoxic glutamate. In rat cultured hippocampal neurons,
25 UM glutamate produced DCD accompanied by sustained increase in cytosolic Na* ([Na*].) and plasma
membrane depolarization. MK801 and memantine, noncompetitive NMDAR inhibitors, added shortly after
glutamate, completely prevented DCD whereas AP-5, a competitive NMDAR inhibitor, failed to protect
against DCD. None of the tested inhibitors lowered elevated [Na™]. or restored plasma membrane potential.
In the experiments with NCX reversal by gramicidin, MK801 and memantine robustly inhibited NCX;., while
AP-5 was much less efficacious. In electrophysiological patch-clamp experiments MK801 and memantine
inhibited NCX,.,-mediated ion currents whereas AP-5 failed. Thus, MK801 and memantine, in addition to
NMDAR, inhibited NCX,e,. Inhibition of NCX,., either with KB-R7943, or by collapsing Na™ gradient across
the plasma membrane, or by inhibiting Na*/H" exchanger with 5-(N-ethyl-N-isopropyl) amiloride (EIPA)
and thus preventing the increase in [Na™]. failed to preclude DCD. However, NCX,e, inhibition combined
with NMDAR blockade by AP-5 completely prevented DCD. Overall, our data suggest that both NMDAR and
NCX,.y are essential for DCD in glutamate-exposed neurons and inhibition of individual mechanism is not

sufficient to prevent calcium dysregulation.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Glutamate excitotoxicity (Choi, 1992; Olney, 1969) is a critical factor
in stroke, secondary brain injury following brain trauma, and various
age-related neurodegenerative disorders (Greenamyre et al., 1999;
Grunewald and Beal, 1999; Lipton, 2004; Mattson, 2003; Salinska
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DCD, delayed calcium dysregulation; NMDA, N-methyl-p-aspartate; NMDAR, NMDA re-
ceptor; NCX, Na*/Ca?* exchanger; NCX;,, reverse NCX; EIPA, 5-(N-ethyl-N-isopropyl)
amiloride; AP-5, p-(—)-2-amino-5-phosphonopentanoic acid; VGCC, voltage-gated cal-
cium channels; AMPA, 2-amino-3-(5-methyl-3-o0xo-1,2-0xazol-4-yl) propanoic acid;
CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; AUC, area under the curve; NHE, Na*/
H* exchanger; PTP, permeability transition pore; OGD, oxygen/glucose deprivation;
2-APB, 2-aminoethoxydiphenyl borate; TRP channels, transient potential receptor
channels; ASICs, acid-sensing ion channels.
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et al., 2005). The mechanism of excitotoxicity is causally linked to a
drastic elevation in cytosolic Ca?™ concentration ([Ca®™].) (Kaku
et al., 1993) that leads to cell injury and neuronal death (Berliocchi
et al., 2005). Correspondingly, stabilizing low cytosolic Ca? " by chela-
tion with BAPTA increases the survival rate of neurons exposed to exci-
totoxic glutamate (Tymianski et al., 1993c; Tymianski et al., 1994).
Thus, the sustained increase in [Ca2 "], or “delayed calcium dysregula-
tion” (DCD) (Tymianski et al., 1993a), represents an essential factor
leading to neuronal death (Budd and Nicholls, 1996; Manev et al.,
1989; Thayer and Miller, 1990; Tymianski et al., 1993b). However, de-
spite extensive studies the precise molecular mechanisms leading to
DCD remain poorly understood.

The NMDA-subtype of glutamate ionotropic receptors (NMDAR)
is considered the major route for Ca>™ entry in neurons exposed to
glutamate (Tymianski et al., 1993b). The augmented Ca%™ influx in
glutamate-stimulated neurons is compensated, at least temporarily,
by Ca?™* extrusion mediated by Na*/Ca?* exchanger (NCX) (Carafoli
et al., 2001). In neurons, NCX has the highest transport capacity for
Ca%™, and therefore plays a key role in maintenance of calcium homeo-
stasis (Carafoli et al., 2001). In the forward mode, NCX catalyzes an
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extrusion of 1 Ca " in the exchange for 3 Na™, and hence contributes to
maintaining a low [Ca2 7] (Blaustein and Lederer, 1999). However, in
neurons glutamate exposure causes collapse of the Na™ gradient and
plasma membrane depolarization (Mayer and Westbrook, 1987;
Tsuzuki et al., 1994; Yamaguchi and Ohmori, 1990) that result in a re-
versal of NCX (Kiedrowski et al., 1994). In this case, reverse operation
of NCX (NCX,ey) might contribute to sustained elevation in [Ca® "],
(Hoyt et al., 1998; Kiedrowski, 1999). KB-R7943, an inhibitor of NCX e,
(Iwamoto et al., 1996), was used to demonstrate the contribution of
NCX;ey in NMDA-induced changes in [Ca®*]. (Czyz et al., 2002; Hoyt
et al., 1998). However, KB-R7943 also inhibits NMDAR and mitochon-
drial Ca?* accumulation (Brustovetsky et al., 2011; Sobolevsky and
Khodorov, 1999) that confounds the results produced with this agent.
Thus, the role of NCX;., in glutamate-induced DCD remains unclear.

In our previous study, we found that the NMDAR inhibitor,
MK801, applied to neurons shortly after glutamate, completely pre-
vented DCD (Brustovetsky et al.,, 2010). This finding supports the
major role of NMDAR in DCD and apparently rejects the NCX,e, hy-
pothesis. Alternatively, this suggests that in addition to NMDAR
MK801 also inhibits NCX,e,. In the present study, we demonstrated
for the first time that MK801 and memantine, non-competitive inhib-
itors of NMDAR (Chen et al., 1992; Huettner and Bean, 1988), inhib-
ited NCX,e,. In contrast, b-(—)-2-Amino-5-phosphonopentanoic acid
(AP-5), a competitive NMDAR inhibitor (Clements and Westbrook,
1994), was much less efficacious. Neither NMDAR nor NCX, inhibi-
tion alone was sufficient to preclude DCD in hippocampal neurons
exposed to glutamate whereas combined inhibition of NMDAR and
NCX.y was very effective in preventing DCD. Thus, our data suggest
that both NMDAR and NCX,., are critical contributors to DCD in neu-
rons exposed to glutamate and inhibition of both Ca?* entry mecha-
nisms is necessary to prevent DCD.

Materials and methods
Materials

Glutamate, glycine, EGTA, and gramicidin were purchased from
Sigma (St. Louis, MO). Fura-2FF-AM and Fluo-4FF-AM were bought
from Teflabs (Austin, TX) and Invitrogen (Carlsbad, CA), respectively.
SBFI was purchased from Invitrogen as well. AP-5 and KB-R7943 were
from Tocris (Ellisville, MO). KB-R7943 solutions were prepared daily
and only used fresh on the day of the experiment. Sodium Green™
was obtained from Invitrogen. MK801 was purchased from Calbio-
chem (San Diego, CA), memantine was from Sigma (St. Louis, MO),
and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) was from MP Biomed-
icals (Irvine, CA). Aninne-6plus was kindly provided by Dr. Michael
Rubart (Indiana University School of Medicine, Indianapolis).

Cell culturing

Primary cultures of hippocampal neurons were prepared from post-
natal day 1 rat pups according to Institutional Animal Care and Use
Committee (IACUC) approved protocol and previously described proce-
dures (Dubinsky, 1993). For fluorescence measurements, neurons were
plated on glass-bottomed Petri dishes without preplated glia as previ-
ously described (Dubinsky, 1993). For all platings, 35 pg/ml uridine
plus 15 pg/ml 5-fluoro-2’-deoxyuridine were added 24 h after plating
to inhibit proliferation of non-neuronal cells. Neuronal cultures were
maintained in a 5% CO, atmosphere at 37 °C in Earl's MEM supplemen-
ted with 10% NuSerum (BD Bioscience, Bedford, MA), 27 mM glucose
and 26 mM NaHCOj3 (Dubinsky et al., 1995).

Fluorescence imaging

In our experiments, rat cultured hippocampal neurons grown
for 12-14 days in vitro (12-14 DIV) were used. The standard bath

solution contained 139 mM NacCl, 3 mM KCl, 0.8 mM MgCl,, 1.8 mM
CaCl,, 10 mM NaHEPES, pH 7.4, 5 mM glucose, and 65 mM sucrose.
Throughout this study, sucrose was used to maintain osmolarity sim-
ilar to that in the growth medium (340 mOsm). Fluorescence imaging
was performed with a Nikon Eclipse TE2000-U inverted microscope
using a Nikon objectives Plan Fluor 20x0.45 NA or Super Fluor
40x 1.3 NA and an EM-CCD Hamamatsu C9100-12 camera (Hamama-
tsu Photonic Systems, Bridgewater, NJ) controlled by Simple PCI soft-
ware 6.1 (Compix Inc., Sewickley, PA). The excitation light was
delivered by a Lambda-LS system (Sutter Instruments, Novato, CA).
To minimize photobleaching and phototoxicity, the images were
taken every 15 s during the time-course of the experiment.

For calcium imaging experiments, neurons were loaded with ei-
ther 2.6 uM Fura-2 AM (in the experiments shown in Suppl. Fig. 1)
or 2.6 uM Fura-2FF-AM (in all other calcium imaging experiments ex-
cept experiments with EIPA or with SBFI/Fluo-4FF co-loading) for
60 min at 37 °C to follow changes in [Ca%*].. The excitation filters
(34045 and 380+ 7 nm) were controlled by a Lambda 10-2 optical
filter changer (Sutter Instruments, Novato, CA). Fluorescence was
recorded from individual neurons through a 505 nm dichroic mirror
at 535+ 25 nm. The changes in [Ca® "], were monitored by following
Fura-2FF Fs40/F3g0 ratio. Here and in all other experiments, back-
ground was subtracted from fluorescence signals. Alternatively, the
changes in [Ca? ] were monitored simultaneously with changes in
[Na*]. using a Ca®*-sensitive fluorescent dye Fluo-4FF-AM and a
Na*-sensitive dye SBFI-AM. Neurons were loaded simultaneously
with 2.5 uM Fluo-4FF-AM for 30 min and 9 uM SBFI-AM for 1h at
37 °C. The excitation wavelengths were 340+ 5 and 380+ 7 nm for
SBFI and 480 4 20 nm for Fluo-4FF. Fluorescence was recorded from
individual neurons through a 505 nm dichroic mirror at 5354+
25 nm. The changes in [Na™]. were monitored by following SBFI
F340/F3g0 ratio. The changes in [Ca% *]. were monitored by following
Fluo-4FF F,50 and normalized as F/F,. [Ca® *]. and [Na™]. were calcu-
lated using Grynkiewicz method (Grynkiewicz et al., 1985) assuming
Kq for Fura-2FF is 5.5 uM, for Fluo-4FF is 9.7 uM, and for SBFI is
11.3 mM. The low affinity Ca? "-sensitive dyes Fura-2FF and Fluo-
4FF were chosen to provide accurate Ca?* concentration measure-
ments in micromolar range, which is typically reached in neurons
after prolonged glutamate exposure. However, Ca>* measurements
in nanomolar range with these dyes are less accurate and, therefore,
the resting physiological [Ca®*]. in non-stimulated neurons should
be considered estimates and taken cautiously.

In the experiments with EIPA, we used a Ca? *-sensitive dye Fluo-
4FF-AM and Na " -sensitive fluorescent dye Sodium Green™ (Invitro-
gen) because EIPA interfered with Fura-2FF and SBFI measurements
(Zhang and Melvin, 1996). Neurons were loaded with 2 pM Sodium
Green™ for 30 min at 37 °C. The excitation wavelength was 480+
20nm and fluorescence was recorded from individual neurons
through a 505 nm dichroic mirror at 535425 nm. The changes in
[Na*]. were monitored by following Sodium Green™ F,gq and
[Na*]. were calculated using Grynkiewicz method (Grynkiewicz
et al., 1985) assuming Ky for Sodium Green™ is 21 mM. Since the as-
sumptions made in using Ky's, the calculated values should be consid-
ered estimates of [Ca®*]. and [Na™]..

For plasma membrane potential measurements, we used potential-
sensitive fluorescent dye Annine-6plus (Fromherz et al., 2008 ). Neurons
were loaded with 4 uM Annine-6plus for 5 min at room temperature.
The excitation wavelength was 480420 nm; fluorescence was
recorded from individual neurons through a long pass 570 nm filter.
The changes in plasma membrane potential were monitored by follow-
ing Annine-6plus F4g9 and expressed as F/F.

Glutamate measurements

The glutamate concentrations were measured in the neuronal bath
solutions following gramicidin application. Glutamate concentrations
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were quantified as previously described (Wang et al., 2010). Briefly,
glutamate was determined using the Amplex Red glutamic acid/
glutamate oxidase assay kit (Invitrogen) according to the manufac-
turer's instructions. This assay utilizes the production of H,0- that oc-
curs during oxidation of glutamate to a-ketoglutarate by glutamate
oxidase to fuel conversion of Amplex Red to the highly fluorescent
resorufin by horseradish peroxidase. Samples were incubated with
the Amplex Red enzyme mixture for 30 min before fluorescence was
measured using an excitation of 530 nm and emission of 590 nm in a
Victor? V plate reader (Perkin Elmer, Shelton, CT).

Electrophysiological patch-clamp experiments

Whole-cell patch-clamp recordings were conducted as described
previously (Brustovetsky et al., 2011). Briefly, patch-clamp recordings
were performed at room temperature using a HEKA EPC-10 double
amplifier. Data was acquired using the Pulse program (HEKA Elec-
tronic, Lambrecht/Pfalz, Germany). When examining NMDA- and
gramicidin-induced currents, the composition of the electrode (“in-
tracellular”) solution was as follows: 140 mM CsF, 10 mM Nadl,
1.1 mM EGTA, and 10 mM HEPES, pH 7.3 adjusted with CsOH. The ex-
ternal solution was the same as in the fluorescence imaging experi-
ments, except Mg? ™ was omitted. The composition of the electrode
solution used for recording voltage ramp currents mediated by
NCX was as follows: 20 mM KCI, 100 mM K-aspartate, 20 mM
tetraethylammonium-Cl, 10 mM HEPES, 0.01 mM K-EGTA, 4.5 mM
MgCl,, and 4 mM Na-ATP, pH 7.3 adjusted with KOH (Smith et al.,
2006). The external solution used for recording currents was as
follows: 129 mM NaCl, 10 mM CsCl (to block K* channels), 3 mM
KCl, 0.8 mM MgCl,, 1.8 mM CaCl,, 5 mM glucose, 10 mM Na-HEPES,
pH 7.2, 65 mM sucrose, 0.01 mM nifedipine (to block voltage-gated
Ca’?* channels), 0.02mM ouabain (to inhibit Na*/K*-ATPase),
0.001 mM tetrodotoxin (to block Na™ channels). A perfusion Fast-
Step system (Warner Instruments, LLC, Hamden, CT) was used to de-
liver drugs focally onto isolated hippocampal neurons in the whole-
cell configuration. All drugs were diluted in the bath solution. The
bath solution across the cells was perfused at approximately 1 ml/
min using gravity flow.

Statistics

Statistical analysis consisted of unpaired t-test or one-way ANO-
VAs followed by Bonferroni's post hoc test (GraphPad Prism® 4.0,
GraphPad Software Inc., San Diego, CA). Every experiment was per-
formed using at least three separate neuronal platings. All data are
mean + standard error of the mean (s.e.m.) of at least 3 independent
experiments.

Results

Prolonged exposure of neurons to glutamate resulted in a sus-
tained elevation in [CaZ "], also known as delayed calcium dysregula-
tion (DCD) (Tymianski et al, 1993a) (Figs. 1A-C). In these
experiments, changes in [Ca®?™]. and cytosolic Na™ concentration
([Na™].) were followed simultaneously using Ca® "-sensitive fluores-
cent dye Fluo-4FF and Na*-sensitive dye SBFI. Figs. 1A and B show
representative pseudocolored calcium images of cultured neurons
loaded with Fluo-4FF prior to and after exposure to 25 uM glutamate
plus 10 pM glycine, respectively. Figs. 1C-F show averaged Fluo-4FF
and SBFI signals recorded from individual neurons and converted
into [Ca® ™). and [Na™].. Neither nifedipine (5 uM), nor w-conotoxin
(1 uM), inhibitors of L- and N-types of voltage-gated Ca®>™ channels
(VGCCQ), respectively, affected glutamate-induced DCD (not shown).
CNQX (10-100 uM), an inhibitor of AMPA/kainate subtype of ionotro-
pic glutamate receptors, also had no effect on glutamate-induced DCD
(Brustovetsky et al., 2011). These data indicate that neither VGCC nor

AMPA/kainate receptors contribute significantly to DCD in cultured
hippocampal neurons exposed to glutamate.

Conversely, DCD was completely prevented by MK801 (1 uM) or
memantine (50 uM) applied either prior to glutamate (not shown)
or 90 s after glutamate (Figs. 1D,E). Because we were interested in
the mechanisms of DCD, in most of our experiments inhibitors were
applied shortly after glutamate just before onset of DCD. The strong
inhibition of DCD with MK801 or memantine suggested that Ca? ™ in-
flux via NMDAR plays a major role in DCD consistent with the previ-
ous reports (Tymianski et al., 1993b). Surprisingly, AP-5 (20-200 pM)
failed to prevent DCD (Fig. 1F). Fig. 1G shows a statistical analysis of
the calcium imaging experiments. Here and in other Figures,
glutamate-induced changes in [Ca? ©]. over time were quantified by
calculating the area under the curve (AUC) as it has been done previ-
ously (Chang et al., 2006). All tested NMDAR antagonists completely
inhibited NMDA-induced increases in [Ca®™]. with [C50=0.2+
0.04 uM for MK801, 3.6+ 0.05 uM for memantine, and 2.2 4-0.03 pM
for AP-5, respectively (Suppl. Fig. 1), and inhibited NMDA-induced
ion currents measured in whole-cell voltage-clamp experiments
(Suppl. Fig. 2) suggesting complete inhibition of NMDAR. MK801
(1 pM), memantine (10 pM), and AP-5 (20 uM) also completely pre-
vented DCD induced by 30 uM NMDA (plus 10 uM glycine) (Suppl.
Fig. 3), indicating that all tested NMDAR inhibitors were effective in
inhibiting NMDAR. However, despite inhibition of NMDAR, AP-5, in
contrast to MK801 and memantine, failed to prevent glutamate-
induced DCD (Fig. 1F).

In addition to DCD, glutamate produced sustained elevation in
[Na™]. (Fig. 1C) and plasma membrane depolarization (Fig. 2B).
Fig. 2A shows changes in Annine-6plus fluorescence following step-
wise plasma membrane depolarizations with increasing concentra-
tions of KCl. MK801, memantine, and AP-5 neither attenuated the
glutamate-induced increases in [Na™]. (Figs. 1D-F) nor prevented
plasma membrane depolarizations (Figs. 2C-E). The changes in
[Na*]. were assessed similar to changes in [Ca% *]. (Fig. 1G) by calcu-
lating AUC (Fig. 1H). The change in plasma membrane potential was
evaluated by calculating the percentage of glutamate-induced decline
in membrane potential compared to maximal depolarization pro-
duced by complete replacement of NaCl for KCI in the bath solution
(Fig. 2F). In contrast to glutamate-induced alterations in [Na™]. and
plasma membrane potential, MK801 (1 uM), memantine (10 uM),
and AP-5 (20 uM) significantly lowered [Na™]. elevated after NMDA
application (Suppl. Fig. 4) and completely prevented plasma mem-
brane depolarization induced by 30 uM NMDA (plus 10 uM glycine)
(Suppl. Fig. 5), confirming the effectiveness of the NMDAR inhibitors.

The increase in [Na™]. and plasma membrane depolarization is
the major pre-requisite for the reversal of NCX, which in the reverse
mode brings Ca®™ into the cell in exchange for cytosolic Na™ (Hoyt
et al., 1998; Kiedrowski et al., 1994). Keeping this in mind, complete
prevention of the glutamate-induced DCD by MK801 and memantine
suggested that either (i) NCX,, was not involved in glutamate-
induced DCD, or (ii) MK801 and memantine, in addition to NMDAR,
also inhibited NCX,.y. In the following experiments we tested wheth-
er MK801 and memantine inhibited NCX,ey. The reversal of NCX was
triggered by treating neurons with gramicidin, a monovalent cation
ionophore that increases plasma membrane permeability for Na™
and K* but not for Ca?* (Myers and Haydon, 1972). Gramicidin
(5 M) induced Na* influx into the cytosol and depolarized neurons
(Figs. 3A,B), providing conditions for NCX reversal and hence leading
to the increase in [Ca®?™]. due to NCX., operation (Fig. 3C)
(Brustovetsky et al., 2011; Newell et al., 2007). Gramicidin applied
with perfusion (1 ml/min) also produced an increase in [Ca®™].
(Fig. 3D). MK801 and memantine very effectively inhibited
gramicidin-induced increase in [Ca% *]. (Figs. 3E,F) with IC5o=0.5+
0.08 uM and 17.140.24 pM, respectively (Suppl. Fig. 6). AP-5, on
the other hand, was potent (ICso = 2.8 £ 0.7 uM) but much less effica-
cious at blocking gramicidin-induced increases in [Ca®*]. (Fig. 3G).
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Fig. 1. Glutamate-induced increases in [Ca® *] and [Na*].. MK801 and memantine but not AP-5 prevented sustained elevation in [Ca? *].. None of the tested inhibitors influenced
glutamate-induced [Na™]. increase. In all experiments, neurons were treated with 25 pM glutamate (Glu, plus 10 uM glycine) and 1 uM MK801, or 50 M memantine, or 200 pM AP-
5. Here and in all other experiments, 0.2% DMSO was used as a vehicle. The inhibitors were added 90 s following glutamate application. In A and B, pseudocolored images of cultured
neurons taken prior to and after exposure to 25 uM glutamate plus 10 uM glycine, respectively. In C-F, simultaneous measurements of [Ca? " ]. and [Na™]. in hippocampal neurons
loaded with a Ca®*-sensitive fluorescent dye Fluo-4FF and a Na™-sensitive dye SBFI. The time scale shown in panel F is applicable to all traces in C-E. [Ca® *]. and [Na™]. were
calculated using Grynkiewicz method (Grynkiewicz et al., 1985). Here and in other Figures, the traces show mean =+ s.e.m. from individual experiments (n= 18-25 neurons per
experiment). In G and H, statistical analyses of glutamate-induced [Ca® *]. and [Na*]. changes over time in dependence on the presence of different inhibitors. Data are mean +

s.e.m., *p<0.01 compared to vehicle, n=3.

In addition to NCX reversal, the collapse of Na™ gradient across
the plasma membrane could trigger reversal of Na™-glutamate co-
transporter and a release of endogenous glutamate. Indeed, we
found 0.97 4+ 0.07 uM glutamate (mean + s.e.m., n==6) in the bath so-
lution following 5 min exposure of neurons to 5 UM gramicidin com-
pared to 0.18 +-0.07 uM glutamate (n=11) in the bath solution with
untreated neurons. This glutamate concentration failed to induce sus-
tained elevation in [Ca® ™].. However, gramicidin-induced collapse of
Na* gradient most likely inhibited NCX operation in the forward
mode and, thus, hindered Ca?™* extrusion from the cell. If forward
mode of NCX was turned off by replacing Na* in the bath solution
by equimolar N-methyl-p-glucamine (NMDG), 1 uM glutamate pro-
duced sustained elevation in [Ca?™]. (Suppl. Fig. 7). Therefore, in
the experiments with gramicidin we used a glutamate-pyruvate
transaminase (GPT from pig heart, Roche, Indianapolis, IN) to
eliminate glutamate from the bath solution. This enzyme catalyzes
glutamate-pyruvate transamination reaction producing alanine and
a-ketoglutarate and thus protecting neurons from glutamate excito-
toxicity (Matthews et al, 2000; Matthews et al., 2003). The GPT

(25 pg/ml plus 2 mM pyruvate) applied together with gramicidin re-
duced glutamate concentration in the bath solution to 0.14 + 0.08 pM
(n=3). In parallel calcium imaging experiments, GPT plus pyruvate
somewhat slowed down gramicidin-induced elevation in [Ca*]. but
failed to prevent it (Suppl. Fig. 8). Presumably, gramicidin-induced in-
crease in [Ca® ] involved Ca?* influx via both NMDAR stimulated by
the released glutamate and NCX,.,. Consequently, the partial inhibition
of gramicidin-induced [Ca® ™. increase by AP-5 could be due to inhibi-
tion of NMDAR (Fig. 3F). Overall, our data suggest that both MK801 and
memantine, in addition to inhibiting NMDAR, strongly inhibit NCX;e,
whereas AP-5 inhibits NMDAR but not NCX;ey.

In electrophysiological whole-cell, voltage-clamp experiments,
repetitive voltage ramp protocols produced ion currents mediated
predominantly by the NCX,., (Convery and Hancox, 1999; Watanabe
and Kimura, 2000). These currents were strongly attenuated by
5mM Ni2+ (Figs. 4B,C) and by 10 uM KB-R7943, both are NCX,., in-
hibitors (Iwamoto et al., 1996; Kimura et al., 1987). These currents
were also inhibited by 10 uM MK801 and by 50 pM memantine, but
not by 50 uM AP-5 (Figs. 4D,E) consistent with calcium imaging
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Fig. 2. KCl- and glutamate-induced plasma membrane depolarizations in cultured hip-
pocampal neurons. Neither MK801, nor memantine, nor AP-5 prevented membrane
depolarization. In A-E, the changes in plasma membrane potential were monitored
by following Annine-6plus F4g0 and expressed as F/Fo. Panel A shows changes in
Annine-6plus fluorescence following step-wise plasma membrane depolarizations
with increasing concentrations of KCl. In B-E, where indicated, neurons were treated
with 25 uM glutamate (Glu, plus 10 pM glycine) and 200 uM AP-5, or 1 uM MK801, or
50 uM memantine. At the end of the experiments, NaCl in the bath solution was
replaced by 142 mM KCI to completely depolarize plasma membrane. The time scale
shown in panel E is applicable to all traces in A-D. In F, statistical analysis of
glutamate-induced plasma membrane depolarizations over time expressed as percent-
age of plasma membrane potential under resting conditions. Data are mean &+ s.e.m.,
*p<0.01 compared to vehicle, n=3.

experiments with NCX reversal induced by gramicidin (Figs. 3C-F).
Thus, electrophysiological data confirmed that MK801 and meman-
tine inhibited NCX,y, Whereas AP-5 was practically without effect.

In the following experiments, we evaluated the role of NCXey,
in glutamate-induced DCD. Despite numerous off-target effects, KB-
R7943 remains one of the most efficacious and widely used NCXe,
inhibitors. Previously, we found that KB-R7943 inhibited NCX., in hip-
pocampal neurons with ICso=5.7 +-2.1 uM (Brustovetsky et al., 2011).
In our experiments with glutamate-treated neurons, KB-R7943 (10 uM)
failed to prevent DCD (Figs. 5A,B). KB-R7943 also inhibits NMDAR with
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Fig. 3. Gramicidin reversed Na*/Ca?* exchanger (NCX) leading to the increase in [Ca? *]..
MK801 and memantine but not AP-5 inhibited the reverse NCX. In A and B, gramicidin
(5 uM) produced an increase in [Na™]. and plasma membrane depolarization, respective-
ly. The changes in [Na™]. were monitored by following SBFI F340/F3g0 ratio. The changes in
plasma membrane potential were monitored by following Annine-6plus F/Fy. The changes
in [Ca? "] were monitored by following Fura-2FF F49/Fsgo ratio. [Ca® "] and [Na "] were
calculated using Grynkiewicz method (Grynkiewicz et al., 1985). In A-G, where indicated,
neurons were treated with 5 pM gramicidin (Gram) and 1 uM MK801, or 50 pM meman-
tine, or 200 UM AP-5. In D, neurons were perfused with the bath solution at 1 ml/min rate.
In all experiments, bath solution was supplemented with 5 uM nifedipine, a blocker of
voltage-gated Ca>* channels, and 1 mM ouabain, an inhibitor of the Na*/K*-ATPase.
The time scale shown in panel G is applicable to all traces in C-F. In H, statistical analysis
of glutamate-induced [Ca® *]. changes over time in dependence on the presence of differ-
ent inhibitors. Data are mean + s.e.m., “p<0.01 compared to vehicle, n=3.

[C50=13.443.6 uM (Brustovetsky et al., 2011), which is much higher
than ICsp for MK801 (0.2 4-0.04 uM) and memantine (3.6 £ 0.05 pM).
Therefore, 10 uM KB-R7943 could not inhibit NMDAR completely. The
NMDAR inhibition with 200 uM AP-5 also failed to prevent DCD
(Fig. 5C). However, the combined application of 10 uM KB-R7943 and
20 uM AP-5 completely prevented DCD (Fig. 5D). Thus, inhibition of
only one of Ca? * entry mechanisms, either NMDAR with AP-5 or NCX;ey
with KB-R7943, was not sufficient to protect neurons against DCD.
KB-R7943 has off-target effects that might confound the results
obtained with this drug (Brustovetsky et al., 2011). Therefore, we
looked for alternative approaches to turn off NCX,e,. To achieve this,
we replaced Na™ by K™ in the bath solution and released cytosolic
Na* by applying 5 pM gramicidin thus completely eliminating the
Na™ gradient across the plasma membrane. This stopped NCX opera-
tion in both forward and reverse modes. Under these conditions glu-
tamate produced instantaneous calcium dysregulation apparently
due to a failure of NCX to extrude Ca?* from the cytosol (Fig. 6A).
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Fig. 4. The effects of Ni®*, MK801, memantine, and AP-5 on NCX.,-mediated ion cur-
rents recorded with cultured rat hippocampal neurons. In A, the ascending voltage
ramp protocol employed in these experiments and associated current obtained with
and without 10 uM KB-R7943. In B-F, the effects of 5 mM Ni2* (Q), 10 uM MK801
(D), 50 uM AP-5 (E) and 50 uM memantine (F) on NCX;.,-mediated ion currents. The
effects of the inhibitors were calculated as percentage from the peak current without
inhibitor taken as 100%. The time scale shown in panel F is applicable to all traces in
B-E. For further details, see Materials and methods.

Importantly, now AP-5 (20 pM) readily inhibited glutamate-induced
calcium dysregulation (Fig. 6B). This observation confirms that both
NMDAR and NCX.., have to be inhibited to prevent glutamate-
induced calcium dysregulation and supports our hypothesis that
both NMDAR and NCX,., contribute to DCD.

Our experiments with the Na*-sensitive fluorescent dye SBFI
demonstrated that glutamate produced an increase in [Na™].
(Fig. 1). None of the tested NMDAR inhibitors prevented or attenuat-
ed this [Na™]. increase suggesting an alternative route for Na™ in-
flux into cells. Recently, it has been shown that Na*/H* exchanger
(NHE) plays a central role in [Na™]. increase in neurons following
oxygen/glucose deprivation (Luo et al., 2005). In our experiments,
5-(N-ethyl-N-isopropyl) amiloride (EIPA, 10 uM), an inhibitor of
NHE (Vigne et al., 1983), significantly attenuated glutamate-
induced increase in [Na™*]. (Figs. 7A,B,D). The glutamate-induced
changes in [Na™]. over time were quantitatively assessed by calcu-
lating the AUC (Fig. 7D) as it has been done previously for [Ca® ],
changes (Chang et al., 2006). In these experiments we used Na™-
sensitive fluorescent dye Sodium Green™ because EIPA interferes
with SBFI measurements (Zhang and Melvin, 1996). Similar to ex-
periments with SBFI (Fig. 1B), MK801 failed to prevent or diminish
glutamate-induced increase in [Na™]. (Fig. 7C).

Next, we tested whether EIPA (10 uM) inhibited NMDAR and
NCX,ey and found that neither NMDA-induced nor gramicidin-
induced increases in [Ca®*]. were affected by EIPA (Suppl. Fig. 9),
suggesting that EIPA at the used concentration inhibited neither
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Fig. 5. Glutamate-induced sustained elevation in [Ca is inhibited by a combination
of KB-R7943 and AP-5 but not by individual inhibitors applied separately. In A-D, cul-
tured hippocampal neurons were exposed to 25 uM glutamate (Glu, plus 10 uM gly-
cine). Where indicated, 10 uM KB-R7943 or 200 pM AP-5, or a combination of 10 pM
KB-R7943 and 20 pM AP-5 were applied. The time scale shown in panel C is applicable
to all traces in A, B, and D. In E, statistical analysis of glutamate-induced [Ca®"].
changes over time in dependence on the presence of different inhibitors. Data are
mean + s.e.m., “p<0.01 compared to vehicle, n=3.

NMDAR nor NCX,.,. Because the reversal of NCX requires an increase
in [Na™]., we hypothesized that inhibiting [Na*]. increase with EIPA
should indirectly inhibit Ca? ™" influx via NCX,e, and thus EIPA could
substitute for KB-R7943 in the combination with AP-5 (Fig. 5D). In-
deed, whereas EIPA and AP-5 alone failed to prevent or attenuate
glutamate-induced DCD (Figs. 8A-C), their combination completely
prevented DCD (Fig. 8D). In these experiments, the EIPA was applied
to neurons prior to glutamate to prevent [Na™]. increase. Thus, using
three different experimental approaches to shut-off NCX,., we dem-
onstrated that DCD in cultured hippocampal neurons exposed to
glutamate depended on both NMDAR and NCX., and that both
mechanisms had to be inhibited to protect neurons against DCD.

Discussion

The DCD is a critical event in glutamate excitotoxicity and there-
fore understanding of the mechanisms contributing to this phenome-
non is of paramount importance. In the present paper, we found that
the strong protection against DCD evoked by MK801 and memantine
depended on inhibition of both NMDAR and NCX,., whereas ineffi-
ciency of AP-5 and KB-R7943 to protect against DCD correlated with
their inability to inhibit either NCX,., or NMDAR. Thus, for the first
time we demonstrated that both NMDAR and NCX., play essential
role in glutamate-induced DCD. Our results unify NMDAR and NCX e,
hypotheses of DCD and explain the inefficiency of separate NMDAR
and NCX,, inhibition in preventing DCD. We also demonstrated for
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Fig. 6. Inhibition of forward and reverse Na*/Ca?* exchanger by eliminating Na* gra-
dient across the plasma membrane permits complete inhibition of glutamate-induced
calcium dysregulation by AP-5. In A and B, where indicated, NaCl in the bath solution
was replaced by 142 mM KCl (—Na™/+K"). Then, neurons were treated with 5 uM
gramicidin (Gram) to release cytosolic Na™. After that, neurons were exposed to
25 uM glutamate (Glu, plus 10 pM glycine) without (A) or with 20 uM AP-5 (B). In
these experiments, bath solution was supplemented with 5 pM nifedipine and 1 mM
ouabain. The time scale shown in panel B is applicable to the trace in A.

the first time that NMDAR inhibitors, MK801 and memantine, are
also potent NCX,., inhibitors. Importantly, the forward mode of NCX
was not affected by these inhibitors (Brittain M.K., Brustovetsky, T.,
and Brustovetsky, N., unpublished data). The findings of this study
add a new perspective to our understanding of the mechanisms of
glutamate-induced DCD and provide a rationale for the inconsistency
in neuroprotection afforded by different NMDAR inhibitors.

The prolonged exposure of neurons to glutamate causes oversti-
mulation of glutamate receptors and produces a massive Ca®™ influx
and significant elevation of [Ca?*]. (Tymianski et al., 1993b). Incom-
ing Ca?™ can be extruded from the cytosol by Ca?"-ATPase in the
plasma membrane or by NCX operating in the forward mode
(Guerini et al., 2005). In addition, Ca® ™ can be taken up by mitochon-
dria (Bernardi, 1999). The Ca®*-ATPase has low transport capacity
(Tymianski et al., 1993b), and therefore cannot compensate massive
Ca®™ influx into neurons triggered by glutamate. The NCX, on the
other hand, has a much greater Ca®* transport capacity and therefore
can more effectively clear elevated Ca® ™ (Carafoli et al., 2001). How-
ever, glutamate-induced increase in [Na*]. and plasma membrane
depolarization lead to a reversal of NCX that instead of extruding
Ca%™ brings now more Ca?™ into the cell (Kiedrowski et al., 1994).
In the cell, mitochondria play a significant role in clearing the elevat-
ed cytosolic Ca® ™ (Herrington et al., 1996). However, mitochondrial
Ca?™ uptake capacity is limited because of induction of the perme-
ability transition pore (PTP) that precludes further Ca?* accumula-
tion (Chalmers and Nicholls, 2003; Li et al., 2009). Inhibition of the
PTP induction by cyclosporin A or its non-immunosuppressive

A

70
60
50
40

301
204
10

[Na"],, mM

O

70
an ,?%8 =
g 50 =4
8 40 =
10 0 © o T:l
& ¢ ¢

Fig. 7. EIPA but not MK801 inhibited the increase in [Na™]. induced by glutamate. In A-
C, the changes in [Na*]. were monitored by following Sodium Green™ fluorescence
F4g0. Neurons were exposed to 25 uM glutamate (Glu, plus 10 uM glycine). Where indi-
cated, neurons were treated with 10 uM MK801 (B) or 10 uM EIPA (C). The time scale
shown in panel B is applicable to traces in A and C. In D, statistical analysis of
glutamate-induced [Na™]. changes over time in dependence on the presence of
MK801 and EIPA. Data are mean 4 s.e.m., “p<0.01 compared to vehicle, n=3.

derivatives or by genetic ablation of the mitochondrial cyclophilin D
defers calcium dysregulation and increases resistance of neurons to
glutamate toxicity but cannot reliably protect neurons from DCD
and cell death (Brustovetsky et al., 2009; Li et al., 2009). On the
other hand, the extracellular space is practically an infinite source of
Ca?™ and, therefore, attenuating Ca®* entry from the outside of the
cell seems the most effective way to protect neurons exposed to glu-
tamate. However, this requires precise knowledge about Ca? ™ entry
routes into neurons exposed to glutamate and warrants extensive re-
search in this direction.

In our study, inhibition of NMDAR and NCX,., appeared to be suf-
ficient for preventing DCD and, therefore, we were focused on these
mechanisms of Ca? ™" influx into neurons exposed to glutamate. The
stimulation of ionotropic glutamate receptors results in plasma mem-
brane depolarization, eliminates voltage-dependent Mg?™ block of
NMDAR, and maintains NMDAR activity permitting continuous diva-
lent cation influx (Nowak et al., 1984; Planells-Cases et al., 2006).
However, in electrophysiological experiments NMDAR is rapidly
inactivated due to Ca%*-induced actin depolymerization (Legendre
et al., 1993; Rosenmund and Westbrook, 1993) and therefore its
role in DCD remains questionable. In addition to NMDAR, the NCXey
was proposed to significantly contribute to DCD by bringing Ca®*
into the cytosol in exchange for cytosolic Na* (Hoyt et al., 1998;
Kiedrowski et al., 1994). This hypothesis was based on the observa-
tions that glutamate considerably increases [Na™]. and depolarizes
neurons, thus predisposing cells for NCX reversal. However, the ex-
tent to which NCX,., contributed to DCD in neurons exposed to gluta-
mate was not completely elucidated. It was also not completely clear
which of these two mechanisms - Ca?* influx via NMDAR or via
NCXy — plays the major role in DCD.

In our previous study (Brustovetsky et al., 2010), MK801, a non-
competitive NMDAR inhibitor, prevented glutamate-induced DCD,
consistent with the results from others (Stanika et al., 2009). These
data suggested that NMDAR plays a key role in DCD. At the
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Fig. 8. Glutamate-induced sustained elevation in [Ca® *]. is inhibited by a combination

of EIPA and AP-5 but not by individual inhibitors applied separately. In A-D, cultured
hippocampal neurons were exposed to 25 uM glutamate (Glu, plus 10 pM glycine).
Where indicated, 10 pM EIPA (B) or 200 uM AP-5 (C), or a combination of 10 uM EIPA
and 20 uM AP-5 (D) were applied. The time scale shown in panel D is applicable to all
traces in A-C. In E, statistical analysis of glutamate-induced [Ca? *]. changes over time
in dependence on the presence of different inhibitors. Data are mean =+ s.e.m., “p<0.01
compared to vehicle, n=3.

same time, these data strongly argued against NCX,., involvement in
glutamate-induced DCD because MK801 is considered a selective
NMDAR inhibitor. In the present paper, we found evidence that
MK801 as well as memantine, both noncompetitive NMDAR inhibi-
tors (Chen et al., 1992; Huettner and Bean, 1988), do in fact inhibit
NCX,ey, Whereas AP-5, a competitive NMDAR inhibitor, did not. More-
over, inhibition of only one mechanism of Ca? " entry into neurons -
either NMDAR or NCX., - appeared to be insufficient to prevent DCD,
suggesting that both NMDAR and NCX,, play essential roles in the
collapse of calcium homeostasis in neurons exposed to glutamate.
Sustained elevation in [Ca? "] is causally linked to excitotoxic
neuronal death (Kaku et al., 1993). Consequently, inhibition of sus-
tained elevation in [Ca?*]. correlates with increased survival rate of
neurons exposed to excitotoxic insult. For example, MK801 added
after a short exposure to glutamate protected neurons from excito-
toxic cell death (Brustovetsky et al., 2004), emphasizing NMDAR in-
volvement in excitotoxicity. Memantine also has been successfully
used in experiments to attenuate ischemia/reperfusion brain damage
associated with excitotoxicity (Chen et al., 1992; Volbracht et al.,
2006). In contrast to MK801 and memantine, AP-5, a competitive in-
hibitor of NMDAR, has been shown to be only moderately effective in
neuroprotection against glutamate excitotoxicity (Levy and Lipton,
1990). Based on our data, this differential neuroprotective efficacy

of NMDAR inhibitors could be due to the difference in their ability
to inhibit NCXey.

The NCX,ey plays an important role not only in glutamate-induced
DCD and excitotoxicity in neurons (Hoyt et al., 1998; Kiedrowski et al.,
1994), but also in other pathological conditions such as ischemia/
reperfusion heart injury (Feng et al., 2006; Ohtsuka et al., 2004) and
traumatic spinal cord injury (Li et al., 2000). This exemplifies a signif-
icant need for potent and efficacious NCX,., inhibitors. However, since
the introduction of KB-R7943 in 1996 (Iwamoto et al., 1996), only a
few NCX,., inhibitors have been developed (Annunziato et al., 2004;
Watanabe et al., 2006), warranting a more intense search for new
NCX ey inhibitors. Our study serendipitously adds MK801 and meman-
tine to the list of NCX,e, inhibitors. Both MK801 and memantine
appeared to be potent and efficacious in inhibiting NCX;., in neurons.
It is likely that these agents will be also effective in inhibiting NCX., in
other cells (e.g. cardiomyocytes) and hence could be helpful not only
in protecting neurons but other cells as well.

Conclusions

In the present study, we demonstrated that both NMDAR and
NCXey significantly contribute to DCD in glutamate-treated neurons.
We found that strong protection against DCD evoked by MK801 and
memantine correlates with strong inhibition of both NMDAR and
NCX,ey Whereas inefficiency of AP-5 and KB-R7943 to protect against
DCD correlates with their low efficacy to inhibit either NCX.e, or
NMDAR. Thus, our results unify NMDAR and NCX,., hypotheses of
DCD and explain the inefficiency of separate NMDAR and NCX., inhi-
bition in preventing DCD and protecting neurons against glutamate
excitotoxicity.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.nbd.2011.12.051.
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