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BACKGROUND AND PURPOSE

An isothiourea derivative (2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea methane sulfonate (KB-R7943), a widely used
inhibitor of the reverse Na*/Ca?" exchanger (NCX.), was instrumental in establishing the role of NCX., in glutamate-induced
Ca?" deregulation in neurons. Here, the effects of KB-R7943 on N-methyl-D-aspartate (NMDA) receptors and mitochondrial
complex | were tested.

EXPERIMENTAL APPROACH

Fluorescence microscopy, electrophysiological patch-clamp techniques and cellular respirometry with Seahorse XF24 analyzer
were used with cultured hippocampal neurons; membrane potential imaging, respirometry and Ca*" flux measurements were
made in isolated rat brain mitochondria.

KEY RESULTS

KB-R7943 inhibited NCX,e, with 1Cso = 5.7 = 2.1 uM, blocked NMDAR-mediated ion currents, and inhibited NMDA-induced
increase in cytosolic Ca" with I1Csp = 13.4 = 3.6 uM but accelerated calcium deregulation and mitochondrial depolarization in
glutamate-treated neurons. KB-R7943 depolarized mitochondria in a Ca?*-independent manner. Stimulation of NMDA
receptors caused NAD(P)H oxidation that was coupled or uncoupled from ATP synthesis depending on the presence of Ca?" in
the bath solution. KB-R7943, or rotenone, increased NAD(P)H autofluorescence under resting conditions and suppressed
NAD(P)H oxidation following glutamate application. KB-R7943 inhibited 2,4-dinitrophenol-stimulated respiration of cultured
neurons with ICso = 11.4 = 2.4 uM. With isolated brain mitochondria, KB-R7943 inhibited respiration, depolarized organelles
and suppressed Ca?" uptake when mitochondria oxidized complex | substrates but was ineffective when mitochondria were
supplied with succinate, a complex Il substrate.

CONCLUSIONS AND IMPLICATIONS

KB-R7943, in addition to NCX,.,, blocked NMDA receptors in cultured hippocampal neurons and inhibited complex | in the
mitochondrial respiratory chain. These findings are critical for the correct interpretation of experimental results obtained with
KB-R7943 and a better understanding of its neuroprotective action.

Abbreviations

Ay, mitochondrial membrane potential; [Ca*]., cytosolic Ca?* concentration; CNQX, 6-cyano-7-nitroquinoxaline-2,
3-dione; DMSO, dimethyl sulfoxide; FCCP, carbonylcyanide-p-trifluoromethoxyphenylhydrazone; KB-R7943
(2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea methane sulfonate; MK801 (SR,10S)-(+)-5-methyl-10,11-dihydro-
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SH-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate; NAD(P)*, oxidized nicotinamide adenine dinucleotide
phosphate; NAD(P)H, reduced nicotinamide adenine dinucleotide phosphate; NCX, plasmalemmal Na*/Ca?*
exchanger; NCX,.y, reverse Na*/Ca®* exchanger; NMDA, N-methyl-D-aspartate; TRP channels, transient receptor

potential channels

Introduction

In neurons exposed to glutamate, prolonged stimulation of
glutamate receptors, particularly the N-methyl-D-aspartate
(NMDA) subtype, results in massive Ca*" influx into the cell,
disruption of calcium homeostasis and eventual cell death
(Choi, 1988; Manev et al. 1989). The plasmalemmal Na*/Ca*
exchanger (NCX; channel and receptor nomenclature follows
Alexander et al., 2009) operating in the forward mode plays
an important role in lowering cytosolic Ca* concentration
([Ca*].) by exchanging one cytosolic Ca** for three external
Na* (Blaustein and Lederer, 1999). Predictably, inhibition of
NCX forward mode by removing external Na* leads to
increased [Ca®']. (Mattson et al., 1989). However, under con-
ditions of prolonged exposure to glutamate or NMDA, when
cytosolic Na* is elevated and the plasma membrane is depo-
larized (Mayer and Westbrook, 1987), NCX can switch from
forward to reverse mode bringing external Ca® into the
cytosol (Kiedrowski et al., 1994; Hoyt et al. 1998). This may
exacerbate disturbances of Ca* homeostasis caused by exces-
sive stimulation of glutamate receptors. Therefore, inhibition
of NCX operating in the reverse mode (NCX,.) represents an
attractive target for pharmacological intervention aimed at
protecting neurons against Ca*" deregulation and glutamate/
NMDA excitotoxicity.

An isothiourea derivative 2-[2-[4-(4-nitrobenzyloxy)
phenyl]ethyl]isothiourea methanesulfonate (KB-R7943), was
introduced in 1996 as a selective inhibitor of NCX isoform 1
(NCX1) operating in the reverse mode (Iwamoto et al., 1996).
Later, it was demonstrated that KB-R7943 can also inhibit
NCX isoforms 2 (NCX2) and 3 (NCX3) with higher affinity to
NCX3 (see (Amran etal., 2003). Since its introduction,
KB-R7943 remains the most widely used inhibitor of NCX,.
KB-R7943 antagonized elevations in [Ca*]. and reduced neu-
ronal death following ischemic episodes, mechanical brain
trauma, oxygen/glucose deprivation and glutamate excito-
toxicity (Schroder et al., 1999; Breder et al. 2000; Li etal.,
2000; MacGregor et al. 2003; Luo et al., 2007). However, the
exact mechanisms of neuroprotection evoked by KB-R7943
are not completely understood. This is because in addition to
inhibiting NCX,.,, KB-R7943 has several important effects on
other targets. KB-R7943 inhibits L-type voltage-gated Ca®*
channels in dorsal column slices (Ouardouz et al., 2005) and
store-operated Ca* influx in cultured neurons and astrocytes
(Arakawa et al., 2000). In permeabilized HeLa cells, KB-R7943
was shown to inhibit mitochondrial Ca* uptake (Santo-
Domingo et al., 2007). KB-R7943 also blocked transient recep-
tor potential (TRP) channels expressed in HEK-293 cells
(Kraft, 2007). In addition, some investigators reported that
KB-R7943 blocks NMDA receptors (Sobolevsky and
Khodorov, 1999), while other investigators did not find com-
pelling evidence for that action (Hoyt et al., 1998; Czyz et al.,
2002).

In a previous paper, we reported that KB-R7943-induced
neuroprotection against glutamate excitotoxicity, at least in

256 British Journal of Pharmacology (2011) 162 255-270

part, could be mediated by mild mitochondrial depolariza-
tion (Storozhevykh et al., 2010). Our findings are consistent
with an early report indicating the protective role of mito-
chondrial depolarization against glutamate excitotoxicity
(Stout et al., 1998). However, the mechanisms of KB-R7943-
evoked mitochondrial depolarization remained unclear. In
the present paper, we demonstrate for the first time that. in
addition to inhibiting NCX,.,, KB-R7943 inhibits complex I
in the mitochondrial respiratory chain. This complex I inhi-
bition with KB-R7943 suppresses mitochondrial respiration,
sensitizes mitochondrial membrane potential (Ay) to ion
fluxes across the inner mitochondrial membrane, and limits
Ca* uptake by mitochondria. In addition, we have found
that KB-R7943 does block NMDA receptors. Thus, our data
significantly broaden our understanding of the mechanisms
of KB-R7943 action and will help the correct interpretation
of results obtained with this widely used pharmacological
agent.

Methods

Cell culturing

All animal care and experimental procedures complied with
and were approved by the Institutional Animal Care and Use
Committee (IACUC). Primary cultures of hippocampal
neurons were prepared from postnatal day 1 rat pups as
previously described (Dubinsky, 1993). For fluorescence mea-
surements, neurons were plated on glass-bottomed Petri
dishes without preplated glia as previously described (Du-
binsky, 1993). For all platings, 35 ug-mL™" uridine plus
15 ug-mL™" 5-fluoro-2’-deoxyuridine were added 24 h after
plating to inhibit proliferation of non-neuronal cells. Neu-
ronal cultures were maintained in a 5% CO, atmosphere at
37°C in Earl’s MEM supplemented with 10% NuSerum (BD
Bioscience, Bedford, MA), 27 mM glucose and 26 mM
NaHCO; (Dubinsky et al., 1995).

Fluorescence imaging of cultured neurons

In these and other experiments, rat-cultured hippocampal
neurons grown for 10-12 days in vitro (10-12 DIV) were used.
For the imaging experiments, neurons were co-loaded at 37°C
with 2.6 uM Fura-2FF-AM and 1.7 uM Rhodamine 123. Then,
neurons were rinsed twice with a standard bath solution
containing 139 mM NaCl, 3 mM KCI, 0.8 mM MgCl,,
1.8 mM CaCl,, 10 mM NaHEPES, pH 7.4, 5 mM glucose and
65 mM sucrose. Fluorescence imaging was performed as
described previously (Brustovetsky efal., 2009) with an
inverted microscope Nikon Eclipse TE2000-S using Nikon
objective Plan Fluor 20x 0.45 NA and back-thinned EM-CCD
camera Hamamatsu C€9100-12 (Hamamatsu Photonic
Systems, Bridgewater, NJ, USA) controlled by Simple PCI soft-
ware 6.1 (Compix Inc., Sewickley, PA, USA).
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NAD(P)H fluorescence measurements in
cultured hippocampal neurons

NAD(P)H autofluorescence was followed using the excitation
light with maximum at 360 + 20 nm and was delivered by a
Lambda-LS system (Sutter Instruments, Novato, CA, USA).
Fluorescence was recorded through a 400 nm dichroic mirror
at 460 = 25 nm using Nikon objective Super Fluor 40x 1.3 NA
and back-thinned EM-CCD camera Hamamatsu C9100-12
(Hamamatsu Photonic Systems). The NAD(P)H fluorescence
traces were constructed after subtracting the background and
expressed as F/F,.

Isolation and purification of

brain mitochondria

Brain mitochondria were isolated in mannitol-sucrose
medium and purified on a discontinuous Percoll gradient as
described previously (Brustovetsky et al., 2002). Mitochon-
drial protein was determined by the Bradford method (Brad-
ford, 1976) using bovine serum albumin as a standard.

Measurements of mitochondrial respiration
and Ca** uptake

The mitochondrial respiratory rates were measured as
described previously (Li et al., 2008) at 37°C under continu-
ous stirring in the closed 0.3 mL thermostated chamber using
a Clark-type oxygen electrode in the standard incubation
medium containing 125 mM KCI, 10 mM HEPES, pH 7.4,
0.5 mM MgCl,, 3 mM KH,PO,, 10 uM EGTA, supplemented
with 3 mM pyruvate and 1 mM malate or with 3 mM succi-
nate plus 3 mM glutamate. Here and in other experiments,
glutamate was used to prevent oxaloacetate inhibition of
succinate dehydrogenase (Lehninger et al., 1993). Mitochon-
drial Ca* uptake was measured as described previously (Stor-
ozhevykh etal., 2010) with a miniature Ca*-selective
electrode in a 0.3 mL chamber at 37°C under continuous
stirring. A decrease in the external Ca*" concentration indi-
cated mitochondrial Ca* uptake. The incubation medium
was supplemented with 0.1% bovine serum albumin (BSA,
free from fatty acids), 0.1 mM ADP, and 1 uM oligomycin. In
all experiments with isolated mitochondria, the concentra-
tion of mitochondrial protein in the chamber was
0.2 mg-mL™". All experimental traces shown are representa-
tive of at least three separate experiments.

Experiments with individual mitochondria
loaded with Rhodamine-123

Membrane potential of individual brain non-synaptic mito-
chondria was monitored following fluorescence of
Rhodamine-123 loaded into mitochondria as described pre-
viously (Shalbuyeva et al., 2007). Briefly, isolated mitochon-
dria were placed into the glass-bottomed 35 mm Petri dish
and continuously perfused with a standard incubation
medium supplemented with 0.2 uM Rhodamine 123. The
standard incubation medium was supplemented with either
3 mM glutamate and 1 mM malate or with 3 mM succinate
and 3 mM glutamate as indicated. A Nikon Eclipse TE2000-S
inverted microscope equipped with objective Nikon CFI Plan
Apo VC 100x 1.4 NA and CCD Hamamatsu C9100-12 camera
(Hamamatsu, Photonic Systems) controlled by SimplePCI 6.1

software (Compix, Sewickley, PA, USA) were used to visualize
individual mitochondria loaded with Rhodamine 123. In all
experiments, mitochondria were perfused using a ValveBank
8 perfusion system (AutoMate Scientific, San Francisco, CA,
USA).

Electrophysiological patch-clamp experiments
Whole-cell patch-clamp recordings were conducted at room
temperature using a HEKA EPC-10 double amplifier. Data were
acquired using the Pulse program (HEKA Electronic,
Lambrecht/Pfalz, Germany). Fire-polished electrodes (0.9-
1.3 MQ) were fabricated from 1.7 mm capillary glass (VMR
Scientific, West Chester, PA) using a Sutter P-97 puller (Sutter
Instruments). When examining NMDA-induced currents, the
composition of the electrode (‘intracellular’) solution was as
follows: 140 mM CsF, 10 mM NaCl, 1.1 mM EGTA, and
10 mM HEPES, pH 7.3 adjusted with CsOH. The external
solution was the same as in the fluorescence imaging experi-
ments, except Mg** was omitted. The NCX-mediated ion cur-
rents were recorded using voltage ramp protocol as described
previously (Convery and Hancox, 1999). The composition of
the electrode solution used for recording voltage ramp cur-
rents mediated by NCX was as follows: 20 mM KCl, 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 ramp currents was as follows: 129 mM
NaCl, 10 mM CsCl (to block K* channels), 3 mM KCI, 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), 0.02 mM ouabain and 0.001 mM TTX
(to block Na* channels). Coverslips containing hippocampal
neurons were placed into an RC-26 Open Diamond Bath
perfusion chamber (Warner Instruments, LLC, Hamden, CT,
USA). The bath solution was removed using a Masterflex® C/L®
Single Channel Variable Speed peristaltic pump (Cole-Parmer
Instrument Company, Vernon Hills, IL, USA). An SF-77B Per-
fusion Fast-Step system (Warner Instruments) was used to
deliver drugs focally onto isolated hippocampal neurons in
whole-cell configuration. The drug delivery three-barrel tube
was placed near the neuron, and its positioning was calibrated
before each experiment. The position of the drug delivery
tube was controlled manually by a stepper motor, which
could change the positioning in about 20 milliseconds.

Cellular respirometry

Oxygen consumption rate (OCR) of cultured hippocampal
neurons (10 DIV) was measured using Seahorse XF24 analyzer
(Seahorse Bioscience, Billerica, MA, USA) following the
manufacturer’s instructions. Neurons were grown in the assay
plates at 5 x 10° cells per well. Before measuring, the growth
medium was replaced by the standard bath solution supple-
mented with 10 mM glucose and 15 mM pyruvate.

Data analysis

Data are shown as mean * SEM of at least three independent
experiments. Statistical analysis of the experimental results
consisted of unpaired t-test or one-way ANOVA followed by
Bonferroni’s post hoc test (GraphPad Prism® 4.0, GraphPad
Software Inc., San Diego, CA, USA). Every experiment was
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performed using at least three different preparations of iso-
lated mitochondria or three separate neuronal platings.

Materials

Glutamate, glycine, EGTA, rotenone, gramicidin,
and carbonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) were purchased from Sigma (St. Louis, MO, USA).
Bovine serum albumin (BSA), free from free fatty acids, was
from MP Biomedicals (Irvine, CA, USA). Fura-2FF AM was
bought from Teflabs (Austin, TX, USA) and Rhodamine-123
(FluoroPure™ grade) was purchased from Invitrogen (Carls-
bad, CA, USA). KB-R7943 was from Tocris (Ellisville, MO,
USA). KB-R7943 solutions were prepared freshly for each
day’s experiments.

Results

In our experiments, KB-R7943 (15uM) failed to protect cul-
tured hippocampal neurons against delayed Ca* deregu-
lation (Figure 1 and Supporting Figure S1). Moreover,
KB-R7943 hastened delayed Ca*" deregulation and mitochon-
drial depolarization induced by 25 uM glutamate (plus 10 pM
glycine) and completely prevented a recovery of [Ca?]. after
glutamate removal (Figure 1B). Here and in other experi-
ments, 100% of neurons responded to KB-R7943 by acceler-
ating the delayed Ca* deregulation induced by 25 uM
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glutamate and by depolarizing mitochondria. Recently, we
introduced a parameter: the time from the beginning of
glutamate exposure to completion of the delayed Ca** deregulation
(toep) to provide a statistical analysis of delayed Ca*" deregu-
lation (Brustovetsky et al., 2009; Li et al. 2009). The statistical
analysis revealed that KB-R7943 significantly accelerated the
onset of delayed Ca®** deregulation in cultured neurons
exposed to 25uM glutamate (Figure 1): #,cp without
KB-R7943 was 817 = 27 s while #)cp with 15 uM KB-R7943
was 398 * 38 s (mean * SEM, P < 0.01, unpaired t-test, five
independent experiments, 113 neurons total in the control
with vehicle, 0.3% DMSO, and 108 neurons with KB-R7943
were analyzed). In contrast to KB-R7943, MK801 (10 uM), an
inhibitor of the NMDA receptor, completely inhibited
glutamate-induced calcium deregulation, whereas CNQX
(20 uM), an inhibitor of AMPA/kainate receptor, was essen-
tially without effect (Supporting Figure S2).

Despite failing to prevent delayed Ca* deregulation in our
experiments, KB-R7943 (15 uM) inhibited an increase in
[Ca*]. induced by gramicidin, an ionophore for monovalent
cations which does not transport Ca** on its own
(Figure 2A,C). Gramicidin collapses the Na* gradient across
the plasma membrane and depolarizes cells, resulting in a
reversal of NCX (Czyz and Kiedrowski, 2002). The exact cause
of variations in the delay of gramicidin-induced calcium
deregulation evident in individual neurons treated with
KB-R7943 (Figure 2C) is unknown, but it might be due to
different expressions of various proteins involved in calcium
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KB-R7943 accelerated delayed Ca?* deregulation and mitochondrial depolarization in cultured hippocampal neurons exposed to glutamate. Here
and in all other similar illustrations, thin, grey traces show signals from individual neurons while thick, red traces show averaged signals (mean *
SEM) for Fura-2FF ratio Fsso/Fss0 (upper panels) and thick, blue traces for Rhodamine 123 (Rh123) F/F, (lower panels), respectively. Neurons were
derived from postnatal day one (PN1) Sprague-Dawley rat pups and were 10-12 days in vitro on the day of the experiment. In A and B, neurons
were treated with 25 uM glutamate (Glu). In both cases, glutamate was applied in combination with 10 uM glycine. In A, 0.3% DMSO was
applied to neurons as a vehicle. In B, 15 uM KB-R7943 was applied to neurons as indicated. Here and in other similar experiments, 1 uM FCCP
was applied at the end of experiments to completely depolarize mitochondria in the Ca?*-free bath solution. Here and in other similar illustrations,
N is the number of neurons examined in each individual representative experiment.
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KB-R7943 inhibited gramicidin-induced increase in cytosolic Ca** concentration ([Ca®*].) in cultured hippocampal neurons (A-C). In A, 0.3%
DMSO was applied to neurons as a vehicle. In A-C, 5 uM gramicidin (Gram) and 15 uM KB-R7943 were applied as indicated. In B, where
indicated, 139 mM NacCl in the bath solution was replaced by 139 mM KCl. In A-C, 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. In A-C, each experiment was performed in triplicate
with the total number of examined neurons 51 (A), 56 (B), and 41 (C). In D, traces are averages = SEM from individual experiments (N = 18-24
neurons per experiment) performed in triplicate. Where indicated, vehicle (veh, 0.3% DMSO, black trace) or various concentrations of KB-R7943
(1-30 uM) were applied and present in the bath solution until the end of the experiment. Gramicidin (Gram, 5 uM) was applied as indicated. The
activity of NCX,e, was evaluated by measuring the area under the curve for 90 s following the onset of [Ca?']. elevation, the dose-dependence
graph was plotted and ICso was calculated using GraphPad Prism® 4.0 (GraphPad Software Inc., San Diego, CA, USA).

signalling and, correspondingly, due to different resistances
of individual cells to Ca* overload. Replacement of Na* for K*
in the bath solution prevented the gramicidin-induced
increase in [Ca®"]. indicating that this increase depended on
Na*" and could not be induced solely by plasma membrane
depolarization (Figure 2B). Using the calcium imaging proto-
col, we determined an ICsyvalue of 5.7 = 2.1 uM (mean =
SEM, N = 3 independent experiments) for KB-R7943-induced
inhibition of NCX,., (Figure 2D,E).

In addition to calcium imaging, we used the electrophysi-
ological patch-clamp technique to evaluate the effect of
KB-R7943 on NCX,. activity in cultured hippocampal
neurons. Figure 3 shows measurements of whole-cell outward
ion currents obtained in response to repeated application of
the voltage ramp protocol shown in Figure 3A. KB-R7943
(15 uM) inhibited ion currents produced in response to the
voltage ramp protocol (Figure 3B,C). Previously, it has been
shown that this type of ion current is mediated by NCX in
forward mode at negative voltages (i.e. —120 mV) and by
NCX in reverse mode (NCX,.,) at positive voltages (i.e.
+80 mV) (Convery and Hancox, 1999; Watanabe and Kimura,

2000). For comparison, we evaluated Ni**-sensitivitiy of the
ramp currents (Figure 3D), which has been previously attrib-
uted to NCX activity (Smith et al., 2006; Reppel et al. 2007).
Memantine (10 uM), an NMDA receptor inhibitor (Chen
etal., 1992), did not affect the ramp currents (not shown).
Overall, these results suggested that KB-R7943 inhibited
NCX,ev in cultured hippocampal neurons.

In addition to NCX,.,, KB-R7943 dose-dependently and
reversibly blocked ion currents elicited by NMDA
(Figure 4A,B). As a positive control, MK801, an inhibitor of
NMDA receptors (Clifford et al., 1989), completely blocked
NMDA-induced ion current (Figure 4C). In addition, for the
first time, we demonstrated that KB-R7943 dose-dependently
inhibited NMDA-induced increases in [Ca*]. with ICs, = 13.4
+ 3.6 UM (mean *= SEM, N = 3 independent experiments)
(Figure 5) confirming the inhibition of NMDA receptors
observed in electrophysiological experiments (Figure 4A,B).
Thus, our experiments showed that KB-R7943 inhibited
NMDA receptors in addition to inhibiting NCXey.

In our previous paper, we demonstrated that KB-R7943
depolarized mitochondria (Storozhevykh et al., 2010). Mito-
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NCX,e, currents obtained with cultured rat hippocampal neurons. In A, the ascending voltage ramp protocol used in these experiments and
associated currents obtained with and without KB-R7943 (B, C) and Ni** (D). Where indicated, KB-R7943, 15 uM, or Ni**, 5 mM were applied.

For further details, see Materials and Methods.
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Figure 4

Electrophysiological patch-clamp recordings of NMDA-induced
whole-cell currents obtained with rat-cultured hippocampal neurons.
The effects of 10 or 30 uM KB-R7943 (A, B), and 20 uM MK801 (C).
In all experiments, 30 uM NMDA (plus 10 pM glycine) were applied
as indicated. Holding voltage was —100 mV. For further details, see
Materials and Methods.

chondrial depolarization inhibits Ca** uptake by these
organelles (Bernardi, 1999) and strongly contributes to col-
lapse of calcium homeostasis in cultured neurons (Pivovarova
et al., 2004). Therefore, it is possible that mitochondrial depo-
larization produced by KB-R7943 could interfere with a pro-
tective effect of this drug on [Ca*].. The mechanism of
KB-R7943-induced mitochondrial depolarization demon-
strated in our previous paper (Storozhevykh etal., 2010)

260 British Journal of Pharmacology (2011) 162 255-270

remained unclear. In the present study, we hypothesized that
KB-R7943 depolarizes mitochondria by inhibiting electron
flow in the mitochondrial respiratory chain. To test this
hypothesis, we examined autofluorescence of NAD(P)H in
cultured hippocampal neurons exposed to glutamate with or
without KB-R7943. In the presence of external Ca*" (1.8 mM),
glutamate produced a gradual decrease in NAD(P)H fluores-
cence, reflecting NAD(P)H oxidation and conversion into
NAD(P)*, which does not fluoresce (Chance and Williams,
1956) (Figure 6A). This NAD(P)H oxidation could be due to
accelerated electron flow in the respiratory chain associated
with the increased Ay dissipation in response to augmented
ATP synthesis.

Alternatively, NAD(P)H oxidation could be due to accel-
erated electron flow resulting from the uncoupling of respi-
ration and ATP synthesis in mitochondria. Oligomycin
(1 uM), an inhibitor of the mitochondrial ATP synthase,
failed to restore NAD(P)H levels, suggesting that the decrease
in NAD(P)H was not due to augmentation of ATP synthesis
(Figure 6A). FCCP, a protonophore that depolarized mito-
chondria and, hence, accelerated electron flow in the respi-
ratory chain, failed to influence NAD(P)H, suggesting that the
NAD(P)H pool already had been maximally oxidized
(Figure 6A). On the other hand, KCN, an inhibitor of cyto-
chrome oxidase, stopped electron flow in the entire respira-
tory chain, leading to recovery of NAD(P)H (Figure 6A).
Omitting Ca* from the bath solution did not prevent oxida-
tion of NAD(P)H induced by glutamate (Figure 6B). However,
in this case, oligomycin produced a strong increase in
NAD(P)H, indicating that oxidation and ATP synthesis were
tightly coupled and mitochondria were healthy. FCCP
strongly decreased NAD(P)H, whereas KCN added after FCCP
restored NAD(P)H. In the absence of external Ca*, oligomy-
cin added prior to glutamate increased NAD(P)H and com-
pletely prevented NAD(P)H oxidation following application
of glutamate (Figure 6C). In the bath solution with 1.8 mM
Ca?**, oligomycin added prior to glutamate also increased
NAD(P)H, indicating tight coupling of oxidative phosphory-
lation under resting conditions (Figure 6D). Interestingly,
glutamate added after oligomycin still produced oxidation of
NAD(P)H, suggesting uncoupling between mitochondrial
oxidation and ATP synthesis. Moreover, in the presence of
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KB-R7943 inhibited NMDA-induced increases in cytosolic Ca?". Traces are averages + SEM from individual experiments (N = 19-26 neurons per
experiment) performed in triplicate. Where indicated, vehicle (veh, 0.3% DMSO, black trace) or various concentrations of KB-R7943 (2-60 uM)
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oligomycin, glutamate caused faster NAD(P)H oxidation. In
the presence of oligomycin, ATP supply for plasma mem-
brane Ca®*-ATPase could be depleted, leading to less Ca*
extruded from the cytosol. In addition, by inhibiting ATP
synthesis oligomycin hyperpolarizes mitochondria. Mito-
chondrial hyperpolarization accelerates Ca*" uptake because
mitochondrial membrane potential is a driving force for Ca*
uptake (Bernardi, 1999). Correspondingly, elevated cytosolic
Ca* could be taken up by mitochondria faster, resulting in
more rapid depolarization, more robust activation of electron
flow in the respiratory chain, and faster NAD(P)H oxidation.

At the end of the experiment, FCCP failed to further
decrease NAD(P)H, while KCN produced robust NAD(P)H
recovery (Figure 6D). Rotenone (1 uM), an inhibitor of
complex I, prevented NAD(P)H oxidation by the NAD(P)H
dehydrogenase (complex I). This was manifested in the
increased NAD(P)H fluorescence (Figure 6E) resembling the
effect of oligomycin (Figure SD). However, in the presence of
rotenone, the effects of glutamate, FCCP, and KCN were
greatly diminished because of inhibited complex I and
strongly suppressed electron flow in the respiratory chain
(Figure 6F). Similar to rotenone and oligomycin, KB-R7943
(15 uM) increased NAD(P)H fluorescence (Fig, 6F). In contrast
to oligomycin and similar to rotenone, the increase in
NAD(P)H induced by KB-R7943 was almost insensitive to
glutamate, FCCP, and KCN. This strongly suggested that
KB-R7943, like rotenone, inhibited complex I in the respira-
tory chain.

Consistent with complex I inhibition, KB-R7943 depolar-
ized neuronal mitochondria which otherwise maintained a
stable membrane potential (Figure 7A,B). Depolarization
occurred gradually with some lag. In the experiments with
cultured neurons, Rhodamine 123 was used in the quenching
mode. Mitochondrial depolarization caused a release of dye

from mitochondria accompanied by an increase in
Rhodamine 123 fluorescence because the Rhodamine 123
was ‘unquenched’. However, the decrease in Rhodamine 123
fluorescence following the initial fluorescence increase
(Figure 7B) most probably was not due to mitochondrial
re-polarization but rather due to dye leakage out of the cells.
Following mitochondrial depolarization, [Ca*]. was gradually
increased probably due to impaired Ca* extrusion and
sequestration mechanisms. A slight increase in proton per-
meability of the inner mitochondrial membrane produced
with very low concentrations of FCCP (2.5 nM) did not depo-
larize mitochondria on its own but significantly accelerated
depolarization in the presence of KB-R7943 (Figure 7C,D).
Importantly, KB-R7943-induced mitochondrial depolariza-
tion did not depend on Ca* and occurred without external
Ca?* as well (Supporting Figure S3). Overall, these data sug-
gested that KB-R7943 depolarized mitochondria by inhibiting
the respiratory chain and that this inhibition might be
responsible for mitochondrial depolarization.

An increase in NAD(P)H (Figure 6F) accompanied by
mitochondrial depolarization (Figure 7B,D) suggested an
inhibition of electron transport in the respiratory chain and
suppression of respiration. We evaluated the effect of
KB-R7943 on neuronal respiration using Seahorse XF24 ana-
lyzer (Seahorse Bioscience). The Seahorse technology allows
precise measurements of oxygen consumption by as few as
2-6 x 10° cells. In our experiments, oligomycin inhibited
respiration coupled with ATP synthesis while 2,4-
dinitrophenol (2,4-DNP), a protonophore, uncoupled oxida-
tion and phosphorylation in mitochondria. This resulted in
maximal oxygen consumption rate (OCR), reflecting the
activity of the respiratory chain. KB-R7943 dose-dependently
inhibited both basal and 2,4-DNP-stimulated respiration
(Figure 8) with ICso = 11.4 = 2.4 uM for 2,4-DNP-stimulated
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synthesis. KB-R7943 increased NAD(P)H fluorescence under resting conditions and suppressed glutamate-induced NAD(P)H oxidation similar to
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signals (mean =+ SEM) for NAD(P)H F/Fo. In A-F, each experiment was performed five times. The total number of examined neurons was 38 (A),

37 (B), 40 (C), 44 (D), 38 (E), and 45 (F).

respiration (mean * SEM, N = 3 independent experiments).
Thus, the inhibition of 2,4-DNP-stimulated respiration con-
firmed inhibition of the electron transport in the respiratory
chain by KB-R7943.

To substantiate our conclusions about inhibition of
complex I with KB-R7943, we performed experiments with
isolated brain mitochondria. First, we evaluated the effect of
KB-R7943 on mitochondrial membrane potential followed
with Rhodamine 123 in individual mitochondria attached to
a cover slip (Shalbuyeva et al., 2007). In these experiments,
Rhodamine 123 was used in the non-quenching mode in
which a decrease in Rhodamine 123 fluorescence reflected
mitochondrial depolarization. Figure 9A,B shows representa-
tive images demonstrating fluorescence of Rhodamine 123-
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loaded isolated mitochondria with high membrane potential
(A) and depolarized with 1 uM FCCP (B). In these experi-
ments, KB-R7943 dose-dependently depolarized mitochon-
dria supplied with malate and glutamate, oxidative substrates
for complex I (Figure 9C-E), but did not depolarize
mitochondria supplied with succinate plus glutamate
(Figure 9F,G). Here and in other experiments, glutamate was
used to prevent oxaloacetate inhibition of succinate dehydro-
genase (Lehninger et al., 1993). This strongly suggests specific
inhibition of complex I. In addition, KB-R7943 inhibited
mitochondrial respiration when mitochondria oxidized
malate plus glutamate (Figure 10A) but failed to influence
mitochondrial respiration when mitochondria oxidized suc-
cinate in the presence of glutamate (Figure 10B). Interest-
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ingly, respiration of isolated brain mitochondria appeared to
be less sensitive to KB-R7943 than mitochondrial respiration
in situ in live cells (Figure 8). The reason for that is not clear.
Figure 10C and D summarize the respirometry data and show
statistical analyses of mitochondrial respiratory rates. Finally,
KB-R7943 inhibited mitochondrial Ca* uptake when mito-
chondria were incubated with malate plus glutamate
(Figure 11A-C) but failed to inhibit Ca* uptake when mito-
chondria were incubated with succinate plus glutamate
(Figure 11D,E). Moreover, after inhibition with KB-R7943, the
Ca** uptake could be restored by addition of succinate
(Figure 11C). Thus, experiments with isolated mitochondria
confirmed that KB-R7943 inhibited complex I and demon-
strated possible ramifications of this inhibition: a decrease in
respiration, mitochondrial depolarization and suppression of
mitochondrial Ca?* uptake.

Discussion

Sustained elevation in [Ca*]. represents a serious danger for
neurons due to possible activation of various degradative
enzymes such as Ca*-dependent proteases (e.g. calpains)
(Bano et al., 2005; Brustovetsky et al. 2010) and phospholi-
pases (Farooqui et al., 2006). It has been proposed that the
reversal of NCX could significantly contribute to Ca*" influx
into neurons and thus promote Ca*" deregulation under con-
ditions of prolonged glutamate exposure and/or oxygen/
glucose deprivation (Kiedrowski et al., 1994; Hoyt et al. 1998).
Therefore, inhibitors of NCX,., have attracted attention as
research tools as well as potentially valuable therapeutic
agents. Despite new additions to the panel of NCX,., inhibi-
tors (SEA0400, YM-244769, SN-6) (Matsuda etal., 2001;
Iwamoto & Kita, 2006; Watanabe et al., 2006), KB-R7943
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remains the most often used pharmacological agent used to
attenuate NCX,., activity in different experimental settings
(Namekata et al., 2006; Araujo et al., 2007; Chen et al., 2007;
Dietz et al. 2007; Kiedrowski, 2007; Wu et al. 2008). Similar to
many other pharmacological agents, KB-R7943 has some side
effects that might affect the interpretation of experimental
results and KB-R7943 applicability. For example, in addition
to inhibiting NCX,.,, KB-R7943 was reported to inhibit L-type
of voltage gated Ca*" channels (Ouardouz et al., 2005), TRP
channels (Kraft, 2007), NMDA receptors (Sobolevsky and
Khodorov, 1999) and mitochondrial Ca* uptake (Santo-
Domingo et al., 2007). In the present paper, we present the
first evidence that KB-R7943 inhibits mitochondrial complex
I and that this inhibition might influence neuronal response
to excitotoxic glutamate. In addition, by using electrophysi-
ological patch-clamp technique and calcium imaging, we
unequivocally demonstrated that KB-R7943 attenuated
NMDA-induced increases in [Ca*]. and blocked ion current
via NMDA receptors. Our observations indicate that
KB-R7943 indeed inhibits NMDA receptors, and thus, our
data support conclusions made in an early electrophysiologi-
cal study (Sobolevsky and Khodorov, 1999).

In the cell, up to 80% of NAD(P)H is located in mitochon-
dria (Duchen and Biscoe, 1992). The increase in NAD(P)H
concentration takes place when NAD(P)H oxidation is slowed
by suppressing the electron flow through the respiratory
chain. FCCP depolarizes mitochondria, accelerating electron
flow in the respiratory chain and leading to NAD(P)H oxida-
tion. NAD(P)* does not fluoresce (Chance and Williams,
1956) and therefore a decrease in fluorescence was observed
following addition of FCCP. On the other hand, KCN, an
inhibitor of cytochrome oxidase (complex IV), stops electron
flow in the entire respiratory chain, leading to recovery of
NAD(P)H. Glutamate could stimulate NAD(P)H oxidation by
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different mechanisms. Glutamate causes massive Na* influx
into neurons, increasing Na*/K*-ATPase activity and ADP pro-
duction. In turn, augmented ADP production stimulates oxi-
dative phosphorylation. Oligomycin inhibits ATP synthase,
so NAD(P)H increase induced by oligomycin reflects oxida-
tion coupled with ATP synthesis. Alternatively, a massive
influx of Ca*" induced by glutamate could cause uncoupling
of oxidative phosphorylation due to activation of the perme-
ability transition pore (Bernardi et al., 2006) or Ca* cycling
across the inner mitochondrial membrane (Carafoli, 1979).
The failure of oligomycin to recover NAD(P)H following
glutamate application in the Ca*-containing bath solution
supports this scenario. In contrast, robust oligomycin-
induced recovery of NAD(P)H in Ca*-free bath solution indi-
cates tight coupling of oxidative phosphorylation and
suggests a key role of Ca* in the uncoupling of oxidative
phosphorylation in neurons exposed to glutamate.

An increase in NAD(P)H fluorescence induced by
KB-R7943 in our experiments indicated a reduction of
NAD(P)* to NAD(P)H. The similarity between the effects of
KB-R7943 and rotenone, an inhibitor of complex I, suggested
that KB-R7943 could inhibit complex I as well. However,
oligomycin, an inhibitor of ATP synthase, also increased
NAD(P)H under resting conditions. This raised the question
whether KB-R7943 inhibited complex I, ATP synthase, or
both. The answer to this question comes from the observa-
tion that KB-R7943, similar to rotenone and in contrast to
oligomycin, greatly suppressed the effects of glutamate,
FCCP, and KCN. This strongly suggested that KB-R7943 inhib-
ited complex I in neuronal mitochondria. Of note, the experi-
ments with isolated brain mitochondria fuelled with
succinate, in which KB-R7943 failed to affect State 3 respira-
tion (in the presence of ADP), ruled out inhibition of the ATP
synthase.
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Figure 9

KB-R7943 depolarized isolated brain mitochondria supplied with glutamate and malate, a mixture of complex | substrates, but failed to depolarize
mitochondria fuelled with succinate, a complex Il substrate. In A and B, representative images of isolated mitochondria prior to (a) and after
depolarization with 1 uM FCCP (B). Mitochondria were attached to cover slip and loaded with 200 nM Rhodamine-123 (Rh123) during
continuous perfusion (Shalbuyeva et al.,, 2007). In C-E, mitochondria were perfused with the standard mitochondrial incubation medium
supplemented with 1 mM malate plus 3 mM glutamate (Mal+Glut). Here and in other experiments with succinate, glutamate was used to prevent
oxaloacetate inhibition of succinate dehydrogenase (Oestreicher et al., 1969; Lehninger et al. 1993). In F and G, mitochondria were perfused with
the standard mitochondrial incubation medium supplemented with 3 mM succinate plus 3 mM glutamate (Succ+Glut). In C and F, 0.3% DMSO
was applied as a vehicle. In D, E and G, KB-R7943 was applied as indicated. Rh123 fluorescence is expressed in arbitrary units (a.u.). Thin, grey
traces demonstrate signals from individual mitochondria while thick orange traces demonstrate averaged signals (mean = SEM) for Rh123
fluorescence expressed in arbitrary units (a.u.). In C-G, each experiment was performed three times. The total number of examined mitochondria
was 201 (C), 227 (B), 198 (D), 186 (E), 214 (F) and 231 (G).
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Figure 10

KB-R7943 inhibited respiration of isolated brain mitochondria oxidiz-
ing malate plus glutamate, but failed to affect mitochondrial respi-
ration supported by succinate. In A and B, representative respiratory
traces obtained with and without 30 uM KB-R7943 are shown. The
traces are overlapped for comparison. In A, the standard incubation
medium was supplemented with T mM malate and 3 mM glutamate
(Mal+Glut); in B, with 3 mM succinate plus 3 mM glutamate
(Succ+Glut). ADP (100 pM) and 2,4-dinitrophenol (2,4-DNP, 80 uM)
were applied as indicated. 0.3% DMSO was applied as a vehicle.
Mtc, mitochondria. Vy, V3, V4, and Vpne are respiratory rates prior to
ADP addition, with added ADP, after ADP depletion, and with 2,4-
DNP, respectively. Blue traces show experiments with vehicle; red
traces — with KB-R7943. In C, data are mean = SEM, N=4, *P<0.01,
**P < 0.001 comparing respiratory rates without and with KB-R7943.

Despite KB-R7943-induced inhibition of complex I, mito-
chondrial depolarization did not occur immediately, presum-
ably due to a very low proton permeability of the inner
mitochondrial membrane in live neurons. A slight increase in
proton permeability induced by a very low concentration
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of the protonophore FCCP, ineffective on its own for in terms
of the membrane potential, produced rapid depolarization in
the presence of KB-R7943. This suggested that the ability of
mitochondria to compensate for an increased H* influx back
into the matrix by increasing H" extrusion via proton pumps
of the respiratory chain was diminished by KB-R7943. Impor-
tantly, the effect of KB-R7943 on mitochondrial membrane
potential was Ca*-independent and could be observed in the
Ca?*-free medium as well.

The increase in NAD(P)H autofluorescence produced with
KB-R7943 suggested inhibition of complex I. However, the
same effect on NAD(P)H fluorescence could produce inhibi-
tion of complex III or IV. Isolated brain mitochondria were
instrumental in distinguishing between these possibilities.
With isolated mitochondria, we could deliberately choose
oxidative substrates, which are oxidized either by complex I
(malate plus glutamate or malate plus pyruvate) or by
complex II (succinate). It appeared that KB-R7943 selectively
inhibited mitochondrial respiration, produced mitochondrial
depolarization and suppressed mitochondrial Ca* uptake
when mitochondria oxidized complex I substrates but not
succinate, a complex II substrate. This indicated that in our
experiments, KB-R7943 specifically inhibited complex I but
did not inhibit other components of the respiratory chain
(e.g. complexes II, III or IV) or mitochondrial Ca* uniporter.
In fact, a recovery of Ca*" uptake with succinate suggested
that KB-R7943 might inhibit the Ca* uptake by limiting the
amount of energy available for Ca* transport rather than
directly inhibiting the Ca®" uniporter (Santo-Domingo et al.,
2007). However, we cannot completely exclude the latter
possibility. Thus, the experiments with isolated mitochondria
corroborated our conclusions about the mechanism of
KB-R7943 action on mitochondrial membrane potential and
Ca* handling in cultured hippocampal neurons.

What consequences might complex I inhibition with
KB-R7943 have for the whole cell? As we demonstrated in the
present paper, complex I inhibition decreases mitochondrial
capacity to generate membrane potential thus limiting the
ability of mitochondria to contribute to clearance of elevated
cytosolic Ca*. This explains why KB-R7943 accelerated the
onset of delayed Ca*" deregulation in the experiments with
neurons exposed to 25 uM glutamate. On the other hand, in
the experiments with 100 uM glutamate, the effect of
KB-R7943 on delayed Ca*" deregulation was less pronounced
probably because its onset was very rapid. Under these con-
ditions, mitochondria apparently became injured and lost
their ability to accumulate Ca* very quickly even in the
absence of KB-R7943. Interestingly, the indirect inhibition of
mitochondrial Ca? uptake due to mild mitochondrial depo-
larization with KB-R7943 might protect mitochondria from
irreversible damage imposed by excessive Ca®* accumulation
and this could be protective for the whole neuron. Previously,
a transient depolarization of neuronal mitochondria with
FCCP leading to inhibition of mitochondrial Ca* uptake was
found to be neuroprotective in the experiments with excito-
toxic glutamate applied to cultured neurons (Stout etal.,
1998). In our previous study, KB-R7943 protected the ability
of cultured neurons to recover low [Ca*]. after glutamate
removal (Storozhevykh et al., 2010) suggesting that KB-R7943
prevented mitochondrial injury and preserved neuronal
mitochondria for Ca* accumulation in the post-glutamate
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Figure 11

KB-R7943 hindered Ca?* uptake by isolated brain mitochondria oxidizing glutamate and malate, but failed to inhibit Ca?" uptake by mitochondria
oxidizing succinate. In A-F, 100 uM Ca?" was added to mitochondria as indicated. In A-C, the standard incubation medium was supplemented
with 1 mM malate plus 3 mM glutamate (Mal+Glut); in D-F, with 3 mM succinate plus 3 mM glutamate (Succ+Glut). In all cases, the medium
was supplemented with 0.1% BSA (free from free fatty acids), 100 uM ADP, and 1 uM oligomycin. In A and D, 0.3% DMSO was applied as a
vehicle. In B, C and E, KB-R7943 was added to the incubation medium prior to mitochondria. Numbers in the parentheses indicate KB-R7943
concentration in uM. In C, succinate (Succ, 3 mM) restored Ca?* uptake by mitochondria supplied with glutamate plus malate and incubated with
30 uM KB-R7943. In F, 1 uM ruthenium red (RR) completely blocked Ca?* uptake by mitochondria. Blue traces show experiments with vehicle;
red traces — with KB-R7943. In G, data are mean * SEM, N = 4, *P < 0.001 comparing Ca?" capacity without and with KB-R7943.

period. This supports the idea that prevention of mitochon- mitochondrial respiratory chain. This could contribute to
drial Ca*" overload could be neuroprotective in the experi- mitochondrial depolarization, limit Ca®* uptake by the
mental model of glutamate excitotoxicity (Stout et al., 1998). organelles, and thus preserve mitochondria from the Ca*-

In summary, here for the first time, we presented strong induced damage in neurons exposed to excitotoxic
evidence suggesting that KB-R7943 inhibits complex I in the glutamate. In turn, preventing mitochondrial damage could
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facilitate recovery of Ca** homeostasis and promote neuronal
survival after excitotoxic challenge with glutamate. Our data
also indicate that, in addition to mitochondrial complex I
and NCX,, KB-R7943 inhibits NMDA receptors. Therefore,
the whole range of KB-R7943 effects has to be taken into
consideration when interpreting the results obtained with
this widely used pharmacological agent.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 KB-R7943 failed to protect cultured hippocampal
neurons against delayed calcium deregulation and mitochon-
drial depolarization. The thin, grey traces show signals from
individual neurons, while thick, red traces show averaged
signals (mean = SEM) for Fura-2FF ratio F;s/Fss0 (upper
panels) and thick, blue traces for Rhodamine 123 (Rh123)
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F/F, (lower panels), respectively. Neurons were derived from
postnatal day one (PN1) Sprague-Dawley rat pups and were
10-12 days in vitro on the day of the experiment. In A and B,
neurons were treated with 100 uM glutamate (Glu). In both
cases, glutamate was applied in combination with 10 uM
glycine. In A, 0.3% DMSO was applied to neurons as a
vehicle. In B, 15 uM KB-R7943 was applied to neurons as
indicated. Here and in other similar experiments, 1 uM FCCP
was applied at the end of experiments to completely depo-
larize mitochondria in the Ca*-free bath solution.

Figure $2 MK801, an inhibitor of NMDA receptor, inhibited
glutamate- and NMDA-induced calcium deregulation while
CNQX, an inhibitor of AMPA/kainate receptor, was without
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effect. Where indicated, 30 uM glutamate (plus 10 uM
glycine), 30 uM NMDA (plus 10 uM glycine), 10 uM MK801,
or 20 uM CNQX were added.

Figure 83 In cultured hippocampal neurons, KB-R7943
depolarized mitochondria in a Ca*-independent manner. In
A and B, KB-R7943 was applied as indicated. In B, Ca*" was
omitted from the bath solution. FCCP, 1 uM.
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