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cortex nerve endings by suppression of voltage-dependent
calcium influx and protein kinase A
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Abstract The present study was aimed at investigating the
effect and the possible mechanism of idebenone on
endogenous glutamate release in nerve terminals of rat
cerebral cortex (synaptosomes). Idebenone inhibited the
release of glutamate that was evoked by exposing synapto-
somes to the K+ channel blocker 4-aminopyridine (4-AP),
and this phenomenon was concentration dependent. Inhibi-
tion of glutamate release by idebenone was prevented by
chelating extracellular Ca2+, or by the vesicular transporter
inhibitor bafilomycin A1, but was insensitive to DL-threo-
beta-benzyl-oxyaspartate, a glutamate transporter inhibitor.
Idebenone decreased the depolarization-induced increase in
the cytosolic free Ca2+ concentration ([Ca2+]C),whereas it
did not alter the resting synaptosomal membrane potential
or 4-AP-mediated depolarization. The inhibitory effect of

idebenone on evoked glutamate release was prevented by
blocking the Cav2.2 (N-type) and Cav2.1 (P/Q-type)
channels, but not by blocking intracellular Ca2+ release or
Na+/Ca2+ exchange. Furthermore, the idebenone effect on
4-AP-evoked Ca2+ influx and glutamate release was
completely abolished by the protein kinase A (PKA)
inhibitors, H89 and KT5720. On the basis of these results,
it was concluded that idebenone inhibits glutamate release
from rat cortical synaptosomes and this effect is linked to a
decrease in [Ca2+]C contributed by Ca2+ entry through
presynaptic voltage-dependent Ca2+ channels and to the
suppression of PKA signaling cascade.
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Introduction

In the brain, glutamate is a major excitatory neurotransmitter
that plays an important role in many functions such as
synaptic plasticity, learning, and memory (Greenamyre and
Porter 1994; Danbolt 2001). Besides its physiological role,
glutamate is also a potent neurotoxin and high levels in the
synaptic cleft may induce an increase in intracellular Ca2+

levels, which in turn triggers a cascade of cellular responses,
including enhanced oxygen-free radical production, dis-
turbed mitochondrial function, and protease activation, that
ultimately kill the neurons (Coyle and Puttfarcken 1993;
Schinder et al. 1996). This process has been proposed to be
involved in a number of neuropathological conditions,
ranging from acute insults such as stroke, epileptic seizures,
traumatic brain, and spinal cord injury, to chronic neurode-
generative disorders such as Alzheimer’s disease, Parkinson’s
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disease, and amyotrophic lateral sclerosis (Obrenovitch and
Urenjak 1997; Meldrum 2000; Raiteri et al. 2004).As a
consequence, affecting glutamate neurotransmission such as
inhibiting glutamate release at nerve terminals may be one of
the targets for neuroprotective actions.

Idebenone, a centrally potent antioxidant (Suno and
Nagaoka 1984), has been found to offer neural protective
actions in various experimental studies in vitro and in vivo.
It has been demonstrated, for example, that idebenone
attenuates glutamate- or β-amyloid-induced neurotoxicity
(Miyamoto et al. 1989; Miyamoto and Coyle 1990; Bruno
et al. 1994; Hirai et al. 1998; Pereira et al. 1999), protects
against ischemia-induced brain damage (Nagaoka et al.
1989), as well as ameliorates learning and memory deficits
in rats caused by cerebral ischemia, cerebral embolization,
β-amyloid, and aging (Yamazaki et al. 1989; Pelleymounter
and Cullen 1993; Yamada et al. 1999). Furthermore, several
clinical studies have showed that idebenone is effective in
various forms of impairment of brain functions, especially
those due to cerebrovascular and neurodegenerative disor-
ders (Zs.-Nagy 1990; Nappi et al. 1992; Senin et al. 1992;
Weyer et al. 1997). The mechanisms responsible for the
neuroprotective effects of idebenone are, however, not fully
clarified, although it has been reported that this beneficial
effect is associated with scavenging oxygen-free radicals,
increasing cerebral blood flow, and improving brain
metabolism (Miyamoto et al. 1989; Nagai et al. 1989;
Nagaoka et al. 1989; Cardoso et al. 1998).

Since excessive release of glutamate is a critical factor
in the neuropathology of acute and chronic brain
disorders, it is possible that the neural protective effect
of idebenone is associated with a decrease in glutamate
release. However, there are no previous studies about the
effect of idebenone on glutamate release in central
neurons. As a result, this study used isolated nerve
terminals (synaptosomes) purified from the rat cerebral
cortex to investigate the effect of idebenone on glutamate
release and to characterize the underlying molecular
mechanisms. The isolated presynaptic terminal represents
a model system for investigating directly the molecular
mechanisms underlying presynaptic phenomena. Specifi-
cally, this preparation is capable of accumulating, storing,
and releasing neurotransmitters, and is devoid of func-
tional glial and nerve cell body elements that might
obfuscate interpretation because of modulatory loci at
non-neuronal, postsynaptic, or network levels (Dunkley
et al. 1986). The experiments were performed with
synaptosomes by monitoring the effects of idebenone on
the levels of endogenous released glutamate, the synapto-
somal plasma membrane potential, and the downstream
activation of voltage-dependent Ca2+ channels (VDCCs).
In addition, in view of the demonstrated role of various
kinases, including protein kinase C (PKC) and protein

kinase A (PKA), in presynaptic modulation (Herrero and
Sanchez-Prieto 1996; Wang et al. 2002; Millan et al. 2003;
Wang and Sihra 2003), this study also examined whether
protein kinase signaling pathways were involved in the
regulation of idebenone on glutamate release.

Materials and methods

Animals

Adult male Sprague–Dawley rats (250–300 g) were
employed in these studies. All animal procedures were
carried out in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory
Animals, and were approved by the Fu Jen Institutional
Animal Care and Utilization Committee.

Drugs

3′,3′-Dipropylthiadicarbocyanine iodide [DiSC3(5)] and
fura-2-acetoxymethyl ester (Fura-2-AM) were obtained
from Invitrogen (Carlsbad, CA, USA). Idebenone, bafilo-
mycin A1, ω-conotoxin (CgTX)MVIIC, dantrolene,
2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12-
epoxy-1H-diindolo-benzodiazocine-10-carboxylic acid-
hexyl ester (KT5720), DL-threo-beta-benzyl-oxyaspartate
(DL-TBOA), N-[2-(p-bromocinnamylamino)-ethyl]-5-iso-
quinolinesulfonamide dihydrochloride (H89), and bisindo-
lylmaleimide I (GF109203X) were obtained from Tocris
Cookson (Bristol, UK). Glutamate dehydrogenase, nico-
tinamide adenine dinucleotide phosphate (NADP+), ethyl-
ene glycol tetraacetic acid (EGTA), Ro318220, and all
other reagents were obtained from Sigma-Aldrich Co. (St.
Louis, MO, USA).

Synaptosomal preparation

Synaptosomes were prepared as described previously
(Nicholls and Sihra 1986; Wang and Sihra 2004). Briefly,
the cerebral cortex from 2-month-old male Sprague–
Dawley rats was isolated and homogenized in a medium
that contained 320 mM sucrose, pH 7.4. The homogenate
was spun for 2 min at 3,000×g (5,000 rpm in a JA 25.5
rotor; Beckman Coulter, Inc., USA) at 4°C, and the
supernatant was spun again at 14,500×g (11,000 rpm in a
JA 25.5 rotor) for 12 min. The pellet was gently
resuspended in 8 ml of 320 mM sucrose, pH 7.4. Two
milliliters of this synaptosomal suspension was added to
3 ml Percoll discontinuous gradients that contained
320 mM sucrose, 1 mM EDTA, 0.25 mM DL-
dithiothreitol, and 3, 10, and 23% Percoll, pH 7.4. The
gradients were centrifuged at 32,500×g (16,500 rpm in a JA
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20.5 rotor) for 7 min at 4°C. Synaptosomes placed between
the 10% and 23% Percoll bands were collected and diluted
in a final volume of 30 ml of HEPES buffer medium
(HBM) that consisted of 140 mM NaCl, 5 mM KCl, 5 mM
NaHCO3, 1 mM MgCl2⋅6H2O, 1.2 mM Na2HPO4, 10 mM
glucose, and 10 mM HEPES (pH 7.4), before centrifugation
at 27,000×g (15,000 rpm in a JA 25.5) for 10 min. The
pellets thus formed were resuspended in 3 ml of HBM, and
the protein content was determined using a Bradford Protein
Assay Kit (Bio-Rad, Hercules, CA, USA), based on the
method of Bradford (1976), with BSA as a standard. 0.5 mg
of synaptosomal suspension was diluted in 10 ml of HBM
and spun at 3,000×g (5,000 rpm in a JA 20.1 rotor) for
10 min. The supernatants were discarded, and the synapto-
somal pellets were stored on ice and used within 4–6 h.

Glutamate release assay

Glutamate release from purified cerebrocortical synaptosomes
was monitored online, with an assay that employed exoge-
nous glutamate dehydrogenase (GDH) and NADP+ to couple
the oxidative deamination of the released glutamate to the
generation of NADPH detected fluorometrically. This
method allows the detection of submicromolar concentra-
tions of glutamate without interference from other amino
acids (McMahon and Nicholls 1991). Because an inherent
delay is introduced by the time required for the reaction to
occur, fluorometric traces do not reflect the actual glutamate
concentration. Initial rates of glutamate release associated
with depolarization may be underestimated as corrections for
this delay were not incorporated (Rawls et al. 1999).
Actually, this online enzyme-linked fluorescent detection
from synaptosomes has long been considered an approach
particularly appropriate to investigate the presynaptic regu-
lation of neurotransmitter release by drugs (Nicholls and
Sihra 1986; Yang and Wang 2009).In brief, synaptosomes
(0.5 mg/ml) were resuspended in HBM that contained
16 μM BSA and incubated in an LS-50B spectrofluorimeter
(Perkin-Elmer Life Sciences) at 37°C with stirring. NADP+

(2 mM), GDH (50 units/ml), and CaCl2 (1 mM) were added
after 3 min. In experiments that investigated Ca2+-indepen-
dent efflux of glutamate, EGTA (200 μM) was added in
place of CaCl2. Other additions before depolarization were
made as described in the figure legends. After a further
10 min of incubation, 4-aminopyridine (4-AP) (1 mM), or
KCl (15 mM) was added to stimulate glutamate release.
Glutamate release was monitored by measuring the increase
of fluorescence (excitation and emission wavelengths of 340
and 460 nm, respectively) caused by NADPH being
produced by oxidative deamination of released glutamate
by GDH. A standard of exogenous glutamate (5 nmol) was
added at the end of each experiment, and the fluorescence
response used to calculate released glutamate, expressed as

nanomoles of glutamate per milligram of synaptosomal
protein (nanomoles per milligram). Release values quoted
in the text and expressed in bar graphs are levels attained at
steady-state after 5 min of depolarization (nanomoles per
milligram per 5 min). Data were accumulated at 2-s
intervals. Cumulative data were analyzed in Lotus 1-2-3
and MicroCal Origin. Estimation of the IC50 was based on a
one-site model Inhibition ¼ InhibitionMAX� idebenone½ �=ð½
IC50þ idebenone½ �ð ÞÞ� using the nonlinear curve-fitting func-
tion in MicroCal Origin. Statistical analysis was performed
by two-tailed Student’s t test or one-way ANOVA, followed
by post hoc two-tailed t test.

Cytosolic free Ca2+ concentration measurement

Cytosolic free Ca2+ concentration ([Ca2+]C) was measured
using the Ca2+ indicator Fura-2-AM. Synaptosomes
(0.5 mg/ml) were resuspended in 1 ml of HBM containing
CaCl2 (0.1 mM) and loaded with Fura-2-AM (5 μM) for
30 min at 37°C in a stirred test tube. Synaptosomes were
washed with HBM by centrifugation, resuspended in 2 ml
of HBM, and placed in an LS-50B spectrofluorimeter
(Perkin-Elmer Life Sciences) at 37°C with stirring in the
presence of CaCl2 (1 mM).Synaptosomes were incubated
for 10 min in the presence of idebenone (50 μM) prior to
depolarization with 4-AP (1 mM). Fluorescence data were
accumulated at excitation wavelengths of 340 and 380 nm
(emission wavelength, 505 nm) at 7.5-s intervals. Calibra-
tion procedures were performed as described previously
(Sihra et al. 1992), using 0.1% SDS to obtain the maximal
fluorescence with Fura-2 saturation with Ca2+, followed by
10 mM EGTA (Tris-buffered) to obtain minimum fluores-
cence in the absence of any Fura-2/Ca2+ complex. [Ca2+]C
was calculated using equations described previously
(Grynkiewicz et al. 1985). Cumulative data were analyzed
in Lotus 1-2-3 and MicroCal Origin. Changes in [Ca2+]C,
5 min after the addition of 4-AP in the presence of
idebenone, were calculated. Statistical analysis was per-
formed by two-tailed Student’s t test or one-way ANOVA,
followed by post hoc two-tailed t test.

Synaptosomal plasma membrane potential measurement

The synaptosomal membrane potential can be monitored by
positively charged, membrane-potential-sensitive carbocya-
nine dyes such as DiSC3(5). DiSC3(5) is a positively
charged carbocyanine that accumulates in polarized synap-
tosomes that are negatively charged on the inside. At high
concentrations, the dye molecules accumulate and the
fluorescence is quenched. Upon depolarization, the dye
moves out and hence the fluorescence increases (Akerman
et al. 1987). Synaptosomes were preincubated and resus-
pended as described for the glutamate release experiments.
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After 3-min incubation at 37°C in a stirred test tube, 5 μM
DiSC3(5) was added and allowed to equilibrate before the
addition of CaCl2 (1 mM) after 4-min incubation. 4-AP
(1 mM) was added to depolarize the synaptosomes at
10 min, and DiSC3(5) fluorescence was monitored at
excitation and emission wavelengths of 646 and 674 nm,
respectively. Cumulative data were analyzed in Lotus 1-2-3
and MicroCal Origin, and results are expressed in fluores-
cence units. Statistical analysis was performed by two-
tailed Student’s t test or one-way ANOVA, followed by
post hoc two-tailed t test.

Results

Effect of idebenone on 4-AP-evoked glutamate release
from rat cerebrocortical nerve terminals

To investigate the influence of idebenone on glutamate
release, isolated nerve terminals were depolarized with the
K+-channel blocker 4-AP. 4-AP destabilizes the membrane
potential and is thought to cause repetitive spontaneous
Na+-channel-dependent depolarization that closely approx-
imates the in vivo depolarization of the synaptic terminal,
which leads to the activation of VDCCs and neurotrans-
mitter release (Nicholls 1998). In synaptosomes incubated
in the presence of 1 mM CaCl2, 4-AP evoked a glutamate

release of 7.2±0.1 nmol/mg/5 min. Application of idebe-
none (50 μM) produced an inhibition of 4-AP-evoked
glutamate release to 3.7±0.1 nmol/mg/5 min (n=6; P<
0.01), without altering the basal release of glutamate
(Fig. 1A). The idebenone-induced inhibition of 4-AP-
evoked glutamate release was concentration dependent
(Fig. 1B). A robust inhibition of evoked glutamate release
was seen with 50 μM idebenone. Because this effect was
on the linear part of the concentration–response curve, this
concentration was used in subsequent experiments to
evaluate the mechanisms that underlie the ability of
idebenone to reduce glutamate release. The IC50 value for
the idebenone-mediated inhibition of 4-AP-evoked gluta-
mate release could not be determined precisely since the
maximum extent of inhibition could not be determined.

Effect of Ca2+ chelation, DL-TBOA, or bafilomycin A1
on inhibition of 4-AP-evoked glutamate release
by idebenone

To test whether the inhibition of 4-AP-evoked glutamate
release by idebenone is mediated by an exocytotic system,
the Ca2+ dependence of the release and the involvement of
exocytosis were examined. First, the Ca2+-independent
glutamate efflux was measured by depolarizing the synap-
tosomes with 1 mM 4-AP in extracellular-Ca2+-free
solution containing EGTA (300 μM). Under these con-
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Fig. 1 Idebenone inhibits 4-AP-evoked glutamate release from rat
cerebrocortical nerve terminals in a concentration-dependent manner.
Synaptosomes were resuspended in incubation medium at a final protein
concentration of 0.5 mg/ml and incubated for 3 min before the addition of
1 mM CaCl2. 4-AP (1 mM) was added after 10 min further to effect
depolarization (arrow). A Total glutamate release was measured under

control conditions or in the presence of 50 μM idebenone added 10 min
prior to the addition of 4-AP. B Dose–response curve for idebenone
inhibition of 4-AP-evoked glutamate release, showing percentage
inhibition compared with controls. Results are the mean±SEM values
of independent experiments, using synaptosomal preparations from five
to six animals (*P<0.01, two-tailed Student’s t test)

62 Naunyn-Schmiedeberg"s Arch Pharmacol (2011) 384:59–70



ditions, the release of glutamate evoked by 4-AP (1 mM)
was 1.5±0.2 nmol/mg/5 min. This Ca2+-independent
release evoked by 4-AP was reduced by DL-TBOA
(10 μM), a non-selective inhibitor of all excitatory amino
acid transporter (EAAT) subtypes (0.3±0.1 nmol/mg/5 min;
n=5; P<0.05). However, idebenone (50 μM) did not affect
the Ca2+-independent component of 4-AP-evoked gluta-
mate release (1.3±0.2 nmol/mg/5 min) (n=5; Fig. 2A). The
next series of experiments was carried out with the normal
Ca2+ concentration. In Fig. 2B and D, the 4-AP (1 mM)-

evoked glutamate release was inhibited by idebenone
(50 μM) to about the same extent both in the absence
and presence of DL-TBOA (10 μM). DL-TBOA by itself
almost doubled the 4-AP (1 mM)-evoked glutamate
release. Finally, we investigated the action of idebenone
in the presence of bafilomycin A1, which causes the
depletion of glutamate in synaptic vesicles. Figure 2C
shows that bafilomycin A1 (0.1 μM) reduced control
1 mM 4-AP-evoked glutamate release to 2.7±0.1 nmol/
mg/5 min (P<0.01), and completely prevented the
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Fig. 2 Idebenone-mediated in-
hibition of 4-AP-induced gluta-
mate release is due to a decrease
in vesicular exocytosis. A Ca2+-
independent release was assayed
by omitting CaCl2 and adding
300 μM EGTA 10 min prior to
depolarization, and was evoked
by 1 mM 4-APunder control
conditions, or in the presence of
10 μM DL-TBOA or 50 μM
idebenone added 10 min prior to
the addition of 4-AP. B and C
Glutamate release was evoked
by 1 mM 4-AP in the absence
(control) or presence of 50 μM
idebenone, 10 μM DL-TBOA,
10 μM DL-TBOA+50 μM ide-
benone, 0.1 μM bafilomycin
A1, or 0.1 μM bafilomycin A1+
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was added 10 min before depo-
larization and, DL-TBOA or
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this. D Quantitative comparison
of the extent of glutamate re-
lease by 1 mM 4-AP in the
absence and presence of 50 μM
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or 0.1 μM bafilomycin A1.
Results are the mean±SEM val-
ues of independent experiments,
using synaptosomal preparations
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inhibitory effect of idebenone (50 μM) on 4-AP-evoked
glutamate release (2.4±0.4 nmol/mg/5 min; n=6; Fig. 2C).
In the presence of bafilomycin A1, therefore, idebenone
failed to inhibit the 4-AP-induced glutamate release (P>
0.05; one-way repeated-measures ANOVA; Fig. 2D). All
these results suggest that the idebenone-mediated inhibi-
tion of 4-AP-evoked glutamate release is mediated by a
reduction in the Ca2+-dependent exocytotic component of
glutamate release.

Effect of idebenone on cytosolic Ca2+ levels
and synaptosomal membrane potential

To further test whether a reduction in [Ca2+]C is responsible
for the idebenone-mediated inhibition of release, we used a
Ca2+ indicator Fura-2 to monitor intraterminal Ca2+ levels
directly. Under control conditions, 4-AP (1 mM) caused a
rise in [Ca2+]C, from 135.3±1.9 nM to a plateau level of
200.1±4.5 nM. Application of idebenone (50 μM) did not
significantly affect basal Ca2+ levels (134.7±2.1 nM),
but caused a ∼51% decrease in the 4-AP-evoked rise in
[Ca2+]C(166.7±3.8 nM; P<0.01; n=5; Fig. 3). Because
inhibition of Na+ channels or activation of K+ channels is
known to stabilize membrane excitability and consequently

cause a reduction in the intracellular Ca2+ and neurotrans-
mitter release (Pongs et al. 1999; Rehm and Tempel 1991; Li
et al. 1993), we reasoned that the observed inhibitory effect
of idebenone on 4-AP-induced increase in [Ca2+]C could be
due to an alteration of nerve terminal excitability. To test this
possibility, we examined the effect of idebenone on the
synaptosomal plasma membrane potential under resting
conditions and on depolarization with the membrane-
potential-sensitive dye DiSC3(5). As shown in Fig. 4A,
4-AP (1 mM) caused an increase in DiSC3(5) fluorescence
of 12.2±0.5 fluorescence units/5 min. Preincubation of
synaptosomes with idebenone(50 μM) for 10 min before
4-AP addition did not alter the resting membrane potential,
and produced no significant change in the 4-AP-mediated
increase in DiSC3(5) fluorescence (12.4±0.4 fluorescence
units/5 min; P>0.05; n=5). This indicates that the observed
inhibition of evoked glutamate release by idebenone is
unlikely to have been caused by a hyperpolarizing effect of
the drug on the synaptosomal plasma membrane potential, or
attenuation of the depolarization produced by 4-AP. To
confirm this, we examined the effect of idebenone on the
release of glutamate evoked by an alternative secretagogue,
high external [K+] (Fig. 4B). Elevated extracellular KCl
depolarizes the plasma membrane by shifting the K+

equilibrium potential above the threshold potential for
activation of voltage-dependent ion channels. Whereas Na+

channels are inactivated under these conditions, VDCCs are
activated nonetheless to mediate Ca2+ entry, which supports
neurotransmitter release (Barrie et al. 1991). In Fig. 4B,
addition of 15 mM KCl led to a glutamate release of 9.5±
0.1 nmol/mg/5 min, which was reduced to 6.1±0.2 nmol/mg/
5 min in the presence of 50 μM idebenone (P<0.01; n=5).

Effect of ω-CgTX MVIIC, dantrolene, and CGP37157
on inhibition of 4-AP-evoked glutamate release
by idebenone

In the adult rat cerebrocortical nerve terminal preparation,
the release of glutamate evoked by depolarization is
reported to cause Ca2+ influx through Cav2.2 (N-type) and
Cav2.1 (P/Q-type) channels and Ca2+ release from internal
stores (Berridge 1998; Millan and Sanchez-Prieto 2002;
Schenning et al. 2006). Therefore, we next sought to
establish which part of Ca2+ source was involved in the
idebenone-mediated inhibition of 4-AP-evoked glutamate
release. To assess the role of Cav2.2 and Cav2.1 channels,
synaptosomes were preincubated with 2 μM ω-conotoxin
MVIIC (ω-CgTX MVIIC), a wide-spectrum blocker of
Cav2.2 and Cav2.1 channels. In Fig. 5A, glutamate release
of 7.3±0.1 nmol/mg/5 min under control conditions was
significantly decreased to 3.6±0.2 nmol/mg/5 min by
idebenone (50 μM). Glutamate release was also signifi-
cantly reduced by ω-CgTX MVIIC (2 μM) to 2.5±
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0.3 nmol/mg/5 min (P<0.01). In the presence of ω-CgTX
MVIIC, 50 μM idebenone failed to decrease the 4-AP-
induced glutamate release (n=9). In addition, a potential

role of intracellular Ca2+ release in idebenone-mediated
inhibition of glutamate release was tested in the presence of
dantrolene, an inhibitor of intracellular Ca2+ release from
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Fig. 5 Suppression of idebenone-mediated inhibition of glutamate
release by the Cav2.2 and Cav2.1 channel blocker ω-CgTX MVIIC. A
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was added 10 min before depolarization and other drugs 30 min prior
to this. Results are the mean±SEM values of independent experi-
ments, using synaptosomal preparations from six to nine animals
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endoplasmic reticulum, and 7-chloro-5-(2-chloropheny)-
1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP37157), a
membrane-permeant blocker of mitochondrial Na+/Ca2+

exchange. Dantrolene (100 μM) reduced control 4-AP-
evoked release from 7.2±0.1 to 4.3±0.3 nmol/mg/5 min
indicating that intracellular Ca2+ release directly supports
glutamate release from synaptosomes. In the presence of
dantrolene, however, idebenone (50 μM) still effectively
inhibited 4-AP-evoked glutamate release to 2.3±0.2 nmol/mg/
5 min (n=6; P<0.05; Fig. 5B). In six synaptosomal
preparations tested, idebenone induced a 46.5±5.3%
decrease in the 4-AP-evoked glutamate release after
application of dantrolene, which was not significantly
different from the inhibition produced by idebenone
alone (50.7±3.4%; P>0.05). Similarly with dantrolene,
CGP37157 (100 μM) decreased the release of glutamate
evoked by 4-AP (1 mM) without affecting the extent of
the idebenone-mediated inhibition of 4-AP-evoked gluta-
mate release (n=6; Fig. 5B).

Effect of H89 or GF109203X on inhibition of 4-AP-evoked
glutamate release by idebenone

Since the PKA or the PKC signaling cascade is known to be
present at the presynaptic level and has a crucial role in
neurotransmitter exocytosis (Vaughan et al. 1998; Millan et
al. 2003; Wang and Sihra 2003), we investigated whether the
cascade(s) participated in idebenone-mediated inhibition of
glutamate release. To this end, we studied the effect of
idebenone following inhibition of PKA or PKC. In Fig. 6A
and B, the two PKA inhibitors H89 (100 μM) and KT5720
(100 μM) as well as the two PKC inhibitors GF109203X
(10 μM) and Ro318220 (10 μM) by themselves reduced the
4-AP-evoked glutamate release by about 50%, suggesting
basal PKA and PKC activity, respectively. However, the
idebenone-mediated inhibition of 4-AP-evoked glutamate
release was affected in a qualitatively different manner by the
protein kinase inhibitors. The idebenone-mediated inhibition
of 4-AP-evoked glutamate release was abolished by either
PKA inhibitor (Fig. 6A and B). On the other hand, the
inhibitory effect of idebenone on the 4-AP-evoked glutamate
release was not affected by either PKC inhibitor (Fig. 6B).
We also examined the effect of idebenone on 4-AP-evoked
rise in [Ca2+]C in the presence of PKA inhibitors, H89 and
KT5720. The latter two drugs by themselves decreased the
4-AP (1 mM)-evoked rise in [Ca2+]C from 206.3±3.5 nM to
181.1±5.1 nM and 177.3±3.8 nM, respectively (P<0.01; n=
5). In the presence of H89 (100 μM), the idebenone-induced
inhibition of 4-AP-evoked rise in [Ca2+]C was completely
prevented (n=5; Fig. 6C). A similar result was observed with
KT5720 (100 μM; n=5; Fig. 6C). These results suggest that
idebenone-inhibited Ca2+ influx and glutamate release
involves a PKA pathway.

Discussion

It is known that excessive release of glutamate is a critical
factor in the neuropathology of acute and chronic brain
disorders (Obrenovitch and Urenjak 1997; Meldrum 2000;
Raiteri et al. 2004). Although idebenone has been shown to
protect neurons against glutamate-induced excitotoxicity in
several in vitro and in vivo experimental studies (Miyamoto et
al. 1989; Miyamoto and Coyle 1990; Bruno et al. 1994), there
are no previous studies about the effect of idebenone on
glutamate release in central neurons. Thus, the purpose of this
study was to investigate the relationship between idebenone
and presynaptic modulation of glutamate release and to
determine the underlying molecular mechanisms. By using a
preparation of nerve terminals from rat cerebral cortex and
examining the release of endogenous glutamate, we demon-
strated that idebenone rapidly reduced depolarization-evoked
glutamate release in a dose-dependent manner. To our
knowledge, this is the first report of a significant effect of
idebenone on the central glutamate system. Several possible
mechanisms for this effect are discussed below.

The release of glutamate as a result of the depolarization
of isolated nerve terminals has two components. The first is
a physiologically relevant Ca2+-dependent component,
which is produced by exocytosis of synaptic vesicles that
contain glutamate. The second is a Ca2+-independent
component that results from prolonged depolarization that
causes a membrane-potential-mediated shift of the gluta-
mate transporter steady-state toward the outward direction,
to affect cytosolic glutamate efflux (Nicholls et al. 1987). In
the present study, the Ca2+-dependent component of
glutamate release is the molecular basis for the idebenone-
mediated inhibition of 4-AP-evoked glutamate release. This
conclusion is based on the following observations. Firstly,
idebenone did not affect 4-AP-evoked glutamate release in
the absence of extracellular Ca2+ (Ca2+-independent re-
lease). Secondly, the inhibitory effect of idebenone on 4-
AP-evoked glutamate release was effectively abolished by
bafilomycin A1, which depletes the glutamate content of
synaptic vesicles, but not by DL-TBOA, a non-selective
inhibitor of all EAAT subtypes.

In principle, neurotransmitter release can be modulated
at several loci in the stimulus-exocytosis cascade, including
ion-channels modulating nerve terminal excitability,
VDCCs, downstream of Ca2+ entry, components of the
synaptic vesicle trafficking and exocytotic apparatus (Sihra
and Nichols 1993; Thompson et al. 1993; Nicholls 1998).
Thus, inhibition of Ca2+-dependent glutamate release by
idebenone could be ascribed to an alteration of plasma
membrane potential, and/or a direct inhibition of the
exocytosis-coupled Ca2+ channel. Our demonstration, using
the Ca2+ indicator Fura-2, that the 4-AP-evoked increase in
[Ca2+]C was reduced by idebenone suggests that idebenone
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Fig. 6 Idebenone-mediated inhibition of 4-AP-induced Ca2+ influx
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attenuates glutamate release by indirectly or directly
decreasing intracellular Ca2+ levels. In synaptic terminals,
a depolarization-induced increase in [Ca2+]C, coupled with
glutamate release, is mediated by Ca2+ influx through
Cav2.2 and Cav2.1 channels and Ca2+ release from
intracellular stores, such as the endoplasmic reticulum and
mitochondria (Berridge 1998; Millan and Sanchez-Prieto
2002). In this study, the inhibition of glutamate release by
idebenone was highly sensitive to the inhibition of Cav2.2
and Cav2.1 channels, which are involved in triggering
glutamate release from synaptosomes (Vazquez and
Sanchez-Prieto 1997; Millan and Sanchez-Prieto 2002).
This suggested that Cav2.2 and Cav2.1 channels are
involved in the modulation of glutamate release by
idebenone. However, since the suppression of Cav2.2 and
Cav2.1 channel activity did not completely abolish the
inhibitory effect of idebenone on 4-AP-evoked glutamate
release (about 8% of the activity remained), we cannot rule
out the involvement of other types of Ca2+ channels. In
contrast, the participation of reduced release of stored Ca2+

from the endoplasmic reticulum and mitochondria during
the idebenone-mediated inhibition of glutamate release
could be excluded. This was because the inhibitory effect
of idebenone on 4-AP-evoked glutamate release was not
affected by dantrolene, an inhibitor of intracellular Ca2+

release from the endoplasmic reticulum, and by CGP37157,
a membrane-permeant blocker of mitochondrial Na+/Ca2+

exchange. In this regard, in the presence of dantrolene or
CGP37157, idebenone still induced a 47% or 49% decrease
in the glutamate release, respectively. The additive rela-
tionship between dantrolene or CGP37157 and idebenone
indicates that although intracellular Ca2+ release contributes
significantly to the 4-AP-evoked glutamate release, they
appear not to mediate the effect of idebenone on glutamate
release. These results therefore imply that the inhibition of
glutamate release by idebenone occurs primarily via a
suppression of Ca2+ influx through Cav2.2 and Cav2.1
channels. Although we do not have direct evidence that
idebenone acts on presynaptic Ca2+ channels, our finding is
consistent with a previous study, which demonstrated that
idebenone inhibits catecholamine secretion by suppressing
Ca2+ influx through VDCCs in cultured adrenal chromaffin
cells (Houchi et al. 1991).

The question remained as to whether the suppression of
release-coupled VDCCs by idebenone reflected a direct
effect on VDCC function or secondary effects resulting
from an alteration in plasma membrane potential. In this
regard, the latter possibility is unlikely for three reasons.
First, no significant effect of idebenone on synaptosomal
plasma membrane potential, measured with a membrane-
potential-sensitive dye, DiSC3(5), was observed either in
the resting condition or on depolarization with 4-AP
(indicating a lack of effect on K+ conductance). Second,

idebenone significantly inhibited both 4-AP and KCl-
evoked glutamate release. Since 4-AP-evoked glutamate
release involves Na+ and Ca2+ channels whereas KCl-
evoked glutamate release only involves Ca2+ channels
(Barrie et al. 1991; Nicholls 1998), it is not likely that
Na+ channels are involved in the modulation of glutamate
release by idebenone. Third, idebenone did not affect the 4-
AP-evoked Ca2+-independent glutamate release, which is
only dependent on the membrane potential (Attwell et al.
1993). Therefore, our observations clearly suggest that
idebenone is able to inhibit glutamate release specifically
and directly via the reducing activity of the VDCCs, rather
than any upstream effect on nerve terminal excitability as a
result of modulation of Na+ or K+ ion channels.

Many studies have shown that protein kinases, such as
PKC and PKA, are involved in the regulation of presynap-
tic VDCCs function and glutamate release (Herrero and
Sanchez-Prieto 1996; Vaughan et al. 1998; Wang et al.
2002; Millan et al. 2003; Wang and Sihra 2003). As a
result, it is likely that a protein kinase signaling pathway is
involved in the modulation of glutamate release by
idebenone. In elucidating this, we found that the inhibitory
effects of idebenone on 4-AP evoked rise in [Ca2+]C and
glutamate release were prevented by the PKA inhibitors
H89 and KT5720. This suggests that an intracellular
cascade involving the suppression of PKA-dependent
pathways is linked to inhibition of 4-AP-evoked glutamate
release by idebenone. Moreover, the inhibitory effect of
idebenone on 4-AP-evoked glutamate release was not
affected by the PKC inhibitors GF109203X and
Ro318220, which demonstrated some specificity for idebe-
none action on the PKA pathway. In fact, in addition to the
phosphorylation of presynaptic VDCCs, a number of
synaptic proteins associated with moving, docking, and
fusion of synaptic vesicle, including synapsin I, rabphi-
lin3A, synaptobrevin, syntaxin, and SNAP-25, have been
reported to be phosphorylated by PKA. Such phosphoryla-
tion reaction enhances vesicle mobilization to the plasma
membrane and neurotransmitter release (Greengard et al.
1993; Fykse et al. 1995; Lonart et al. 1998; Risinger and
Bennett 1999). Whether idebenone inhibits glutamate
release by decreasing PKA-dependent phosphorylation of
synaptic proteins and the availability of synaptic vesicles
should be considered.

In the current study, idebenone inhibited glutamate
release in cerebral cortex synaptosomes at the relatively
high concentration of 50 μM. Several studies have reported
that idebenone, at 50–100 μM, increases adenosine levels
in hippocampal slices after ischemia-like conditions and
reduces free radical formation in rat brain synaptosomes
(Latini et al. 1993; Cardoso et al. 1998). The present study
is consistent with these reports, however, the antioxidant
and neural protective effects of idebenone were observed in
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a lower concentration range, i.e., 0.1–10 μM (Miyamoto et
al. 1989; Murphy et al. 1990; Oka et al. 1993; Hirai et al.
1998; Pereira et al. 1999).

In conclusion, the main finding of the present study is
that, in rat cerebrocortical nerve terminals, idebenone
decreases glutamate release through the suppression of
presynaptic Cav2.2 and Cav2.1 channels and PKA activity.
This phenomenon might account for some of its neuro-
protective effect in several neuronal injuries in vitro,
especially in glutamate-induced neurotoxicity; this is
because excessive glutamate release has been proposed to
be involved in the pathophysiology of several neurological
states, including ischemic brain damage and neurodegener-
ative diseases (Obrenovitch and Urenjak 1997; Meldrum
2000). Although the mechanisms for the neuroprotection
conferred by idebenone are still under investigation, the
present finding may provide further understanding of the
mode of idebenone action in the brain and highlights the
therapeutic potential of this drug in the treatment of a wide
range of neurological and neurodegenerative disorders.
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