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A B S T R A C T

Olesoxime is a cholesterol-like neuroprotective compound that targets to mitochondrial voltage dependent anion
channels (VDACs). VDACs were also found in the plasma membrane and highly expressed in the presynaptic
compartment. Here, we studied the effects of olesoxime and VDAC inhibitors on neurotransmission in the mouse
neuromuscular junction. Electrophysiological analysis revealed that olesoxime suppressed selectively evoked
neurotransmitter release in response to a single stimulus and 20 Hz activity. Also olesoxime decreased the rate of
FM1–43 dye loss (an indicator of synaptic vesicle exocytosis) at low frequency stimulation and 20 Hz.
Furthermore, an increase in extracellular Cl− enhanced the action of olesoxime on the exocytosis and olesoxime
increased intracellular Cl− levels. The effects of olesoxime on the evoked synaptic vesicle exocytosis and [Cl−]i
were blocked by membrane-permeable and impermeable VDAC inhibitors. Immunofluorescent labeling pointed
on the presence of VDACs on the synaptic membranes. Rotenone-induced mitochondrial dysfunction perturbed
the exocytotic release of FM1–43 and cell-permeable VDAC inhibitor (but not olesoxime or impermeable VDAC
inhibitor) partially mitigated the rotenone-driven alterations in the FM1–43 unloading and mitochondrial su-
peroxide production. Thus, olesoxime restrains neurotransmission by acting on plasmalemmal VDACs whose
activation can limit synaptic vesicle exocytosis probably via increasing anion flux into the nerve terminals.

1. Introduction

Synaptic transmission relies on exocytotic neurotransmitter release
from synaptic vesicles (SVs). To maintain neurotransmitter release after
exocytosis, the SV membrane is retrieved by endocytosis and newly
formed vesicle is refilled with neurotransmitter and recruited into the
SV pool. The reuse of SV membrane guarantees a reliability of neuro-
transmission and its relative independence from delivery of SV material
from the neuronal soma [1,2]. Many signaling molecules and ion
channels regulate neurotransmitter release, acting directly on exocy-
totic machinery or other steps of SV cycling. Also, some potent neuro-
toxins specifically affect presynaptic machinery mediating SV fusion or
interfere with neurotransmitter release indirectly [3–5]. Several auto-
immune antibodies target motor nerve terminals causing acute or long-
lasting defects in neurotransmission and, hence, motor deficit [3].

Generally, disturbances of neurotransmitter release regulation occur in
numerous pathological conditions, including early stages of neurode-
generative diseases [6–8]. The resulting aberrant neurotransmission
can contribute to progression of the disorders [8–10]. Accordingly,
pharmacological compounds able to balance a neurotransmitter release
can be useful tools for a disease-modifying treatment [11].

Neurotransmitter release and SV cycling are tightly dependent on
membrane cholesterol levels, because cholesterol is a partner for many
synaptic proteins and essential for membrane deformations [9,12].
Partial cholesterol depletion suppresses evoked and increases sponta-
neous neurotransmitter release in CNS and neuromuscular synapses
[13–18]. Extraction of cholesterol from SV membranes arrests en-
docytosis and recycling [19–21]. Furthermore, cholesterol metabolites
at low submicromolar concentrations as well as cholesterol oxidation
can affect neurotransmitter release and properties of the synaptic
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membranes [12,22]. Indeed, brain-derived cholesterol metabolite 24-
hydroxycholesterol modulates SV recruitment to exocytosis via depen-
dent on glutamate NMDA or liver X receptor pathways [23–25]. An
intermediate product in cholestanol biosynthesis 5ɑ-cholestan-3-one
decreased the number of SVs participating in exo- and endocytosis
during prolonged activity [26,27]. The levels of the oxysterols and
neuronal membrane cholesterol change in many pathological condi-
tions, suggesting that cholesterol-dependent modulation contributes to
synaptic dysfunction [10,28–33]. Therefore, intervention in cholesterol
homeostasis and using cholesterol-like molecules may be considered as
possible therapeutic approaches able to normalize synaptic transmis-
sion.

Cholest-4-en-3-one, oxime (olesoxime or TRO19622) is a cholesterol
derivative which is considered as promising therapy for neurodegen-
erative disorders, including amyotrophic lateral sclerosis, peripheral
neuropathy, spinal muscular atrophy, Huntington's and Parkinson's
diseases [34,35]. Previously, we found that olesoxime can modulate
neurotransmission in the frog neuromuscular junctions (NMJs), but the
underlying mechanism was not identified [26]. Theoretically, the sy-
naptic mechanism can contribute to neuroprotective properties of ole-
soxime and represent a new pathway for regulation of neurotransmis-
sion by cholesterol-like molecules. Olesoxime targets to voltage-
dependent anion channels (VDACs) in the outer mitochondrial mem-
brane and this interaction is required for inhibition of mitochondrial
permeability transition pore complex, oxidative stress and apoptosis
[34–38]. Also, VDACs are localized in the neuronal plasma membrane,
particularly in cholesterol-rich microdomains [39–45]. Functions of
plasma membrane VDACs could be linked with control of anion per-
meability, cell volume, apoptosis, amyloid toxicity, redox status and
estrogen receptor α-dependent signaling [39–44,46–48]. Furthermore,
VDACs have been detected in proteome of the presynaptic membrane,
active zones and SVs [49–53]. However, significance of VDACs for
presynaptic function has not been studied so far. At the same time,
fundamental role of VDAC in many cellular processes implies a possible
relevance for neurotransmission, specifically regulation of neuro-
transmitter release.

In the present work, for the first time we studied the mechanism by
which olesoxime can modulate neurotransmission in mammalian NMJs.
Furthermore, a potential role of plasmalemmal VDACs and VDAC-as-
sociated Cl− transport in the effects of olesoxime were in the focus of
the work. We revealed that olesoxime restricted the neurotransmitter
release and translocation of SVs to exocytotic sites during activity in the
mice NMJ. Also olesoxime increased intracellular Cl− levels. These
effects of olesoxime were suppressed by cell-permeable and -im-
permeable inhibitors of VDACs. Furthermore, the olesoxime effect on
the exocytosis was enhanced by an increase in extracellular Cl− levels.
These results indicate that plasma membrane VDACs can negatively
modulate neurotransmission via enhancing Cl− transport and ole-
soxime can trigger this new mechanism of neurotransmitter release
regulation.

2. Material and methods

2.1. Animals

The isolated phrenic nerve-diaphragm preparations from adult mice
were used in the experiments. Animals were maintained at a 12-h light/
12-h dark cycle; water and food were provided ad libitum. Mice
(4–6 months of age) were anesthetized using an intraperitoneal injec-
tion of Na+ pentobarbital (40 mg/kg) and decapitated with a guillotine;
the diaphragm with nerve stub was quickly excised. The protocol was
approved by the Bioethics Committees of Kazan Medical University and
met the requirements of the EU Directive 2010/63/EU as well as
European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Council of Europe No 123,
Strasbourg, 1985).

2.2. Solutions and chemicals

The nerve hemidiaphragm preparations were pinned to the bottom
of Sylgard-coated chambers. The muscles were perfused at 5 ml·min−1

with physiological solution (129 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgSO4, 1 mM NaH2PO4, 20 mM NaHCO3, 11 mM glucose and
3 mM HEPES; pH – 7.4) saturated with a 5% CO2/95% O2 gas mixture.
In some experiments a solution with high Cl− concentration (146 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 13.5 mM CholineCl and
3 mM HEPES; pH – 7.4) was used.

Pretreatment with 0.4 μM olesoxime (Tocris) lasted 20 min prior to
the nerve stimulation at 20 Hz or 5 Hz. Olesoxime was dissolved in
DMSO (Tocris) and final concentration of the vehicle was 0.001%. At a
concentration of 0.001–0.1% DMSO did not affect neuromuscular
transmission in the mice diaphragm [23–25], thence the data from
DMSO experiments were used as controls. DIDS (50 μM, 4,4′-Dii-
sothiocyanatostilbene-2,2′-disulfonate; Tocris) [54,55] and S-18 (1 μM,
S-18 phosphorothioate randomer oligonucleotide; Trilink) [56,57] were
used as inhibitors of VDACs and added to the bathing solution 5 min
before the application of olesoxime and remained in the perfusion
throughout the experiment. Rotenone (10 μM, a 30 min-application;
Sigma) was used to induce mitochondrial dysfunction [58]. (−)Vesa-
micol (2 μM, Sigma) was used as inhibitor of vesicular acetylcholine
transporter which is responsible for refilling of SVs with acetylcholine
[59].

2.3. Postsynaptic potential recordings

End-plate potentials (EPPs) and miniature EPPs (MEPPs) were re-
corded using standard intracellular glass microelectrodes filled with
2.5 M KCl (tip resistance 5–10 MΩ). For the signal detection a Model
1600 amplifier (A-M System) and LA II digital I/O board (Pushino,
Russia) were used. The recorded signals were filtered between 0.03 Hz
and 10 kHz, digitized at 50 kHz and stored on PC for off-line analysis.
Data were processed using a custom-developed program [60] and
analyzed to estimate mean amplitudes, rise (from 20% to 80% of the
peak amplitude) and decay (from peak to 50% of the peak amplitude)
times. The frequency of MEPPs was estimated in experiments after re-
cording 150–200 signals. For MEPPs signal-to-noise ratio was> 7:1
and threshold for the MEPP detection was set at level of 0.2 mV. The
nerve was stimulated by rectangular supramaximal electrical 0.1-ms
pulses at a frequency of 0.5 Hz or 20 Hz with a suction electrode
connected to an isolated stimulator Model 2100 (A-M Systems, USA).
To prevent muscle contractions, the muscle-specific Na+ channel in-
hibitor μ-conotoxin-GIIIB (0.5 μM; Alamone Lab) was added to the
perfusion 20 min prior to recording. EPPs were recorded at low fre-
quency (0.5 Hz) stimulation during 20-min olesoxime treatment, and
then 20 Hz stimulation was applied for 3 min to the phrenic nerve of the
pretreated with olesoxime muscles.

2.4. Optical approaches

Images were recorded using a microscope (BX51WI Olympus)
equipped with confocal spinning disk confocal unit (Olympus) and
UPLANSapo 60хw/LumPlanPF 100xw objectives. Images were captured
by CCD-camera DP71 (Olympus) under control of CellSens software
(Olympus). ImagePro (Media Cybernetics) was used for image analysis.

To estimate the rate of SV exocytosis FM1–43 dye (7 μM; Thermo
Fisher) was used. This dye reversibly binds to the presynaptic mem-
branes and is then captured by SV endocytosis [61]. To load SVs with
FM1–43, the phrenic nerve was stimulated at 20 Hz for 3 min or 5 Hz
for 10 min. The preparations were exposed to FM1–43 during the sti-
mulation and 5 min after end of the stimulation, and then perfused with
dye-free saline containing 30 μM ADVASEP-7 (Biotium) for 20 min to
facilitate the removal of FM1–43 from the surface membranes. After
exposure of the preparations to the drugs, the phrenic nerve was re-
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stimulated at 20 Hz or 5 Hz for 10 min to evoke SV fusion, leading to a
decrease in the nerve terminal fluorescence (unloading). The images
were recorded before the onset of stimulation (0) and at different time
points (5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 150, 180, 240, 300, 420,
600 s) during the stimulation. The regions of interest were illuminated
only at moments of the image capturing. The fluorescence of FM1–43
was detected using a 480/10 nm excitation filter, a 505 nm dichroic
mirror and a 535/40 nm emission filter. Background signal was esti-
mated as the mean intensity of fluorescence in a region outside of the
NMJs (4х30 μm2). Nerve terminal signal was determined as the average
pixel intensity in regions of interest after background value subtraction
[62]. To illustrate the rate of the dye loss, the initial value of nerve
terminal signal (before the onset of stimulation) was taken as 1.0.

For immunofluorescent staining, the muscles were fixed with 3.7%
p-formaldehyde for 40 min, permeabilized with 1% Triton X-100 in PBS
for 30 min and then incubated in blocking buffer (2% normal goat
serum, 0.1% Triton X-100, 0.05% Tween 20 and 1% BSA in PBS) for 1 h
[17]. The fixed samples were incubated with primary rabbit anti-VDAC
antibody (1:400; #V2139, Sigma) and a marker for junctional region
(1 ng/ml rhodamine-conjugated α-bungarotoxin; Molecular Probes) at
4 °C overnight. Exposure to secondary AlexaFluor 488-conjugated anti-
rabbit antibody (1:1000, Abcam) lasted 1 h. All procedures were per-
formed at room temperature excluding incubation with the primary
antibodies. The primary and secondary antibodies were diluted in PBS
containing 1% BSA, 0.05% Triton X-100 and 0.05% Tween 20. After
each step of the immunolabeling procedure the muscles were washed
four times with PBS for 1.5 h. No fluorescent staining of VDAC was
detected without addition of the primary antibody. AlexaFluor 488
(rhodamine) fluorescence was excited by a light of 480 nm (555 nm)
wavelength and emission was recorded using a band-pass filter of 530/
15 nm (630/20 nm).

MitoSox was used as indicator of reactive oxygen species (ROS)
within the mitochondria. The dye is selectively accumulated in the
mitochondria and emits a red fluorescence after oxidation by

superoxide. The preparations were incubated with 2 μM MitoSox for
15 min and then perfused with a physiological saline (dye-free) for
40 min [63]. Fluorescence was visualized using a 510/10 nm excitation
filter and a 590/20 nm emission filter.

Changes in intracellular Cl− levels were visualized using a MEQ
(AAT Bioquest). MEQ fluorescence was excited by a 360–370 nm wa-
velength light and detected using a 420IF emission filter; a 410 nm
dichroic mirror was used. MEQ fluorescence is markedly quenched in a
concentration-dependent manner by Cl− without shifting the emission
spectra [64,65]. To load the dye into nerve terminals MEQ was applied
for 3 h to the cut end of phrenic nerve (about 2 mm in length) using
suction pipette tip filled with the dye (50 mM in PBS). During the in-
cubation period the dye molecules entered into the axons and carried to
the presynaptic terminals. Then the phrenic nerve was removed from
the suction pipette by applying weak positive pressure and the pre-
parations were perfused for 20 min with physiological saline. The
stump of the nerve was reintroduced into the dye-free suction electrode
to avoid the dye leakage. The analysis of MEQ fluorescence intensity
was performed in NMJs. The value of the initial nerve terminal fluor-
escence was taken as 0.0. To control photobleaching of MEQ, the
fluorescence was recorded without stimulation at the same conditions
of illumination as when the nerve hemidiaphragm preparations were
stimulated at 20 Hz.

2.5. Statistical analysis

Statistical analysis was performed with Origin Pro 9.2 software,
using significance levels of 0.05, 0.01 and 0.001. Either a two-tailed t-
test or repeated two-way ANOVA followed by the Bonferroni post-hoc
were used. The data are presented as Mean ± SEM, where n is the
number of independent experiments on different mice; n is indicated in
each figure legend.

Fig. 1. Spontaneous and evoked neurotransmitter
release: effects of olesoxime and VDAC inhibitor
DIDS. A, B - the histogram showing the effect of the
drugs on peak amplitude (A), rise time (Trise), decay
time (Tdecay) and frequency (F) of MEPPs (A) and on
peak amplitude, rise and decay time of EPPs (B).
EPPs were evoked by stimulation at 0.5 Hz. Y-axis
indicates the normalized effect of the drugs (1.0 - is
a value before application of the drugs). A, B- right,
representative MEPPs (A) and EPPs (B) before and
20 min after (in color) exposure to the drugs. C –
Depression of EPP amplitude (in mV) at 20 Hz sti-
mulation in control and drug-pretreated muscles.
Right, typical EPPs at 0, 1, 3 min of 20 Hz stimu-
lation. D - The histogram showing cumulative EPP
amplitudes (in mV; from C) at 20 Hz stimulation. A-
D - All results are the mean ± SEM of the mea-
surements in individual mice (n = 8–11 per group).
*P˂0.05, **P˂0.01, ***P˂0.001 – by a two-tailed
unpaired t-test (B) or a repeated ANOVA followed
by the Bonferroni post-hoc (C). Numbers above the
boxes represent a decrease (in %) in mean value
compared to value before drug application (B) or
value in control group (D).
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3. Results

3.1. Influence of VDAC modulators on spontaneous and evoked
neurotransmitter release

Postsynaptic potentials reflecting spontaneous (MEPPs) and evoked
(EPPs at 0.5 Hz) acetylcholine release were recorded before and after
20 min application of drugs (Fig. 1). Resting membrane potential was
constant under these conditions. Olesoxime (0.4 μM) did not change
MEPP parameters, namely amplitude, rise time, decay time and fre-
quency (Fig. 1A). Similarly DIDS, an inhibitor of anion transport, in-
cluding VDAC activity [54,66], had no effects on the MEPP parameters.
Co-application of olesoxime and DIDS did not modify the MEPPs (Fig. 1
A). Olesoxime statistically significant decreased EPP amplitude at low
frequency stimulation (0.5 Hz), without affecting rise and decay time of
the EPP (Fig. 1B). DIDS itself did not change EPP amplitude, but pre-
vented the depressant effect of olesoxime. Note that olesoxime at higher
concentrations reduced EPP amplitudes (without affecting MEPP am-
plitudes) to the similar degree as 0.4 μM (Suppl. Fig. 1A,B), suggesting
that the effect of 0.4 μM olesoxime was close to maximal.

Stimulation of motor nerve at higher frequency leads to mobiliza-
tion of SVs from the recycling and reserve pools [67,68]. During pro-
longed 20 Hz stimulation, the efficiency of neurotransmitter release is
dependent on the transport of SVs to the active zone and their recycling
during continuous activity. 20-Hz stimulation led to a biphasic change
in the EPP amplitude: after initial rapid decrease the amplitude con-
tinued to decline but at a slower rate. Pretreatment with olesoxime for
20 min caused a more profound decrease in the EPP amplitude, espe-
cially marked in the beginning period (Fig. 1C; Suppl. Fig. 1C). As a
result, cumulative EPP amplitude was decreased to ~80% (P ˂ 0.001)
compared to the control, suggesting that olesoxime suppresses evoked
neurotransmitter release at 20 Hz activity (Fig. 1D). DIDS itself did not
modify the rate of the EPP amplitude depression during 20 Hz stimu-
lation, but prevented the effect of olesoxime (Fig. 1 C, D; Suppl.
Fig. 1C). Thus, olesoxime suppresses selectively evoked neuro-
transmitter release in response to low frequency (0.5 Hz) and 20 Hz
stimulation without affecting spontaneous release. These effects of
olesoxime were blocked by antagonist of VDACs.

3.2. FM1–43 unloading kinetics

Nerve terminals were loaded with FM1–43 by 20 Hz stimulation for
3 min (see Methods for details) and after 50 min-rest interval the
phrenic nerves were re-stimulated at 20 Hz. This stimulation leads to
decrease in the fluorescence (unloading) that reflects the release of the
dye from the SVs by exocytosis (Fig. 2A). Olesoxime decreased the rate
of the dye unloading. The slowdown of FM1–43 unloading was clearly
expressed in the first minutes of the activity (Fig. 2A). DIDS itself did
not change the dye loss at 20 Hz stimulation, but it completely pre-
vented the effect of olesoxime on the FM1–43 unloading (Fig. 2B). This
indicates that olesoxime attenuates SV exocytosis during the stimulus
train and it can be dependent on a target that is sensitive to DIDS. DIDS
effectively inhibits VDAC channel activity in different cell types and can
affect both VDAC localized in mitochondria as well as plasma mem-
brane [66,69]. To test the implication of plasma membrane VDACs in
the effect of olesoxime on SV exocytosis, we used S-18 phosphor-
othioate randomer oligonucleotide (S-18) (Fig. 2C), which specifically
blocks plasmalemmal VDAC and cannot pass through the cell mem-
branes [56,57]. S-18 itself and in combination with DIDS had no in-
fluence on FM1–43 unloading, but S-18 completely prevented the effect
of olesoxime.

Neurotransmission in physiological conditions mainly relies on
reuse of SVs belonging to the small recycling pool. This pool partici-
pates in neurotransmitter release during initial period of prolonged
20 Hz stimulation and can continuously maintain neurotransmission at
lower frequencies (< 10 Hz) of stimulation in the NMJs [67,70].

Olesoxime had more visible effect on both EPP amplitude and FM1–43
loss specifically during the first minutes of 20 Hz stimulation. This
suggests that olesoxime can reduce the recruitment of SVs from re-
cycling pool to active zone. Consistent with this is that olesoxime de-
creased the rate of the unloading at 5 Hz activity (Fig. 2D) and this
effect of olesoxime was completely prevented by S-18, while S-18 itself
had no influence on the dye unloading at 5 Hz (Fig. 2E). Electro-
physiological experiments with an inhibitor of SV refilling with neu-
rotransmitter vesamicol [59] also suggest that olesoxime can suppress
neurotransmitter release from the recycling SVs, whose contribution to
neurotransmitter release is dependent on re-loading of neurotransmitter
during activity (Suppl. Fig. 2). Indeed, vesamicol enhanced a rundown
of EPP amplitude at 20 Hz and in vesamicol-treated muscles, olesoxime
had no profound additional effect on the depression of EPP amplitude
(Suppl. Fig. 2B). As a result, cumulative EPP amplitudes (after 3 min of
20 Hz activity) were similar in vesamicol and olesoxime+vesamicol
groups (Suppl. Fig. 2C).

Thus, olesoxime attenuates SV exocytosis at both 5 and 20 Hz ac-
tivity. Furthermore, this action of olesoxime is prevented by cell-im-
permeable VDAC blocker S-18. Accordingly, the main target of ole-
soxime could be VDAC localized at the plasma membrane.
Immunofluorescent labeling showed the presence of VDAC in NMJs
(Fig. 2F), and a pattern of the immunofluorescence indicates on the
plasma membrane expression of VDACs.

3.3. Mitochondria in the effect of olesoxime on SV exocytosis

Cellular effects of olesoxime can be linked with mitochondrial
function. Rotenone induces mitochondrial dysfunction by inhibiting
electron transport chain complex I, leading to ATP depletion, ROS
production, decrease of cytosolic Ca2+ uptake, mitochondrial perme-
ability transition pore opening and the loss of mitochondrial membrane
potential [58,71,72]. Indeed, 30-min application of 10 μM rotenone led
to increase in MitoSox fluorescence, an indicator of mitochondrial ROS
production (Fig. 3A). This enhancement of MitoSox fluorescence can be
partially inhibited by membrane-permeable DIDS, but not olesoxime or
cell-impermeable S-18. Rotenone profoundly inhibited the FM1–43
unloading at 20 Hz (Fig. 3B), olesoxime and S-18 did not modify the
effect of rotenone. At the same time, DIDS partially attenuated the ef-
fect of rotenone on both MitoSox fluorescence and FM1–43 unloading
(Fig. 3C). It should be noted that rotenone increased frequency of
MEPPs and destaining of FM1–43 in rest conditions (without stimula-
tion), indicating on enhancement of spontaneous exocytosis (Suppl.
Fig. 3A, B). In addition, rotenone slightly decreased amplitude of EPP at
0.5 Hz (Suppl. Fig. 3C) and markedly increased the depression of EPP
amplitude during 20 Hz activity (Suppl. Fig. 3D, E). The effects of ro-
tenone on both spontaneous release and rundown of EPPs at 20 Hz were
not sensitive to olesoxime (Suppl. Fig. 3A, B, D, E, F). Thus, acute ap-
plication of olesoxime cannot prevent the rotenone-induced mi-
tochondrial ROS production and disturbance of SV exocytosis. These
results suggest a mitochondria-independent action of olesoxime on
exocytosis in the NMJs.

3.4. Anion (Cl−)-dependence of olesoxime effects

Increase in Cl− concentration in the bathing solution (by ~15%)
decreased the FM1–43 unloading at 20 Hz stimulation (Fig. 4A). The
depressant effect of olesoxime on the FM-43 unloading was markedly
enhanced in the solution containing high Cl− concentration (Fig. 4A).
Along the same lines, the elevation in extracellular Cl− levels enhanced
rundown of EPP amplitude in response to high-frequency stimulation
and the depressant effect of olesoxime on EPP amplitude at 20 Hz sti-
mulation was markedly increased in the presence of high Cl− solution
(Suppl. Fig. 4). Accordingly, olesoxime and increase in extracellular
Cl− concentration had the similar depressant effects on SV exocytosis
during 20 Hz activity. Furthermore, an increase in external Cl− levels
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augmented the ability of olesoxime to depress exocytotic neuro-
transmitter release. The negative effect of olesoxime was reduced by S-
18, an inhibitor of plasmalemmal VDACs (Fig. 4B).

To estimate change in intracellular Cl− levels, the nerve terminals
were loaded with fluorescent Cl− indicator MEQ, which fluorescence is
quenched by Cl− [64,65]. The nerve terminal fluorescence was rela-
tively stable at rest conditions and fluorescence increased in response to
exposure to solution containing lower Cl− concentration (due to using
Na+-gluconate instead of NaCl in physiological saline). This points on a
sensitivity of MEQ dye loaded into nerve terminal to change in Cl−

levels. Olesoxime slightly and transiently decreased MEQ fluorescence
at rest conditions (Fig. 4C). This effect of olesoxime was prevented by
VDAC inhibitors (DIDS and S-18). By itself DIDS and S-18 had no in-
fluence on the fluorescence (Fig. 4D). Stimulation at 20 Hz slightly
decreased the MEQ signal; olesoxime caused a more significant drop of
the fluorescence during the stimulus train (Fig. 4E). VDAC inhibitors
prevented this action of olesoxime, while DIDS or S-18 individually did

not modify time course of the MEQ fluorescence at 20 Hz activity
(Fig. 4F). Therefore, olesoxime can increase presynaptic membrane
permeability for Cl− at both rest conditions and during synaptic ac-
tivity; and this action of olesoxime is dependent on VDACs.

4. Discussion

Exocytotic neurotransmitter release is tightly regulated event that
determines the efficiency of synaptic transmission. Numerous ion
channels and receptors are involved in modulation of SV exocytosis and
vesicular transport. Furthermore, several potent neurotoxins and au-
toantibodies specifically affect neurotransmitter release [3,5]. The main
findings of the present study are: presynaptic membrane VDAC activity
can control SV exocytosis and Cl− flux into the motor nerve terminals; a
neuroprotective molecule olesoxime limits exocytotic neurotransmitter
release by activating the plasmalemmal but not mitochondrial VDAC
channel activity (Fig. 5).

Fig. 2. FM1–43 dye unloading and the effects of
VDAC modulators. A-E – Time course of FM1–43
dye loss during 20 Hz (A-C) and 5 Hz (D, E) sti-
mulation. After the treatment with drugs, the dye-
preloaded NMJs were re-stimulated (20 Hz or 5 Hz)
to induce exocytosis which leads to release both
neurotransmitter and FM1–43 molecules from SVs.
A, D - Effect of olesoxime. A, Right, pseudo-color
images of NMJs prior to 20 Hz stimulation (0) and
at different times (in min) during the stimulation;
the corresponding intensity scale is provided to the
right (a.u.). Scale bar – 10 μm. B – Influence of DIDS
itself and in combination with olesoxime. C, E -
Influence of S-18 itself and in combination with
olesoxime. The control FM1–43 unloading curves
are shown in B, C, E as dashed curves. A-E, Y-axis –
the fluorescence intensity (δF/δFmax), relative to
the value prior to the onset of the stimulation at
20 Hz (A-C) or 5 Hz (D, E). Mean ± SEM; n = 12
for each group. *P˂0.05, **P˂0.01, ***P˂0.001 – by
a repeated ANOVA followed by the Bonferroni post-
hoc. F- Immunolocalization of VDACs in the NMJ.
The representative image of NMJ double-stained
with anti-VDAC antibody and rhodamine-con-
jugated α-bungarotoxin/ɑBtx (to label junctional
nicotinic acetylcholine receptors). In the over-
lapping image, the intensity of red channel (ɑBtx)
was decreased. Scale bar – 10 μm.
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Typically, VDACs represent integral membrane proteins forming
pore for small hydrophilic molecules in the outer membrane of mi-
tochondria [73,74]. However, several studies pointed on a localization
of VDACs in the plasmalemma [39,42–45], including neuronal and
synaptic plasma membranes [75–78]. Consistent with these studies,
there was a pattern of VDAC immunolabeling observed in the NMJs.
Omics approaches revealed that VDAC is a presynaptic active zone
protein [49–51] and all three isoforms of VDACs were detected in
fraction of docked SVs [49,52] as well as in SV membranes [53]. These
data suggest a specific presynaptic role of plasmalemmal VDACs, which
has not yet been identified. High levels of cholesterol in nerve terminal
and SV membranes [12] can be one of mechanism for anchoring VDACs
into presynaptic membranes. Indeed, VDACs contain multiple choles-
terol-binding sites [79,80] and preferentially reside in cholesterol-rich
microdomains of the plasma membrane [40–43]. The observed non-
uniform signal from immunolabeled VDAC could reflect clusterization
of VDACs in lipid rafts or membrane contact sites of the NMJs. The
latter are enriched with cholesterol-rich rafts, whose integrity is sensi-
tive to nerve activity [12,81,82].

Herein, we revealed that VDAC-binding cholesterol-like molecule

olesoxime [34,36,38] can suppress evoked exocytosis of SVs and their
recruitment to exocytotic sites. This action of olesoxime was completely
prevented by VDAC inhibitors, membrane-permeable DIDS [54,66] and
impermeable S-18 [56]. Note that spontaneous neurotransmitter re-
lease was not affected by any of these VDAC modulators. Accordingly,
we suggest that stimulation of plasmalemmal VDACs can specifically
limit evoked neurotransmitter release by suppressing involvement of
SVs in exocytosis. During moderate (physiological) activity neuro-
transmission mainly relies on exocytosis of SVs belonging to the re-
cycling pool [67,70]. These SVs undergo multiple rounds of exo-en-
docytosis coupled to refilling with neurotransmitter during activity
[67]. Olesoxime was able to suppress the rate of the SV exocytosis at
moderate stimulation, and this effect of olesoxime was prevented by
cell-impermeable VDAC inhibitor. Furthermore, if refilling of recycling
SVs with acetylcholine was blocked by vesamicol, then olesoxime did
not additionally suppress neurotransmitter release during prolonged
activity. Hence, plasmalemmal VDACs can negatively regulate neuro-
transmission at physiological level of activity, which relies on synaptic
vesicle recycling. This is in accordance with observation that flies
lacking porin (homologs to mammalian VDACs) exhibit neurological
dysfunction, aberrant electrophysiological response at the larval NMJs
and skeletal muscle abnormality [73,83]. Note that significant increase
in evoked postsynaptic potential (in the presence of low extracellular
Ca2+) and decrease in percentage of stimulation that failed to evoke the
postsynaptic response were observed in the mutant flies [83]. This
suggests that lack of VDACs can lead to hyperexcitability at the synaptic
level. However, Graham at co-authors linked the observed alterations
with a paucity of mitochondria in the presynaptic terminals due to
disturbance of axonal mitochondrial trafficking [83]. Along the same
line, many studies suggest that beneficial effects of olesoxime are rea-
lized via action on mitochondrial VDACs [34–36,38]. In the present
work, we used model of rotenone-induce mitochondrial dysfunction
which leads to opening of mitochondrial permeability transition pore
and increase in mitochondrial ROS production [58,71]. Indeed, acute
exposure to rotenone led to an increase in mitochondrial superoxide
generation which was accompanied by a marked suppression of evoked
SV exocytosis in the NMJs. Similarly, inhibition of mitochondrial
complex I with rotenote caused a disturbance of SV exocytosis and re-
cycling in synaptosomes and primary hippocampal culture [84–86].
Olesoxime or cell-impermeable VDAC inhibitor (S-18) cannot suppress
the effects of rotenone on both ROS levels and SV exocytosis, while
membrane-permeable VDAC antagonist DIDS partially attenuated the
rotenone action. This is consistent with ability of DIDS to inhibit the
rotenone-induced release of superoxide anion from the mitochondria
matrix to cytosol through VDACs [87]. Probably, acute application of
olesoxime can modulate SV exocytosis in mitochondria- and mi-
tochondrial VDAC-independent manner. Consistent with this is that
olesoxime did not prevent increase in spontaneous neurotransmitter
release in response to rotenone application.

Theoretically, there are multiple mechanisms underlying the nega-
tive regulation of evoked SV exocytosis by plasmalemmal VDACs. These
VDACs can serve as voltage-dependent Cl− channels that can be acti-
vated by antiestrogens [42,43]. Also plasmalemmal VDACs can pro-
mote anion efflux in apoptotic neurons, but act as NADH (−ferricya-
nide) reductase thereby contributing to redox homeostasis in basal
conditions [39,44]. VDACs can affect Ca2+ signaling and protein kinase
(e.g. AKT, GSK3β) activity [47,48,88] as well as be a negative regulator
of neuroprotective estrogen receptor ɑ [40,41]. Finally, plasmalemmal
VDAC can, directly or indirectly, contribute to ATP release from
mammalian cells [89]. In the present study, we tested a hypothesis that
olesoxime acting on VDACs can change anion (Cl−) flux thereby af-
fecting the SV exocytosis. Indeed, an increase in external Cl− levels
markedly enhanced the depressant effect of olesoxime on exocytosis,
and under these conditions cell-impermeable VDAC blocker (S-18)
completely prevented the action of olesoxime. Experiments with a Cl−

indicator MEQ loaded into the nerve terminals confirmed that

Fig. 3. Role of mitochondria in the effects of VDAC modulators. A -
Mitochondrial superoxide production in the NMJ. Changes in MitoSox fluor-
escence in response to application of a mitochondrial poison rotenone itself and
in combination with VDAC modulators are shown. Y-axis – relative fluores-
cence, where 1.0 – is value prior to application of the drug or vehicle (Cntr).
Mean ± SEM; n = 5 for each group. **P˂0.01, ***P˂0.001 – by a two-tailed
unpaired t-test. Right, pseudo-color images prior to and 30 min after exposure
to vehicle or rotenone; the corresponding intensity scale is provided to the right
(a.u.). Scale bar – 10 μm. B, C – Effect of rotenone itself and in combination with
VDAC modulators on FM1–43 unloading during 20 Hz stimulation. The control
FM1–43 unloading curve (from Fig. 2A) is shown in B as dashed curve. B, C - Y-
axis – the fluorescence intensity (δF/δFmax), relative to the value before the
onset of the stimulation. Mean ± SEM; n = 12 for each group. *P˂0.05,
***P˂0.001 – by a repeated ANOVA followed by the Bonferroni post-hoc.
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olesoxime can increase intracellular Cl− levels at rest and during sy-
naptic activity. Furthermore, VDAC inhibitors (DIDS and S-18) pre-
vented the effects of olesoxime on the presynaptic Cl− levels. Note that
either S-18 or DIDS itself had no effect on SV exocytosis as well as
cytosolic Cl− content, suggesting that VDACs are not involved in con-
trol of neurotransmission in basal conditions without activation with
exogenous or endogenous compounds. Conceivable, neuroactive ster-
oids, plasminogen, tissue-type plasminogen activator (tPA) and cer-
amide can be natural ligands that can affect the plasmallemal VDAC
activity [47,88,90,91]. It is tempting to speculate that VDACs can serve
as an ionotropic presynaptic receptor responsible for negative regula-
tion of SV exocytosis due to the increased Cl− conductance during
activity. Accordingly, some neuroprotective properties of olesoxime
[34–36] could be attributed to effects on the presynaptic VDACs and
prevention of excess neurotransmitter release. The latter can cause sy-
naptic damage in both central synapses and NMJs during pathologic
processes, including neurodegenerative disorders (e.g. Alzheimer's
disease) and poisoning with several neurotoxins [3,5,7,92–94]. Theo-
retically, target delivery of olesoxime and other therapeutic compounds
to synaptic compartment could be achieved by using liposomes coupled
to atoxic forms of highly neurotropic tetanus and botulinum neuro-
toxins [95–97].

5. Conclusion

In sum, we suggest that presynaptic membrane VDACs can

negatively regulate neurotransmission by suppressing evoked exocy-
tosis of SVs and their recruitment to exocytotic sites. The mechanism
underlying VDAC-dependent regulation of neurotransmitter release
could be linked with increase in permeability of the presynaptic
membrane to anion (Cl−). Plasmalemmal VDAC-mediated depression
of neurotransmission can be triggered by a cholesterol-like neuropro-
tectant olesoxime. Limitation of the present study is the use of phar-
macological approaches to modulate VDAC activity. Further genetic
and molecular studies are required to uncover the detailed molecular
mechanism by which presynaptic membrane VDAC regulates SV cycle
in central synapses and NMJs.
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Fig. 4. Role of Cl− in the effects of VDAC mod-
ulators. A, B – Effects of VDAC modulators (ole-
soxime and S-18) on FM1–43 unloading (at 20 Hz)
in the presence of high extracellular Cl− (high
[Cl−]o). The FM1–43 unloading curves of control
and olesoxime-treated muscle (from Fig. 2A) are
shown in A as dashed curves. A, B, − Y-axis – the
fluorescence intensity (δF/δFmax), where 1.0 re-
presents the value before the 20 Hz stimulation.
CeF, Changes of Cl−-sensitive dye (MEQ) fluores-
cence at rest (C, D) and during 20 Hz stimulation
(E, F): effects of VDAC modulators. MEQ is loaded
into the motor nerve terminals and its fluorescence
is quenched by Cl−. A decrease in extracellular Cl−

levels (low [Cl−]o) caused an increase in MEQ
fluorescence (C). Acute exposure to olesoxime
transiently decreased the MEQ signal (C). Fur-
thermore, 20 Hz stimulation more markedly de-
creased MEQ fluorescence in olesoxime-pretreated
muscles (E). C, E – Right, the pseudo-color images
illustrating these changes in the intensity of fluor-
escence; the corresponding intensity scales are
provided to the right (a.u.). D, F – Effects of ole-
soxime were not expressed in the presence of
VDAC inhibitors (DIDS and S-18). Arrows (C, D)
and horizontal thick lines (E, F) indicate moment
of olesoxime addition and 20 Hz stimulus train,
respectively. CeF - Y-axis - relative fluorescence
intensity calculated according to eq. (FeF0)/F0,
where F0 is baseline fluorescence before olesoxime
application (C, D) or the onset of 20 Hz stimulation
(E, F). A-F, Mean ± SEM; n = 12 for each group.
*P˂0.05, **P˂0.01, ***P˂0.001 – by a repeated
ANOVA followed by the Bonferroni post-hoc.
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Fig. 5. Proposed mechanism for VDAC-dependent regulation of neuro-
transmitter release in NMJs. Stimulation of plasma membrane VDAC with
olesoxime increases a permeability of the membrane for anion (Cl−). An in-
creased Cl− flux into the nerve terminal can suppress evoked exocytosis of SVs
and their mobilization from the recycling and reserve pools to exocytotic sites
(active zone; AZ). Both cell-permeable (DIDS) and -impermeable (S-18) in-
hibitors of VDAC can completely abolish the effect of olesoxime on both SV
exocytosis and intracellular Cl− levels. Rotenone induces mitochondrial dys-
function that is associated with enhanced ROS production and mitochondrial
permeability transition pore opening. This can disrupt an involvement of the
SVs into evoked exocytosis. Inhibition of VDACs with cell-permeable compound
DIDS can partially prevent the action of rotenone on mitochondrial ROS levels
and SV mobilization. Olesoxime and S-18 do not counteract the effects of ro-
tenone. These results suggest that olesoxime affects evoked SV exocytosis by
acting on plasmallemal VDACs.
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