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The effect of nitric oxide on synaptic vesicle proton gradient and membrane potential of rat brain 
nerve terminals was studied. It has been shown that nitric oxide in the form of S-nitrosothiols at nanomolar 
concentrations had no effect on the studied parameters, but caused a rapid dissipation of synaptic vesicle 
proton gradient and depolarization of mitochondrial membrane in the presence of a SH-reducing compound 
such as dithiothreitol. Both processes were reversible and the rate of H+-gradient restoration depended on 
the redox potential of nerve terminals, namely the molar ratio of reductant/oxidant. This facts, as well as 
insensitivity of the studied processes to the inhibitor of NO-sensitive guanylate cyclase such as ODQ, allow 
suggesting that post-translational modification of thiol residues of the mitochondrial and synaptic vesicle 
proteins underlies the effect of nitric oxide on the key functional parameters of presynaptic nerve terminals.
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N itric oxide (NO) is a unique signaling mole­
cule that is involved in the development of 
many physiological and pathophysiological 

processes in the body. In the central nervous system, 
NO participates in the formation of long-lasting and 
short-lasting links between neurons that underlie the 
cognitive functions of the brain such as memory and 
learning. In the CNS, NO also modulates hormone 
secretion, controls the sleep/wake cycle and regulates 
body temperature [1, 2]. Nitric oxide synthesized in 
the postsynaptic neuron following the activation of, 
for example, the NMDA-type glutamate receptors 
can act as a retrograde messenger diffusing easily 
into the presynaptic terminals and modulating the 
release of almost all known neurotransmitters [3]. At 
the presynapse, nitric oxide can also act after being 
released from the NO-synthesizing specific neurons 
or NO donors, some of which are used as drugs.

The two main hypotheses for the molecular 
pathways of biological action of nitric oxide at the 
presynapse are discussed in the literature. According 
to one of them, NO modulates neurotransmission 
processes activating soluble guanylate cyclase, 
which triggers an intracellular signaling cascade via 

c-GMP, a secondary messenger [4, 5]. This mecha­
nism is believed to be physiological and activated at 
very low NO concentrations (in the range of pico- to 
nanomol) that are produced during operation of the 
constitutive isoforms of NO-synthase [6].

S-nitrosylation of thiol groups of neuronal pro­
teins, alteration in activity of which affects neuro­
transmission, is another mechanism of biological 
action of nitric oxide at the presynapse. To date, 
there are different views on whether this process is 
physiological. Thus, some scientists consider S-nit­
rosylation, along with phosphorylation, is an impor­
tant mechanism of post-translational modification of 
proteins, which, of course, is a physiological process 
[7, 8]. Others believe that S-nitrosylation of proteins 
occurs predominantly under pathological conditions 
when excess NO concentrations are produced as a 
result of the activation of inducible NO-synthase 
by, e.g. anti-inflammatory cytokines [9]. The high 
concentration of nitric oxide is also observed upon 
various neurodegenerative diseases, trauma or is­
chemia, which is accompanied by excitotoxicity. It 
is worth noting that the concentrations of nitric oxide 
up to 1 µM were formerly considered as physiologi­
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cal [10], but now this view is subject to revision [11], 
and NO concentrations even in the range of several 
tens of nanomoles are regarded as pathological [12].

The filling of synaptic vesicles with neuro­
transmitters, which are released in the synaptic cleft 
owing to potential and transmit information to the 
adjacent neuron or other target cells, is one of the 
conditions of the normal neurotransmission process. 
The accumulation of neurotransmitters occurs due 
to the operation of vesicular transporters, which 
use energy of the electrochemical proton gradient 
generated by vesicular H+-ATPase. Thus, the pro­
ton gradient of synaptic vesicles is one of the key 
parameters of the presynapse that reflects the func­
tional status of the nerve cell.

Based on the aforementioned, the aim of this 
work was to study the effect of nanomolar NO 
concentrations on the synaptic vesicle proton gra­
dient and membrane potential of nerve terminals. 
As a NO donor, SNAP (S-nitroso-N-acetylpenicil­
lamine) was selected. SNAP belongs to the class 
of S‑nitrosothiols, which are natural metabolites of 
nitric oxide and in the form of which NO is mostly 
stored and transported in cells [13].

Materials and Methods

All experiments were performed in complian­
ce with the “Guide for the Care and Use of Experi­
mental Animals” approved by the Committee for 
control of maintenance and use of experimental ani­
mals of Palladin Institute of Biochemistry of NAS 
of Ukraine.

Obtaining synaptosomes from the cortical and 
hippocampal tissues of the rat brain. White male 
Wistar rats weighing 150-200 g were used in the 
experiments. Immediately after decapitation, the 
hippocampus and the cerebral cortex were isolated 
and homogenized using a Potter glass homogenizer 
(a clearance of 0.2 mm) in a cooled medium con­
sisting of 0.32 M sucrose, 0.2 mM EDTA, 5 mM 
HEPES (pH 7.4). The obtained homogenates were 
centrifuged for 5 min at 2500 g to precipitate the cell 
nuclei as well as the fragments of blood vessels and 
relatively large fragments of neural and glial cells. 
The supernatants were centrifuged for 12 min at 
12 000 g. The resulting precipitates were considered 
as the crude synaptosome fractions (P2).

To obtain a fraction of purified synaptosomes, 
the precipitate after previous centrifugation was re­
suspended in the isolation medium and centrifuged 
for 45 min at 70 000 g in Ficoll density gradient (4, 

6, 13%). The fraction obtained in the interphase be­
tween 6 and 13% Ficoll was collected, diluted by 
isolation medium (1:4) and centrifuged for 20 min 
at 15 000 g. The precipitate, which contained mainly 
purified synaptosome fraction [14] was suspended 
in chilled oxygenated standard saline solution of the 
following composition (mM/l): NaCl – 126; KCl – 5; 
MgCl2 – 1.4; NaH2PO4 – 1; HEPES – 20 (pH 7.4); 
CaCl2 – 1 mM; d-glucose – 10; pyruvate – 4. The 
presence of pyruvate provides the maintenance of 
a stable level of the plasma membrane potential as 
well as membrane vesicle proton gradient within 6-7 
hours [15]. All procedures were carried out in the 
cold (0-4 °C).

Protein concentration was determined by the 
Larson version of the Lowry assay [16].

Isolation of synaptic vesicles. Isolated synap­
tic vesicles were obtained according to De Lorenzo 
and Freedman procedure [17]. Briefly, synaptosomes 
from P2 fraction were lysed for 60 min at 40 °C by 
suspending the precipitate in a solution containing 
1 mM EGTA, 10 mM Tris-HCl (pH 8.1). The su­
pernatant, obtained after lysate having been cen­
trifuged at 20 000 g for 30 min, was centrifuged 
at 55 000 g for 60 min. The resulting supernatant 
was again centrifuged at 130 000 g for 60 min and 
the precipitate containing synaptic vesicles was re­
suspended in HEPES-buffer (10 mM HEPES-Tris 
(pH 7.4), 120 mM sucrose, 140 mM K-gluconate, 
4 mM NaCl and 2 mM MgCl2) to a protein concen­
tration of 2 mg/ml.

Assessment of the level of synaptic vesicles 
acidification in rat brain synaptosomes. Acidifica­
tion of synaptic vesicles was assessed using acridine 
orange (AO), a pH-sensitive fluorescent probe that 
is accumulated in the acidic cell compartments pro­
portionally to the pH gradient [18, 19]. As a result, 
AO fluorescence is quenched because of protona­
tion of the dye. The measurements were conducted 
using the fluorescence spectrophotometer Hitachi 
MPF-4 (Japan) in a thermostatic cuvette (37 °C) with 
constant stirring of synaptosome suspension (final 
protein concentration of 0.2  mg/ml). Kinetics of 
AO uptake (final concentration of 5 µM) by synap
tosomes were recorded at excitation wavelength of 
490 nm and emission wavelength of 530 nm (5 nm 
slit) for 15 min until reaching a steady-state level 
(Fst). Thereafter, the nitric oxide donor (SNAP) was 
added and the alterations in fluorescence intensity 
were registered. The obtained data were normalized 
relative to Fst, the application point of SNAP or other 
substances, the effects of which were studied.
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Evaluation of changes in synaptosome mem-
brane potential. The membrane potential of isolated 
nerve terminals was assessed using fluorescent po­
tential-sensitive probe rhodamine 6G (Rh 6G) [20]. 
Fluorescence measurements were performed under 
continuous stirring of synaptosome suspension (final 
protein concentration of 0.15 mg/ml) in a thermo­
static cuvette (37 °C) at an excitation wavelength of 
528 nm and emission wavelength of 551 nm (5 nm 
slit). Kinetics of Rh 6G uptake (final concentration 
of 0.5 µM), which was accompanied by fluorescence 
intensity quenching, was recorded for 2-3 min un­
til reaching a steady-state level (Fst). Thereafter, 
the nitric oxide donor was added to the cuvette and 
kinetic changes in Rh 6G fluorescence intensity 
were recorded. In the experiments with a blocker of 
mitochondrial respiration, the data were shown as 
F = Ft/F0, where F0 and Ft are Rh 6G fluorescence in­
tensities in the presence or absence of synaptosomes. 
F0 was calculated by extrapolating of the exponential 
decay function to the zero point.

Determination of the nitrite anion concentra-
tion. The concentration of NO, released from SNAP 
spontaneously or as a result of its interaction with 
DTT, was determined by colorimetric assay using 
the Griess reagent [21]. Sodium nitrite solution 0.01-
10 µM was used for calibration.

Statistical data analysis and plotting were per­
formed using the “Microsoft Origin Pro 8.0” soft­
ware. Statistical significance was evaluated using 
one-way ANOVA. Multiple comparisons were per­
formed using the Bonferroni correction (significance 
criterion became more strict, that is 0.05 divided by 
n (the number of the defined parameters)), and the 
differences/correlations were considered significant 
at P < 0.05/n).

Materials. In the experiments the following 
materials and reagents were used: S-nitroso-N-
acetylpenicillamin (SNAP), S-nitrosoglutathione, 
dithiothreitol (DTT), 1H-(1,2,4)-oxidiazolo(4,3-
a)-quinoxalin-1-one (ODQ), rotenone, oligomycin, 
concanamycin A, pyruvate (sodium salt), Ficoll-400, 
d-glucose, HEPES (Sigma, USA); acridine orange, 
rhodamine 6G (Invitrogen, USA), sucrose (Merck, 
Germany) and other chemicals of domestic produc­
tion of reagent grade (Reachim, Ukraine).

Results and Discussion

Since NO is a short-lived molecule, NO donors, 
which differ in the stability and release mechanism 
of nitric oxide, are usually used in experiments. 

Relatively stable NO donor such as SNAP was se­
lected as a model of endogenous S-nitrosothiols, in 
the form of which NO is mainly stored and trans­
ported in cells. In the presence of transition metal 
ions Mn2+, Cu2+ (trace of which is present in all 
buffers), SNAP undergoes a catalytic breakdown to 
NO and disulfides [22]. According to the literature, 
at the SNAP concentration in the range from 0.1 to 
1.0 mM, the concentration of free NO ranged be­
tween 20 and 100 nM [23]. 

Studying of the effect of nitric oxide on the pro­
ton gradient of synaptic vesicles was the first step 
in our work. H+-gradient is one of the components 
of the electrochemical membrane potential (ΔμH+), 
the energy of which is used by vesicular transpor­
ters to accumulate the neurotransmitters inside 
synaptic vesicles. So, ΔμH+ state directly affects the 
neurotransmitter uptake into vesicles, and as a con­
sequence, the quantity of neurotransmitter released 
into extracellular environment at exocytosis.

H+-gradient is generated by vesicular H+-
ATPase (V-ATPase), which forms the positive 
charge and more acidic (pH ≈ 5) environment inside 
the synaptic vesicles compared to the cytoplasm. 
This allows monitoring the processes ongoing inside 
the synaptic vesicles using pH-sensitive fluorescent 
probes, such as acridine orange (AO). AO, being a 
lipophilic amine, freely permeate the vesicles, where 
it is protonated and accumulated. This process was 
accompanied by AO fluorescence quenching (Fig. 1, 
A). The increase in fluorescence intensity indicated 
the proton release from the synaptic vesicles that 
could occur as a result of exocytosis or dissipation 
of the proton gradient. Both cases are illustrated in 
Fig. 1. The flash of AO fluorescence, whose ampli­
tude is correlated to the content of synaptic vesicles 
released into the extracellular environment, was ob­
served upon exocytosis in response to depolarizing 
factor, e.g., 30 mM KCl (Fig. 1, A). It is known that 
exocytosis is induced by the calcium ions uptake via 
potential-sensitive calcium channels. Thus, the ab­
sence of changes in the AO fluorescence intensity 
under KCl application in calcium-free medium in­
dicated that the fluorescence flash had been a result 
of exocytosis. Another situation was observed at the 
dissipation of the proton gradient. As it can be seen 
in Fig. 1, B, the addition of concanamycin A, the 
blocker of vesicle V-ATPase, to the synaptosomes, 
led to a gradual increase in the AO intensity due to 
the probe deprotonation on account of passive proton 
release from synaptic vesicles into the synaptosome 
cytoplasm.
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The addition of SNAP at concentrations of 0.1 
and 0.5 mM to the AO-loaded synaptosomes did not 
lead to noticeable changes in acidification of synap­
tic vesicles, however the reverse component of the 
further KCl-induced response significantly slowed 
down (Fig. 2, A). The reverse component indicates 
the AO re-accumulation in the vesicles formed at 
endocytosis that follows exocytosis. Thus, the inhi­
bition of the AO re-accumulation indicated that ni­
tric oxide even at nanomolar concentrations (nM/l) 
affected the activity of vesicular V-ATPase, which 
began to transport protons into the vesicles slower.

It is known that the proton-transporting activi­
ty of V-ATPase as well as ATP hydrolysis by its 

catalytic V1 domain are sensitive to thiol-modifying 
agents such as N-ethyl-maleimide [24]. It has been 
also shown that the S-nitrosoglutathione inhibits the 
activity of the purified reconstituted into liposomes 
V-ATPase by disulfide bond formation between Cys-
254 and Cys-532 residues at the catalytic site of the 
enzyme [25]. These data, as well as the fact that 
dithiothreitol (DTT) as the SH-reducing agent fa­
cilitates reversibility of V-ATPase inactivation [25], 
allow suggesting that preliminary synaptosome in­
cubation with DTT prevents the SNAP effect on the 
generation of a proton gradient. However, as it can 
be seen in Fig. 2, B, DTT did not only prevent the 
effect of SNAP, but on the contrary, in the presence 

Fig. 1. Kinetics of the changes in AO fluorescence as a result of action of: A – 30 mM KCl (in a standard buffer 
and nominally calcium-free); B – various concentrations of concanamycin A (100 and 250 nm). Typical kinetic 
curves for 3-4 experiments are shown. The data are normalized relative to the point of application of KCl/
concanamycin A
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Fig. 2. Kinetics of the changes in acidification of synaptic vesicles under the action of S-nitrosothiols. A – ef-
fect of various concentrations of SNAP (0.1 and 0.5 mM) on vesicular H+-gradient and further synaptosome 
response to the introduction of KCl (30 mM); B – SNAP-induced changes in acidification of synaptic vesicles 
in the synaptosomes, primarily incubated with the various concentrations of DTT (0.1-2 mM). Effect of the mo-
lar ratio R on the amplitude and kinetics of KCl-induced response is shown in the inserts A and B; C – effect of 
S-nitrosoglutathione (0.1 mM) on H+-gradient of control synaptic vesicles (- DTT) and synaptic vesicles pre-
incubated with DTT (1 mM). Typical kinetic curves for 4-5 experiments are shown. The data are normalized 
relative to the points of application of KCl (A), SNAP (A and B) and S-nitrosoglutathione (C)
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of DTT, a sharp increase in the AO fluorescence in­
tensity occurred. Kinetics of this process is similar 
to the previously described concanamycin A induced 
processes suggesting that specifically dissipation 
of H+-gradient rather than exocytosis underlies the 
SNAP(+DTT) action.

Importantly, the dissipation was reversible and 
the rate of the reverse process was defined by the 
molar ratio R = [DTT]/[SNAP]. At the same SNAP 
concentration of 0.1 mM and DTT concentrations in 
the range from 0.1 to 2 mM, proton gradient was 
restored most fully and was faster at 2 mM DTT, 
or R = 20. It should be noted that restoration of the 
gradient was accompanied by a restoration of full­
ness of synaptic vesicles ready-to-release upon the 
plasma membrane depolarization, as evidenced by 
the amplitude of fluorescence flash caused by fur­
ther KCl addition. It is clearly seen in the insert of 
Fig. 2, B that with the increase in R value, amplitude 
of KCl-induced response increased, gradually ap­
proaching to the control (in the absence of SNAP) 
value. A similar picture was observed in the case 
of adding S-nitrosoglutathione (another NO donor) 
(Fig. 2, C) that indicates a common mechanism for 
S-nitrosothiols actions.

Analyzing the possible causes of the H+-
gradient dissipation under the SNAP action in the 
presence of DTT, we carried out the quantitative 
assessment of [NOx-] released in the solution from 
SNAP in the absence of DTT and in the presence of 
SH-reducing agent. The data on the determination of 

the content of nitrite anion (NO2
-), stable metabolite 

of nitric oxide, are shown in Fig. 3. As it is seen, 
DTT facilitates the increase in the NO amount, re­
leased from SNAP, however this increase was not 
significant enough to cause a substantial dissipa­
tion of the proton gradient. Therefore, it might be 
assumed that the effect of DTT was caused by the 
formation, as a result of S-transnitrosylation reac­
tion, of highly effective compounds, which can easi­
ly oxidize SH-groups of active enzymes, in particu­
lar, ATPase, rather than the increase in the free nitric 
oxide concentration. Previously, the hypothesis for 
the formation of "unknown active compounds" has 
been suggested by Japanese scientists [26]. They 
have found that sodium nitroprusside, the NO do­
nor, in the presence of DTT stimulated the release 
of noradrenaline from hippocampal slices of rat 
brain. This group of researchers has also shown that 
different NO donors, including SNAP, stimulated 
the neurotransmitter release in the presence of other 
thiols, particularly L-cysteine, and this effect was 
Ca2+- and cGMP-independent [27].

As it has been shown in our further experi­
ments, the pre-incubation of synaptosomes with 
ODQ (10 µM), a specific blocker of NO-sensitive 
guanylate cyclase, had also no effect on SNAP-in­
duced process (Fig. 4), indicating that the dissipation 
was not mediated by involving of cyclic GMP.

Thus, these data suggest that nitric oxide as a 
part of S-nitrosothiols affects proton-transporting 
activity of V-ATPase of synaptic vesicles resulting 

Fig. 3. The determination of the content of nitrite anion (NO2
-), the stable metabolite of nitric oxide. SNAP 

(0.4 mM) or SNAP (0.4 mM) and DTT (1 mM) were added to the standard solution, which did not contain 
synaptosomes; M ± m, n = 4, * P < 0.05, ** P < 0.01

200

160
140

100

180

120

[N
O

2],
 n

m
ol

/m
l

Time, min
1                         5                        10

80

40
20

60

0

0.4 mM SNAP
0.4 mM SNAP + 1 mM DTT

a. s. tarasenko



ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 670

in reduction of the vesicle acidification level. This 
process was reversible at nanomolar concentrations 
of NO, and the rate of proton re-accumulation de­
pended on the reduction potential of the system, 
namely the molar ratio of reductant/oxidant.

Considering the possible causes of the decrea­
sing of V-ATPase activity, it has been suggested 
that nitric oxide could affect the enzyme directly, 
particularly cysteine residues in its catalytic do­
main, or indirectly, by reducing the overall level of 
cytosolic ATP, required for proton transport against 
the gradient through V-ATPase transmembrane do­
main. To clarify this, a series of experiments was 
conducted on synaptic vesicles isolated from the 
synaptosomes. In this case, ATP presented in the 
solution with excess, that excluded the possibility of 
its shortage. As it can be seen in Fig. 5, concanamy­
cin A (250 nM), added to a suspension of synaptic 
vesicles, induced the H+-gradient dissipation, similar 
to that, at its addition to synaptosomes (Fig. 1, B). 
However, unlike concanamycin A, SNAP applica­
tion (0.3 mM) to synaptic vesicles preincubated with 
DTT (1 mM) had almost no effect on the vesicle 
acidification. Thus, the potent proton gradient dissi­
pation observed upon the SNAP addition to synapto­
somes (Fig. 2, B) might be caused by the decrease in 
the level of cytosolic ATP rather than the influence 
of NO on V-ATPase itself. Since the mitochondrial 
membrane potential is considered a driving force for 
ATP synthesis, the effect of SNAP on the synapto­

some plasma (Δψp) and mitochondrial (Δψm) poten­
tials was studied in our next experiments.

The potential-sensitive fluorescent probe Rho­
damine 6G (Rh 6G), being lipophilic, easily pen­
etrates across the plasma and mitochondrial mem­
branes and is distributed among them according to 
their potential. As it was seen in Fig. 6, A, the addi­
tion of Rh 6G to synaptosomes was accompanied 
by probe fluorescence quenching due to its binding 
to the membranes, and the following application 
of SNAP (50 µM) in the absence of DTT did not 
cause any changes in the Rh 6G fluorescence. DTT 
at concentration range of 0.1-2.5 mM also had no 
effect on the membrane potential of synaptosomes, 
however, further SNAP application resulted in a dra­
matic increase in probe fluorescence, that indicated 
a substantial synaptosome membrane depolarization. 
Similar to the H+-gradient dissipation in synaptic 
vesicles, the depolarization was reversible and the 
rate of the reverse process was defined by molar ratio 
R = [DTT]/[SNAP].

To find out, how exactly plasma or/and mito­
chondrial synaptosome membranes in the presence 
of SNAP(+DTT) were depolarized, rotenone (4 µM) 
and oligomycin (4 µg/ml) as blockers of complex I of 
respiratory chain and mitochondrial ATP synthase, 
respectively, were used. The simultaneous presence 
of the blockers in the buffer caused a complete col­
lapse of Δψm and had a minimal effect on Δψp [28], 
which was manifested in significantly less Rh 6G 

Fig. 4. SNAP(+DTT)-induced changes in acidification of synaptic vesicles in the presence of ODQ, a blocker 
of soluble NO-sensitive guanilate cyclase, in the incubation medium. Concentrations of SNAP was 0.5 mM, of 
DTT was 1 mM, and of ODQ was 10 µM. Typical kinetic curves for 3-4 experiments are shown. The data are 
normalized with respect to point of SNAP application
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Fig. 5. The effect of SNAP and concanamycin A on  acidification of synaptic vesicles, isolated from synapto-
somes. SNAP and concanamycin A concentrations were 0.3 mM and 250 nM, respectively. In the experiments 
with SNAP, DTT was added to incubation medium at concentration 1 mM. Addition of ATP (0.5 mM) on the 
30th sec of registration was a trigger of AO uptake (2 µM) into synaptic vesicles. Typical kinetic curves for 3-4 
experiments are shown. The data are normalized with respect to point of SNAP / comcanamycin A application
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uptake into synaptosomes owing to its binding only 
with the plasma membrane (Fig. 6, B). Under these 
conditions, consecutive additions of SNAP (0.1 mM) 
and DTT (1 mM) did not cause any changes in Rh 
6G fluorescence, in contrast to normal conditions 
under which, a significant increase in fluorescence 
intensity was observed. These data indicate that 
nitric oxide as part of S-nitrosothiols at nanomolar 
concentrations caused depolarization of specifically 
the mitochondrial membrane and did not affect the 
plasma membrane. This is supported by the fact that 
the plasma membrane depolarization caused by the 
further addition of KCl (30 mM) was accompanied 
by the same change in Rh 6G fluorescence, regard­
less of the presence in the buffer of rotenone and 
oligomycin (Fig. 6, B).

Depolarization of the mitochondrial mem­
brane in the cortical and hippocampal neurons by 
nitric oxide has been previously shown in the lite­
rature [29, 30]. According to Almeida et al. [31], 
NO-induced changes in mitochondrial potential are 
associated with the depletion of cytosolic ATP level 
as a result of the inhibition of mitochondrial respira­
tion by nitric oxide. Respiratory complex IV cyto­
chrome c oxidase, for binding sites of which nitric 
oxide competes with oxygen, is the most sensitive 
target of NO in mitochondria. Some scientists be­
lieve the inhibition of this enzyme is a manifestation 

of the pathological action of nitric oxide, since the 
inhibition occurs at NO concentrations more than a 
few tens of nanomole (nM/l), which are detected in 
vivo upon activation of the inducible form of NO-
synthase [12]. However, other scientists, noting the 
reversibility of the inactivation of cytochrome c 
oxidase by low (nanomolar) concentrations of nitric 
oxide, considered NO as a physiological regulator of 
mitochondrial respiration [32, 33].

Previously, Erecinska et al. [34], studying the 
effect of NO-generating compounds on the energy 
status of neurons, have found a significant drop 
(≈33%) in the [ATP]/[ADP] ratio at 5 min incuba­
tion of forebrain and midbrain synaptosomes with 
S‑nitrosocysteine 100 µM. Importantly, in the 
presence of a reduced form of glutathione (500 µM), 
this fall was almost 67%, but then the synaptosomal 
energy level gradually restored, and after 15 min of 
incubation the decrease in [ATP]/[ADP] ratio was 
already 33% (with respect to control). Thus signifi­
cant changes in the [ATP]/[ADP] level in neurons 
under the influence of S-nitrosocysteine and glu­
tathione found by Erecinska et al. completely cor­
relate in time values with our data on SNAP(+DTT)-
induced depolarization of mitochondrial membranes 
(Fig. 6, A), namely: the decrease in Δψm (at 5th min) 
coincides with the pronounced decrease in ATP, 
and further restoration of potential (at 15th min) 
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Fig. 6. Effect of SNAP and DDT on the synaptosomal membrane potential. A – kinetics of SNAP-induced 
changes in the synaptosomal membrane potential at different molar ratio DTT/SNAP. DTT at various con-
centrations (0.1, 1 and 2.5 mM) and then SNAP (50 µM) were added to synaptosomes loaded with Rh 6G 
(0.5 µM). B – comparison of the effects of SNAP (0.1 mM), DTT (1 mM) and KCl (30 mM) on the synaptosomal 
membrane potential under normal conditions and under collapse of mitochondrial potential (pre-incubation 
with rotenone (4 µM) and oligomycin (4 µg/ml)). Typical kinetic curves for 4-5 experiments are shown
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coincides with the increase in [ATP]/[ADP] level. 
Furthermore, the kinetics of changes in the energy 
status of synaptosomes, reported by these scientists, 
agreed with the given above (Fig. 2, B) kinetics of 
the SNAP(+DTT)-induced dissipation of synaptic 
vesicle proton gradient supporting our hypothesis of 
the crucial role of ATP in this process.

Thus, summarizing the obtained results, 
it can be stated that nitric oxide in the form of 
S‑nitrosothiols at the nanomolar concentrations 
in the presence of SH-reducing compounds cause 

dissipation of the synaptic vesicle proton gradient, 
which is, most likely, the result of depletion of the 
cytosolic ATP level consequent to the inhibition of 
mitochondrial respiration by nitric oxide. Dissipation 
was reversible at this NO concentration range, and 
the H+-gradient restoration rate was defined by the 
redox potential of the nerve terminals, namely the 
molar ratio of reductant/oxidant. It was shown for the 
first time that the higher redox potential of the nerve 
terminals, the faster their basic functional parame­
ters, such as mitochondrial membrane potential and 
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synaptic vesicle proton gradient, restored to normal 
values under the influence of NO.

In conclusion, it should be noted that S-nitrosy­
lation, along with phosphorylation, as reported in 
the recent publications, is an important mechanism 
for the regulation of physiological and pathophysio­
logical processes in the cell [8, 9, 35]. Given the high 
oxidation potential of nitric oxide, as well as the 
insensitivity of the studied processes to ODQ, the 
inhibitor of NO-sensitive guanylate cyclase, it can 
be assumed that a post-translational modification of 
thiol residues of mitochondrial and synaptic vesicle 
proteins underlies the effect of nitric oxide on key 
parameters of the presynaptic nerve terminal.
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Вплив оксиду азоту на 
протонний градієнт 
синаптичних везикул та 
мітохондріальний потенціал 
нервових терміналей мозку

А. С. Тарасенко
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Досліджено вплив оксиду азоту (NO) на 
протонний градієнт синаптичних везикул та 
мембранний потенціал нервових терміналей 
мозку щурів. Показано, що в наномолярному 
діапазоні концентрацій оксид азоту у вигляді 
S-нітрозотіолів не впливав на досліджувані па­
раметри, однак зумовлював швидку дисипацію 
протонного градієнта синаптичних везикул 
та деполяризацію мітохондріальної мембра­
ни в присутності SH-відновлювальної спо­
луки  – дитіотреїтолу. Обидва процеси були 
оборотні, і швидкість відновлення Н+-градієнтів 
визначалася окисно-відновним потенціалом 
нервових закінчень, а саме молярним 
співвідношенням відновник/окисник. Цей факт, 
а також нечутливість досліджуваних процесів 
до інгібітора NO-чутливої гуанілатциклази 
ODQ, дозволяє припустити, що в основі дії 
оксиду азоту на ключові функціональні па­

раметри пресинаптичної терміналі лежить 
посттрансляційна модифікація тіолових 
залишків протеїнів мітохондрій і синаптичних 
везикул.

К л ю ч о в і  с л о в а: оксид азоту, пресинап
тичні нервові терміналі, протонний градієнт си­
наптичних везикул, мембранний потенціал, SH-
групи.

Влияние оксида азота 
на протонный градиент 
синаптических везикул 
и митохондриальный 
потенциал нервных 
терминалей мозга

А. С. Тарасенко

Институт биохимии им. А. В. Палладина 
НАН Украины, Киев;

e-mail: tas@biochem.kiev.ua

Исследовано влияние оксида азота (NO) 
на протонный градиент синаптических везикул 
и мембранный потенциал нервных термина­
лей мозга крыс. Показано, что в наномолярном 
диапазоне концентраций оксид азота в виде 
S-нитрозотиолов не влиял на исследуемые па­
раметры, однако вызывал быструю диссипацию 
протонного градиента синаптических везикул 
и деполяризацию митохондриальной мембра­
ны в присутствии SH-восстанавливающего сое
динения – дитиотреитола. Оба процесса были 
обратимыми, и скорость восстановления Н+-
градиентов зависела от окислительно-восстано­
вительного потенциала нервных окончаний, а 
именно от молярного соотношения восстанови­
тель/окислитель. Этот факт, а также нечувстви­
тельность исследуемых процессов к ингибитору 
NO-чувствительной гуанилатциклазы ODQ, по­
зволяют предположить, что в основе действия 
оксида азота на ключевые функциональные па­
раметры пресинаптической терминали лежит 
посттрансляционная модификация тиоловых 
остатков протеинов митохондрий и синаптиче­
ских везикул. 

К л ю ч е в ы е  с л о в а: оксид азота, пре­
синаптические нервные терминали, протонный 
градиент синаптических везикул, мембранный 
потенциал, SH-группы.
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