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Abstract—The effects of sodium hydrosulfide (NaHS), the donor of hydrogen sulfide (H,S), on the
exo/endocytosis cycle of synaptic vesicles in the motor nerve ending of the mouse diaphragm were studied
using intracellular microelectrode technique and fluorescent microscopy. NaHS increased the frequency of
miniature end-plate potentials (MEPPs), without changing their amplitude—time parameters. NaHS also
increased the amplitude of the evoked postsynaptic responses during single stimulation (0.3 Hz), which was
the evidence of the enhanced synaptic vesicle exocytosis. During high-frequency stimulation (50 Hz), NaHS
induced more significant decline of neurotransmitter release, probably due to the lower rate of synaptic ves-
icle mobilization from recycling pool to exocytic sites. NaHS also decreased the uptake of the fluorescent
endocytic dye FM 1-43, which indicated the reduced endocytosis of synaptic vesicles. Thus, the H,S donor
increases exocytosis and decreases the processes of synaptic vesicle endocytosis and mobilization in the

mouse motor nerve ending.
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Hydrogen sulfide (H,S), as well as carbon monox-
ide and nitric oxide, belongs to a novel class of the
mediators called gasotransmitters [1—4]. H,S is
endogenously produced from L-cysteine by cys-
tathionine-y-lyase, cystathionine-B-synthase, and
mercaptosulfotransferase, which are specifically
expressed in different tissues [2, 3]. H,S facilitates the
induction of long-term potentiation in response to a
weak tetanic stimulation in the hippocampus [5] and
intensifies neurotransmitter release from the frog and
mouse motor nerve endings in the peripheral nervous
system [6, 7]. The targets of H,S in various tissues are
the ATP-dependent and calcium-activated potassium
channels, the L- and T-type voltage-dependent cal-
cium channels [8, 9], and the adenylate cyclase system
[10, 11].

In synaptic structures, the key stages of neurotrans-
mitter release are exo- and endocytosis of synaptic
vesicles [12, 13]. The processes from the moment of
the exocytosis of a vesicle till it acquires again the abil-
ity for exocytosis are referred to as a recycling and the
continuous turnover of vesicles in nerve endings is
referred to as a vesicle cycle [13]. There are no data on
the influence of H,S on the processes of synaptic vesi-
cle recycling under the conditions of high-frequency
synaptic activity. The goal of this work was to investi-
gate the effect of H,S donor (NaHS) on the dynamics
of neurotransmitter release and on the processes of

exo- and endocytosis of synaptic vesicles in the mouse
motor nerve ending during long-term high-frequency
stimulation using electrophysiological and optical
(fluorescent) methods.

MATERIALS AND METHODS

Isolated nerve-muscle preparations of mouse dia-
phragm were used in the experiments. Neuromuscular
preparations were isolated and placed into a bath filled
with the standard Krebs solution containing (mM):
NacCl, 137; KCl, 5; CaCl,, 2.2; MgCl,, 1; NaHCO;,
11; NaH,PO,, 1; glucose, 11. Before the experiment,
the solution was saturated with carbogene (95% O,,
5% CO,) at 20°C, pH 7.2—7.4. The muscle fiber con-
tractions and action potentials were blocked with
d-tubocurarine at a concentration of 2—5 puM.
Sodium hydrosulfide (NaHS) (Sigma, USA), the H,S
donor producing H,S in aqueous solutions [5], was
used in the experiments at a concentration of 200 pM.

Spontaneous and evoked end plate potentials
(EPPs) were recorded intracellularly using glass
microelectrodes filled with the KCI solution (2.5 M) and
an amplifier with 0—10 kHz bandpass and an amplifica-
tion coefficient of 400. The recordings were made by an
automated system consisting of an L-CARD 1250 A/D
converter and a Pentium 4 computer. The motor nerve
was stimulated with rectangular pulses of suprathresh-
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old amplitude: 0.3 Hz (single stimulation) and 50 Hz
(high-frequency stimulation). The effects of NaHS on
EPPs or miniature EPPs (MEPPs) were analyzed as
follows: after recording of the control signals for 10—
15 min, the substance was added to the perfusion solu-
tion for 20 min and washed out subsequently with the
standard Krebs solution. In case of high-frequency
stimulation, NaHS-containing solution was applied to
the neuromuscular preparation during 10—15 min
before the stimulation onset.

Fluorescent dye FM 1-43 (Biotium, USA) was
used in the experiments at a concentration of 2 uM.
The dye reversibly binds to the presynaptic membrane
and during endocytosis gets into the newly formed
synaptic vesicles. Dye loading is accompanied by the
fluorescence of the nerve ending, which reflects the
aggregates of the vesicles that have captured the dye
[13, 14]. Endocytosis processes were investigated
using two protocols. In the first one, FM 1-43 was
present in the solution for 1 min during the 50-Hz
stimulation of the motor nerve and for 7 min after its
termination (“full loading”); in the second protocol,
the dye was present in the solution only for 1 min dur-
ing the 50-Hz stimulation of the nerve (“loading during
stimulation”). After the dye loading, the preparation was
washed out with the Krebs solution for 40—60 min and
the fluorescence of nerve endings was recorded. The
effects of H,S on the endocytosis of synaptic vesicles
were studied by incubating the neuromuscular prepa-
ration in the presence of NaHS donor for 10 min
before stimulation onset.

The fluorescence of nerve endings was visulalised
using microscope MIKMED-2 (LOMO, Russia) or
AxioScope Al (Carl Zeiss, Germany) equipped with
water immersion lens LUMPLFL 60x/0.9-NA
(Olympus, USA) and/or Plan-Neofluar 63x/0.9 (Carl
Zeiss, Germany). All observations were made only for
nerve endings in the most superficial layers of tissues.
Fluorescence patterns were recorded with high-speed
black-and-white video cameras AxioCam MRm (Carl
Zeiss, Germany). The mean value of the fluorescence
intensity was estimated in arbitrary units (AU) at a
nerve ending segment of 10—20 pum in length, taking
the maximum pixel fluorescence of 256 as 1. Then
background fluorescence was determined as the mean
fluorescence intensity in a 50 x 50 square of pixels in
the image area without nerve ending. The background
value was then subtracted from each pixel obtained
after image averaging. All data were processed by the
methods of variation statistics. The quantitative results
are presented as the mean value = standard error; # is
the number of independent experiments.

RESULTS AND DISCUSSION

The application of NaHS (200 uM) increased the
EPPs amplitude to 146 = 7% (n = 7; p < 0.05) under
the conditions of single stimulation and increased the
MEPPs frequency to 200 = 42% (n = 4; p <0.05) by
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the 6—10th min of the application. The time-ampli-
tude parameters of MEPP did not change. The
MEPPs amplitude was 0.48 & 0.09 mV (n = 4) in the
control and 0.44 = 0.09 mV (n =4, p > 0.05) during
NaHS application. The rise time varied insignifi-
cantly: 0.69 + 0.04 ms (n =4) in the control and 0.81 =
0.08 ms (n = 4, p > 0.05) in the presence of the H,S
donor; the decay time was 2.57 £ 0.11 ms and 2.34 £
0.13 ms (n =4, p > 0.05), respectively. These data are
in agreement with the results of our previous studies
and demonstrate that NaHS acts at a presynaptic
level, intensifying the release of acetylcholine from the
nerve ending [7].

The dynamics of neurotransmitter release under
the conditions of high-frequency stimulation was
studied during 1 min of 50-Hz stimulation. In the con-
trol, high-frequency stimulation of the motor nerve
was accompanied by characteristic changes in the
EPPs amplitude. The initial abrupt decrease in the
EPPs amplitude developed during the first 10—
15 impulses and reached 48 £ 3% by the end of the first
second of stimulation (n = 10, p < 0.05) relative to the
first signal (Figure (a), insert). Then there was a period
of plateau at the level of 32 £ 5% (n = 10, p<0.05) dur-
ing 25 s of stimulation, after which the EPPs ampli-
tude slowly decreased to 19 = 3% (n = 10, p < 0.05) at
the end of stimulation (Figure (a)). With preliminary
application of NaHS at a concentration of 200 uM,
the EPPs amplitude was 43 £ 6% (n =9, p > 0.05) by
the first second of stimulation, which did not differ
from the control value (Figure (a), insert). However, a
more pronounced marked decrease of EPPs was
observed later and the EPPs amplitude reached 16 & 2%
n=9,p<0.05)by25sand 10 £ 2% (n =9, p <0.05)
relative to the control by 60 s of high-frequency stim-
ulation (Figure (a)).

According to the published data, the mouse motor
nerve ending has three functioning vesicular pools dif-
ferent in size, localization, and physiological role:
readily releasable pool (RRP), mobilization pool, and
the reserve one [14, 15]. The RRP is quickly used up
during high-frequency stimulation and replenished
from the mobilization pool. It seems that both of these
pools are replenished mainly due to the fast recycling
and provide for exocytosis during high-frequency
stimulation. The vesicles of the reserve pool seem not
to be involved in neurotransmitter release at all [14].
The initial fast decay of the EPPs amplitude during
high-frequency stimulation is associated with the
uptake and diminution of the RRP. It is followed by
stabilization of the EPPs amplitude, indicating
replenishment of the RRP, when the rates of its usage
and replenishment are equal due to the movement of
vesicles from the mobilization pool to the active zone
and intensive recycling of synaptic vesicles. The sec-
ondary slower decay of the EPPs amplitude reflects
further diminution of the RRP in case of its insuffi-
cient replenishment [14]. A more dramatic decline in
EPPs amplitudes under the influence of H,S may be
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Effects of NaHS on the processes of exo- and endocytosis of synaptic vesicles at the motor nerve ending. (a) The change in the
EPPs amplitude during high-frequency stimulation (50 Hz, 1 min) in the control (b/ack) and in the presence of NaHS (200 pM)
(gray). The insert shows the dynamics of the EPPs amplitude in the first second of stimulation. (b) Fluorescence intensity of nerve
endings in the control (white bars) and in the presence of NaHS (200 uM) (cross-hatched bars) after loading of the nerve endings
with FM 1-43 using “full loading” or “loading during stimulation” protocol (see Materials and Methods). Above the bars are the

examples of black-and-white images of dye-loaded nerve endings. *p < 0.05.

due to both intensification of exocytosis and slowdown
of mobilization of synaptic vesicles to the sites of
secretion.

In addition, one cannot exclude possible slowdown
of endocytosis and recycling produced by NaHS. It is
also confirmed by experiments with the loading of
endocytic marker into the nerve ending during high-
frequency stimulation [16]. The average fluorescence
intensity of the nerve ending during full dye loading
(see Materials and Methods) after the incubation in the
presence of NaHS (200 uM) for 10 min was 78 = 2 AU
(n = 3, p < 0.05), which is lower by 11% than in the
control (89 = 2 AU, n = 4) (Figure (b)). In the course
of loading during the stimulation, which displayed
only endocytosis that occurred simultaneously with
induced exocytosis, the nerve ending fluorescence
intensity under the influence of H,S was 67 + 1 AU
(n= 3; p <0.05), i.e., also below the control values
(87 2 AU, n = 3) (Figure (b)). Thus, as a result of
NaHS action on neuromuscular junction, the nerve
ending fluorescence intensity significantly decreased
both in the case of full loading of the nerve ending with
the fluorescent marker and in the case of loading only
during the stimulation, demonstrating the slowdown
of synaptic vesicle endocytosis under the influence of
the gas.

What are possible mechanisms of the H,S effects?
The increase of neurotransmitter release in response
to single stimulations under the influence of H,S may
be due to enhanced intracellular concentration of cal-

2 cium ions. In astrocytes and neuronal cells, H,S
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increases the intracellular calcium concentration on
account of intensification of Ca entry through L- and
T-type voltage-dependent Ca-channels or Ca release
from intracellular stores [8, 17]. In addition, the
increase of neurotransmitter release may be due to the
increase in cAMP intracellular concentration [10],
which leads to the activation of protein kinase A and
intensification of neurotransmitter release as a result
of phosphorylation of exo- and endocytosis proteins,
the subunits of voltage-dependent Ca channels, K
channels, and ryanodine receptors [18]. The increase
in calcium level or protein phosphorylation under the
influence of H,S may also underlie the changes in
mobilization and/or endocytosis of synaptic vesicles
[19—21]. In addition, H,S can directly interfere with
the mechanisms of exo- and endocytosis of synaptic
vesicles through the transformation of SNARE-com-
plex proteins, which is demonstrated by the increase in
MEPPs frequency. It is known that H,S in aqueous
solutions has the reducing properties: it can reduce
disulfide bonds and modify thiol groups in protein
molecules [3]. Thus, for example, the proteins of the
SNARE complex, which performs the vesicle and
nerve ending membrane fusion, and the factor sensi-
tive to N-ethylmaleimide, which performs disassem-
bly of the SNARE complex and is involved in endocy-
tosis, are enriched in cysteine residues and are poten-
tial sites for such modification [22, 23].

The expression of the enzymes of H,S synthesis has
been revealed in the region of the neuromuscular syn-
apse of mouse diaphragm. At the same time, the sub-
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strate of H,S synthesis, L-cysteine, increased neu-
rotransmitter release, while the inhibition of the
enzyme of H,S synthesis induced the effects opposite
to the effect of NaHS, suggesting the possibility of
endogenous synthesis of the gas [7]. It is known that
H,S synthesis is regulated both at the level of cys-
tathionine-y-lyase and cystathionine-p-synthase
expression in tissues and through modification of their
activity [24, 25]. Thus, for example, nitric oxide can
regulate the level of H,S in smooth muscle cells by
enhancing the activity of cystathionine-y-lyase
through nitrosylation of cysteine residues in the pro-
tein molecule [25]. In addition, the Ca/calmodulin-
dependent regulation of the enzymes of H,S synthesis
may occur during high-frequency stimulation and cal-
cium accumulation in nerve endings or in muscle
fibers [24].

In conclusion, our results demonstrate that exoge-
nous and probably endogenous H,S enhances neu-
rotransmitter release during a single stimulation and
intensifies EPPs depression during high-frequency
activity. The effect of H,S is based on the suppression
of mobilization and endocytosis of synaptic vesicles
resulting in the decrease of recycling processes.
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