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Abstract. Our findings concern to the synaptic vesicle interactions that were reconstructed in the cell-
free system and are thought to represent the different states of exocytosis pathway. The combination
of different technical approaches allowed to study the features of aggregation and calcium-dependent
homotypic fusion of synaptic vesicles. Electron microscopy observations of synaptic vesicle fraction
purified from the rat brain showed the appearance of large particles formed by aggregated synaptic
vesicles in the presence of the nerve terminal cytosolic proteins only. This data were confirmed by
dynamic light scattering measurements indicating an importance of the cytosolic proteins for the
formation of synaptic vesicle clusters. The scanning confocal microscopy and imaginative exploita-
tion of fluorescence probe R18 allowed to distinguish the process of synaptic vesicle clustering from
the synaptic vesicle fusion. The stimulating effect of antiepileptic drug ethosuximide and sodium
valproate on the formation of synaptic vesicle aggregates has been revealed. Experiments with the
removal of cholesterol showed that such modification of synaptic vesicle membranes did not change
the ability of synaptic vesicles to form the clusters, while reducing their Ca**-triggered membrane
fusion. Thus, our data have shown that aggregated state of synaptic vesicles represent an intermediate
stage of the fusion pathway, where aggregation of synaptic vesicles is preceded by Ca**-dependent
membrane fusion.
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Introduction

Docking is considered to be the necessary intermediate step
that occurs before the synaptic vesicles gained the compe-
tence to fuse and release the neurotransmitters. Recently,
only a fraction of docked synaptic vesicles was shown to fuse
with plasmalemma upon Ca?*-influx (Wadel et al. 2007). The
electron tomography studies revealed that synaptic vesicles
are linked to each other and organized in clusters or tight
aggregations (Fernandez-Busnadiego et al. 2010). In order
to complete this, the synaptic vesicles have a distinct set of
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proteins comprised including the vesicular SNARE protein
synaptobrevin/VAMP-2, synaptophysin and the calcium-
and phospholipid-binding protein synaptotagmin 1 (Sudhof
2004). It was suggested that MUNCI18-1 that bind to the
neuronal SNARE-complex (Dulubova et al. 2007) by form-
ing a complex with syntaxin, takes place in neurotransmit-
ter release through the mediation of docking and fusion of
synaptic vesicles with presynaptic membranes (de Wit et al.
2006; Verhage and Sorensen 2008). Moreover, there has been
a model proposed where several presynaptic proteins selec-
tively localized in synaptic vesicle clusters form a complex
proteinaceous net that restrains their mobility (Shupliakov
2009). The majority of vesicles in the nerve terminal support
neurotransmitter release indirectly being cross-linked to
each other by acting as a molecular buffer. Disrupting the
clusters by application of black widow spider venom resulted
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in the diffusion of numerous soluble proteins into the axons
(Denker et al. 2011).

Strong and prolonged stimulation of synapses may lead
to copious exocytosis. It might bring about compound exo-
cytosis where vesicles fuse to each other before the fusion
with plasma membrane (Pickett and Edwardson 2006).
The homotypic type of calcium-induced fusion of synaptic
vesicles with each other was exposed in vitro to model the
last step of exocytosis (Trikash et al. 2004). The simplified
model consisting of homotypic membranes of isolated
synaptic vesicles obtained from the synaptosomal fraction
of rat brain tissue was studied. It was shown that synaptic
vesicle membrane fusion develops in the presence of synap-
tosomal cytoplasmic proteins and 107/-107> M Ca** ions.
This conclusion was made based on changes in the intensity
of fluorescence of a probe R18. Calcium ions were found
to be the most effective activators of the membrane fusion
when the effects of bivalent cations, Ca?*, Sr**, and Ba’",
were compared. These findings allow us to believe that there
are factors in the system containing synaptic vesicles and
synaptosomal cytosolic proteins, which initiate fusion of the
membranes under the influence of Ca?".

Our studies in cell-free system have shown that the
process of synaptic vesicle interactions in the medium of
synaptosomal cytosolic proteins can be divided into two
consecutive stages — docking and Ca®* triggering membrane
tusion (Trikash et al. 2008). The testing and characterization
of these exocytotic steps was demonstrated by using two
different approaches in vitro. The interaction of synaptic
vesicles was determined by the changing of particles size
in suspensions by the method of dynamic light scattering.
Fluorescence assay is represented for studying the process
of synaptic vesicle membrane fusion.

It is known that the cholesterol greatly enriched in mem-
branes of synapses and synaptic vesicles and is up to 40%
of the total lipid (Benfenati et al. 1989). Moreover, some
synaptic fusion proteins bind directly to cholesterol (Epand
2006). We expect that modulating the cholesterol levels in
synaptic vesicles by methyl-p-cyclodextrin (MCD) would af-
fect the course of the exocytosis stages in model experiments
because the cholesterol deprivation by MCD was shown to
disrupt cholesterol-enriched functional microdomains and
to inhibit exocytosis in various cells (Pike and Miller 1998;
Belmonte et al. 2005; Churchward et al. 2005; Chintagari et
al. 2006; Brunham et al. 2008; Zhang et al. 2009).

Recently, we have shown the significant stimulatory ac-
tion of anticonvulsive agents (ethosuximide and sodium
valproate) on initiated merger synaptic vesicle membranes
with each other (homotypic fusion) and synaptosomal
plasma membranes (heterotypic fusion) (Trikash et al. 2003;
Gumenyuk et al. 2009).

In this manuscript, we focused on the features of the
synaptic vesicle aggregation where close contact of their

membranes do not result in fusion. This cell-free approach
provides some possibilities to study the influence of antiep-
ileptic drugs and MCD on the steps of exocytosis. Thus, our
studies have yielded new insights for understanding of the
synaptic vesicle clustering features as a prefusion stage before
calcium-induced membrane fusion.

Materials and Methods

The studies were performed according to the guidelines of
National Academy of Sciences of Ukraine in accordance
with the European Community Council Directive of 24
November 1986 (86/609/EEC). The paper was submitted to
the Institutional Animal Care and Use Committee (IACUC)
and had institutional approval in according to the report No.
1/7-243 from 15.05.2012. All animals had access to food and
water ad libitum and were kept in a 12-h light cycle. Every
effort was made to minimize suffering and limit the number
of animals used.

Materials

Ethosuximide (3-ethyl-3-methylpyrrolidine-2,5-dione),
sodium valproate (2-propylpentanoic acid, sodium salt),
methyl-B-cyclodextrin were purchased from Sigma, USA.
R18 was purchased from Molecular Probe (Eugene, OR,
USA); Cq,Eg (octaethyleneglycol-dodecyl ether) was pur-
chased from Calbiochem, USA. All other chemicals were
of analytical grade.

Synaptosome preparation

The Wistar rats (150-200 g body weight) were killed by
decapitation, the brains were rapidly removed and kept on
ice. Rat brains were weighed, cut into pieces, transferred to
ice-cold 0.32M sucrose, 10mM Tris-HCI, pH 7.5 (9ml/g
of brain tissue) and gently homogenized using a glass
homogenizer with a teflon plunger (0.25mm clearance).
All manipulations were performed at 0°C. Synaptosomes
were prepared by differential centrifugation of rat brain ho-
mogenate. The homogenate was centrifuged at 1,500 x g for
10 min and the supernatant was removed and centrifuged at
12,000 x g for 20 min. The resultant pellet was the fraction
of crude synaptosomes.

Isolation of synaptic vesicles and cytosolic fraction of
synaptosomes

Crude synaptosomes were lysed by rapid resuspension in
1 mM EGTA, 10mM Tris-HCI, pH 8.1 (3ml/g of brain tis-
sue) and incubated at 4°C for 60 min. The preparation was
centrifuged at 20,000 x g for 30 min. The pellet (M;) was
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used to separate the plasma membranes of synaptosomes (de
Lores Arnaiz et al. 1967). The supernatant was centrifuged
at 55,000 x g for 60 min. The supernatant was centrifuged
again at 130,000 x g, 4°C for 60 min to obtain the synaptic
vesicle fraction (pellet) and the cytosolic fraction of synap-
tosomes (supernatant) (de Lorenzo and Freedman 1978).
The synaptic vesicle pellet was suspended in 10mM Tris-
HCI (pH 7.5). The composition of the vesicle fraction was
controlled by plasma membranes marker (Na*/K*-ATPase).
No plasma membranes contamination was present in the
purified synaptic vesicle preparation since Na*/K*-ATPase
could not be detected after purification.

Dynamic light scattering method for monitoring of synaptic
vesicle aggregation

The hydrodynamic diameter of the particles in synaptic
vesicle suspension was measured by photon correlation spec-
troscopy using a Malvern Zetasizer-3 spectrometer (Malvern
Instruments, Worcestershire, U.K.). The light source was a 25
mW He-Ne laser (A = 632.8 nm) and the scattered light was
measured under 90° angle.

Fifty microliters of vesicle suspension (50 pg of proteins)
were injected into cuvette containing 950 ml of the buffer
solution (1mM EGTA, 10 mM Tris-HCI, pH 8.1) or synap-
tosomal cytosolic fraction (protein concentration 1 mg/ml,
1 mM EGTA, 10 mM Tris-HCI, pH 8.1). The measurements
were performed at a room temperature.

The scattered intensity is time-dependent when observed
on a microsecond timescale due to the Brownian motion of
the nanoparticles. On this timescale, intensity fluctuations
reflect the rate of diffusion of the particles. These fluctuations
are captured using the method of autocorrelation (Merkus
2009; McNeil 2011). From the decay of the correlation func-
tion, the rate of diffusion is calculated:

I=¢’D (1)

where I is the exponential decay rate and g is the modulus
of the scattering vector.

The Stokes-Einstein equation can then be used to relate
D to the hydrodynamic diameter (dyy) of the particle, taking
into account the viscosity of the sample solution and the
temperature at which the measurement is performed.

dyy = kT/3mmD (2)

where k is the Boltzmann constant, T is the absolute tem-
perature, and 1 is the absolute zero-shear viscosity of the
medium. The quantity dy is the diameter of an equivalent
rigid sphere that diffuses at the same rate as the analyte.
Data were analyzed with the Contin algorithm (Malvern
Instruments), which calculates the Z-average size and polydis-

persity. The transforms of the photon-correlation spectroscopy
(PCS) intensity distribution to volume distributions is ob-
tained using the provided software by Malvern Instruments.

Electron microscopy

The synaptic vesicle fraction in the medium containing
10 mM Tris-HCI (pH 7.5) was purified by filtering through
glass microfibre filters Whatman GF/C. Suspensions of syn-
aptic vesicles (300 pg proteins) were incubated 10 min in the
medium of cytosolic fraction of synaptosomes (1.2mg/ml
proteins) or buffer solution (1mM EGTA, 10mM Tris-HCI,
pH 7.5). After incubation the suspensions of synaptic vesicles
were centrifuged for 60 min at 130,000 x g. Precipitates were
perfused with cacodylate buffer (0.1 M, pH 7.2) containing
2.5% glutaraldehyde for 2 h. The synaptic vesicle sediments
were post-fixed in the solution 0.05 M cacodylate buffer con-
taining 1% osmium tetroxide for 60 min, dehydrated in graded
acetone and embedded in araldite. Ultra thin slices were mildly
stained using uranyl acetate and lead citrate, followed by their
examination using the electron microscope Hitachi-600.

Extraction of cholesterol from synaptic vesicles by methyl-[3-
cyclodextrin

The effect of cholesterol on the process of synaptic vesicle
aggregation was carried out in the presence of 15mM of
MCD in incubation medium. The effect of cholesterol on
the process of calcium-dependent homotypic fusion of
synaptic vesicles was examined after removal MCD from
the medium. Briefly, the synaptic vesicle samples (450 pg
proteins) in the medium containing 10mM Tris-HCI (pH
7.5) were incubated with 5 and 15mM MCD for 30 min at
37°C. To remove MCD the synaptic vesicle suspension was
passed thought the column with Sephadex G-75.

To determine the cholesterol level of synaptic vesicles, the
total lipids of membrane were extracted by method of Bligh
and Dyer (1959). Free cholesterol fraction was isolated by
thin layer chromatography using the system consisting of
benzene/ethyl acetate/acetic acid (85:15:1). After thin layer
chromatography, the cholesterol content was determined by
gas-liquid chromatography or modified method of Zlatkis
et al. (1953).

Detection of membrane fusion by technique with octadecyl
rhodamine probe (R18)

The R18 assay was proposed by Keller and Hoekstra for
membrane fusion monitoring and based on the relief of self-
quenching of probe fluorescence (Keller et al. 1977; Hoekstra
et al. 1984). The probe dilution into the target membrane as
a result of its transfer and/or membrane fusion, gives rise to
an increase of the fluorescence emission signal. Measure-
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ment of the fluorescence of R18 can provide a continuous
and a quantitative assessment of membrane fusion. The
membrane fusion was initiated by 10~>M CaCl, addition.
Free Ca®" concentrations were set by Ca®"/EGTA buffers
as described by Portzehl et al. (1964).

Incorporation of R18 into synaptic vesicles

The solution of R18 in ethanol was injected into 0.2ml of
synaptic vesicle suspension (1 mg/ml of protein) in buffer
solution with 10mM Tris-HCI (pH 7.5) and incubated for
5 min at 37°C in the dark. The final concentrations of the
probe and ethanol were 20 uM and 0.5% (v/v), respectively.
Unbound R18 was removed on a Sephadex G-75 column.
The fluorescence of labeled synaptic vesicles was about
80-90% quenched. Quenching (Q) was calculated according
to Q = 1 - F/Fax where F is the fluorescence and F,y is
the fluorescence measured after addition of detergent C;,Eg
(octaethyleneglycol-dodecyl ether) at a final concentration
of 0.1%. R18-loaded synaptic vesicles were kept on ice in
dark until use. This labelled preparation was designated as
R18-synaptic vesicles.

Confocal imaging

The R18 probe was used to visualize the synaptic vesicle
interactions by confocal microscopy. The procedure of
R18 incorporation in the synaptic vesicle membrane was
the same as described above. The fluorescence image of
synaptic vesicle clusters was obtained by laser scanning
confocal microscopy LSM 510 META (Carl Zeiss, Ger-
many), objective EC Plan-Neofluar 10x/0.3. Fluorescence
was excited by light from a mercury lamp HBO 100,

passed through the Beam Splitters FW1; Fset 10 wf (ex-
citation wavelength around 535 nm). Image registration
was carried out in a built in microscope digital camera
Axio Cam HRe.

Results

Electron microscopy for characterizing single synaptic
vesicles and vesicle clusters

The fraction of synaptic vesicles was purified by filtering
through glass microfibre filters Whatman GF/C and char-
acterized by the presence of vesicular particles that had
diameter 40-50 nm (Fig. 1A). When the same synaptic
vesicle fraction was placed in the medium containing the
cytosolic fraction of synaptosomes (1.2mg/ml proteins),
the appearance of particles with diameter 150-300 nm was
visualized (Fig. 1B).

These data confirm the ability of synaptic vesicles to ag-
gregate that was earlier shown by the analysis of particle size
distribution performed by dynamic light scattering (DLS)
(Trikash et al. 2008). The conformity of data obtained by
both approaches allowed us to affirm the phenomenon of
synaptic vesicle clustering in vitro.

The synaptosomal cytosolic proteins promote the synaptic
vesicle aggregation

The possibility to regulate the clustering of synaptic vesicles
in vitro by the use of different amounts of the synaptosomal
cytosolic proteins in the media was examined. In experi-
ments performed with using DLS, the fraction of vesicles

Figure 1. Electron micrographs
of the synaptic vesicle fraction
in the media containing buffer
solution (A) or cytosolic frac-
tion of synaptosomes (B). The
synaptic vesicle fraction in the
medium containing 10 mM Tris-
HCI (pH 7.5) was purified by
filtering through glass microfibre
filters Whatman GF/C. Suspen-
sions of synaptic vesicles (300 pg
proteins) were incubated 10 min
in buffer solution (1 mM EGTA,
10 mM Tris-HCI, pH 7.5) or the
medium of cytosolic fraction
of synaptosomes (1.2 mg/ml
proteins). Ultrathin slices were

mildly stained using uranyl acetate and lead citrate, followed by their examination using the electron microscope Hitachi-600. A, bar

200 nm; B, bar 400 nm. Magnification: 35 000x (A); 17 500x (B).



The synaptic vesicle clustering as the step of exocytosis in vitro

549

was not passed through Whatman filter. Fig. 2 shows the
distribution of synaptic vesicles according to diameter in the
medium containing buffer solution and cytosolic proteins
in different concentrations. The size distribution of particles
was in range 30 to 55 nm, when synaptic vesicles were placed
in buffer solution that corresponded to the size of single
synaptic vesicles (line 1). However, it should be noted that
in this medium the particles with average size 450 nm were
also detected. After placing the vesicular suspension in the
medium containing synaptosomal cytosolic proteins (pro-
tein concentration of 0.3 mg/ml) no changes in the particle
size distribution were observed (line 2). Further increase
of cytosolic protein concentration up to 1.2mg/ml causes
a significant enlargement of the particle size to 450-750
nm (line 3).

Thus, the results obtained by DLS indicate that the
level of cytosolic proteins is essential for the formation of
synaptic vesicle clusters that seems to be a highly specific
process.

Reversibility of the synaptic vesicle aggregation process

The serial dilution of the cytosolic proteins with the ap-
propriate amount of buffer solution was carried out to
investigate whether the clusters formed in the presence
of the standard protein concentration (1.2 mg/ml) could
be disaggregated. Fig. 3 shows the effect of decreasing the
protein concentration on the mean diameter of particles.
The aggregation was induced by the application of syn-
aptic vesicle suspension to the solution of synaptosomal
cytosolic fraction with protein concentration 1.2mg/ml.
All synaptic vesicles were distributed between the two
pools with the mean particle sizes 20-30 nm and ~480 nm

(Fig. 3, line 1). When concentration of cytosolic proteins
decreased to 0.6 mg/ml, particles with a diameter of 480 nm
were still present, but their number was decreased (line
2). At low protein concentration in medium (0.2 mg/ml),
the appreciable changes in particle size distribution were
detected (line 3): synaptic vesicle aggregates with particle
size diameter ~480 nm practically disappeared and the
number of particles with a diameter of 20-30 nm increased.
Therefore, it is likely that concentration of synaptosomal
cytosolic proteins is responsible for the stability of synaptic
vesicle clusters, and the formation of clusters seems to be
a dynamic process.

The influence of black widow spider venom on synaptic
vesicle aggregates

Assuming that the vesicle clusters may contain a large variety
of proteins necessary for vesicle recycling with no obvi-
ous function determined inside the clusters (Denker et al.
2011), it is of interest to explore the approach proposed by
these authors in relation to the effect of black widow spider
venom. According to their data black widow spider venom
is able to disrupt the vesicle clusters. Using DLS method we
also analyzed whether the size of synaptic vesicle aggregates
formed in the medium with synaptosomal cytosolic proteins
(1 mg/ml) would be altered after the addition of black widow
spider venom.

As shown in Fig. 4A, synaptic vesicle suspension puri-
fied from nerve terminals in the medium of synaptosomal
cytosolic fraction represent a heterogeneous population,
in which there are particles whose size corresponds to the
aggregates of synaptic vesicles. The addition of black widow
spider venom, the agent affecting synaptic vesicle exocytosis,

20

Figure 2. Size distribution of
particles in synaptic vesicle
suspension in the medium
of: buffer solution (1 mM
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EGTA, 10 mM Tris-HCI,
pH 8.1; line 1), cytosolic
fraction of synaptosomes
with 0.3 mg/ml of proteins

(line 2) or 1.2 mg/ml of pro-
teins (line 3). Data are pre-
sented as the particle size
distribution by volume and
analyzed with the Contin
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algorithm (Malvern Instru-
ments), which calculates the
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persity. The transforms of
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the photon-correlation spectroscopy (PCS) intensity distribution to volume distributions is obtained using the provided software by

Malvern Instruments.
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Figure 3. Size distribution of parti-
cles in synaptic vesicle suspension
in the medium of cytosolic fraction
of synaptosomes with 1.2mg/ml of
proteins (line 1), 0.6 mg/ml of protein
(line 2), 0.2 mg/ml of protein (line 3).
Data are presented as the particle size
distribution by volume and analyzed
with the Contin algorithm (Malvern
Instruments), which calculates the
Z-average size and polydispersity.
The transforms of the PCS intensity
distribution to volume distributions

Diameter (nm)

causes a rapid disappearance of clusters indicating a frailty
of such multivesicular complexes (Fig. 4B).

Antiepileptic drugs as the modulators of synaptic vesicle
aggregation

The aim of the next experiment was to study the in vitro
effects of antiepileptic drugs ethosuximide and sodium
valproate on process synaptic vesicle aggregation. Laser
light scattering measurements show that the addition of
ethosuximide to a suspension of synaptic vesicles in the
presence of cytosolic fraction of synaptosomes causes
changes in the number of particles with a diameter of
about 500 nm (Fig. 5, line 2). Note, the diameter of ag-
gregates was not changed markedly, but their amount
increased. When synaptic vesicles were incubated in
ethosuximide-free medium, the amount of single non-
aggregated particles (30-45 nm) consisted of 22% (Fig.
5, line 1) but the ethosuximide injection was accompa-
nied by the decrease in the amount of single synaptic
vesicles up to 15% (Fig. 5, line 2). Thus, the increase in
the number of aggregates in the medium took place due
to the clustering of single synaptic vesicles as a result of
ethosuximide action.

Experiments with antiepileptic drug sodium valproate
performed with using the characteristic of the intensity of
light scattering revealed a similarity in the action of etho-
suximide and sodium valproate on the synaptic vesicle
aggregation although these drugs have distinct chemical
structures. Fig. 6 shows (line 1) the particle size distribu-
tion in synaptic vesicle suspension placed in the medium
of synaptosomal cytosolic fraction without drug. The line 2
indicates that the addition of sodium valproate shifts the size
of particles to the right (in average on 200 nm). Therefore,
these results indicate that one of the similarities between the
antiepileptic drugs is ability to significantly activate synaptic
vesicle aggregation.

S000

is obtained using the provided soft-
ware by Malvern Instruments.

Cholesterol level reduction and the process of synaptic vesicle
aggregation

Using DLS method we also studied whether a removal of
cholesterol from the synaptic vesicles affected the process of
synaptic vesicle aggregation when it occurred in the medium
with cytosolic fraction of synaptosomes. To modulate the
cholesterol content of synaptic vesicles a cholesterol bind-
ing agent MCD was used. The cyclodextrin molecules are
characterized by the presence of an internal hydrophobic
cavity that can accommodate hydrophobic compounds such
as cholesterol (Christian et al. 1997).

Fig. 7 demonstrates the distribution of particle sizes in
suspension of synaptic vesicles in control (line 1) and after
addition of 15mM MCD (line 2). Although the incubation
of synaptic vesicles with 15 mM MCD (20 min, 25°C) caused
about 40% reduction of cholesterol in membranes, it did not
affect the particle size distribution and their amount in the
medium. As seen, the particle size distribution remained
to be bimodal with modes of 50 nm and 480 nm. Thus,
the removal of cholesterol from synaptic vesicles did not
change the process of synaptic vesicle aggregation in cell-
free system.

Cholesterol removal from the synaptic vesicles and Ca®*-
initiated homotypic fusion

Synaptic vesicles with altered level of cholesterol were also
used for elucidation the role of membrane cholesterol for
homotypic fusion of synaptic vesicles in calcium-control-
led process. For partial removal of cholesterol, the synaptic
vesicles were incubated for 30 min at 25°C with 5 or 15mM
MCD. As a result, a level of cholesterol in synaptic vesicles
was decreased compared to the control level by 20% or 40%,
respectively.

Membrane fusion between synaptic vesicles was moni-
tored by R18 assay that was described in section of experi-



The synaptic vesicle clustering as the step of exocytosis in vitro

551

% in class

" R R T T—— -

Figure 4. The effect of black widow
spider venom on synaptic vesicle
aggregates. The particle size distri-
bution before (A) and after adding
black widow spider venom (B).
The suspension of synaptic vesicles
(100 ug of proteins) was injected

B Diameter (nm)

5000 to the medium with cytosolic frac-
tion of synaptosomes (1.0 mg/ml
of proteins, 10 mM Tris-HCI, pH
8.1). After DLS measurement of this

30

% in class

system (A) was added 20 pg of black
widow spider venom and measured
again (B). Data are presented as the
particle size distribution by volume
and analyzed with the Contin algo-
rithm (Malvern Instruments), which
calculates the Z-average size and
polydispersity. The transforms of
the PCS intensity distribution to vol-
ume distributions is obtained using

Diameter (nm)

mental procedures. The R18 fluorescence assay validity to
examine the fusion of synaptic vesicle membranes in cell-
free system was previously described (Trikash et al. 2010). It
was shown at least two simultaneous processes, one of which
is attributed to real fusion of membranes, while the other
is considered to be non-specific probe transfer. The second
reaction is much slower than the first one and needs much

the provided software by Malvern
Instruments.

1000 5000

more time to rich its maximum value. The measurements
in Fig. 8 were submitted without subtracting non-specific
transfer of the probe in the absence of calcium, because
during this period of time the transfer of the probe was
negligible.

The addition of calcium to the suspension of control syn-
aptic vesicles leads to the increase in the membrane fusion

% in class

Figure 5. The effect of ethosux-
imide on synaptic vesicle aggrega-
tion. The suspension of synaptic
vesicles (100 pg of proteins) in the
presence of cytosolic fraction of
synaptosomes (1.0 mg of proteins/
ml, 10 mM Tris-HCI, pH 8.1) with-
out (line 1) or with the addition of
2mg/ml ethosuximide (14 mM)
- line 2. Data are presented as the
particle size distribution by volume

s 10 50 100
Diameter (nm)

500 1000

and analyzed with the Contin
algorithm (Malvern Instruments),
which calculates the Z-average

size and polydispersity. The transforms of the PCS intensity distribution to volume distributions is obtained using the provided

software by Malvern Instruments.
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Figure 6. The action of sodium valproate on synaptic vesicle
aggregation in cell-free system. The particle size distribution of
synaptic vesicle suspension (100 pg of proteins) in the presence
of cytosolic fraction of synaptosomes (1.0 mg of proteins /ml,
10 mM Tris-HCI, pH 8.1) - line 1; after addition of 14mM of
sodium valproate - line 2. Data are presented as the particle size
distribution by intensity of light scattering and analyzed with the
Contin algorithm (Malvern Instruments), which calculates the
Z-average size and polydispersity.

to 20% of the maximum after 4 minutes time (Fig. 8, curve
1). At the same time the rates of the synaptic vesicle homo-
typic fusion reached 15% and 10% of the maximum under
the removal of 20% and 40% of cholesterol correspondingly
(curves 2 and 3).

Thus, it is shown that the reduction of cholesterol level
in synaptic vesicles inhibits the Ca**-dependent fusion of
their membranes, which may be due to dysfunction of the
proteins that mediate this process.

The kinetics of membrane fusion represented by the
curves in Fig. 8 can be analytically approximated by a para-
metric family of characteristics of I(%) = f (tn), described
by the expression:

17(%) = (12.2 = 15.0 pepo) In (tmin) + (0.9 = 1.7 pepol) - (3)

where pchol is the concentration of cholesterol in the range
0 ... 1, i.e. pchol = 0.2 > 20%. Thus, knowing the level of
cholesterol depletion from the synaptic vesicle membranes
and using the Eq. 1, it is possible to calculate the kinetics
of fusion of synaptic vesicles under specified conditions of
this model system.

Visualization of synaptic vesicle clustering by confocal
microscopy

For visualization of synaptic vesicle interactions by confo-
cal microscopy the fluorescence probe R18 was used. The
probe R18 was inserted into the membranes of synaptic
vesicles at a concentration of self-quenching fluorescence.
The experiments were performed by injection of the sus-

15

-
5}

% in class

Figure 7. Distribution of
particles size in synaptic
vesicle suspension. 200 ul
of synaptic vesicle suspen-
sion (0.8 mg/ml of protein)
was injected in the medium
containing 800 pl of syn-
aptosomal cytosolic frac-
tion (1 mg/ml of protein,
10 mM Tris-HCl, pH 8.1):
line 1 - without MCD, line
2 - after the incubation with

s 10 s0 100
Diameter (nm)

15mM MCD for 20 min at
room temperature. Data are
presented as the particle size

500 1000

distribution by volume and analyzed with the Contin algorithm (Malvern Instruments), which calculates the Z-average size and poly-
dispersity. The transforms of the PCS intensity distribution to volume distributions is obtained using the provided software by Malvern

Instruments.
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pension of synaptic vesicles, consisting of the R18-labelled
vesicles and R18-free vesicles (ratio by protein concentration
1:8, respectively) into the medium containing the cytosolic
fraction of synaptosomes (Fig. 9A). As seen, in such system,
under conditions that lead to synaptic vesicle aggregation,
scanning confocal microscope does not detected any fluores-
cence that indicates that the probe remains in self-quenching
concentration of fluorescence. The appearance of luminous
structures reflects the calcium induced fusion of synaptic
vesicles and is the result of the probe fluorescence dequnch-
ing after its redistribution in the fused membranes (Fig. 9B).
Thus, these experiments are the additional confirmation
of the thesis that the process of vesicle cluster formation is
not spontaneously turned to the process of synaptic vesicle
membrane fusion.

Discussion

During assembly the membranes are pulled very closely
together that is a prerequisite for initiating fusion (Hanson
etal. 1997; Lin and Scheller 1997). The mechanisms by which
synaptic vesicles might be held together in the clusters were
discussed as the function of proteins located within the
synaptic vesicle clusters (Shupliakov 2009). The idea that
aggregation of synaptic vesicles is required for Ca>*-depend-
ent compound exocytosis was confirmed by the sequence
of modelled events. The significant increase of particles
size in the suspension of synaptic vesicles in the medium
of synaptosomal cytosolic fraction was determined by dy-
namic light scattering. Thus, the proteins of synaptosomal
cytosolic fraction were shown to promote the vesicle close
proximity that underlies the formation of vesicle aggregates.
Such phenomenon was defined as a docking state between
synaptic vesicles (Trikash et al. 2008). While the proteins
present on synaptic vesicles have been systematically identi-
fied (Takamori et al. 2006), none of these have been assigned
to as a docking factor.

Note, that docked vesicles are traditionally defined as
those vesicles that have no measurable distance between
their membranes. Synaptic vesicle docking were observed
in electron micrographs of the synapse and defined as the
attachment of vesicles to their target membranes (Schikorski
and Stevens 2001) and seen as electron-dense structures
(Verhage and Sorensen 2008). The presence of synaptic
vesicle clusters in media of synaptosomal cytosolic fraction
was confirmed by electron microscopy (Fig. 1B). It should
be noted that the purified synaptic vesicle fraction in a buffer
medium was received after passing through the Whatman
GF/C filter. Direct microscope observation of this vesicu-
lar fraction showed single non-aggregated spheres, with
the size similar to the size of synaptic vesicles (Fig 1.A). It
was important if vesicle suspension did not pass through
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Figure 8. The decrease in the intensity of calcium-induced fusion
of synaptic vesicles after partial elimination of cholesterol from
the membranes. The suspensions of non-labelled synaptic vesicles
(80 pg of protein) (curve 1, control) and synaptic vesicles whose
cholesterol was decreased by 20% (curve 2) or 40% (curve 3) were
added to 1 ml of cytosolic proteins of synaptosomes (1 mg/ml
of protein) with 10 pl of suspension of R18-containing synaptic
vesicles (8 ug of protein). The membrane fusion was initiated by
the addition of 107> M Ca?".

Whatman filter that contained not only single particles, but
also their assemblies as shown by dynamic light scattering
measurements (Fig. 2, line 2). Therefore, the observed in-
crease in size of the particles that took place in the absence
of any cytosolic proteins appears to be a direct result of the
synaptic vesicle interaction in the intact synapses before
their destruction. The presence of tight clusters of synaptic
vesicles is common for these inter-neuronal junctions in
different vertebrate species (Li et al. 1995; Pieribone et al.
1995). On average, only 2-3 vesicles are docked and 5 single
vesicles are within 20 nm of active zone (Satzler et al. 2002;
Taschenberger et al. 2002).

In accordance with the protein buffering hypothesis, the
amount of soluble protein on the vesicles should rise when
the vesicles are placed in contact with the source of soluble
proteins (such as cytosol) (Denker et al. 2011). We have
shown that in the process of interaction or joining the vesicles
approach each other and form a rather stable intermediate
complex, which can be detected by measuring the light
scattering. Here, tested the role of cytosolic proteins of syn-
aptosomes in docking process of synaptic vesicles by reduc-
ing their effective concentrations and thus causing a critical
situation for the interactions with their binding partners
on synaptic vesicle membranes (Fig. 2). It was established
that the aggregation or docking effect of synaptic vesicles
(as well as previously shown calcium-induced fusion of the
synaptic vesicles (Trikash and Kolchinska 2006)) depends
on the protein concentration in the synaptosomal cytosolic
fraction. Recent evidence suggests there are several classes of
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proteins that induce the initial contact between membranes
but they are not involved in the fusion reaction itself. For
instance, a trimeric complex consisting of mammalian Unc-
13 homolog (Munc13), Rab3 and Rab3-interacting molecule
(RIM) has been postulated to recruit synaptic vesicles to the
presynaptic membrane (Dulubova et al. 2005) and serve as
a docking factor that together with syntaxin-1 forms the
minimal docking machinery (de Wit et al. 2009). The role of
the cytosolic proteins in vesicle aggregation is supported by
impaired dense core granule docking in adrenal chromathin
cells of Munc18-1 knockout mice (Ciufo et al. 2005). Several
observations suggest that SM-proteins function also at a late
postdocking stage of membrane fusion (Diao et al. 2010).
However, the way how soluble protein factors activate mem-
brane interactions remains unclear in part due to the inability
to analyze an ensemble of mergers and the distinguishing of
its various stages in vitro.

Therefore, in this manuscript, we focus on the reversibility
of synaptic vesicle aggregation, in which close contact be-
tween membranes lead to the clustering but not to the fusion.
A serial dilution for decreasing the concentration of cytosolic
proteins in medium resulted in a significant decrease in the
number of synaptic vesicle aggregates previously formed
in conditions of a higher protein concentration (Fig. 3). It
should be noted that at concentration of 0.2 mg of protein
per 1 ml of the final disaggregation of clusters with a size of
480 nm does not occur. Thus, the manipulation by cytosolic
protein concentrations involved in the exocytotic machinery
of model system leads to the detectable and interpretable
changes in the synaptic vesicle interactions. Consequently,
the stability of synaptic vesicle clusters depends on the pro-
tein concentration of synaptosomal cytosolic fraction in the
cell-free system and reflects the reversible contact between

synaptic vesicles. It is of interest that the vesicle clusters
formed in vitro were destroyed by the action of the black
widow spider venom (Fig. 4) that is consistent with the result
of Denker et al. 2011. These findings are associated with the
disruption of synaptic vesicle clusters due to black widow
spider venom applied and following diffusion of numerous
soluble proteins into the axon.

Earlier, in cell free system we have revealed the significant
modulating action of ethosuximide and sodium valproate
on calcium-induced fusion of synaptic vesicles with plasma
membranes and their capability to activate the homotypic
synaptic vesicle fusion process (Trikash et al. 2003; Gumeny-
uk etal. 2009). Multiply evidences suggest that more than one
molecular target for antiepileptic drugs (AEDs) with broad
spectrum clinical activity has been demonstrated (White et
al. 2007). The present study shows that ethosuximide and
sodium valproate activate the synaptic vesicle aggregation in
the medium containing the synaptosomal cytosolic fraction
and, therefore, are responsible for intensification of synaptic
vesicle clustering (Fig. 5, 6). Our finding suggests the involve-
ment of AEDs in the exocytosis at the synaptic vesicle dock-
ing step that precedes their multivesicular fusion. Hence,
the AEDs are influenced not only on the fusion of synaptic
vesicles with the plasma membrane (i.e. simple exocytosis),
but also on the synaptic vesicle docking and their membrane
fusion (i.e. multivesicle compound exocytosis). Conversely,
the effects of ethosuximide and sodium valproate on the
increasing of size particles in the system were negligible (data
not shown) when the synaptosomal cytosolic proteins were
not present in the medium. These data corroborated by the
findings that AEDs did not change the intensity of calcium-
dependent fusion of liposomes or synaptic vesicles treated
by proteases (Gumenyuk et al. 2009). Therefore, we suggest

Figure 9. Confocal image of synap-
tic vesicle suspensions consisting of
labelled probe R18 vesicles and unla-
belled vesicles in a medium containing
the cytosolic fraction of synaptosomes:
without Ca®* (A), after 10> M Ca*
addition (B). The procedure of R18
incorporation in the synaptic vesicle
membranes was the same as described
in methods. The fluorescence image of
synaptic vesicle clusters was obtained
by laser scanning confocal microscopy
LSM 510 META (Carl Zeiss, Ger-
many), objective EC Plan-Neofluar
10x/0.3. Fluorescence was excited by
light from a mercury lamp HBO 100,
passed through the Beam Splitters

FW1; Fset 10 wf (excitation wavelength around 535 nm). Image registration was carried out in a built in microscope digital camera

Axio Cam HRc. Magnification 1000x, bar 50 pm.
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that synaptic vesicle membrane proteins and cytosolic frac-
tion proteins are the major executors in clustering process
exposed to AEDs in vitro. Thus, this novel scheme of the
AEDs action during simple and compound exocytosis may
be implicated for testing of new neuroprotective agents.

Previous studies have demonstrated that disbalance of
cholesterol can seriously compromise or even abrogate
neurotransmission. Cholesterol has been proposed to play
a critical role in regulating the secretory machinery at the
nerve terminals and synaptic plasticity. Evidence from
neuroendocrine PCI12 cells (Thiele et al. 2000) and primary
neurons (Mauch et al. 2001) suggests that the cholesterol
content of membrane is critical for clustering of synaptic
vesicle proteins, synaptic vesicle fusion sites and their endo-
cytic recycling (Martin 2000). The cholesterol at its native
state may indirectly modulate interactions between t-SNARE
proteins and other proteins of the neuronal machinery (Cho
et al. 2007). These are consistent with previous findings of
a large reduction in induced synaptic transmission in me-
thyl-cyclodextrin treated crayfish neuromuscular junctions
and hippocampal neurons (Zamir and Charlton 2006; Rosa
and Fratangeli 2010). Besides, in cholesterol-depleted syn-
aptosomes, the exocytotic release of glutamate stimulated by
calcium was decreased (Borisova et al. 2010a). Cholesterol
depletion also caused: an enhancement of ambient level and
transporter-mediated release of glutamate in rat brain nerve
terminals (Borisova et al. 2010b); a decrease in acidification
of synaptic vesicles and secretory granules in rat brain nerve
terminals and blood platelets, respectively (Tarasenko et al.
2010; Borisova et al. 2011). The decreasing level of synapto-
somal plasma membrane cholesterol by 8% leads to suppres-
sion of the Ca?*-dependent membrane fusion with synaptic
vesicles in cell-free system (Humeniuk and Trykash 2011).
According to the present data, the process of synaptic vesicle
aggregation is not sensitive to decreasing of cholesterol con-
tent in vesicular membranes, whereas such a modification
of synaptic vesicle membranes selectively attenuates the
Ca?*-triggered synaptic vesicle fusion (Fig. 7, 8).

The rates of calcium stimulated membrane fusion in cell-
free system, consisting of homotypic membrane of synaptic
vesicles were demonstrated in Fig. 8. Taken together, our
results shown that synaptic vesicles are fusion competent
in both model systems where the synaptic vesicles could
fuse with each other (homotypic membranes) or with syn-
aptosomal plasma membranes (heterotypic membranes)
(Trikash 2004, 2006). It is well known that all membrane
fusion reactions are mediated by the SNARE core complex
and Rab proteins function (Jahn and Sudhov 1999). It was
shown that syntaxin and SNAP-25 (the main proteins of
SNARE complex) are localized not only at the plasma mem-
brane of presynaptic terminals, but also on synaptic vesicles
(Takamori et al. 2006). Thus, the stimulated synaptic vesicle
fusion reaction in heterotypic or homotypic membrane sys-

tems allows us to interpret the process of membrane fusion
in terms of its universality.

It was shown that the homotypic fusion of ribbon-tethered
vesicles to each other, triggered by a strong Ca®" signal at
the active zone, has been suggested as a possible mechanism
underlying coordinated multivesicular release at the rib-
bon synapse (Heidelberger et al.1994; Glowatzki and Fuchs
2002; Edmonds et al. 2004; Neef et al. 2007). Moreover, the
multivesicular release also occurs at conventional synapses
(Tong and Jahr 1994; Wadiche and Jahr 2001; Oertner et al.
2002) and may be coordinated by Ca**-induced Ca®" release
(Llano et al. 2000). Based on our results a provocative hy-
pothesis for the functioning of the compound exocytosis in
nerve synapses can be proposed.

Earlier we investigated the octadecyl rhodamine B chlo-
ride (R18) assay validity for the examining of Ca**-depend-
ent synaptic vesicle fusion with target membranes (Trikash
et al. 2010). The confocal microscopy studies of the R18
fluorescence offered a unique opportunity for the visualiza-
tion of synaptic vesicles. The results obtained by confocal
microscopy with the R18 probe strongly confirm the conclu-
sion that synaptic vesicles in the presence of synaptosomal
cytosolic proteins do not fused spontaneously. In the me-
dium of synaptosomal cytosolic fraction without calcium it
is not possible to image the synaptic vesicle clusters due to
absence of R18 fluorescence signal (Fig. 9A). It was expected
the appearance of fluorescent signal in confocal microscopy
due to R18 dequenching after calcium-induced synaptic
vesicle membrane fusion. So, in confocal microscopy, the
visualization of synaptic vesicles (the smallest organelles in
the cells) was possible only in the form of their fluorescent
clusters which accompanied by membranes bilayer mixing
(Fig. 9B). It appears that the Ca**-induced formation of
large clusters of synaptic vesicles could be considered as
a necessary step of the compound exocytosis.

The described principles laid out here for the clustering of
synaptic vesicles as an individual stage of compound exocy-
tosis may differ from some of these other instances, because
it is kept in mind that the in vitro system are not necessarily
to provide the full reconstruction of the process studied.

In general, as a first approximation, the path of the syn-
aptic vesicle merger can be divided into two stages. First,
collected synaptic vesicles in the synaptosomal cytosolic
proteins form a docked, but yet unfused intermediates
where the lipids of the two membranes are not mixed,
and second, when the mixing of synaptic vesicle lipids has
occurred.
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