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To investigate the molecular interactions of synaptophysin I and vesicle-associated membrane
protein 2 (VAMP2)/synaptobrevin II during exocytosis, we have used time-lapse videomicros-
copy to measure fluorescence resonance energy transfer in live neurons. For this purpose,
fluorescent protein variants fused to synaptophysin I or VAMP2 were expressed in rat hippocam-
pal neurons. We show that synaptophysin I and VAMP2 form both homo- and hetero-oligomers
on the synaptic vesicle membrane. When exocytosis is stimulated with �-latrotoxin, VAMP2
dissociates from synaptophysin I even in the absence of appreciable exocytosis, whereas synap-
tophysin I oligomers disassemble only upon incorporation of the vesicle with the plasma mem-
brane. We propose that synaptophysin I has multiple roles in neurotransmitter release, regulating
VAMP2 availability for the soluble N-ethylmaleimide-sensitive factor attachment protein receptor
complex and possibly participating in the late steps of exocytosis.

INTRODUCTION

Neurotransmitter release comprises a series of steps involv-
ing synaptic vesicle (SV), plasma membrane, and cytosolic
proteins. The molecular characterization of the repertoire of
proteins involved has been the goal of a large body of
experimental work (reviewed by Südhof, 1995; Valtorta and
Benfenati, 1995; Benfenati et al., 1999; Valtorta et al., 2001).
Although a large number of proteins involved in exocytosis
have been identified and many interactions among them
have been characterized in vitro, the precise physiological
role(s) of most of them have not yet been clearly demon-
strated.

A typical example is synaptophysin I (SypI), one of the
first SV proteins to be identified (Jahn et al., 1985; Wieden-
mann and Franke, 1985). SypI is an abundant SV protein
characterized by four membrane-spanning domains (Buck-
ley et al., 1987; Leube et al., 1987; Südhof et al., 1987). In vitro,
SypI has been shown to form homo-oligomers composed of
a variable number of subunits (Jahn et al., 1985; Rehm et al.,
1986) that, when incorporated into lipid bilayers, form volt-
age-dependent channels with a conductance similar to that
of gap junctions (Thomas et al., 1988). Although SypI and the
gap junction protein connexin share little sequence homol-
ogy, the two proteins have similar membrane topologies and
amino acid compositions of the third transmembrane do-
main, which, in connexin, lines the gap junction pore (Leube,
1995).

Apparently contradictory data have been reported con-
cerning the role of SypI in neurotransmitter release. Anti-
sense oligonucleotides or antibodies directed against SypI
drastically reduced evoked release reconstituted in Xenopus
oocytes (Alder et al., 1992a; Shibaguchi et al., 2000). Consis-
tently, antibodies to SypI reduced, and SypI overexpression
enhanced, acetylcholine release from Xenopus motor spinal
neurons (Alder et al., 1992b, 1995). In contrast, SypI overex-
pression decreased the secretion of growth hormone trans-
fected in PC12 cells (Sugita et al., 1999). SypI knockout mice
exhibited an apparently normal phenotype (Eshkind and
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Leube, 1995; McMahon et al., 1996), raising the possibility
that other isoforms of the synaptophysin family (Knaus et
al., 1990; Leube, 1994), or related proteins, such as the syn-
aptogyrins (Baumert et al., 1990; Janz and Südhof, 1998), can
compensate for the lack of SypI. Indeed, SypI/synaptogyrin
I double knockout mice showed defects in both short- and
long-term potentiation (Janz et al., 1999).

SypI interacts in vitro with several SV proteins, including
the v-soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) vesicle-associated membrane pro-
tein 2 (VAMP2)/synaptobrevin II (Calakos and Scheller,
1994; Edelmann et al., 1995; Washbourne et al., 1995) as well
as with lipids, such as cholesterol (Thiele et al., 2000).
VAMP2 is an integral SV protein (Baumert et al., 1989; Elf-
erink et al., 1989), which interacts with the plasma mem-
brane proteins syntaxin 1A and soluble N-ethylmaleimide-
sensitive factor attachment protein-25 to form a complex (the
SNARE complex) that drives fusion (Söllner et al., 1993;
reviewed by Pelham, 2001). Because the binding of VAMP2
to SypI seems to be mutually exclusive with VAMP2 engage-
ment in the SNARE complex (Edelmann et al., 1995), it is
possible that SypI, by sequestering VAMP2, impairs the
assembly of SNARE complexes.

The ability of SypI to interact with several SV constituents
suggests that it might be involved in multiple functions
during the SV cycle. At all these sites, SypI does not seem to
act alone but rather to cooperate with other proteins. This
could explain why SypI does not seem to be essential for
transmitter release but rather to participate in its regulation,
playing either a positive (Alder et al., 1992a,b, 1995) or a
negative (Sugita et al., 1999) role, depending on the system
and the experimental conditions investigated.

In the present study, to overcome the limitations associ-
ated with studying protein–protein interactions in vitro, we
have used, for the first time, video-enhanced microscopy of
living neurons to detect fluorescence resonance energy
transfer (FRET) between fluorescent SypI and VAMP2. With
this technique, we have investigated the in vivo dynamics of
SypI and VAMP2 homo-oligomerization and of SypI-
VAMP2 interaction under resting conditions and during
exocytosis.

MATERIALS AND METHODS

Generation of Chimeric Fluorescent Proteins
Rat SypI full-length cDNA (921 base pairs) cloned into the pBlue-
Script vector (Stratagene, La Jolla, CA) was provided by Dr. R.
Leube (University of Mainz, Mainz, Germany). SypI cDNA was
amplified by polymerase chain reaction (PCR) with the following
oligonucleotides: forward, 5�-GGGGGAAGCTTCAGCAGCAATG-
GACGTG-3�; and reverse, 5�-GGGGGGATCCGCTGCTGTAGTAG-
CAGTAGGTCTTGGGCTCCACGCCCTTCATCTGATTGGAGAA -
GGAGGTGG-3�. HindIII and BamHI restriction sites, introduced
with the forward and reverse primers, respectively, are underlined.
The reverse primer was designed to remove the stop codon and, in
addition, to introduce a linker of 13 amino acids (KGVEPKTY-
CYYSS) (Nakata et al., 1998) at the COOH-terminal end of SypI
cDNA. The resultant HindIII/BamHI PCR fragment was inserted
into the corresponding sites of pECFP-N3 and pEYFP-N3 vectors
(CLONTECH, Palo Alto, CA).

The COOH-terminal deletion mutant of SypI (702 base pairs),
lacking the last 73 amino acids of the protein and fused to the
enhanced green fluorescent protein (EGFP) in the pEGFP-N3 vector
(CLONTECH), was also provided by Dr. R. Leube. The mutated

SypI cDNA was digested with BamHI and BsrGI to remove EGFP
and replace it with BamHI/BsrGI ECFP and EYFP fragments of
pECFP-N3 and pEYFP-N3.

VAMP2 full-length cDNA (351 base pairs) cloned into pBlueScript
was from Drs. C. Montecucco and O. Rossetto (University of Padua,
Italy). VAMP2 cDNA was amplified by PCR with the following
oligonucleotides: forward, 5�-GGGGTGTACAAGATGTCGGC-
TACCGCTGCCAC-3�; and reverse, 5�-GGGGGCGGCCGCTTA-
AGTGCTGAAGTAAAC-3�. BsrGI and NotI restriction sites, intro-
duced with the forward and reverse primers, respectively, are
underlined. The resultant BsrGI/NotI PCR fragment was inserted
into the corresponding sites of pECFP-N3 and pEYFP-N3.

Synaptotagmin I (SytI) full-length cDNA (1265 base pairs) was
supplied by Dr. G. Schiavo (Imperial Cancer Research Fund, Lon-
don, United Kingdom). After removing the stop codon by PCR, the
cDNA was fused to the NH2-terminal end of EYFP in pEYFP-N3,
generating the pSytI-EYFP vector.

Cell Cultures and Transfections
Transfection of Cos-7 cells was performed using a standard Ca2�-
phosphate precipitation protocol (Kingston, 1997). Cells were used
72 h after transfection.

Low-density, primary cultures of hippocampal neurons were pre-
pared from Sprague-Dawley E18 rat embryos (Charles River Italica,
Calco, Italy) as described previously (Banker and Cowan, 1977).
Neurons were transfected at 3 d in vitro (DIV) by using 25-kDa
polyethylenimine (PEI 25) (Sigma-Aldrich, Steinheim, Germany).
Fresh medium was applied to cell cultures 1 h before starting the
procedure. Then, PEI 25 (28 nmol/dish) and plasmid DNA (2.5
�g/dish) were diluted in 50 �l of 150 mM NaCl in separate tubes.
The solution containing PEI 25 was added to that containing the
DNA, and the mixture was vortexed four times within 12 min
before addition to the cells. Coverslips were placed in a clean 35-mm
Petri dish and cells were rinsed with minimal essential medium
supplemented with 10% horse serum, 2 mM glutamine, and 3.3 mM
glucose. The medium was removed and cells were incubated for 2 h
at 37°C in a 5% CO2, humidified atmosphere with 1 ml of the same
medium containing the 100 �l of PEI 25/DNA solution. Coverslips
were then repositioned above astrocyte monolayers in the original
dishes and kept in culture for 15–18 d. Transfection efficiency varied
from 0.1 to 1%.

Immunoblot Analysis
Gel electrophoresis and immunoblotting of cell lysates were carried
out as described previously (Menegon et al., 2000) with either mono-
clonal (R. Jahn, Max Planck Institute of Biophysical Chemistry, Göttin-
gen, Germany) or polyclonal (Valtorta et al., 1988) anti-SypI antibodies
(1:5000 and 1:3000, respectively), polyclonal anti-VAMP2 antibody (1:
500) (C. Montecucco), or monoclonal anti-GFP antibody (Roche Mo-
lecular Biochemicals, Indianapolis, IN).

Immunofluorescence Analysis
Immunofluorescence was performed as described previously (Me-
negon et al., 2000), using the following primary antibodies: mono-
clonal anti-synaptic vesicle protein 2 (SV2) (1:50) (K. Buckley, Har-
vard University, Boston, MA), anti-microtubule associated protein-2
(MAP2) (1:1000) (Roche Molecular Biochemicals) and polyclonal
anti-SypI or anti-synapsin I (1:100) (Valtorta et al., 1988). In some
instances, primary antibodies were applied to unfixed cells in
Krebs-Ringer solution buffered with HEPES (150 mM NaCl, 5 mM
KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2 mM CaCl2, 10 mM glucose,
and 10 mM HEPES/Na, pH 7.4) supplemented with 2 mM EGTA
(KRH/EGTA). The incubation was carried out for 1 h at 37°C in 5%
CO2. After two washes with KRH/EGTA, samples were fixed and
processed for indirect immunofluorescence. Images were recorded
with a C4742-98 ORCA II cooled charge-coupled device camera
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(Hamamatsu Photonics, Hamamatsu City, Japan) and processed
using the computer program ImagePro Plus 4.0 (Media Cybernetics,
Silver Spring, MD).

Spectrofluorometric Analysis
Cos-7 cells were transiently transfected with an expression vector
encoding one of the chimeric, fluorescent proteins of interest. Sev-
enty-two hours after transfection, the cells were washed twice with
phosphate-buffered saline and collected by scraping. The cells were
then pelleted by centrifugation, resuspended in 700 �l of phosphate-
buffered saline, and analyzed in a spectrofluorometer (LS50B;
PerkinElmer, Shelton, CT).

FM1-43 Assay
FM1-43 (8 �M) (Molecular Probes, Eugene, OR) was loaded into
recycling SVs of 16 DIV hippocampal neurons by using a depolar-
izing solution containing KRH supplemented with 45 mM KCl and
10 �M 6-cyano-2,3-dihydroxy-7-nitroquinoxaline. The incubation
was carried out for 90 s at room temperature and was followed by
rinsing for 15 min with a 2-ml/min flow of KRH containing
6-cyano-2,3-dihydroxy-7-nitroquinoxaline. After the washing proto-
col, images were recorded using fluorescein excitation and rhoda-
mine emission filters, and a 40� oil immersion objective. Average
intensities for each bouton (IKRH) were measured. Cells were then
rapidly rinsed with KRH/EGTA and incubated for 40 min at room
temperature in the same solution in the absence or presence of 0.1
nM �-latrotoxin (�-Ltx) (A. Petrenko, New York University Medical
Center, New York, NY). After 15 s of continuous illumination for
focusing on the specimen, a series of 20 images at 6-s intervals were
recorded for each of the fields previously acquired. FM1-43 release
was calculated by comparing the intensity of fluorescence in each
synaptic bouton before and after the incubation. To correct for the
reduction in fluorescence intensity due to photobleaching that oc-
curred during the 15-s exposure used for focusing, an exponentially
decaying curve of the form y(t) � Ae�t/� � C was fit to the average
intensity vs. time data for each single synaptic bouton in the se-
quence of images acquired. This expression was used to calculate a
corrected postincubation fluorescence intensity (IKRH/EGTA) for each
bouton. FM1-43 release was then calculated as (1 � IKRH/EGTA/
IKRH).

�-Latrotoxin Binding Assay
Anti �-Ltx antibody was purchased from Alomone Laboratories
(Jerusalem, Israel), conjugated to Cy3 (Amersham Biosciences, Pis-
cataway, NJ), and purified according to the manufacturer’s instruc-
tions. Hippocampal neurons of 16 DIV were washed once with
KRH/EGTA and incubated for 30 min at 37°C in 5% CO2 in the
same solution supplemented with Cy3-conjugated, anti �-Ltx anti-
body (50 �g/ml) in the absence or presence of 0.1 nM �-Ltx. The
cells were washed twice with KRH/EGTA, and Cy3 images were
acquired with a standard Texas Red filter set.

Fluorescence Resonance Energy Transfer (FRET)
Analysis
Expression vectors encoding fluorescent proteins were cotrans-
fected at a ratio of 1:2 or 1:4 (donor/acceptor). Cells (15–18 DIV)
were washed once with KRH/EGTA and incubated in the same
solution either in the presence or absence of 0.1 nM �-Ltx for 30 min
at 37°C in 5% CO2; the cells were then washed twice with KRH/
EGTA. Images were acquired within 30–45 min after treatment of
the cells. The specimen was irradiated at the wavelength of 436 � 10
nm, and a time-lapse series of images of the donor fluorescence
were recorded at the wavelength of 480 � 30 nm during continuous
illumination. From the first image of the series, a binary mask was
prepared, in which each spot corresponded to a synaptic bouton.

Fluorescent spots that moved quickly along the axon (and that
presumably represented traveling packets) were excluded from the
analysis. The time series data for each pixel position within a bouton
were fit to an exponential decay function to determine decay con-
stants of photobleaching (Figure 1).

When FRET occurs between donor and acceptor fluorophores, the
time constant for donor photobleaching increases (Jovin and Arndt-
Jovin, 1989). Thus, the efficiency (E) of FRET was calculated as the
percentage of change in the average time constant of donor photo-
bleaching measured in specimens transfected with the SV-located
acceptor fluorescent proteins (�sv*sv), with respect to that measured
in specimens transfected with cytosolic EYFP acceptor (�sv*cyt) via
the following equation: E � 1� (�sv*cyt/�sv*sv).

One of the advantages of this method for measuring FRET is that
the measurements do not depend on absolute values of fluores-
cence. Indeed, we found no significant correlation between initial
intensities of fluorescence and photobleaching rates (R � 0.4). The
photobleaching time constants were found to have skewed distri-
butions, which became normal after logarithmic transformation.
Therefore, data were analyzed using the natural logarithms of the
photobleaching time constants, and efficiencies and statistics were
derived by retransformation of the pertinent values. Where indi-
cated, one-tailed t tests were performed to estimate the significance
of differences between mean FRET efficiencies. To estimate the
probability that a given mean FRET efficiency was statistically dif-
ferent from zero, the mean value normalized by the SD of the mean
was compared with a one-tailed Z distribution.

RESULTS

Generation and Characterization of Chimeric
Fluorescent Proteins SypI and VAMP2
To apply the FRET technique to the study of the molecular
interactions occurring during exocytosis, we fused ECFP or
EYFP to the SV proteins SypI and VAMP2. The fluorescent
proteins were fused to the cytosolic, COOH-terminal tail of
SypI, to obtain SypI-ECFP and SypI-EYFP, or to the cytoso-

Figure 1. Time course of the decay of donor fluorescence during
continuous illumination. The figure shows an example of the fluo-
rescence intensity of SypI-ECFP transfected in hippocampal neu-
rons measured in a series of time-lapse images by using a 12-bit
monochrome video camera. Measurements were carried out sepa-
rately for individual pixels in one field of view (total number of
pixels, 634). The intensity values at each time point were averaged
and plotted.
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lic, NH2-terminal end of VAMP2 to generate ECFP-VAMP2
and EYFP-VAMP2. Chimeras of a SypI deletion mutant
lacking the cytosolic, COOH-terminal tail of the protein
(SypI�C-ECFP and SypI�C-EYFP) were also prepared. In
addition, EYFP was fused to the cytosolic, COOH terminus
of SytI, to generate SytI-EYFP.

The expression of the full-length fusion proteins was ver-
ified in non-neuronal Cos-7 cells transfected with the appro-
priate vectors (Figure 2A; our unpublished data). In addi-
tion, the fusion proteins were shown to exhibit spectral
properties similar to those of the soluble fluorophores
(Tsien, 1998; Figure 2B; our unpublished data).

Hippocampal neurons were transfected at 3 DIV and kept
in culture until 15–18 DIV, which corresponds to full matu-
ration and the establishment of a synaptic network with
surrounding cells (Valtorta and Leoni, 1999). We verified the
expression and proper targeting of the chimeras, as well as
the absence of toxicity related to the sustained, high level of
expression. Immunolabeling of neurons cotransfected with
the expression vectors encoding ECFP-VAMP2 and SypI-
EYFP confirmed that both fusion proteins colocalized with
the endogenous SV protein SV2 (Bajjalieh et al., 1994; Figure
2C; our unpublished data). Indeed, the colocalization coef-
ficients of SV2 with ECFP-VAMP2, SypI-ECFP, or SytI-ECFP
were 0.88, 0.80, and 0.99, respectively. Furthermore, the
exogenous proteins were delivered to axons and did not
colocalize with MAP2, which in mature neurons is present
exclusively in the somatodendritic compartment (Kosik and
Finch, 1987).

No apparent developmental changes due to overexpres-
sion of the transfected proteins could be detected. In partic-
ular, there were no effects on the density of synapses (4.6 �
2.4 and 3.8 � 0.8 synapses/10-�m neurite length in the
untransfected and transfected neurons, respectively) nor on
the number of synaptic vesicles per terminal (our unpub-
lished data).

Effect of �-Ltx on Synaptic Boutons
To trigger exocytosis, hippocampal neurons at 15–18 DIV
were treated with 0.1 nM purified �-Ltx for 30 min in Ca2�-
free medium (KRH/EGTA), a condition known to cause
massive exocytosis of SVs in the absence of endocytosis
(Ceccarelli and Hurlbut, 1980; Valtorta et al., 1988). Video
analysis showed that, after a 10-min delay, the morphology
of the axons changed progressively, and at the end of the
treatment the axons assumed a characteristic bead-shaped

Figure 2. Expression and targeting of the SypI and VAMP2 fluo-
rescent fusion proteins. (A) Fusion proteins are properly translated
in the cells. Cos-7 cells were transiently transfected with the expres-
sion vectors encoding either SypI-ECFP (lanes 1 and 3), SypI-EYFP
(lanes 2 and 4), ECFP-VAMP2 (lanes 5 and 7), or EYFP-VAMP2
(lanes 6 and 8). Seventy-two hours after transfection, cells were
analyzed by immunoblotting with anti-green fluorescent protein

(lanes 1, 2, 5, and 6) and either anti-SypI (lanes 3 and 4) or anti-
VAMP2 (lanes 7 and 8) antibodies. (B) Fusion of the fluorescent
proteins to the SV proteins does not alter the spectral properties of
the fluorophores. The excitation (solid) and emission (dashed) spec-
tra of the chimeras were measured in suspensions of transiently
transfected Cos-7 cells. (C) Exogenous SV fusion proteins are tar-
geted to synaptic boutons in transfected neurons. Hippocampal
neurons were cotransfected with the expression vectors encoding
SypI-EYFP and ECFP-VAMP2 and processed for immunofluores-
cence with either anti-SV2 or anti-MAP2 antibodies. (a–d) Colocal-
ization of both ECFP-VAMP2 (a) and SypI-EYFP (b) with SV2 (c),
and overlay of a, b, and c (d). (e–h) Lack of colocalization of
ECFP-VAMP2 (e) and SypI-EYFP (f) with MAP2 (g), and overlay of
e, f, and g (h). Bar, 10 �m.
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Figure 3. Heterogeneity in the responses of synaptic boutons to �-Ltx. At 15 DIV, hippocampal neurons cotransfected with vectors encoding
either ECFP-VAMP2 and SypI-EYFP (a–a	 and b–b	) or SypI-ECFP and EYFP (c–c	 and d–d	) were incubated for 30 min in Ca2�-free medium
(KRH/EGTA) in the absence or presence of 0.1 nM �-Ltx. Differential contrast images (a–d), SypI-EYFP (a� and b�), SypI-ECFP (c� and d�),
ECFP-VAMP2 (a	 and b	), and EYFP (c	 and d	). Note the presence of two distinct classes of synaptic boutons in the toxin-treated samples:
one with diameters in the range of those observed in control samples (arrowheads) and the other with considerably larger diameters (arrows).
SypI and VAMP2 fluorescent chimeras are present exclusively at synapses, whereas soluble EYFP is distributed throughout the neurites of
the transfected cells. Bar, 10 �m.
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structure, due to the irreversible, exhaustive fusion of SVs
with the plasma membrane, with the consequent swelling of
nerve terminals (Ceccarelli and Hurlbut, 1980; Nakata et al.,
1998) (Figure 3). In toxin-treated neurons showing the char-
acteristic bead-like appearance of SypI-ECFP, the integrity of
the axon was verified by the uniform and continuous distri-
bution of cytosolic EYFP between adjacent beads (Figure 3),
as well as by �-tubulin and MAP2 immunostaining (our
unpublished data).

In the toxin-treated neurons, the distribution of the fluo-
rescent proteins characterized two populations of synaptic
boutons: one population of swollen boutons, and another
population of small boutons very similar to those of un-
treated cells. Indeed, morphometric analysis of fluorescence
images revealed a bimodal size distribution of synaptic bou-
tons. The class of swollen boutons comprised 27.1 � 4.3%
(mean � SEM; number of boutons analyzed, 965 in 10 ran-
dom fields of view) of the boutons and showed an average
fluorescent area of 3.51 � 0.12 �m2 (n � 91). The remaining
73.8 � 5.5% of the boutons were small boutons and showed
a fluorescent area of 0.64 � 0.024 �m2 (n � 100), a value
similar to that observed in untreated samples (0.72 � 0.02
�m2; n � 100). When higher concentrations of �-Ltx were
used, the percentage of swollen synaptic boutons increased
accordingly (our unpublished data).

Quantitative Analysis of �-Ltx-induced SV
Exocytosis
To estimate the fraction of vesicles that underwent exocyto-
sis in both the swollen and small boutons, the fluorescent
styryl dye FM1-43 (Betz et al., 1996) was loaded into SVs of
16 DIV hippocampal neurons using high K� depolarization
in a well established protocol that labels the entire pool of
recycling vesicles (Pyle et al., 2000). Subsequently, the
amount of FM1-43 staining of each single synaptic bouton
was evaluated before and after a 40-min incubation of the
neurons in Ca2�-free medium in either the absence or pres-
ence of �-Ltx (Figure 4).

Under resting conditions, the amount of dye released
during the 40-min incubation was estimated to be 24.3 �
0.7% (mean � SEM; n � 245) of that initially loaded. In
toxin-treated samples, swollen synaptic boutons lost virtu-
ally 100% of the loaded dye. The fluorescent areas of swollen
synapses ranged between 1.66 and 5.86 �m2, which corre-
spond to apparent circular radii of 0.727 and 1.36 �m, re-
spectively (these values probably overestimate the actual
size of the boutons, because they include the fluorescence
halo). Considering resting and small boutons to be spheres
and swollen boutons (which show a tendency to partially
collapse onto the substrate) to be hemispheres, we estimated
that the increase in the surface area of swollen boutons could
be accounted for by the fusion of 40–1287 SVs. Because the
number of SVs per bouton in 14 DIV hippocampal neurons
was found to range from 23 to 648 (Schikorsky and Stevens,
1997), these data are compatible with the idea that the class
of large boutons corresponds to synapses in which �-Ltx
induced exocytosis of virtually all SVs. In contrast, synapses
belonging to the class of small synaptic boutons released
29.7 � 1.0% (mean � SEM; n � 220) of the loaded dye, i.e.,
a fraction only slightly higher than that observed in resting
cultures, indicating that the toxin promoted exocytosis of
only a small number of SVs in these terminals.

When anti-SypI antibodies were applied to �-Ltx–treated
neurons before fixation and permeabilization with deter-
gent, bright selective staining of swollen boutons was ob-
served. In contrast, no immunostaining was observed after
application of antibodies to synapsin I under the same con-
ditions (Figure 5). The presence of staining for SypI on the

Figure 4. Size of synaptic boutons reflects the extent of �-Ltx–
induced exocytosis. Hippocampal neurons (16 DIV) were loaded
with FM1-43 during a 90-s incubation in depolarizing solution. DIC
(a, c, a�, and c�) and FM1-43 (b, d, b�, and d�) images were recorded
at time 0 and after a 40-min incubation in KRH/EGTA in either the
absence or presence of 0.1 nM �-Ltx. After toxin treatment, swollen
synaptic boutons (arrows in a� and c�) had released virtually all the
dye (compare arrows in b� and d�), whereas the dye remained in the
small synaptic boutons (compare arrowheads in b� and d�), which
were similar in size and brightness to those of the untreated sample
(compare arrowheads in b and d). Bar, 10 �m.
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surface of swollen boutons reflects the incorporation of SVs
into the plasma membrane as a result of exocytosis, whereas
the absence of staining for the cytosolic, SV-associated pro-
tein synapsin I indicates that �-Ltx treatment does not lead
to cell damage and membrane permeabilization.

The differential effect of �-Ltx on small and swollen bou-
tons could not be ascribed to differences in toxin binding,
because incubation of neurons in Ca2�-free medium in the
presence of the toxin and a Cy3-conjugated anti-�-Ltx anti-
body produced similar fluorescent signals for both classes of
synaptic boutons (Figure 6).

Oligomerization State of Synaptophysin I during
Exocytosis
The in vivo study of the molecular interactions between the
SV proteins SypI and VAMP2 was carried out by measuring
FRET in transfected neurons. Neurons (3 DIV) were cotrans-
fected with fluorescent fusion proteins containing the donor
ECFP and the acceptor EYFP, fluorophores, and FRET was
measured at 15–18 DIV as donor photobleaching by using
time-lapse, video-digital imaging.

To study SypI homo-oligomerization, neurons were co-
transfected with the vectors encoding SypI-ECFP and SypI-
EYFP. Under resting conditions (KRH/EGTA) FRET effi-
ciency was 24.8 � 6.4% (mean � SEM) (Figure 7), indicating
that SypI forms homo-oligomers in vivo on the SV mem-
brane. A similar efficiency was measured in the presence of
external Ca2� (our unpublished data). To determine
whether the oligomerization state of SypI changes during
exocytosis, neurons were treated with �-Ltx in the absence
of extracellular Ca2�. FRET efficiency within small synaptic
boutons remained high (19.4 � 2.3%), whereas in swollen
synaptic boutons FRET efficiency decreased 10-fold to 2.5 �
0.4%, indicating that the oligomers disassembled upon fu-
sion of SVs with the axolemma. To discriminate FRET on a
synapse-by-synapse basis, the average time constants of do-
nor photobleaching were visualized using a pseudocolor
scale. Under resting conditions, these time constants were
quite heterogeneous, ranging from 10 to 45 s even within
single synaptic boutons. After exposure to �-Ltx, the time
constants in small synaptic boutons remained heteroge-
neous and largely similar to those measured under resting
conditions. In contrast, in swollen synaptic boutons the time
constants dropped below 18 s and were quite homogeneous.
Average values ranged from 1 to 9 s among the majority of
swollen boutons and among single pixel values within most
boutons; only small areas of a minority of boutons had time
constants in the range 10–18 s (Figure 8).

The possible role of the COOH-terminal tail of SypI in the
assembly of the oligomer was assessed by measuring FRET
in neurons expressing SypI fluorescent chimeras lacking the
last 73 amino acids. Colocalization of SypI�C-ECFP with
SypI-EYFP and endogenous SV2 confirmed that the deletion
mutant was correctly delivered to SVs (our unpublished
data). Under resting conditions, FRET efficiency between
SypI�C-ECFP and SypI�C-EYFP was 19.2 � 1.6% (n � 3), a
value not significantly different from that obtained with the

Figure 5. �-Ltx induces SV exocyto-
sis without affecting cell integrity. Hip-
pocampal neurons (15 DIV) were incu-
bated for 5 min in KRH/EGTA in the
absence (a) or presence (b and c) of 1
nM �-Ltx. After a 1-h incubation at
37°C with anti-SypI (a and b) or anti-
synapsin I (c) antibodies, the cells were
fixed and processed for indirect immu-
nofluorescence. Note the bright stain-
ing for SypI in the �-Ltx–treated termi-
nals (b), consistent with the notion that
some epitopes of the protein become
exposed to the extracellular space

upon SV fusion (Valtorta et al., 1988). The absence of staining for synapsin I (c), a protein associated with the cytosolic side of the SV
membrane, indicates that �-Ltx does not lead to damage and permeabilization of the plasma membrane. Bar, 10 �m.

Figure 6. �-Ltx binds to all classes of synaptic boutons. Hippocam-
pal neurons of 16 DIV were incubated for 30 min at 37°C with
Cy3-conjugated, anti-�-Ltx antibody in KRH/EGTA in the absence
(a and a�) or presence (b and b�) of 0.1 nM �-Ltx. (a and b) differ-
ential interference contrast (a� and b�) fluorescence. Arrows and
arrowheads indicate swollen or normally sized synaptic boutons,
respectively.
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untruncated protein. This suggests that the COOH-terminal
domain is not essential for oligomerization.

When FRET was measured in hippocampal neurons
cotransfected with expression vectors encoding ECFP-
VAMP2 and EYFP-VAMP2, under resting conditions the
FRET efficiency was 7 � 4%. In toxin-treated neurons,

FRET decreased to 1.3 � 4.5 and 1.5 � 2.4% in small and
swollen synaptic boutons, respectively (Figure 7). Thus,
VAMP2 forms few oligomers that dissociate before fusion
of SVs.

The specificity of the observed interactions was verified
by measuring FRET between SypI and SytI fluorescent pro-

Figure 7. SypI oligomerization
and SypI-VAMP2 interaction dur-
ing exocytosis. FRET measure-
ments were carried out on hip-
pocampal neurons (15–18 DIV)
cotransfected with the expression
vectors encoding either SypI-
ECFP/SypI-EYFP (SypI*SypI),
ECFP-VAMP2/SypI-EYFP (SypI*-
VAMP2), ECFP-VAMP2/EYFP-
VAMP2 (VAMP2*VAMP2), or
SypI-ECFP/SytI-EYFP (SypI*SytI).
FRET was measured after a 30-min
incubation in Ca2�-free medium
(KRH/EGTA) in the absence or
presence of 0.1 nM �-Ltx. In the
toxin-treated samples, normally
sized and swollen synaptic bou-
tons were separated for analysis.
(A) Distribution of the time con-
stants of donor photobleaching.
The results of a typical experiment
are shown. SV*SV: samples ex-
pressing two fluorescent synaptic
vesicle fusion proteins; SV*cyt:
control samples expressing one
fluorescent synaptic vesicle fusion
protein and cytosolic EYFP. For
each sample an average of 35,000
pixels was analyzed. (B) FRET ef-
ficiencies. SypI*SypI: The changes
in FRET efficiencies indicate that
SypI is present as a homo-oli-
gomer on the SV membrane and
dissociation of the oligomer occurs
in �-Ltx–stimulated swollen syn-
aptic boutons, i.e., when the SV
completely fuses with the plasma
membrane. SypI*VAMP2: The
changes in FRET efficiencies indi-
cate that VAMP2 binds to SypI on
the SV membrane, and dissocia-
tion of VAMP2 from SypI occurs
in both �-Ltx–stimulated small
and swollen boutons, i.e., before
fusion of the SV with the presyn-
aptic membrane. VAMP2*-
VAMP2: The changes in FRET ef-
ficiencies indicate that VAMP2
molecules interact in vivo to a lim-
ited extent, and dissociate in both
�-Ltx-stimulated small and swol-
len boutons, i.e., before fusion.
SypI*SytI: The absence of signifi-
cant FRET indicates that SypI and
SytI molecules do not significantly
interact in vivo. The negative val-
ues of SypI*SytI FRET efficiency under all conditions indicate a slightly higher probability of FRET between SypI-ECFP and cytosolic EYFP than
between SypI-ECFP and SytI-EYFP. E values represent means � SEM from three to five experiments. In each experiment, measurements were
carried out on 300-1800 boutons of each class. ��p 
 0.01, �p 
 0.02, Student’s t test vs. resting boutons. ��p 
 0.01, �p 
 0.05, probability that
the mean value equals 0 (see MATERIALS AND METHODS).
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teins. For this purpose, neurons were cotransfected with
SypI-ECFP and SytI-EYFP chimeras. Under resting condi-
tions as well as after �-Ltx treatment, the FRET efficiency
was negligible, indicating that no detectable interactions
between the two SV proteins occurred either before or after
exocytosis (Figure 7).

SypI/VAMP2 Interaction during Exocytosis

The occurrence in vivo of VAMP2 and SypI interaction was eval-
uated in hippocampal neurons cotransfected with the expression
vectors encoding ECFP-VAMP2 and SypI-EYFP. Under resting
conditions, the FRET efficiency between SypI and VAMP2 was

Figure 8. Pseudocolor map of the distribution of the time constants of donor photobleaching. The time constants of donor photobleaching
(�bl) can be depicted in a pseudocolor image (see MATERIALS AND METHODS), allowing a relative evaluation of the spatial and temporal
dynamics of protein–protein interactions in living cells. SypI*SypI: Neurons cotransfected with the expression vectors encoding SypI-ECFP
and SypI-EYFP. Note the heterogeneity, under resting conditions, of the �bl values that ranged from 10 to 45 s. Heterogeneity existed not only
among synapses, but also within single boutons. After �-Ltx treatment, �bl values in the class of normally sized synaptic boutons were similar
to those of the untreated specimen, whereas in the class of swollen synaptic boutons they were closely grouped in the range of 1–9 s.
SypI*VAMP2: Neurons cotransfected with the expression vectors encoding ECFP-VAMP2 and SypI-EYFP. Under resting conditions, the �bl
values ranged from 10 to 45 s, whereas in the �-Ltx–treated sample they decreased to a uniform level in both normally sized and swollen
synaptic boutons. Bar, 10 �m.
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18.5 � 3.6% (Figure 7), indicating that in living neurons the two
proteins were part of the same complex on the SV membrane.
After treatment with �-Ltx, FRET efficiency dropped to 3.9 � 3.8%
in small synaptic boutons and 5.8 � 3.5% in swollen boutons. The
large decrease in FRET efficiency in both swollen and small bou-
tons most simply implies that VAMP2 dissociates from SypI be-
fore vesicle fusion.

Pseudocolor images showed that, at rest, the photobleach-
ing time constants were heterogeneous and similar to those
observed when FRET was measured between SypI mole-
cules, whereas in �-Ltx–treated samples most time constants
in both small and large boutons were in the 1–9-s range,
with no time constants �18 s (Figure 8).

The decrease in FRET efficiency observed in the class of
swollen synaptic boutons with the tested pairs of fluorescent
molecules was not merely the consequence of the dilution of
the fluorophores in the axolemma of swollen nerve termi-
nals. In fact, in the interaction between VAMP2 and SypI
molecules, FRET occurred to a similar extent in small as well
as in swollen boutons. Indeed, in the two classes of boutons,
FRET efficiencies were not statistically different from each
other (p � 0.2), although in both classes they were different
from zero (p 
 0.05).

DISCUSSION

In vivo studies of protein–protein interactions on SVs are
hampered by poor accessibility to the small presynaptic
compartment. However, by transfecting hippocampal neu-
rons in culture with SV proteins fused to fluorescent pro-
teins and using digital imaging to measure FRET in living
neurons, we have, for the first time, directly detected mo-
lecular interactions between SV proteins in single synaptic
boutons during exocytosis.

To compare protein–protein interactions before and after
exocytosis, irreversible fusion of SVs was stimulated by �-Ltx
in the absence of external Ca2�, a condition known to cause
exocytosis of virtually all SVs present in nerve terminals while
blocking their endocytotic retrieval. Under these conditions,
collapse of SVs into the plasma membrane results in swelling
of nerve terminals (Ceccarelli and Hurlbut, 1980; Valtorta et al.,

1988; Torri-Tarelli et al., 1990). However, at the submaximal
toxin concentrations used in the present experiments, hetero-
geneity in the response to the toxin was observed; thus, the
areas of many synaptic boutons remained similar to those of
control samples, whereas the areas of other swollen boutons
increased severalfold.

In cultured hippocampal neurons, the number of SVs per
synapse can range from �20 to �600 (Schikorski and Stevens,
1997). Therefore, �-Ltx–induced swelling may be negligible in
boutons containing few SVs. The percentage of synaptic vesi-
cles that had undergone exocytosis in both classes of boutons
was established by labeling the recycling SV pool with FM1-43
(Pyle et al., 2000). We found a virtually complete loss of the
loaded dye only in synaptic boutons in which �-Ltx had trig-
gered massive exocytosis and an associated swelling. The in-
crease in the size of swollen boutons was consistent with the
incorporation of a membrane surface area equivalent to that
contributed by 40 to �1000 SVs. In contrast, exocytosis in
smaller boutons was limited to a small fraction of SVs, al-
though �-Ltx bound to both classes of boutons.

The high efficiency of FRET between fluorescent SypI mole-
cules in resting terminals as well as in small boutons of �-Ltx–
treated terminals indicates that before exocytosis SypI forms ho-
mo-oligomers on the SV membrane. These measurements in live
neurons extend previous observations that demonstrated that
purified SypI is able to form oligomers in vitro (Rehm et al., 1986;
Thomas et al., 1988; Johnston and Südhof, 1990). We have also
shown that the cytosolic, COOH-terminal domain of the protein is
not required for oligomerization. This observation prompts the
hypothesis that the process of assembly into a multimeric struc-
ture is driven by the highly conserved transmembrane domains,
which have been shown to regulate the correct targeting of the
protein to small cytoplasmic vesicles in non-neuronal cells (Leube,
1995). A large decrease in FRET efficiency between SypI proteins
in �-Ltx–stimulated neurons was observed exclusively in the class
of swollen boutons. This provides direct evidence that the oli-
gomerization of SypI is dynamically regulated and that the SypI
oligomer disassembles when the SV membrane flattens into the
presynaptic membrane.

Similarly, VAMP2 has been reported to form dimers on the SV
membrane (Calakos and Scheller, 1994; Washbourne et al., 1995).

Figure 9. Schematic representation
of the changes in SypI-SypI and SypI-
VAMP2 interactions occurring during
SV exocytosis. Before SV priming,
SypI is present as oligomers in the SV
membrane and interacts with
VAMP2, thus reducing its availability
for the formation of the SNARE com-
plexes with the t-SNAREs syntaxin
and soluble N-ethylmaleimide-sensi-
tive factor attachment protein-25. On
priming, but before fusion, VAMP2 is
released from SypI oligomers, which
may contact a putative presynaptic
membrane partner to initiate a fusion
pore. The SypI oligomers dissociate
only after complete fusion of the SVs
with the plasma membrane, after
which the monomers function to
gather SV components in preparation
for endocytotic retrieval.
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We have found VAMP2 proteins interacting on SV membranes in
resting nerve terminals, although apparently to a more limited
extent than that observed between SypI proteins. Unlike the SypI
oligomers, VAMP2 oligomers disassemble before vesicle fusion.

Previously, it has been reported that SypI binds in vitro to
VAMP2 and this interaction has been proposed to regulate the
availability of VAMP2 for the formation of SNARE complexes
(Calakos and Scheller, 1994; Edelmann et al., 1995; Washbourne et
al., 1995). Now, in intact nerve terminals we have observed an
interaction between SypI and VAMP2 that is disrupted after �-Ltx
treatment. Interestingly, dissociation occurs to similar extents in
both swollen and small synaptic boutons, and therefore is not
strictly associated with SV exocytosis. Thus, �-Ltx binding seems
to alter the molecular arrangement of proteins on the SV mem-
brane before exocytotic fusion.

Similar results were obtained after stimulation of neurotrans-
mitter release with other secretagogues. In particular, taipoxin, a
snake toxin that induces massive exocytosis while blocking endo-
cytosis also in the presence of Ca2� (Schiavo et al., 2000), gave rise
to comparable changes in FRET efficiencies (Rossetto, Pennuto,
Valtorta, and Montecucco, unpublished data).

Several hypotheses have been formulated about possible roles
played by SypI in neuroexocytosis. Regulation of SNARE com-
plex assembly is based on the sequestration of each component by
other factors. Because the SNARE and SypI/VAMP2 complexes
seem to be mutually exclusive, SypI might limit VAMP2 avail-
ability. Our data are in accordance with the idea that SypI seques-
ters VAMP2 to prevent SNARE complex assembly in resting
terminals (Figure 9). Release of VAMP2 is likely to occur in one of
the steps that precede fusion and make SVs competent for exocy-
tosis upon Ca2� influx. We have found that, after �-Ltx treatment,
the SypI/VAMP2 complex dissociates in both swollen and small
synaptic boutons, consistent with the observation that stable
SNARE complexes form during docking and priming (Xia et al.,
2001). The finding that VAMP2 molecules also interact with each
other under resting conditions and dissociate before fusion is
consistent with the idea that VAMP2 molecules are monomeric
within SNARE complexes (Sutton et al., 1998), and raises the
possibility that VAMP2 oligomerization represents an additional
mechanism for regulating SNARE complex assembly.

Based on the propensity of SypI particles reconstituted into
lipid bilayers to form voltage-dependent channels, it has been
proposed that SypI is involved in the formation of the fusion pore
(Thomas et al., 1988), the passageway that transiently connects the
SV and the plasma membrane and disassembles after complete
fusion has occurred (Monck and Fernandez, 1994). Our finding
that SypI oligomers dissociate upon full fusion of SVs is consistent
with this hypothesis. However, to form a fusion pore, SypI should
presumably bind to a counterpart protein in the plasma mem-
brane, which thus far has not been identified. Because SypI is a
major cholesterol-binding protein and oligomerizes, it has been
proposed to be responsible for local accumulation of cholesterol,
thereby favoring the bending of the planar lipid bilayer necessary
for vesicle budding (Thiele et al., 2000). This function may be
relevant for the generation of precursor vesicles at the level of the
trans-Golgi network, as well as for the recruitment of lipid and
protein components necessary for SV recycling. Indeed, a role for
SypI in endocytosis has recently been proposed (Daly et al., 2000).
The present data support both hypotheses, by showing that SypI
is present as an oligomer on the curved SV membrane and dis-
sociates into monomers when the SV membrane collapses into the
planar leaflets of the plasmalemma (Figure 9). How the oligomer-

ization process is regulated and at which step of the SV retrieval
process SypI reassociates into oligomers remain to be established.
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