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ABSTRACT: Synaptophysin and synaptobrevin/VAMP are abundant synaptic vesicle proteins that form
homo- and heterooligomers. We now use chemical cross-linking in synaptosomes, pinched-off nerve
terminals that are capable of stimulus-dependent neurotransmitter release, to investigate whether these
complexes are regulated. We show that in synaptosomes treated with three stimuli that induce exocytosis
(a depolarizing K+ solution, the excitatory neurotoxinR-latrotoxin, or the Ca2+-ionophore ionomycin),
the homo- and heteromultimerization of synaptophysin and synaptobrevin is increased up to 6-fold. Whereas
at rest less than 10% of the total synaptobrevin and synaptophysin could be chemically cross-linked into
homo- and heteromeric complexes, after stimulation up to 25% of synaptobrevin and synaptophysin are
present in homo- and heteromultimers, suggesting that a large fraction of these synaptic vesicle proteins
physiologically participate in such complexes. The increase in multimerization of synaptophysin and
synaptobrevin was only observed in intact but not in lysed synaptosomes and could not be inhibited by
general kinase or phosphatase inhibitors. The stimulus dependence of synaptophysin and synaptobrevin
multimers indicates that the complexes are not composed of a fixed multisubunit structure, for example,
as an ion channel, but represent distinct functional states of synaptobrevin and synaptophysin that are
modulated in parallel with synaptic vesicle exo- and endocytosis.

In presynaptic nerve terminals, Ca2+ influx triggers neu-
rotransmitter release by synaptic vesicle exocytosis (1). After
exocytosis, synaptic vesicles undergo endocytosis and recy-
cling. Synaptic vesicles are specialized secretory organelles
with a unique protein composition (reviewed in ref2). One
of the most abundant synaptic vesicle proteins is the soluble
N-ethylmaleimide-sensitive fusion protein (NSF) attachment
protein receptor (SNARE) protein synaptobrevin/VAMP.
During exocytosis, synaptobrevin associates with the plasma
membrane SNARE proteins syntaxin and synaptosomal-
associated protein 25 (SNAP-25) to form a tight complex,
the so-called core complex. This complex is generally
thought to mediate, at least in part, synaptic vesicle fusion,
although the precise role of the SNARE complex in
membrane fusion remains unclear (reviewed in refs3-5).
In addition to participating in the SNARE complex, synap-
tobrevin also associates into homodimers (6-9). Formation
of synaptobrevin homodimers is mediated by a conserved
amino acid motif of the transmembrane region, suggesting
that it could drive oligomerization of the SNARE complex
in vivo, contribute to SNARE complex stability, and enhance
lipid mixing during fusion (8-11). Quantitation of the
synaptobrevin dimer after detergent solubilization indicated
a dissociation constant of∼10µM (9). Although this affinity
appears to be a rather low for a physiologically significant
interaction, synaptobrevin dimers are clearly present in
isolated synaptic vesicles (12).

In addition to participating in SNARE complexes and
homodimerization, synaptobrevin forms heterooligomers with
synaptophysin, another abundant synaptic vesicle protein (6,
7, 13, 14). Synaptobrevin associates with both of the two
closely related synaptophysins that are present on synaptic
vesicles, synaptophysin 1 and synaptophysin 2/synaptoporin
(15-17). Synaptobrevin cannot simultaneously bind to
synaptophysins and participate in the SNARE complex,
suggesting that the binding of synaptobrevin to synaptophysin
serves to restrict the availability of synaptobrevin for fusion
(7, 17). The synaptobrevin/synaptophysin complex is up-
regulated during development in vivo (in rats, ref17) and
in vitro (in cultured neurons, ref18). Chronic blockade of
glutamate receptors caused an increase in neurotransmitter
release but a decrease in the synaptobrevin/synaptophysin
complex (19). In contrast, the abundance of the complex was
increased in a kindling model of epilepsy that induces
neuronal hyperexcitability (20). Calakos and Scheller (6)
detected the complex in neuroendocrine PC12 cells, whereas
Becher et al., (18) found the complex to be absent from
neuroendocrine cells. The protein sequences that mediate
formation of the synaptobrevin/synaptophysin complex are
not known. The fact that synaptobrevin cannot simulta-
neously bind to synaptophysin and form SNARE complexes
(6) implicated cytoplasmic regions of these proteins and gave
rise to the notion that the synaptophysin/synaptobrevin
heterodimer regulates the availability of synaptobrevin for
SNARE complex formation during fusion because it com-
petes with SNARE complex formation (7). However, no
direct binding of recombinant synaptophysin and synapto-
brevin was reported.
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Finally, in addition to forming complexes with synapto-
brevin, synaptophysin associates into homooligomers via its
transmembrane regions (13, 21). Different from synaptobre-
vin, which also homomultimerizes via its transmembrane
region but produces only homodimers, synaptophysin as-
sociates into hexamers and larger oligomers (13, 21). These
oligomers are noncovalent in situ but upon storage are
converted into covalent oligomers that are linked by disulfide
bonds. Physiologically, synaptophysin only has intramolecu-
lar disulfide bonds in its intravesicular loops, but these
disulfide bonds are unstable and readily exchanged between
neighboring molecules in the synaptophysin multimers (13).
The synaptophysin multimer was proposed to form a
stationary fixed protein complex that functions as a multi-
meric channel analogous to a gap junction (21).

Viewed together, the synaptic vesicle proteins synapto-
brevin and synaptophysin thus engage in at least three
complexes on the surface of synaptic vesicles: separate
homooligomers of synaptophysin and synaptobrevin and
heterooligomers between them. Do these oligomers represent
stationary protein complexes, or are they dynamically
regulated? If so, do they reflect different release states of
nerve terminals or correlate with distinct stages of the vesicle
cycle? One approach to distinguish between these hypotheses
is to examine for each of the various complexes whether it
is dynamic, that is, can be regulated by stimulation, or
stationary, that is, invariant upon stimulation. Such experi-
ments have been performed for the synaptobrevin/synapto-
physin heterodimer and for the synaptophysin homomultimer
(22, 23). Using fluorescence resonance energy transfer
(FRET)1 in transfected neurons that express GFP-fusion
proteins of synaptobrevin and synaptophysin, Pennuto et al.
(22) showed that stimulation with the neurotoxinR-latrotoxin
induced a decrease in all complexes involving synaptophysin
and synaptobrevin in “large synaptic boutons”, but had no
effect on “small synaptic boutons”. Reisinger et al. (23) used
immunoprecipitations to assess the effect of stimulation by
R-latrotoxin or the Ca2+-ionophore A23187 on the synap-
tophysin-synaptobrevin complex and also found a stimulus-
dependent decrease. Although these two studies arrive at the
same conclusion, both studies suffer from methodological
limitations. The use of transfected GFP-fusion proteins, the
functionality of which is unclear, the heterogeneity of the
synapses, and the small signal-to-noise ratio made it difficult
to evaluate the results of the FRET study. In the immuno-
precipitation experiments, proteins are first solubilized by
detergents, which can affect the abundance and stability of
the homo- and heterooligomers in situ.

In the present study, we have revisited this issue with an
independent approach and employed protein cross-linking
in synaptosomes to measure the abundance of synaptophysin
and synaptobrevin homo- and heteromultimers in their native
state. Using this method, we tested whether the association
of endogenous synaptophysin and synaptobrevin into homo-
and heterooligomers is dynamically regulated upon stimula-
tion. Our data demonstrate that strong stimulation leads to
an increase in all three complexessthe synaptophysin and

the synaptobrevin homomultimers and the synaptophysin/
synaptobrevin heterodimer. Our results indicate that the
homo- and heterooligomers of synaptophysin and synapto-
brevin are not stationary protein complexes but are dynami-
cally regulated in parallel with the synaptic vesicle cycle.

EXPERIMENTAL PROCEDURES

Preparation of Release-Competent Synaptosomes.Synap-
tosomes from mouse or rat forebrain were prepared es-
sentially as described previously (24). All manipulations were
performed at 0°C. The tissue was dissected and homog-
enized in a glass-Teflon homogenizer at 900g in buffer A
(0.32 M sucrose, 5 mM HEPES-NaOH, pH 7.4, 0.1 mM
EDTA). Homogenates were cleared by low-speed centrifuga-
tion (1000g for 10 min) and centrifuged at 14 500g for 20
min to obtain the crude synaptosome fraction (P2). The P2

pellet was resuspended in 8.5% Percoll in buffer containing
0.25 M sucrose, 5 mM HEPES-NaOH, pH 7.4, and 0.1 mM
EDTA and layered on the top of a 12%/20% Percoll step
gradient in the same buffer. After centrifugation at 18 000g
for 30 min, synaptosomes were recovered from the 12%/
20% Percoll interface. Percoll was removed by addition of
30 vol of buffer A and centrifugation at 18 000g for 20 min.
Purified synaptosomes (P4) were resuspended in ice-cold
gassed (95% O2/5% CO2) Krebs-bicarbonate buffer (com-
position in mM: 118 NaCl, 3.5 KCl, 1.25 CaCl2, 1.2 MgSO4,
1.2 KH2PO4, 25 NaHCO3, 5 HEPES-NaOH, pH 7.4, 11.5
glucose) typically at 4 mL per brain and used immediately.

Stimulation and Chemical Cross-Linking Experiments.
Aliquots of synaptosomes were diluted 2-fold with Krebs-
bicarbonate buffer (basal condition) or with stimulation
buffer. Three stimulation conditions were employed: (a) high
K+ in modified Krebs-bicarbonate buffer containing 50 mM
KCl and 71.5 mM NaCl; (b) ionomycin diluted from DMSO
stock in Krebs-bicarbonate buffer; (c)R-latrotoxin purified
from the black widow spider venom glands in Krebs-
bicarbonate buffer. Synaptosomes were incubated at 34°C
for 10 min in the atmosphere of 95% O2/5% CO2 and
subjected to chemical cross-linking for 10 min under the
same incubation conditions. Two cross-linkers were used at
0.3 mM final concentration: DSP from freshly prepared
DMSO stock and DTSSP dissolved in water. After the
incubations, excess of the cross-linker was quenched by
adding Tris-HCl, pH 7.4 (0.1 M final concentration);
synaptosomes were pelleted by centrifugation (3000g for 10
min) and resuspended in SDS-PAGE sample buffer without
reducing agents.

SDS-PAGE, Immunoblotting, and Protein Quantitations.
Tris-glycine SDS-PAGE and immunoblotting were per-
formed as described previously (25, 26). Standard immuno-
blotting was performed with enhanced chemiluminescence
(ECL, Amersham). Quantitative immunoblotting was per-
formed using radiolabeled125I secondary antibodies (Am-
ersham), and signals were quantitated on PhosphorImager
(Molecular Dynamics) using ImageQuant software (27).

RESULTS

Cross-Linking Analysis of SynaptobreVin and Synapto-
physin Homo- and Heterodimers.We purified synaptosomes
on Percoll gradients (28) and incubated them at 34°C in
control buffer or buffers containing either high K+ (to

1 Abbreviations: FRET, fluorescence resonance energy transfer; GFP,
green fluorescent protein; DSP, dithiobis-succinimidyl propionate;
DTSSP, 3,3′-dithiobis-sulfosuccinimidyl propionate; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis.
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stimulate the synaptosomes by depolarization-induced Ca2+

influx), ionomycin (to stimulate the synaptosomes by iono-
phore-mediated Ca2+ influx), or R-latrotoxin (a presynaptic
excitatory toxin that directly stimulates synaptic vesicle
exocytosis). Neurotransmitter release induced by these three
agents was extensively characterized in previous studies (see
ref 29 for an example of such experiments from our
laboratory). After 10 min of incubation, we added 0.3 mM
DSP (a membrane-permeable cross-linking agent) to the
synaptosomes. This concentration of DSP was chosen
because preliminary experiments showed that 0.3 mM DSP
was the minimal effective concentration that induced reliable
cross-linking of synaptobrevin and synaptophysin in intact
synaptosomes (data not shown). After an additional incuba-
tion period of 10 min, we examined the cross-linking of
synaptobrevin and synaptophysin in the synaptosomes by
SDS-PAGE and immunoblotting.

In nonstimulated synaptosomes, chemical cross-linking
uncovered the presence of synaptophysin homodimers,
synaptobrevin homodimers, and synaptobrevin/synaptophysin
heterodimers (Figure 1A). Quantitation using125I-labeled
secondary antibodies revealed that approximately 2-5% and
1-2% of the total synaptobrevin 2 and synaptophysin,
respectively, were engaged in homodimers under basal
conditions. Similarly, approximately 2-5% and 0.5-1.0%
of the total synaptobrevin 2 and synaptophysin, respectively,

participated in synaptophysin/synaptobrevin heterodimers.
Thus, in agreement with previous studies (6-8, 13, 21), a
substantial proportion of synaptophysin and synaptobrevin
were present in homo- and heteromeric complexes in
nonstimulated synaptosomes. No cross-linking of synapto-
brevin to other SNARE proteins was observed under our
experimental conditions, presumably because of the poor
efficiency of DSP in cross-linking SNARE complexes, which
are best detected by immunoprecipitation experiments.

Stimulation dramatically increased the abundance of the
synaptophysin and synaptobrevin homodimers and the syn-
aptobrevin/synaptophysin heterodimers (Figure 1A). K+

depolarization was the least effective, whereas both iono-
mycin andR-latrotoxin were very potent in increasing all
three complexes. The increase in the synaptobrevin/synap-
tophysin heterodimer upon stimulation of exocytosis is
somewhat surprising given the notion that this complex may
represent a negative regulator of synaptobrevin for SNARE
complex formation (7, 17). This increase is also at odds with
observations of transfected synaptobrevin- and synapto-
physin-fusion proteins (22) and immunoprecipitation studies
from cultured neurons (23), both of which suggested that
the synaptobrevin/synaptophysin complex may decrease upon
R-latrotoxin stimulation. To ensure that the cross-linked 50
kDa band observed with synaptophysin and synaptobrevin
antibodies indeed corresponds to the synaptobrevin/synap-
tophysin heterodimer, we compared synaptosomes derived
from wild-type and synaptophysin-deficient (knockout)
KO) mice (30). In the synaptosomes from synaptophysin KO
mice, no 50 kDa cross-linked band was detected with
synaptobrevin antibodies, whereas the 25 kDa synaptobrevin
homodimer was still present (Figure 1B), confirming that
the cross-linking experiments monitor an increase in the
synaptophysin/synaptobrevin heterodimer upon stimulation.

QuantitatiVe Analysis of Homo- and Heteromultimeriza-
tion. To measure the stimulus-dependent changes in synap-
tophysin and synaptobrevin multimerization, we quantified
immunoblotting signals on gels using125I-labeled secondary
antibodies (27). This approach allows precise calculation of
the percentage of a given protein that is cross-linked because
the relative abundance of the homo- and heterodimeric
complexes and monomers are determined on the same blot.
Quantitation of the homo- and heteromultimers of synapto-
brevin 2 (Figure 2) showed that K+ depolarization induced
a modest increase in homodimerization of synaptobrevin
(20% increase) and a larger increase in heterodimerization
of synaptobrevin with synaptophysin (>100% increase).
Stimulation with even low concentrations of ionomycin (0.5
µM) induced a much bigger increase in synaptobrevin homo-
and heterodimerization, namely, a∼100% increase in the
synaptobrevin homodimer and a>500% increase in the
synaptobrevin/synaptophysin heterodimer (Figure 2).

We next systematically examined the stimulus-dependent
formation of all three synaptobrevin and synaptophysin
complexes under the same conditions using antibodies to both
synaptobrevin and synaptophysin (Figure 3). Ionomycin and
R-latrotoxin similarly promoted multimerization of all com-
plexes, but the three complexes were increased to different
degrees. With a maximally 2-fold increase, the synaptobrevin
homodimer was the least dynamic complex, whereas with
an almost 10-fold increase, the synaptophysin homodimer
was the most dynamic (Figure 3). Stimulation enhanced the

FIGURE 1: Immunoblotting analysis of synaptobrevin 2 (Syb 2)
and synaptophysin (Syp) complexes after chemical cross-linking
in synaptosomes. In panel A, synaptosomes were incubated for 10
min in oxygenated regular buffer or buffer containing a depolarizing
concentration of K+ (25 mM), 5 µM ionomycin (Ion.), or 4 nM
R-latrotoxin (Ltx). Synaptosomes were treated with the membrane-
permeable cross-linking agent DSP at 0.3 mM for 10 min, and
synaptosomal proteins were analyzed by SDS-PAGE and immu-
noblotting with synaptobrevin (upper panel) and synaptophysin
(lower panel) antibodies. Complexes are identified on the right. In
panel B, synaptosomes prepared from wild-type and synaptophysin
KO mice were analyzed as described for panel A.
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synaptobrevin/synaptophysin heterodimer∼5-fold indepen-
dent of whether it was measured with synaptobrevin or
synaptophysin antibodies (Figure 3). The absolute percentage
of cross-linked synaptobrevin and synaptophysin varied
between synaptosome preparations, but the relative potentia-
tion of multimerization by ionomycin orR-latrotoxin was
highly reproducible. Within each experiment, approximately
two times as much synaptobrevin reproducibly participated
in synaptophysin heterodimers than in synaptobrevin ho-
modimers, and the degree of stimulation of the latter
exceeded that of the former.

Mechanisms of Homo- and Heteromultimerization.The
differential dynamics of the synaptobrevin and synaptophysin
homodimers and the synaptobrevin/synaptophysin het-
erodimer indicate that these complexes are fundamentally
different. A very small part of the synaptobrevin sequence
and a larger part of the synaptophysin sequences are
intravesicular (31, 32) and are exposed on the cell surface
during exocytosis. When we applied a membrane-imperme-
able cross-linking agent, DTSSP, to synaptosomes, we
observed a small but significant amount of synaptobrevin
homodimers, whereas we detected no synaptobrevin/synap-
tophysin heterodimers (Figure 4A). Cross-linking of the
homodimers was still enhanced by stimulation with iono-
mycin. Quantitation revealed that although the amount of
cross-linking was decreased, the degree of enhanced cross-
linking by ionomycin was similar (Figure 4B). This result
supports the notion that the synaptobrevin homodimers are
at least partially exposed at the cell surface during the vesicle
lifecycle, whereas the synaptophysin/synaptobrevin het-
erodimers are not.

What mechanisms are involved in the stimulus-dependent
modulation of the complexes? Hypotonic lysis of synapto-
somes without detergent solubilization strongly inhibited the
formation of synaptobrevin homodimers and synaptobrevin/
synaptophysin heterodimers (Figure 5). Furthermore, in
contrast to intact synaptosomes, in lysed synaptosomes
ionomycin treatment did not induce an increase in the
multimerization of synaptobrevin and synaptophysin. The
apparent decrease in the synaptobrevin/synaptophysin het-
erodimer in lysed synaptosomes that were treated with
ionomycin in the presence of calcium (Figure 5, last lane)
could be due to increased proteolysis of synaptophysin,
synaptobrevin, or both or could be caused by a reduced
stability of the heterodimer after lysis of synaptosomes.
Therefore, efficient multimerization of synaptobrevin and
synaptophysin requires not only colocalization of both
proteins in the synaptic vesicle membrane but also an intact
cytosolic environment. This conclusion is further supported
by previous studies demonstrating that the synaptophysin-
synaptobrevin complex is upregulated during development
and depends on an unidentified cytosolic factor present in
the adult synaptosomes (17, 18).

Protein complexes at synapses are often regulated by
activity-dependent protein phosphorylation or dephospho-

FIGURE 2: Quantitative immunoblotting analysis of stimulus-
dependent synaptobrevin cross-linking in synaptosomes. Synapto-
somes were treated with control buffer (basal), depolarizing K+

buffer (25 mM), or various concentrations of ionomycin. The
amount of free synaptobrevin and of synaptobrevin present in cross-
linked homodimers and heterodimers with synaptophysin was
measured by quantitative immunoblotting using125I-labeled second-
ary antibodies and phosphorimager detection. The amount of cross-
linked synaptobrevin is expressed as percent of the total signal.
Data are means of triplicates( SEMs from a single experiment
repeated three times with similar results.

FIGURE 3: Comparison of stimulus-dependent synaptobrevin and
synaptophysin complex formation. Synaptosomes were treated with
control buffer (basal) or the indicated stimuli (Ion.) ionomycin;
Ltx ) R-latrotoxin) and subjected to cross-linking. Protein com-
plexes were quantified using synaptobrevin antibodies (top) or
synaptophysin antibodies (bottom) as described for Figure 2.
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rylation. To test whether serine/threonine kinases or phos-
phatases modulate synaptobrevin homo- and heterodimer-
ization, we employed inhibitors of protein kinases or
phosphatases. We examined whether synaptobrevin homo-
and heterodimerization is altered by application of stauro-
sporine, a general protein kinase inhibitor, or okadaic acid,
a protein phosphatase inhibitor that at the high concentration
used in our experiments acts on multiple phosphatases
(Figure 6). However, neither agent caused a significant
change in the abundance of the synaptobrevin/synaptophysin

complexes under resting or stimulation conditions, suggesting
that serine/threonine kinases and phosphatases are not directly
involved in synaptobrevin or synaptophysin multimerization.
In addition, we tested effects of various pharmacological
agents that inhibit specific protein serine/threonine kinases
(ML-7, Gö 6976), tyrosine kinases and phosphatases (genistein,
peroxovanadate), and lipid kinases (wortmanin, LY 294002),
affect protein phosphorylation indirectly (forskolin, IBMX,
phorbol esthers), or inhibit cytoskeleton assembly or disas-
sembly (latrunculin A, jasplakinolide). Again, none of these
agents had a significant effect on synaptobrevin/synapto-
physin complexes (data not shown).

DISCUSSION

This study investigates three complexes formed by the
synaptic vesicle proteins synaptobrevin and synaptophysin:
the synaptobrevin homodimer, synaptophysin homomultim-
ers, and the synaptobrevin/synaptophysin heterodimer. In a
direct comparative analysis of these three complexes, our
results confirm previous conclusions that these complexes
exist physiologically, a question that was most recently
debated for the synaptobrevin dimer (9, 12). In fact, the
abundance of all three complexes, as determined by the
relatively inefficient chemical cross-linking approach in intact
synaptosomes, is surprising. Our results suggest that the
majority of synaptobrevin and synaptophysin are engaged
in homo- and heteromeric complexes in vivo. A relatively
larger percentage of synaptobrevin participated in hetero-
meric complexes with synaptophysin than in homomeric
complexes; conversely, a greater percentage of synaptophysin
participated in homomultimers than in heterodimers with
synaptobrevin. The most important result of our study,

FIGURE 4: A membrane-impermeable cross-linking agent selectively
detects synaptobrevin homodimers. Synaptosomes were incubated
with control buffer or 5 µM ionomycin and treated with the
membrane-permeable cross-linking agent DSP or the membrane-
impermeable cross-linking agent DTSSP at 0.3 mM. Complexes
were analyzed by SDS-PAGE (A) and quantitated by immunob-
lotting with synaptobrevin primary and125I-labeled secondary
antibodies (B) as described for Figure 2.

FIGURE 5: Synaptobrevin and -physin multimerization requires an
intact cytosolic environment. Synaptosomes were treated with
buffers containing the indicated components (Ca2+ ) 1.25 mM
Ca2+; Ion. ) 5 µM ionomycin) and pelleted. Synaptosomal pellets
were resuspended in normal buffer or water (for hypotonic lysis)
and incubated with DSP. Protein complexes were then examined
by SDS-PAGE and immunoblotting with synaptobrevin antibodies.

FIGURE 6: Synaptobrevin homo- and heteromultimerization are not
inhibited by a protein kinase (staurosporine) or phosphatase inhibitor
(okadaic acid). Synaptosomes were incubated for 10 min with or
without 1 µM staurosporine or 5µM okadaic acid, followed by
additional incubation in the presence or absence of 5µM ionomycin
as indicated and cross-linking. Complexes were quantitated by
SDS-PAGE and immunoblotting with synaptobrevin primary and
125I-labeled secondary antibodies as described on Figure 2. Data
are from a single experiment repeated two times.
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however, may be the finding that stimulation regulates the
formation of all three complexes. Although the relative
abundance of the three complexes and their changes upon
stimulation differed, all complexes were significantly up-
regulated when synaptosomes were stimulated. In fact, in
some experiments stimulation resulted in the cross-linking
of up to a third of the total synaptobrevin into heteromul-
timeric complexes with synaptophysin and of up to a fourth
of the total synaptophysin into homomeric complexes. The
dynamic nature of the complexes implies that they are not
stationary components of vesicles but are regulated in parallel
with synaptic vesicle exo- and endocytosis.

A limitation of our experimental approach is that we used
synaptosomes, an artificial system that may not faithfully
reflect all properties of normal nerve terminals in an intact
brain. A second limitation is that we employed chemical
cross-linking as a method to identify complexes. This
technique can only measure a fraction of protein complexes
that exist in situ and usually underestimates the abundance
of such complexes. Indeed, we observed no cross-linking of
synaptobrevin into SNARE complexes, probably because
these complexes are resistant to chemical cross-linking by
DSP or DTSSP. As a result, we do not know whether
homomultimerization of synaptobrevin via its transmembrane
region is related to SNARE complex formation. However,
the limitations inherent in using synaptosomes and chemical
cross-linking are balanced by major advantages of this
approach. As release-competent subcellular structures that
are freshly prepared from brain, the regulation of synaptic
vesicles is not necessarily less physiological in synaptosomes
than, for example, in cultured neurons in which the nerve
terminals have developed under relatively nonphysiological
conditions. Similarly, the use of chemical cross-linking
allows monitoring of complexes formed by endogenous,
nonmodified proteins and does not require disrupting func-
tional nerve terminals prior to analysis. Thus, although our
measurements of the various synaptobrevin and synapto-
physin complexes only allow lower limit estimates of their
abundance, these measurement likely report on a physiologi-
cal event.

Two previous studies examined the effect of stimulation
on synaptobrevin and synaptophysin complexes. Pennuto et
al. (22) used FRET between transfected EYFP- and ECFP-
fusion proteins to monitor these complexes. With this elegant
method, Pennuto et al. found thatR-latrotoxin stimulation
decreased the abundance of the synaptobrevin/synaptophysin
heterodimer. Reisinger et al. (23) employed immunoprecipi-
tations of proteins solubilized from cultured neurons (treated
with control buffer orR-latrotoxin) as a method to monitor
the synaptobrevin/synaptophysin complex and also observed
a stimulation-dependent decrease in the complex. At present,
it is difficult to resolve the discrepancy between our study,
which reports a stimulation-dependent increase in this
complex, and the previous results, which suggest a stimula-
tion-dependent decrease. However, the two previous studies
suffered from limitations that restrict their usefulness. In the
FRET study (22), an effect of stimulation on the synapto-
brevin and synaptophysin complexes was only observed in
a subset of synapses that were particularly large, and the
FRET signals were rather small, presumably because the
fluorophores on the fusion proteins are not in close proximity.
Moreover, it is unclear whether the EYFP- and ECFP-fusion

proteins of synaptobrevin and synaptophysin used in this
study were functionally integrated into the secretory ma-
chinery of the nerve terminal. This is particularly a concern
for synaptophysin, the overexpression of which in PC12 cells
blocks exocytosis (33), suggesting the possibility that trans-
fected synaptophysin-ECFP alters exocytosis in the nerve
terminals. Preliminary data from our lab support this pos-
sibility (M. V. K. and T. C. S., unpublished). In the
immunoprecipitation study, proteins first had to be solubi-
lized by detergents before an analysis could be performed.
Since simple lysis of synaptosomes already greatly dimin-
ishes the abundance of both synaptobrevin complexes (Figure
5), it is unclear whether the immunoprecipitated complexes
retain the physiological assembly states of the protein
complexes in situ. In fact, our data demonstrating that the
complexes depend on an intact cellular environment indicate
that one reason for the stimulation-dependent decrease
observed in previous studies may have been that the strong
stimulations used impaired the integrity of the cells.

What is the functional role of the complexes studied here?
The synaptobrevin/synaptophysin complex appears to prevent
synaptobrevin from entering into SNARE complexes (6, 7),
suggesting that the complex regulates the availability of
synaptobrevin for fusion. However, deletion of synaptophysin
in mice does not appear to have a major effect on neu-
rotransmitter release (30, 34), arguing against a role for
synaptophysin in SNARE complex assembly. Unfortunately
at this point no clear function for synaptophysin has emerged
despite intense studies. It seems likely that synaptophysin
as one of the most abundant synaptic vesicle proteinss
possibly the most abundant vesicle proteinsperforms a major
role in vesicle traffic, which could have easily been missed
in the electrophysiological analysis of brain slices from the
synaptophysin knockout mice (30, 35). Until this function
is defined, an evaluation of the role of the synaptophysin
homo- and heteromeric complexes will be difficult, although
their striking stimulus-dependent modulation shown here
strongly argues for a role in synaptic vesicle membrane
traffic.

The formulation of a functional hypothesis for a possible
role of the synaptobrevin homodimer is much easier than
for the synaptophysin complexes. The action of the SNARE
protein synaptobrevin in synaptic vesicle fusion is thought
to involve the transmembrane region of synaptobrevin
(reviewed in ref5). Homodimerization of synaptobrevin via
its transmembrane region (8-10, 12) likely promotes fusion
by facilitating multimerization of SNARE complexes and
assembly of fusion pores. The stimulus-dependent increase
in the synaptobrevin homodimer could thus reflect an
upregulation of the “fusability” of synaptic vesicles or an
assembly of such homodimers during fusion, a possibility
that is supported by the detection of such homodimers with
nonpermeable cross-linking agents (Figure 4). Differentiating
between these two interesting possibilities will require a
mutational analysis of synaptobrevin in a rescue system that
allows testing of structure-function relations of synapto-
brevin in vivo.
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