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interactions between synapsin and actin regulate the

clustering of synaptic vesicles and the availability of vesicles
for release during synaptic activity. Here, we have used
immunogold electron microscopy to examine the subcellular
localization of actin and synapsin in the giant synapse in
lamprey at different states of synaptic activity. In agreement
with earlier observations, in synapses at rest, synapsin
immunoreactivity was preferentially localized to a portion
of the vesicle cluster distal to the active zone. During
synaptic activity, however, synapsin was detected in the
pool of vesicles proximal to the active zone. In addition,
actin and synapsin were found colocalized in a dynamic

I t has been hypothesized that in the mature nerve terminal,

filamentous cytomatrix at the sites of synaptic vesicle re-
cycling, endocytic zones. Synapsin immunolabeling was
not associated with clathrin-coated intermediates but was
found on vesicles that appeared to be recycling back to the
cluster. Disruption of synapsin function by microinjection
of antisynapsin antibodies resulted in a prominent reduction
of the cytomatrix at endocytic zones of active synapses.
Our data suggest that in addition to its known function in
clustering of vesicles in the reserve pool, synapsin migrates
from the synaptic vesicle cluster and participates in the
organization of the actin-rich cytomatrix in the endocytic
zone during synaptic activity.

Introduction

Synaptic transmission depends on a highly regulated, rapid,
and sustainable cycle of vesicle exo- and endocytosis. In
neurons, secretory vesicles filled with neurotransmitter are
clustered at release sites. After fusion at the active zone, vesicles
are reformed locally, primarily via clathrin-mediated endo-
cytosis, and then rejoin the synaptic vesicle cluster (for review
see Slepnev and De Camilli, 2000). Evidence linking actin
dynamics to presynaptic functions has been reported. Actin
was localized to nerve terminals and implicated in several
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stages of the synaptic vesicle cycle, such as vesicle clustering,
release, and endocytosis (Doussau and Augustine, 2000).
In recent imaging studies, it has been shown that the pre-
synaptic actin cytoskeleton undergoes plastic modification
during synaptic activity (Morales et al., 2000; Colicos et al.,
2001; Sankaranarayanan et al., 2003). At the ultrastructural
level, perturbation of actin dynamics revealed an activity-
dependent cytoskeletal matrix involved in the delivery of
recycled synaptic vesicles back to the vesicle cluster (Shupliakov
et al., 2002).

One of the first actin-binding proteins to be identified in
nerve terminals was synapsin (for review see Greengard et
al., 1994). Synapsins are a family of neuron-specific proteins
that are bound to synaptic vesicles. Three highly conserved
mammalian synapsin genes give rise to several protein iso-
forms via alternative splicing (Kao et al., 1999). Although
distinct functions of the synapsin gene products are not
known, the dominant isoforms in the mature nerve terminal
are synapsins Ia, Ib, ITa, and IIb (Stidhof et al., 1989; Pieribone
et al., 2002). Acute perturbation of synapsin function in a
variety of in vivo systems has demonstrated its critical role in
regulating neurotransmission (Llinas et al., 1985, 1991;
Pieribone et al., 1995; Hilfiker et al., 1998). Mice geneti-
cally deficient in synapsin I, synapsin II, or both are viable,
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Figure 1.  Ultrastructural localization of actin in resting and stimulated reticulospinal synapses. (A) Electron micrograph of a synapse in an
unstimulated specimen labeled with an anti-actin antibody. Arrowhead indicates gold particle. Thick arrow indicates active zone. (B) Immunogold
localization of actin in a synapse stimulated with action potentials at 5 Hz. Thin arrow indicates filamentous matrix in the endocytic zone. (C and D)
Endocytic zones in two different stimulated synapses. Note clathrin-coated intermediates (ccp) at the presynaptic membrane in stimulated axons.
m, mitochondrion; svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars, 100 nm.

but synaptic vesicle clustering is almost completely abolished
and the number of synaptic vesicles is drastically reduced (Li
etal., 1995; Takei et al., 1995). These morphological defects
result in significant deficits in synaptic plasticity and behav-
ior (Rosahl et al., 1993, 1995; Li et al., 1995; Ryan et al.,
1996; Terada et al., 1999). To understand the mechanism

by which synapsin regulates neurotransmitter release, its in-
teractions with actin have been examined in vitro (Green-
gard et al., 1994). As an actin-nucleating agent, synapsin
lowers the critical concentration of actin necessary for fila-
ment formation (Benfenati et al., 1992; Fesce et al., 1992;
Valtorta et al., 1992). Furthermore, synaptic vesicles con-
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taining synapsin are able to promote globular actin (G-
actin)* nucleation and filamentous actin (F-actin) polymer-
ization, whereas vesicles stripped of synapsin are unable to
do so (Benfenati et al., 1989). Synapsin also stabilizes and
bundles F-actin in a phosphorylation-dependent manner
(Bahler et al., 1989; Jovanovic et al., 1996). Finally, syn-
apsin binds simultaneously to both actin and synaptic vesi-
cles (Benfenati et al., 1992). Based upon a variety of in vivo
and in vitro data, these synapsin—actin interactions have
been proposed to take place in vesicle clusters of synapses.
Upon depolarization, synapsin changes its conformation and
dissociates from actin, thereby freeing synaptic vesicles for
release (Greengard et al., 1994; Esser et al., 1998). Addi-
tional functions of synapsins have also been proposed (Esser
et al., 1998; Hosaka and Siidhof, 1999).

Previously, we examined the effects of synapsin- (Pieri-
bone et al. 1995) and actin-perturbing compounds (Shuplia-
kov et al., 2002) on the structure and function of a central
nervous system synapse. Reagents that interfere with syn-
apsin function caused a disruption of the synaptic vesicle
cluster. Surprisingly, actin-perturbing reagents did not di-
rectly disrupt the organization of the synaptic vesicle cluster.
Rather, these reagents were more effective in the area lateral
to the active zone, where they altered the trafficking of recy-
cled vesicles back to the cluster. Thus, our experiments re-
vealed a dynamic cytoskeletal matrix surrounding the vesicle
cluster that assembles during synaptic activity and partici-
pates in the recycling of synaptic vesicles. This cytomatrix
contained actin, as demonstrated by light microscopy after
injection of Oregon green phalloidin into the synapse (Shu-
pliakov et al., 2002). In light of these findings, we sought to
localize both actin and synapsin in a central nervous system
synapse using immunogold electron microscopic techniques.
We performed these studies in the reticulospinal synapse of
the lamprey, which is uniquely suited to relate ultrastruc-
tural synaptic organization with function (Shupliakov and
Brodin, 2000). Within the same axon, synapses are often
separated by large regions of axoplasm, making it possible to
attribute recycling intermediates to a particular synapse.
These features make this preparation particularly well suited
for the subcellular localization of synaptic proteins.

Results

Immunolocalization of actin in the synapse

A monoclonal anti-actin antibody was used to label lamprey
synapses at rest and during synaptic activity. Fig. 1 A shows
a giant reticulospinal synapse at rest, labeled using postem-
bedding immunogold techniques. Immunogold particles are
predominantly associated with the postsynaptic density of
the synapse. Only a small number of gold particles were de-
tected within the vesicle cluster and the axoplasmic matrix.
Labeling was also consistently associated with regions lateral
to the active zones (Fig. 1 A). Small amounts of filamentous
material were often observed in these regions. On several
sections containing dense projections, gold particles were as-
sociated with the active zone (Fig. 1 A). This is in agreement

*Abbreviations used in this paper: 3-D, three-dimensional; CaMKII,
calmodulin-dependent protein kinase II; F-actin, filamentous actin;
G-actin, globular actin; SV2, synaptic vesicle protein 2.
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Table I. Quantitative analysis of actin immunogold labeling

Profile Unstimulated 5 Hz stimulated
n Mean £SEM n Mean + SEM
particles/um’ particles/um’
Endocytic zone 9 21011 9 312 = 63
Synaptic vesicle cluster 5 6.22 = 2.2 6 6.45 = 3.5
Axoplasm 5 1.25*+038 6 1.33 £0.54
Postsynaptic density 5 338 £23 5 459 = 93

with recent findings indicating that actin may be associated
with these structures (Phillips et al., 2001). Preabsorption of
the antibody with actin abolished the labeling (not de-
picted). Quantitative evaluation of actin immunoreactivity
in resting synapses is shown in Table I.

The subcellular distribution of actin was examined in
synapses stimulated at 5 Hz for 20 min (Table I). As
shown previously with this stimulation protocol (Shuplia-
kov et al., 1997), coated endocytic intermediates were ob-
served lateral to the active zone (Fig. 1, B-D). These inter-
mediates, as well as uncoated small clear vesicles, were
often found in contact with the filamentous material that
was decorated by anti-actin antibodies (Fig. 1, C and D). A
significant increase in actin immunolabeling at the lateral
sides of the active zone was observed, as compared with
synapses fixed at rest (P < 0.0001, » = 9, unpaired ¢ test).
This increase was associated with a proliferation of the fila-
mentous material, which was heavily decorated with gold
particles (Fig. 1, B-D). As in synapses fixed at rest, gold
particles were associated with the synaptic vesicle cluster;
most of this labeling, however, was found in the peripheral
regions of the cluster (Fig. 1 B).

Immunolocalization of synapsin at rest

and during synaptic activity

The antisynapsin antibodies used in our experiments pro-
duced robust punctate immunoreactivity on cryostat sec-
tions of the lamprey spinal cord, reflecting the discrete local-
ization of synapses in this tissue. Single puncta were detected
consistently on the internal surface of reticulospinal axons,
suggesting a synaptic labeling (Fig. 2 A).

To examine the distribution of synapsin immunoreactiv-
ity at various stages of the synaptic vesicle cycle at the ultra-
structural level, we stained reticulospinal synapses with syn-
apsin antibodies at rest and during stimulation. Under
resting conditions, synapsin was present predominantly on
clustered vesicles located at a distance >100 nm from the
presynaptic active zone (Fig. 2, B and C; Pieribone et al,,
1995). In synapses stimulated at 5 Hz or exposed to elevated
potassium Ringer’s solution for 15 min, the distribution of
synapsin immunolabeling in the 100-nm zone of the vesicle
cluster immediately adjacent to the presynaptic membrane
increased twofold (Fig. 2, D and E; Fig. 3; P < 0.01, un-
paired ¢ test). An even distribution of gold particles was ob-
served in the distal portion of the cluster. By contrast, label-
ing of an integral vesicle membrane protein (synaptic vesicle
protein 2 [SV2]) was uniformly distributed throughout the
cluster at rest (Fig. 2 F; Fig. 3; P > 0.05, » = 16, unpaired ¢
test). These data indicate that synapsin redistributes within
the cluster during synaptic activity.
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Figure 2. Redistribution of synapsin in resting and stimulated reticulospinal synapses. (A) Transverse section of a reticulospinal axon (rs)
stained with lamprey-specific synapsin antibodies using immunofluorescence. Punctate labeling (arrows) is localized close to the surface of the
axon. (B) The ultrastructural localization of synapsin at rest. Gold particles are associated with the synaptic vesicle cluster. Thick arrows indicate
active zone. (C—F) An increase in synapsin labeling in the area within 100 nm from the presynaptic membrane in the vesicle cluster at different
states: (C) rest; (D) 5 Hz action potential stimulation; (E) high K* stimulation; (F) control, SV2 immunolabeling at rest. (G-I) Electron micrographs
of synapses stimulated by action potentials at 5 Hz for 20 min and labeled for synapsin. Thin arrow indicates filamentous matrix. Note that

synapsin is associated with the filamentous cytomatrix and vesicles in the endocytic zone. svc, synaptic vesicle cluster; v, vesicles in the
filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars: (A) 20 wm; (F) 100 nm, also for C-E; (G) 100 nm, also for B; (I) 100 nm, also for H.

In stimulated synapses, synapsin immunoreactivity was ob-
served within the filamentous cytomatrix formed at the lateral
edges of active zones during stimulation (Fig. 2 G; Fig. 4, A and
B). Synapsin labeling was associated with synaptic vesicles
present in the cytomatrix, which appeared to be in transit to the
vesicle cluster (Fig. 2, G-I; Fig. 4, A and B). Only occasional
gold particles were found at synaptic endocytic zones at rest.

To overview the spatial distribution of actin and synapsin
in the active synapse, we performed a three-dimensional
(3-D) reconstruction of ten 90-nm serial sections (Fig. 4, A and
B). The reconstruction contained ~900 clustered synaptic
vesicles, roughly equivalent to one half of an average reticu-
lospinal synaptic vesicle cluster, and 40 synaptic vesicles en-
meshed within the filamentous cytomatrix. The filaments
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Figure 3.  Quantitative evaluation of gold particle distribution
at active zones at rest and during synaptic activity. The bar graph
shows the ratio of gold particle densities between 0-100 nm and
100-200 nm from the active zone. Atrest, n = 8; 5 Hz, n = 13, and
K* stimulation, n = 12.
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were distinctly localized to endocytic zones of the plasma
membrane and formed a halo-like structure spanning from
the plasma membrane to the vesicle cluster. The ultrastruc-
tural architecture of the actin-rich cytomatrix thus correlates
well with fluorescent phalloidin rings previously observed
around vesicle clusters (Shupliakov et al., 2002; Sankarana-
rayanan et al., 2003). The majority of synaptic vesicles en-
meshed in the cytomatrix were labeled for synapsin, as were
the clustered synaptic vesicles.

To directly test if synapsin and actin are colocalized
around the synapse, double labeling experiments were
performed. Sections were incubated in a mixture of rabbit
anti-synapsin domain D antibodies and a mouse anti-actin
antibody. The primary antibodies were detected with the cor-
responding secondary antibodies coupled to 5- and 10-nm
gold particles, respectively. In stimulated synapses, labeling
for both synapsin and actin was observed within the fila-

Figure 4. 3-D distribution of synapsin in stimulated reticulospinal synapse. (A) Electron micrograph of one serial section of a reticulospinal
synapse stimulated at 5 Hz for 20 min, shown reconstructed in B. Synapsin is present on vesicles (v) in the filamentous cytomatrix (arrow).
svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. ccp, clathrin-coated pit. This arrow
indicates active zone. (B) 3-D reconstruction of 10 serial ultrathin sections. The area occupied by actin-rich filamentous cytomatrix lateral to the
vesicle cluster is shown in yellow. The plasma membrane is depicted in green. All synaptic vesicles are shown in red. Colloidal gold particles
are indicated by white spheres. Clathrin-coated endocytic intermediates are shown as flat blue discs on the plasma membrane. Bar, 100 nm.
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Figure 5. Distribution of synapsin and actin in active synapses as revealed by double labeling. (A) Electron micrograph of a synapse stimulated
with high K* for 30 min. Large gold particles (enhanced 10 nm) denote actin and small (enhanced 5 nm) denote synapsin immunoreactivity.
(B-D) Regions of endocytic zones, containing filamentous cytomatrix in three synapses stimulated at 5 Hz for 20 min and labeled with
immunogold as in A. (E and F) Electron micrographs of endocytic regions containing clathrin-coated intermediates in synapses stimulated
with high K* for 30 min. svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars, 100 nm.

mentous cytomatrix and on synaptic vesicles recycling back
to the cluster (Fig. 5, A-D).

To address the possible pathway by which synapsin be-
comes associated with the actin cytomatrix and recycling
vesicles, we investigated if synapsin labeling is associated
with clathrin-coated intermediates. Both action potential—
stimulated (5 Hz) and K*-stimulated synapses were exam-
ined. In neither case did we detect labeling of coated inter-
mediates or of the plasma membrane. This was particularly
evident in preparations stimulated with high K, in which
numerous endocytic intermediates occurred at the endocytic
zone (Fig. 5, E and F; see also Fig. 2 G). Ultrathin sections
were stained with both synapsin and SV2 antibodies (Fig. 6,
A-C). As in previous experiments, SV2 antibodies efficiently
labeled synaptic vesicle clusters (Fig. 6 A). In addition, SV2
immunolabeling was observed on coated intermediates as
well as on the plasma membrane in the endocytic zone (Fig.
6, B and C). These results indicate that synapsin is not
linked to the vesicle membrane before endocytosis, but asso-

ciates with the recycled vesicle after it has been released into
the cytoplasm.

Microinjection of synapsin antibodies results in a
decrease of the actin-rich filamentous matrix

at endocytic zones

The activity-dependent migration of synapsin to the en-
docytic zone and its colocalization with actin suggest that it
may be involved in the organization of actin in this region. To
test this possibility, antisynapsin antibodies were microin-
jected into giant reticulospinal axons to perturb the function
of synapsin. G-304 antibodies, which disrupt the distal pool
of synaptic vesicles in lamprey synapses (Pieribone et al.,
1995), were used in these experiments. After antibody micro-
injection, control and injected axons were subjected to high-
frequency action potential stimulation (18 Hz) for 6 min to
induce synaptic vesicle recycling and then immediately fixed.
The ultrastructure of synapses from injected and control ax-
ons was studied in serial ultrathin sections. In agreement with
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Figure 6. Localization of synapsin in the endocytic zone. Electron micrographs from synapses double labeled with synapsin (small particles)
and SV2 (large particles) antibodies. Note an even distribution of both antigens in the vesicle cluster in A and the accumulation of only SV2
immunoreactivity on the plasma membrane and endocytic intermediates in B and C. Bar, 100 nm.

our previous studies, a significant decrease in the number of
vesicles in injected synapses was observed, whereas large syn-
aptic vesicle clusters were still present in control synapses (Fig.
7, A and B). In both groups of synapses, a similar number of
clathrin-coated pits was observed within the endocytic zone
(Fig. 7, A-D). In control synapses, a distinct filamentous cy-
tomatrix was consistently observed in the vicinity of the clath-
rin-coated intermediates (Fig. 7 C). In antibody-injected syn-
apses, however, this cytomatrix was significantly reduced and
in many sections completely absent (Fig. 7 D).

Discussion

The present results support a novel role for actin and syn-
apsin in neurotransmission. Using immunogold electron
microscopy to study active synapses, we have identified actin
in the endocytic zone surrounding vesicle clusters. Further-
more, we have demonstrated an increase in actin immunore-
activity in this zone during neurotransmitter release. These
observations are in agreement with our previous demonstra-
tion of an accumulation of phalloidin labeling in the periph-

A's‘ ' Q) %

B

Figure 7. Disruption of the actin-rich cytomatrix by microinjection of synapsin antibodies. (A) A reticulospinal synapse in an uninjected
axon subjected to high frequency stimulation at 18 Hz for 6 min. Boxed area is shown in C at higher magnification. (B) A synapse from an
axon from the same preparation injected with synapsin antibodies. Boxed area is shown in D at higher magnification. Thick arrow indcates
active zone, and thin arrow indicates filamentous matrix. svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite;

a, axoplasmic matrix. Bars, 100 nm.
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ery of the vesicle cluster during synaptic activity (Shupliakov
et al., 2002) and with recent light-microscopic studies on
cultured hippocampal neurons transfected with GFP—actin
(Sankaranarayanan et al., 2003).

We also detected low concentrations of actin within the
cluster. As the antibody we used to detect actin does not dis-
tinguish between G- and F-actin, we speculate that the rela-
tively low levels of actin immunolabeling in the cluster may
be due to a failure to detect epitopes of G-actin hidden by
complex-bound monomers. However, as filamentous mate-
rial at both the endocytic and active zones was efficiently la-
beled by these anti-actin antibodies, it seems unlikely that
actin filaments are concentrated within the cluster.

Previous studies have shown synapsin to dissociate from
clustered synaptic vesicles in an activity-dependent manner
(Torri-Tarelli et al., 1992; Hilfiker et al., 1999). Most re-
cently, this was imaged in real-time using GFP—synapsin
chimeras in mammalian hippocampal neurons (Chi et al.,
2001, 2003). However, the precise fate of dissociated syn-
apsin in these studies could not be determined, as the studies
were limited by the resolution of light microscopy. Pres-
ently, we find that upon activity-dependent dissociation of
synapsin from vesicles, its migration is delimited by the ac-
tin-rich cytomatrix at the endocytic zones surrounding vesi-
cle clusters. Furthermore, during synaptic activity, synapsin
was associated with the actin-rich cytomatrix in both the
presence and absence of synaptic vesicles. Disruption of syn-
apsin function by antibody microinjection resulted in a
marked reduction of the actin-rich cytomatrix in the en-
docytic zone.

Our results lead us to propose a model for the interaction
of synapsin and actin at the sites of synaptic vesicle recycling.
Synapsin—synapsin and synapsin—-G-actin interactions may
be predominantly responsible for vesicle clustering in the re-
serve pool (Greengard et al., 1994). Upon activation and
vesicle fusion, synapsin disassociates from synaptic vesicles.
Synapsin then accumulates in the endocytic region and in-
teracts with a soluble pool of G-actin, where the actin-rich
cytomatrix is formed. After endocytosis and uncoating of
clathrin from nascent vesicles, a pool of synapsin bound to
the actin-rich cytomatrix reassociates with vesicle mem-
branes. Synapsin’s ability to nucleate, bind to, and bundle
actin may be important in regulating the dynamic formation
of the actin matrix, thereby coordinating its own reassocia-
tion with synaptic vesicles. Therefore, we propose that the
well-established synapsin—actin interactions may be more
relevant to processes outside of the vesicle cluster. This does
not exclude the possibility that synapsin and actin also func-
tion in the regulation of release. In stimulated synapses, a
migration of synapsin within the vesicle cluster was observed
close to the active zone. Actin immunoreactivity was also
found in this region of active synapses, thus supporting this
possibility.

The absence of synapsin immunoreactivity on endocytic
intermediates in our experiments is consistent with previous
biochemical studies of the nerve terminal. In subcellular
fractionation experiments, the distributions of synapsin and
clathrin were shown to be nonoverlapping (Huttner et al.,
1983; Maycox et al., 1992). The uncoating of vesicles has
been shown to take place within the endocytic zone, and

perturbation of synaptojanin—endophilin interactions results
in an increased number of coated vesicles within the lateral
actin matrix, implying a role for these proteins in normal
uncoating and the translocation of vesicles to the actin ma-
trix (Gad et al., 2000). The present colocalization of actin
and synapsin within the endocytic zone of the active nerve
terminal places all necessary components of the model to-
gether in a spadially and temporally regulated manner.

How could this putative mechanism work? It has been
shown that synapsin’s interaction with actin is regulated by
phosphorylation. Synapsin is phosphorylated by calcium/
calmodulin-dependent protein kinase II (CaMKII). In addi-
tion, it is also phosphorylated by MAPK at three known
sites (Jovanovic et al., 1996), which regulate neurotransmit-
ter release (Jovanovic et al., 2000). Phosphorylation of syn-
apsin by MAPK, like CaMKII, decreases synapsin’s abilities
to bind to actin (Jovanovic et al., 1996). Inhibition of
MAPK by pharmacological agents inhibits synapsin phos-
phorylation and concomitantly reduces neurotransmitter re-
lease (Jovanovic et al., 2000). However, in contrast to the
CaMKII sites, the MAPK sites on synapsin appear to be
phosphorylated under basal conditions and dephosphory-
lated upon nerve terminal depolarization (Jovanovic et al.,
2001). This dephosphorylation is dependent on calcineurin.
Calcineurin has been demonstrated to be a key regulator of
several proteins involved in the endocytic pathway (Cousin
et al.,, 2001). Our present findings of synapsin associated
with actin outside of vesicle clusters during synaptic activity
may therefore correlate to a pool of synapsin regulated by
the MAPK pathway. This pool of synapsin would be de-
phosphorylated during synaptic activity and therefore retain
its affinity for actin during vesicle recycling.

Several proteins regulated by calcineurin have been shown
to interact with the proline-rich domain of synapsin in vitro.
Many of these proteins have been implicated in or localized
to stages of the synaptic vesicle cycle outside of the vesicle
cluster. These proteins include PI3 kinase (Onofri et al.,
2000), Grb2 (McPherson et al., 1994; Vaccaro et al., 1997),
Stc (Onofri et al., 1997; Foster-Barber and Bishop, 1998;
Zhao et al., 2000), SH3p4/endophilin 1 (Onofri et al.,
2000), SH3p13/endophilin 3 (Ringstad et al., 1997, 1999),
amphiphysins I and II (Onofti et al., 2000), and syndapin
(Qualmann et al., 1999). In some cases, these interactions
can modulate the association of actin and synapsin. For ex-
ample, the binding of amphiphysins to synapsin decreased
synapsin’s ability to promote actin polymerization (Onofri
et al., 2000). Furthermore, synapsin can interact with other
actin-binding proteins. Synapsin was shown to associate
with the brain-specific form of profilin, together with dy-
namin and actin, whereas clathrin was found to associate
with the more ubiquitous profilin I (Witke et al., 1998).
Abpl is a protein that binds directly to both dynamin and
actin, thus providing an additional link between the actin
cytoskeleton and the endocytic machinery (Kessels et al.,
2001). Previously, it was difficult to postulate the relevance
of synapsin’s interactions with proteins involved in endocy-
tosis to the mature nerve terminal, as synapsin was impli-
cated only in vesicle clustering. Localizing synapsin to the
endocytic region of the synapse provides a physiological con-
text for many of these biochemical interactions. One of the
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possible functions of the actin/synapsin-rich cytomatrix
could be the compartmentalization of endocytic proteins
during synaptic vesicle recycling.

Our studies in lamprey and recent experiments in mam-
malian synapses show that an actin-rich matrix is formed
during synaptic activity, but the precise role of the cytoma-
trix in the transport of the newly formed vesicles currently
remains unclear (Shupliakov et al., 1998; Sankaranaray-
anan et al., 2003). A role of actin filaments in vesicle pro-
pulsion has been suggested by studies in nonneuronal sys-
tems (Merrifield et al., 1999; Rozelle et al., 2000), whereas
actin in the nerve terminal has long been postulated to serve
as a scaffold for synaptic vesicles or regulatory proteins
(Greengard et al., 1994). Although more experiments are
needed to clarify the role of actin in synaptic vesicle recy-
cling, our experiments indicate that synaptic vesicles are as-
sociated with the actin/synapsin-rich cytomatrix on their
way back to the vesicle cluster. This association may pro-
mote the proper translocation of vesicles from sites of en-
docytosis to sites of release. Small synaptic boutons are
probably less dependent on this mechanism because their
active zones are surrounded by the presynaptic membrane,
creating a physical border that prevents the diffusion of ves-
icles during the synaptic vesicle cycle.

Several studies indicate that the perturbation of synapsins
affects the reserve pool of synaptic vesicles (Pieribone et al.,
1995; Hilfiker et al., 1998). Additional studies suggest that
synapsin may also play a role in regulating the readily releas-
able pool (Rosahl et al., 1995; Hilfiker et al., 1999). The
most robust effects of functional or genetic deletion of syn-
apsin in vivo have been observed with stimulation conditions
that require sustained or high frequency neurotransmitter re-
lease, indicating a role for synapsin in regulating the effi-
ciency of synaptic vesicle cycling (Li et al., 1995; Pieribone et
al., 1995; Rosahl et al., 1995). In the present study, disrup-
tion of synapsin function by microinjection of antisynapsin
antibodies in active synapses resulted in a dramatic reduction
of the lateral actin matrix and a concomitant reduction in the
number of synaptic vesicles in the cluster, thus demonstrat-
ing that synapsin is intimately associated not only with the
vesicles in the cluster but also with the actin machinery of
synaptic vesicle recycling. Taken together with the extensive
literature on biochemical interactions of synapsin, these data
support the existence of several pools of synapsin within the
nerve terminal that may serve functionally distinct roles at
various stages of the synaptic vesicle cycle.

Materials and methods

Antibodies
Two different antibodies were used to study the distribution of synapsin.
Lamprey-specific antibodies were raised against the D domain of synapsin
I. Lamprey synapsin domain D (Kao et al., 1999) was subcloned into a
pGEX vector, and a GST fusion protein was produced. The antibodies were
generated by immunizing rabbits with the recombinant protein (Cocalico
Biologicals). The antibodies were affinity purified and tested by immuno-
blotting using standard procedures (Shupliakov et al., 1997). On immuno-
blots of lamprey spinal cord protein extract, the antibodies detected two
bands of the expected molecular weights corresponding to lamprey syn-
apsin la and Ib (not depicted; Kao et al., 1999).

Previously characterized G-304 antibodies recognizing lamprey syn-
apsin la protein were also used in these experiments (Pieribone et al.,
1995). Although both antibodies used showed a similar immunolabeling

Synapsin and actin in the nerve terminal | Bloom etal. 745

pattern, the lamprey-specific D-domain antibodies were more efficient in
immunogold experiments.

A mouse monoclonal anti-actin antibody (C4) was purchased from ICN
Biomedicals and Chemicon International. The antibody was tested on im-
munoblots of lamprey spinal cord protein extract and revealed a single
band of 42 kD molecular mass, the expected size for actin (not depicted).
Preabsorption of the C4 antibody with chicken muscle actin (1 mg/ml)
overnight at 4°C dramatically decreased labeling of actin-containing struc-
tures (not depicted; n = 3 synapses).

The monoclonal mouse anti-SV2 antibody was developed by K.M.
Buckley (Buckley and Kelly, 1985) and obtained from the Developmental
Studies Hybridoma Bank, developed under the auspices of the National In-
stitute of Child Health and Human Development and maintained by the
University of lowa, Department of Biological Sciences. On a Western blot
of lamprey spinal cord extract, it recognized one band of ~100 kD, con-
sistent with the previously reported size of SV2 (not depicted).

Secondary FITC-conjugated donkey anti-rabbit antibodies were pur-
chased from Jackson ImmunoResearch Laboratories. Immunogold reagents
were purchased from Amersham Biosciences.

Dissection, stimulation, microinjection, and fixation procedures
Spinal cords of adult lampreys (Lampetra fluviatilis) were used for all experi-
ments. Animals were housed in a fresh water aerated aquarium maintained at
4°C. Animals were anesthetized and decapitated, and trunk segments of the
spinal cord were dissected as described previously (Shupliakov et al., 2002).

Stimulation was applied by an extracellular suction electrode placed at
the caudal end of the spinal cord (Brodin et al., 1994). An additional extra-
cellular electrode was placed at the rostral end of the spinal cord to moni-
tor the extracellular spike volley during the stimulation period. Several
preparations were stimulated by elevated K* as described elsewhere
(Wickelgren et al., 1985; Gad et al., 1998).

Intraaxonal microinjections of G-304 anti-synapsin antibodies were
performed as described previously (Pieribone et al., 1995). Axons were
stimulated at a frequency of 18 Hz.

Specimens were fixed in 4% paraformaldehyde (immunofluorescence)
or 4% paraformaldehyde/0.5% glutaraldehyde/4% tannic acid in 0.1 M
cacodylate buffer at 4°C for 1 h and then incubated in the same fixative
without tannic acid at 4°C for 3 h. Preparations were washed in 0.1 M ca-
codylate buffer, stained en bloc with 2% uranyl acetate, dehydrated with a
graded ethanol series, and embedded at —25°C in LR Gold Resin (London
Resin Co.). For microinjection experiments, specimens were fixed in 3%
glutaraldehyde in 0.1 M phosphate buffer, embedded in Durcupan ACM
(Fluka), and processed as described elsewhere (Pieribone et al., 1995; Shu-
pliakov et al., 1997).

Immunofluorescence
14-pm-thick sections were cut on a cryostat, mounted on slides, and
stained with antibodies following standard protocols (for example see
Schotland et al., 1996).

Postembedding immunogold labeling of ultrathin sections and
electron microscopy

Serial ultrathin sections were cut from the LR Gold-embedded tissue with
a diamond knife and mounted on mesh grids and Formvar-coated nickel
slot grids. Sections were incubated overnight at 4°C with primary antibod-
ies diluted in Tris-phosphate-buffered saline with 1% human serum albu-
min. Synapsin antibodies were used at 5 wg/ml. The actin antibody was
used at a dilution of 1:50. The SV2 antibody was obtained as hybridoma
supernatant, concentrated 50-fold, and then used undiluted.

Secondary goat anti-rabbit and goat anti-mouse antibodies conjugated
to 5- or 10-nm gold particles were used at a dilution of 1:25-1:50. Grids
incubated without primary antibodies were used as controls unless other-
wise specified in the text. Gold particles were enhanced using the IntenSE
Silver Enhancement Kit (Amersham Biosciences). Sections were counter-
stained with uranyl acetate and lead citrate and examined in a CM12,
CMT10 Philips, or Tecnai 12 transmission electron microscope.

Quantitative analysis

Density of gold particles in synaptic regions was obtained as described
previously (Pieribone et al., 1995). For quantification of gold particle label-
ing within the vesicle cluster, the middle section of the synapse was de-
fined as that section in a series where the active zone was at its maximum
length. Boxes of 100 nm were drawn from the active zone through the
cluster to quantify gold particles in different pools of vesicles. Gold parti-
cles were quantified manually in each 100-nm box. Statistical evaluation
of the data was performed using Microsoft Excel software.
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3-D reconstruction

Serial ultrathin sections of a synapse were subjected to postembedding im-
munogold electron microscopy, as described above. Sections were photo-
graphed, and the contours of objects of interest were traced onto transpar-
ent overlays. The contours were then digitized using a Wacom digitizing
tablet connected to a G4 Power Macintosh computer. 3-D reconstructions
were rendered using the FormZ software (AutoDeSys, Inc.) and imported
into Adobe Photoshop 6.0% for final color adjustments and printing.
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