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Presynaptic terminals are specialized for mediating rapid fusion of synaptic vesicles (SVs) after calcium influx. The regulated trafficking
of SVs likely results from a highly organized cytomatrix. How this cytomatrix links SVs, maintains them near the active zones (AZs) of
release, and organizes docked SVs at the release sites is not fully understood.

To analyze the three-dimensional (3D) architecture of the presynaptic cytomatrix, electron tomography of presynaptic terminals
contacting spines was performed in the stratum radiatum of the rat hippocampal CA1 area. To preserve the cytomatrix, hippocampal
slices were immobilized using high-pressure freezing, followed by cryosubstitution and embedding. SVs are surrounded by a dense
network of filaments. A given vesicle is connected to �1.5 neighboring ones. SVs at the periphery of this network are also linked to the
plasma membrane, by longer filaments. More of these filaments are found at the AZ. At the AZ, docked SVs are grouped around
presynaptic densities. Filaments with adjacent SVs emerge from these densities. Immunogold localizations revealed that synapsin is
located in the presynaptic bouton, whereas Bassoon and CAST (ERC2) are at focal points next to the AZ. In synapsin triple knock-out mice,
the number of SVs is reduced by 63%, but the size of the boutons is reduced by only 18%, and the mean distance of SVs to the AZ is
unchanged.

This 3D analysis reveals the morphological constraints exerted by the presynaptic molecular scaffold. SVs are tightly interconnected in
the axonal bouton, and this network is preferentially connected to the AZ.
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Introduction
After a calcium influx, synaptic vesicles (SVs) fuse with the pre-
synaptic plasma membrane, releasing their neurotransmitter
content at the active zone (AZ) (Del Castillo and Katz, 1954;
Heuser and Reese, 1981; Südhof, 2004; Jahn and Scheller, 2006).
Some SVs must be ready to fuse for a rapid release of neurotrans-
mitter (Schneggenburger and Neher, 2005). These “primed” SVs
are likely to be docked (i.e., in contact with the AZ plasma mem-
brane) (Harris and Sultan, 1995; Schikorski and Stevens, 1997,

2001). A reserve pool of SVs is maintained within the bouton
(Rizzoli and Betz, 2005).

Presynaptic terminals must be highly organized for the regu-
lated trafficking of SVs. Studies using phosphotungstic acid stain-
ing showed regularly spaced dense projections at the AZ with
docked SVs nestled between them (Gray, 1963; Pfenninger et al.,
1972; Triller and Korn, 1985; Peters et al., 1991; Phillips et al.,
2001; Zhai and Bellen, 2004). However, aldehyde fixatives used in
these studies aggregate filaments (Gulley and Reese, 1981; Tat-
suoka and Reese, 1989; Gotow et al., 1991). Quick freezing with-
out aldehydes allowed the observation of short filaments bridging
adjacent SVs and longer filaments protruding from the AZ mem-
brane (Landis et al., 1988; Hirokawa et al., 1989; Tatsuoka and
Reese, 1989; Gotow et al., 1991). The short bridges could be syn-
apsins tethering SVs together or to the cytoskeleton (Landis et al.,
1988; Hirokawa et al., 1989; Takei et al., 1995). Morphological
studies of synapsin knock-out (KO) led to the notion that syn-
apsins contribute to the maintenance of SVs at a distance from
the AZ and to the shape of the bouton (Takei et al., 1995; Gitler et
al., 2004). However, the spatial organization and density of fila-
ments linking SVs together and maintaining them at the AZ has
not been elucidated.
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To determine the three-dimensional (3D) architecture of the
presynaptic cytomatrix, we have analyzed the distribution of SVs
and filaments using electron tomography. Resolution is much
improved using electron tomography compared with standard
electron microscopy (Koster et al., 1997; Harlow et al., 2001;
Marco et al., 2004; Lucic et al., 2005). Virtual serial sections of
high (4 nm) resolution can be obtained from a thick object. The
tissue was immobilized using high-pressure freezing (HPF; p �
2100 bar), followed by cryosubstitution and embedding. HPF
reduces the formation of ice crystals (Moor, 1987; Dubochet,
1995; Wilson et al., 1998; Zuber et al., 2005). HPF without alde-
hydes avoids the collapse of presynaptic terminals and preserves
the filaments (Rostaing et al., 2006). We analyzed spine synapses
in the CA1 stratum radiatum from rodent hippocampus. Our
study showed the web of filaments contacting SVs. Other fila-
ments linking this web to the plasma membrane are concentrated
at the AZ. At the AZ, the docked SVs are grouped around presyn-
aptic dense material. In agreement with previous studies, we
found that 63% of SVs are lost in synapsin 1–3 triple knock-out
(TKO) mice. However, the reduction in the size of presynaptic
terminals is weak, and the mean distance of SVs to the AZ is
unchanged, suggesting that the underlying cytomatrix is not
modified.

Materials and Methods
HPF. Eight 21-d-old Sprague Dawley male rats (Janvier, Le Genest-St-
Isle, France) were used. In addition, three postnatal day 20 (P20) synap-
sin 1–3 TKO (Gitler et al., 2004) and three P20 C57BL/6 mice (Janvier)
were analyzed. The protocol was as described previously (Rostaing et al.,
2004, 2006). Briefly, the rodents received an overdose of sodium pento-
barbital (150 –200 mg/kg). They were decapitated, and their brains were
rapidly transferred to ice-cold dissection medium without calcium (Fiala
et al., 2003). The hippocampus was dissected, and 400 �m slices were cut
perpendicular to the septotemporal axis using a McIllwain tissue chop-
per (Mickle Laboratory, Surrey, UK). The CA1 area of one slice was
trimmed to fit in a sandwich aluminum support and was frozen in a
Bal-Tec HPM 010 HPF machine, allowing an interval of �7 min between
removal of the brain and freezing. Sections from four of the rats and from
the six mice were used for morphological analysis, whereas sections from
three other rats were used for immunocytochemistry. The hippocampal
slice from the eighth rat was incubated for 5 min in the dissection me-
dium supplemented with 20% dextran and 5% sucrose before freezing
(Zuber et al., 2005) and used for morphological analysis. After freezing,
the sample was rapidly transferred to liquid nitrogen for storage.

Cryosubstitution and embedding. Cryosubstitution and embedding
were performed in a Reichert AFS apparatus (Leica, Vienna, Austria), as
described previously (Rostaing et al., 2006). Two separate protocols were
used for morphological analysis and immunocytochemical analysis.
Briefly, for morphological analysis, cryosubstitution was performed in
acetone with 0.1% tannic acid at �90°C for 4 d, followed by acetone with
2% osmium during the last 7 h. The slices were warmed (5°C/h) to
�20°C and incubated for 16 additional hours before being warmed
(10°C/h) to 4°C. At 4°C, the slices were washed in acetone and warmed to
room temperature. They were then embedded in Araldite. For immuno-
cytochemistry, cryosubstitution was performed in methanol with 1.5%
uranyl acetate at �90°C for 4 d. The slices were warmed (4°C/h) to
�45°C and embedded in Lowicryl (HM20 kit, catalog #15924; Poly-
sciences, Warrington, PA).

Sectioning. Ultrathin (70 nm, pale yellow) sections were cut using a
Leica Ultracut UCT. Sections for immunocytochemistry were collected
on formvar-coated 400-mesh nickel grids, whereas those for morpholog-
ical analysis were collected on 400-mesh copper grids. For tomographic
analysis, 200-nm-thick sections were collected on 400-mesh copper
grids.

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed previously (Rostaing et al., 2006). Briefly, the sections were incu-

bated for 30 min in blocking solution (905.002; Aurion, Wageningen,
The Netherlands). After washes in incubation buffer, 0.2% BSA-c
(900.099; Aurion) in PBS, the sections were incubated for 2 h at room
temperature in incubation buffer containing antibodies against synapto-
physin (1:10, A0010; DakoCytomation, Glostrup, Denmark), synapsin
(1:100, antibody 1543; Chemicon, Temecula, CA), Bassoon [1:100, sap7f
antibody; antibody described by tom Dieck et al. (1998)], and CAST
[cytomatrix of the AZ-associated structural protein; 1:10; antibody de-
scribed by Ohtsuka et al. (2002), Hagiwara et al. (2005), and Deguchi-
Tawarada et al. (2006)]. After washes in incubation buffer, the sections
were incubated for 1 h at room temperature in gold-conjugated second-
ary anti-rabbit antibodies and mouse IgG (1:50; British Biocell Interna-
tional, Cardiff, UK). The sections were washed, fixed in 1% glutaralde-
hyde (TAAB, Poole, UK) in PBS for 5 min, and washed before being air
dried.

Counterstaining and examination of the sections. For morphological
analysis, the sections were stained by incubation with 2% uranyl acetate
in distilled water (dH2O) for 5 min and then with lead citrate (0.08 M lead
nitrate and 0.12 M sodium citrate in CO2-free dH2O) for 5 min. After
immunocytochemistry, the sections were counterstained by incubation
with 5% uranyl acetate in 70% methanol for 10 min, followed by incu-
bation with lead citrate for 3 min. The sections were observed in a Philips
TECNAI 12 (FEI, Eindhoven, The Netherlands).

Sampling of the synapses. Spine synapses were analyzed in the stratum
radiatum, at 150 –200 �m from the stratum pyramidale. We discrimi-
nated spine synapses from shaft synapses on the basis of the small size of
the postsynaptic profile and absence of mitochondria and microtubules
in the postsynaptic compartment (Peters et al., 1991). As described pre-
viously, dissection of the tissue leads to alterations of the ultrastructure
within 100 �m of the cutting site (Rostaing et al., 2006). In addition,
reticulation of the nuclei likely attributable to the formation of small ice
crystals starts at �80 �m from the border of the slices and increases
toward the center. Large ice crystals formed in the center of the slices. We
performed the analysis 60 –100 �m from the border of the slices, but we
verified that the structure of presynaptic terminals described here was
also observed (1) in the core of the slices, indicating that it did not result
from tissue damage, and (2) after cryoprotection with dextran and su-
crose, signifying that it was not caused by ice crystal formation.

Tomography. For tomographic analysis, thick (200 or 300 nm) sections
were incubated for 30 min on each side with undiluted 10 nm gold
particles conjugated with secondary anti-rabbit antibodies (British Bio-
cell International) and stained by incubation with 2% uranyl acetate in
dH2O for 10 min, followed by lead citrate for 10 min. The sections were
transferred to an LEO 912 electron microscope. The electron microscope
was operated at 120 kV, using the in-column omega-type energy filter.
Eighteen synapses were recorded with a 1024 � 1024 slow-scan CCD
Proscan camera, at magnifications of 10,000� or 20,000� (correspond-
ing to a pixel size of 1.7 and 0.87 nm, respectively). Zero-loss tilted series
(from approximately �55° to �55°, with a 1° increment) were acquired
using the ESIvision program (version 3.0; Soft Imaging Software, Mün-
ster, Germany) and homemade scripts for automated acquisition [devel-
oped by the Curie Institute (S. Marco, T. Boudier, C. Messaoudi, and S.
Halary) and the Electron Microscopy Service of the Integrative Biology
Institute (J.-P. Lechaire) at the Unité Mixte de Recherche 7138 Centre
National de la Recherche Scientifique (F. Gaill and G. Frébourg; Mes-
saoudi et al., 2003)]. For eight of the synapses, the sections were rotated
by 90°, and another series was acquired, allowing better imaging of the
synapse because the missing information is reduced. Images of each to-
mographic tilt series were aligned, the tilt angle was calculated by tracking
of the gold particles, and the final volume was reconstructed with a
weighted back-projection algorithm, using the IMOD software for single
or dual axis reconstruction (Kremer et al., 1996).

3D reconstructions. AMIRA software (version 3.1; Mercury Computer
Systems, San Diego, CA) was used for 3D reconstruction of the synapses.
The contours of SVs, of the postsynaptic density (PSD), of the dense
material in the synaptic cleft, or of the filaments linking the SVs, were
drawn on every section. Alternatively, SVs were spotted using spheres of
the corresponding diameter. The AZ was defined as being the presynaptic
plasma membrane next to the electron-dense material filling the synaptic
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cleft and/or of the PSD. This is in line with the definition of the synaptic
junction at interneuronal chemical synapses (Peters et al., 1991). We did
not observe perforated synapses in our samples, likely because of their
low frequency of occurrence in young animals (Harris et al., 1992). SVs
were scored as “docked” when the outer layer of their membrane was
contacting the inner layer of the plasma membrane.

Quantification. After immunocytochemistry, the synapses were recorded
at a 43,000� magnification using a Dualvision 300 W camera (Gatan,
Grandchamp, France). The number of gold particles and their distance to
the presynaptic membrane at the AZ were measured on sections taken from
three animals, using the ImageJ software (Abramoff et al., 2004).

After tomography, the total number of SVs was counted in 14 boutons.
In 18 synapses, the surface of the PSD was measured on ImageJ, and the
number of docked SVs was determined.

The number of filaments directly linking a vesicle to its neighboring
SVs was counted on 52 SVs from three presynaptic boutons. The length
of these filaments, as well as the length of the filaments binding the SVs to
the plasma membrane, was measured on AMIRA.

For the analysis of presynaptic terminals in synapsin TKO and control
mice, spine synapses were systematically digitized at a 60,000-fold mag-
nification in two meshes of the grid, allowing analysis of 142 and 119
synapses in control and KO mice, respectively. The surface of the presyn-
aptic profiles, the number of SVs, and their distance to the AZ were
measured using ImageJ. To delineate the boundaries of the boutons, the
plasma membrane of presynaptic profiles was drawn. Measurements
were performed in three TKO and three control mice. An unpaired Stu-
dent’s t test was used for statistical analysis.

Results
Synaptic morphology after HPF is different from that after alde-
hyde fixation (Rostaing et al., 2006). In the presynaptic terminal,
SVs are less densely packed, and it becomes obvious that sub-
groups of SVs are interconnected via filaments (Fig. 1A). The
organization of SVs within presynaptic boutons was analyzed
using electron tomography. The lipid bilayers of the SVs and the
plasma membrane appeared clearly on virtual sections obtained
from tomograms, and the docked SVs could easily be distin-
guished (Fig. 1B,C). Filamentous structures (referred below as
filaments) could be traced through the tomogram, and their con-
nections with SVs or plasma membrane could be visualized.
Some filaments linked the SVs to the plasma membrane, whereas
others linked the SVs together. Interestingly, some presynaptic
filaments ending at the AZ membrane had counterparts extend-
ing from the postsynaptic membrane. Such symmetrical presyn-
aptic and postsynaptic filaments were observed in about half of
the synapses analyzed (Fig. 1C).

Organization of SVs in the presynaptic bouton
The position of SVs was indicated using spheres of the corre-
sponding diameter applied on tomograms. 3D reconstructions
revealed that, in contrast to their apparent organization in sub-
groups on standard sections, SVs had a rather homogeneous dis-
tribution (see Fig. 6A).

To analyze the electron-dense meshwork surrounding SVs,
the electron densities emerging from SVs were drawn on the
tomographic sections (Fig. 2A), whereas electron-dense fila-

4

Figure 1. Morphology of presynaptic terminals on dendritic spines after HPF. A, Ultrathin
70-nm-thick section. Note the presence of docked SVs (black arrow) and groups of SVs in the
axonal terminal (asterisk). Filaments are observed between SVs (white arrowhead). B, C, Virtual
sections from the tomographic reconstruction of a synapse. The lipid bilayer of the membranes,
the docked SVs (black arrow), and the filaments between the SVs (white arrowhead) are clearly
visible. Note the symmetrically arranged filaments on the presynaptic and the postsynaptic
sides (black arrowheads). Scale bars, 200 nm.
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ments not connected to SVs were ignored for this purpose. The
3D reconstruction over the depth of the tomogram revealed the
complex network surrounding SVs (Fig. 2B). Each vesicle was
directly linked to a mean of 1.5 other SVs (n � 53 SVs analyzed)
(Fig. 2C). Taking into account their 3D orientation, the size of
these filaments was 32 � 3 nm (mean � SEM; n � 43). Some-
times, the SVs were directly adjacent to each other.

Links between the SVs and the presynaptic membrane
Filaments between SVs and the plasma membrane were also ob-
served on tomographic sections (Fig. 3A,B). The spatial organi-
zation of these filaments was traced throughout the tomograms
(Fig. 3C–E). They emerged at a higher density from the plasma
membrane facing the synaptic cleft (Fig. 4). The number of fila-
ments linking SVs to the presynaptic membrane decreased,
whereas the distance from the AZ increased (Fig. 5A). At synapses
with a large AZ (maximal diameter, 420 � 30 nm; mean � SEM;
n � 2), these filaments were all juxtaposed to the AZ (Fig. 4C),
whereas at synapses with a smaller AZ (207 � 24 nm; n � 4) (Fig.
4D) they were also observed outside of the AZ. Their length was
comparable independently of their origin at (60 � 3 nm; n � 51)
or outside (62 � 4 nm; n � 46) the AZ (Fig. 5B,C).

Organization of docked SVs at the AZ
Docked SVs were not homogeneously distributed along the AZ,
as can be seen in en face views of the synapse in ultrathin sections
(Fig. 6B). For a better analysis of their distribution, the docked
SVs were drawn over tomograms. The PSD was also recon-
structed to estimate the surface area of the AZ. The 3D recon-
structions (docked SVs plus PSD) were then turned to be viewed
en face (Fig. 6C). The number of docked SVs ranged between 2
and 18 (7.6 � 1.1; mean � SEM; n � 18). When few docked SVs
were present, they tended to be grouped. Few SVs were also
docked outside the AZ, although in the vicinity. In 1 of 18 in-
stances, a group of three docked SVs was detected on the opposite
side of the plasma membrane with respect to the AZ. Interest-
ingly, the number of docked SVs was poorly correlated with the
total number of SVs in a bouton (Fig. 6D). However, it was
correlated ( p � 0.05; n � 18) with the size of the PSD (Fig. 6E).
The total number of vesicle was not correlated with the size of the
AZ (data not shown).

In tomographic serial sections, docked SVs were next to an
electron-dense material clustered at the inner face of the plasma
membrane (Fig. 7A–F). 3D reconstructions and surface-
rendered images show that most docked SVs were in contact with
these presynaptic electron-dense structures (Fig. 7G–I).

Tomographic slices and 3D reconstructions indicated that fil-
aments originated from the electron densities at the AZ. Most of
them contacted SVs (Fig. 7A). Some of these filaments were in
contact with several SVs (Fig. 3F–I). This type of assembly was
found at least once per synapse. Docked SVs were also observed
next to the electron-dense material at the base of these filaments.

Cartography of presynaptic proteins by
immunogold localization
HPF fixation followed by Lowicryl embedding allows the estab-
lishment of a realistic cartography of synaptic molecules (Rosta-
ing et al., 2006). A differential localization of synaptophysin, syn-
apsin, Bassoon, and CAST was observed. Synaptophysin was used
as a marker of SVs. Its staining was distributed throughout the
bouton (Fig. 8A,B). Quantitative analysis of synaptophysin dis-
tribution indicated some labeling adjacent to the presynaptic
membrane, likely corresponding to docked SVs (Fig. 8). Almost
no synapsin staining was observed in the first 20 nm from the AZ
(Fig. 8), but synapsin staining was observed throughout the sur-
face of the synaptic bouton, associated with SVs (Fig. 8C,D). In
contrast, Bassoon staining was clustered, often above filaments
emanating from the plasma membrane at the AZ (Fig. 8E,F). The
quantification of its distribution indicated a peak at �70 nm (Fig.
8). CAST immunolabeling was concentrated at focal points near
the AZ (Fig. 8G,H), with a peak at �30 nm from the AZ (Fig. 8).

Organization of SVs in presynaptic boutons of synapsin
TKO mice
Synapsins have been hypothesized to maintain SVs at distance
from the AZ (Pieribone et al., 1995; Takei et al., 1995; Gitler et al.,
2004). Here, we have reanalyzed TKO mice for synapsins to test
this hypothesis. The presynaptic boutons of synapsin TKO con-
tained fewer SVs than those of control mice (Fig. 9A,B). Quan-
tification indicated a 63% reduction in their number (8 � 1
vesicles per bouton in TKO vs 23 � 2 in control animals; mean �
SEM) (Fig. 9C). The surface of presynaptic terminals was reduced

Figure 2. Network of filaments linking SVs in the presynaptic terminal. A, The electron-dense materials surrounding the SVs (yellow) are superimposed on a virtual section. B, 3D reconstruction
emphasizing that docked (blue) and other (gold) SVs are embedded in a tight meshwork of filaments (pink). C, Higher magnification of a partial reconstruction exemplifying the connections (pink)
between neighboring SVs. Scale bar, 200 nm.
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only by 18% in TKO mice (Fig. 9D). As a consequence, large parts
of the bouton cytomatrix were devoid of SVs (Fig. 9B).

Despite a strong reduction in their number in synapsin TKO
mice, SVs were observed within all the volume of synaptic bou-
tons (Fig. 9B,G). On single tomographic sections, small fila-
ments linking SVs together remained in synapsin TKO mice.
Filaments between SVs and the plasma membrane were also
present in TKO mice. The mean distance of SVs from the AZ was
almost identical to that measured in wild-type mice (Fig. 9E). The

number of docked vesicles in TKO and control animals was
within the same range and comparable to that computed in wild-
type rats (see above).

Discussion
Several aspects of the 3D architecture of the cytomatrix have been
uncovered using HPF and tomographic reconstruction. Our
studies revealed that SVs are interconnected via a dense mesh-
work of filaments with one vesicle being connected to �1.5
nearby SVs. The network of SVs linked together by filaments is
bound preferentially to the AZ by longer filaments. At the pre-
synaptic membrane facing the synaptic cleft, docked SVs were in
contact with presynaptic electron-dense structures.

The presence of filaments bridging SVs in the axonal varicos-
ity is in agreement with several observations using quick freezing
instead of aldehyde fixation (Landis et al., 1988; Hirokawa et al.,
1989; Tatsuoka and Reese, 1989; Gotow et al., 1991). The length
of these filaments (30 – 60 nm), together with their morphology,
indicated that they might be synapsins (Landis et al., 1988; Hiro-
kawa et al., 1989). We observed a mean length of �30 nm for the
filaments bridging the SVs. This length is compatible with the size
of synapsin molecules (Hirokawa et al. 1989). Synapsin immu-
noreactivity (IR) was distributed throughout the varicosities,

Figure 3. Filaments linking the SVs to the presynaptic membrane. A–E, Example of virtual
sections through the same bouton. A, B, Low-power view with SVs either docked (arrow) or at
distance (crossed arrow). Filaments interconnect SVs together (white arrowhead) or with the
plasma membrane (black arrowhead). Note the short strands (white arrow) between a docked
vesicle (black arrow) and the presynaptic membrane. C–E, Sequence of virtual sections (one of
six serial sections) establishing the continuity of a filament (arrowheads) linking a vesicle
(crossed arrow) to the presynaptic membrane. F–H, Example of a filament contacting several
SVs in virtual sections through another bouton. Five SVs are in contact with a filament (arrow-
heads). I, 3D reconstruction of the filaments (pink) and the adjacent SVs. The SVs numbered in
I are those in F–H. Scale bars: A, B, 200 nm; C–H, 100 nm.

Figure 4. Distribution of the filaments linking SVs to the presynaptic membrane. A–F, 3D
reconstruction of the filaments (pink) linking SVs (gold) to the plasma membrane (light pink).
Docked SVs are in blue. The limits (arrows) of the synaptic junction are defined by the extension
of the cleft (dark blue). B is the same synapse as in A, at an intermediate stage of the recon-
struction superimposed on a virtual section. C, D, Note that the filaments are more (C) or less (D)
concentrated at the AZ. E, F, Examples of other synapses after removal of the plasma mem-
brane. Scale bar: 200 nm.
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starting from a distance of 20 – 40 nm from the presynaptic mem-
brane. The absence of immunolabeling in the area close to the
presynaptic AZ is in agreement with previous studies and com-
patible with the notion that synapsins are necessary for the main-
tenance of SVs at distance from the AZ (Pieribone et al., 1995;
Takei et al., 1995; Gitler et al., 2004). Indeed, a strong reduction in
the number of SVs was observed in synapsin TKO mice, starting
at 100 nm from the AZ (Gitler et al., 2004). In accord with those
studies, we also observed a strong reduction in the number of SVs

in synapsin TKO mice. However, the mean distance of the re-
maining SVs to the AZ was unchanged. We did not observe a
reduction in the number of SVs because the distance from the AZ
increased. The previous observations might be attributable to
aldehyde fixatives, which induce shrinkage of presynaptic termi-
nals (Rostaing et al., 2006). Indeed, studies of presynaptic termi-
nals in the nematode Caenorhabditis elegans showed that HPF
provides a more realistic picture of the distribution of SVs than
classical electron microscopy (Weimer et al., 2006). Nonetheless,
we observed a moderate reduction in the size of presynaptic ter-
minals in synapsin TKO mice, but smaller than that found using
aldehydes (Takei et al., 1995). The reduction in size of presynap-
tic terminals was lower (18%) than expected given the strong
reduction (63%) in SV number. Accordingly, large parts of pre-
synaptic terminals were devoid of SVs, indicating that (1) a pre-
synaptic cytoskeletal meshwork maintains the shape of presynap-
tic terminals regardless of the number of vesicles is in it and (2)

Figure 5. Quantification of the distribution and length of filaments linking the SVs together
or to the plasma membrane. A, Distribution of the filaments linking SVs to the plasma mem-
brane. B, Filaments linking SVs to the plasma membrane are longer than those between SVs
(mean � SEM). C, Distribution of the length of the filaments. Black bars, Filaments linking the
SVs to the presynaptic membrane in front of the AZ; gray bars, filaments linking the SVs to the
perisynaptic membrane; white bars, filaments linking the SVs together in the bouton.

Figure 6. Distribution of the SVs. A, For 3D rendering, SVs were spotted on individual virtual
sections constituting the tomogram. Docked SVs are in purple, and the other ones are in gold.
The extension of the synaptic contact is defined by the PSD (green). B, En face view of a synapse
from an ultrathin section. The docked SVs (arrows) are not homogeneously distributed at the
AZ. C, 3D reconstructions from tomograms of the docked SVs in relation to the PSD. The synapses
are ordered according to the number of docked SVs. D, Absence of correlation between the
number of docked SVs and the total number of SVs analyzed in 14 synapses. E, Correlation
between the number of docked SVs and the size of the PSD in 18 synapses. Scale bar, 200 nm.
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this underlying cytomatrix does not depend on synapsin integ-
rity. Moreover, the fact that filamentous connections between
SVs can still be observed in synapsin TKO suggests that not all
linking elements between SVs represent synapsins.

Within the bouton cytomatrix, tomographic analysis and 3D
reconstructions revealed that a given SV is linked by filaments to
�1.5 other nearby SVs. Thus, SVs are embedded in a dense mesh-
work of filaments. Synapsins and other molecules bridging SVs

could restrain the movement of SVs and thus explain the results
of recent live imaging studies indicating that individual SVs are
confined to presynaptic terminals at rest (Jordan et al., 2005;
Lemke and Klingauf, 2005; Shtrahman et al., 2005; for discussion,
see Gaffield et al., 2006). The connections between SVs may also
explain why SVs shuttling in the axon remained grouped (Shep-
herd and Harris, 1998; Darcy et al., 2006). The recycling of SVs in
this network could be promoted by transient dispersion of syn-
apsins (Chi et al., 2001) and synapsin-mediated reorganization of
the cytomatrix (Bloom et al., 2003) during action potentials.

We observed another population of filaments (�60 nm long)
that connects SVs to the plasma membrane. Therefore, these fil-
aments, also seen using quick freezing (Landis et al., 1988; Hiro-
kawa et al., 1989), can be distinguished from the previous ones by
both their localization and their length. Their nature remains to
be determined. 3D reconstructions from virtual sections ob-
tained from tomograms now indicate that they are more abun-
dant at the AZ than extrasynaptically. Thus, these filaments could
anchor the network of bridged SVs in front of the AZ. SVs may
escape from presynaptic terminals and shuttle in the axon to
reach other synaptic boutons (Darcy et al., 2006). Therefore, the
links between the SVs and the plasma membrane may stabilize
SVs in front of the AZ. Several SVs were observed apposed along
the length of some of these filaments. Thus, these filaments could
provide a path for SVs toward the AZ.

Tomographic analysis revealed an association of the docked
SVs with presynaptic densities at the AZ. In previous studies,
tomography was used to analyze the organization of SVs with
respect to presynaptic densities at saccular hair cells or at the
neuromuscular junction, on material fixed with aldehydes (Lenzi
et al., 1999, 2002; Harlow et al., 2001). At saccular hair cells,
docked SVs were found essentially below the synaptic body and
concentrated around presynaptic densities (Lenzi et al., 1999). At
the neuromuscular junction, docked SVs were arranged in paral-
lel rows, connected to a central line of dense material (or
“beams”) by filaments [“ribs” (Harlow et al., 2001)]. The ribs
themselves contact transmembrane particles (“pegs”), which
could be voltage-gated calcium channels. Thus, in this system, a
regular arrangement of dense material connects docked SVs to
calcium channels. The hippocampal spine synapses display a dif-
ferent ultrastructural organization. The docked SVs were not ar-
ranged in rows, and our observations indicated that they were
grouped around focal densities, which themselves extended over
only a small complement of the presynaptic membrane facing the
synaptic cleft. This differs from the regularly organized dense
projections visualized with phosphotungstic acid staining. This
regular pattern is now thought to represent the collapse of cy-
toskeletal elements together and between SVs (for discussion, see
Landis et al., 1988). Despite the differences in the organization of
the AZ at peripheral and central synapses, these densities could,
in both cases, serve as a coupling device associating docked SVs
with calcium channels for a rapid release of the neurotransmitter
in response to calcium influx.

The spatial organization of the molecular components of the
cytomatrix remained to be specified. Several proteins involved in
the scaffold of the presynaptic terminal have been identified
(Schoch and Gundelfinger, 2006). More precisely, Piccolo, Bas-
soon, RIM, and CAST (also known as ERC2) form a complex
localized at the cytomatrix associated with the AZ (Cases-
Langhoff et al., 1996; Wang et al., 1997, 2002; tom Dieck et al.,
1998; Ohtsuka et al., 2002; Takao-Rikitsu et al., 2004; Hagiwara et
al., 2005; Weimer et al., 2006). We have mapped the distribution
of synaptophysin-, synapsin-, Bassoon-, and CAST-IR with re-

Figure 7. Association of docked SVs with presynaptic densities. A–F, Six virtual sections
from a tomogram. The sections are separated by �19 nm in the z-axis. The docked SVs (num-
bered 1– 4) are apposed to a presynaptic electron-dense material (asterisk). A filament (arrow-
head) emerging from the electron-dense material contacts an SV. G–I, 3D reconstruction of the
docked SVs (blue) and the presynaptic electron-dense material (yellow) in front of the PSD
(green). G is the same synapse as in A–F. H and I are two other examples. Scale bars: A–F, 50
nm.
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spect to the presynaptic membrane at the AZ. Synaptophysin-IR
[a transmembrane SV protein (Südhof et al., 1987)] was used as a
generic marker of SVs. CAST-, Bassoon-, and synapsin-IR had a
sequential distribution relative to the AZ. Our observations indi-
cate that CAST-IR is closer to the plasma membrane than
Bassoon-IR. It has been shown that CAST directly interacts with
Bassoon (Takao-Rikitsu et al., 2004). The interaction of CAST
and Bassoon at spine synapses might be very similar to that taking
place at the ribbon synapse. Indeed, at ribbon synapses, CAST is

located near the AZ plasma membrane and could be linked to
more distant proteins by Bassoon (tom Dieck et al., 2005). The
ultrastructure of presynaptic boutons is normal in mutant mice
expressing a Bassoon protein lacking the region implicated in its
anchoring to the AZ (Altrok et al., 2003). However, the structur-
ally related protein Piccolo may exert a function similar to that of
Bassoon (Fenster et al., 2000). In the retina from Bassoon KO
mice, the ribbon at the photoreceptor synapse is detached from
the presynaptic membrane (Dick et al., 2003). This indicates that

Figure 8. Postembedding immunocytochemistry of presynaptic proteins on ultrathin sections. The immunogold particles are circled in red. The insets show the gold particles. A, B, Synaptophy-
sin. C, D, Synapsin. E, F, Bassoon. G, H, CAST. Histograms, for the indicated antigens, of the percentage of gold particles as a function of their distance to the membrane (bin, 20 nm) are shown. The
arrow indicates the position of the presynaptic membrane. n is the number of gold particles analyzed. Scale bars, 200 nm.
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Bassoon has a role in anchoring the ribbon to the presynaptic AZ.
CAST is also involved in the architecture of presynaptic termi-
nals. Bruchpilot, the Drosophila homolog of CAST, is necessary
for the formation or maintenance of the presynaptic densities (T
bars) at Drosophila neuromuscular junctions (Kittel et al., 2006;
Wagh et al., 2006). At hippocampal synapses, these proteins
could be involved in the formation of the filamentous links be-
tween SVs and the AZ, or of the presynaptic densities at the AZ.
Whatever its molecular organization, the 3D architecture of the
cytomatrix within the presynaptic terminals revealed in this study
emphasizes the morphological constraints by which the molecu-
lar scaffold maintains SVs in front of the AZ and organizes their
release at particular areas of the presynaptic membrane.
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