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A Network of Three Types of Filaments Organizes Synaptic
Vesicles for Storage, Mobilization, and Docking
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Synaptic transmission between neurons requires precise management of synaptic vesicles. While individual molecular components of
the presynaptic terminal are well known, exactly how the molecules are organized into a molecular machine serving the storage and
mobilization of synaptic vesicles to the active zone remains unclear. Here we report three filament types associated with synaptic vesicles
in glutamatergic synapses revealed by electron microscope tomography in unstimulated, dissociated rat hippocampal neurons. One
filament type, likely corresponding to the SNAREpin complex, extends from the active zone membrane and surrounds docked vesicles. A
second filament type contacts all vesicles throughout the active zone and pairs vesicles together. On the third filament type, vesicles attach
to side branches extending from the long filament core and form vesicle clusters that are distributed throughout the vesicle cloud and
along the active zone membrane. Detailed analysis of presynaptic structure reveals how each of the three filament types interacts with
synaptic vesicles, providing a means to traffic reserved and recycled vesicles from the cloud of vesicles into the docking position at the

active zone.
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ignificance Statement

The formation and release of synaptic vesicles has been extensively investigated. Explanations of the release of synaptic vesicles
generally begin with the movement of vesicles from the cloud into the synaptic active zone. However, the presynaptic terminal is
filled with filamentous material that would appear to limit vesicular diffusion. Here, we provide a systematic description of three
filament types connecting synaptic vesicles. A picture emerges illustrating how the cooperative attachment and release of these
three filament types facilitate the movement of vesicles to the active zone to become docked in preparation for release.
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Introduction

Brain function relies on quick synaptic communication, which
requires precise control of synaptic vesicles in the presynaptic
terminal. Dysfunction in the presynaptic machinery can lead to
behavioral deficits (Gitler et al., 2004). A detailed list of the mo-
lecular components of the presynaptic terminal has been assem-
bled (Takamori et al., 2006; Imig et al., 2014), but the picture of
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how presynaptic molecular components are organized into a mo-
lecular machine able to rapidly mobilize and release vesicles is far
from complete.

To alarge extent, the lack of structural information about the
organization of presynaptic machinery is a result of the labile
nature of structures in the presynaptic terminal. Fortunately,
freezing on the order of milliseconds preserves cytoplasmic struc-
tures with little distortion or unwanted stimulation (Moore,
1987; Dubochet, 1995). In fact, freeze-etching of slam-frozen
brain exposes filamentous material associated with vesicles near
the active zone (AZ) in remarkable detail (Landis et al., 1988).
However, electron micrographs of freeze-etching only provide a
clear view of structures at the replica surface, and yield only a
glance at the larger organization of filaments in the vesicle cloud
(Landis et al., 1988; Hirokawa et al., 1989).

The introduction of high-pressure freezing in conjunction
with electron microscope (EM) tomography now provides access
to structures much deeper in the specimen, making it possible to
visualize clearly presynaptic filamentous material and presynap-
tic machinery (Siksou et al., 2011). EM tomography combined
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Table 1. Enumeration of active zone and synaptic filaments, listed by experiment with high-pressure freezing and freeze-substitution can produce

Experiment 1 Experiment 2 Both high-resolution three-dimensional (3D) reconstructions of fila-
Virtual section thickness (nm) 14 14 14 ment orgar‘lization deep Within th'e synapse (Che.n et al., 2008b)
Active zone area sampled (1m?) 29,000 39,000 68,000 and is particularly well suited to visualize the entirety of the fila-
Presynaptic volume sampled (nm?) 725 % 108 9.75 X 106 17 x 106  mentous network within the vesicle cloud. Using EM tomogra-
All vesicles 89 113 202 phy on high-pressure frozen, freeze-substituted 3-week-old
All filaments 237 245 482 cultures of dissociated rat hippocampal neurons, we produced
Docking filaments 31 39 70 three-dimensional renderings of all filaments associated with ves-
Bridge filaments 147 154 301

icles in the synaptic vesicle cloud within 250 nm of the active

Cluster filaments > »2 il zone, revealing their three-dimensional organization.

Figure1.  EMtomography of hippocampal synapses reveals filaments connecting synaptic vesicles to the membrane and each other throughout the vesicle cloud. A, Rendering of all membrane
to membrane filament types within 250 nm of the AZ. The inset features a 30-nm-thick projection image of the synapse with electron-dense material that corresponds to the docking (arrowhead),
bridge (small arrow), and cluster (large arrow) filaments indicated. Filaments are arbitrarily colored for contrast, while synaptic membrane and vesicles are gray and transparent gray, respectively.
B, Rendering of docking filaments from the AZ (arrowhead) and bridge filaments within the vesicle cloud (small arrow). (, Rendering of long, modular cluster filaments to the AZ and in the cloud
(large arrow). Scale bars, 50 nm.
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Figure 2.

Three types of filaments connect to synaptic vesicles. A, All synaptic vesicles (blue, or red if directly connected to filaments extending from the active zone membrane) link to the active

zone membrane or each other by filamentous material, forming a coherent group of vesicles termed a vesicle cloud. Typically, four small docking filaments (teal) from the active zone surround each
vesicle that contacts the active zone. Longer cluster filaments are found either extending from the active zone (white) or free throughout the vesicle cloud (gold). Small bridge filaments (purple) are
distributed throughout the cloud and pair vesicles. B, Same view and color code as in 4, but vesicles are removed to expose the underlying filamentous network. Scale bar, 50 nm.

The three-dimensional reconstructions reveal that three filament
types dominate the cytoplasmic structure of these presynaptic termi-
nals. The renderings provide new structural details on the shapes and
connections of each filament type and show that each filament asso-
ciates with synaptic vesicles. Many vesicles connect to all three fila-
ment types. The complex connectivity of vesicles with the different
filament types produces an organized network extending out from
the active zone. We propose that the three filament types form an
interlocking system that provides the means to traffic vesicles all the
way to fusion-competent areas of the synaptic membrane from
deeper regions of the vesicle cloud.

Materials and Methods

Cultures. Dissociated rat hippocampal neurons of either sex (embryonic
day 20) were plated on a glial cell feeder layer in Bal-Tec 3 mm gold
specimen chambers and incubated for 3 weeks in 10% CO, at 35°Cin a
medium consisting of MEM with 6 g/L glucose (320-330 Osm), 2 mMm
Glutamax 1, 2% fetal bovine serum, 5% horse serum, and N3 (a growth
factor cocktail of apotransferrin, putrescine, selenium, triiodothyronine,
insulin, progesterone, and corticosterone; Mayer and Vyklicky, 1989;
Chen et al., 2011).

High-pressure freezing and freeze-substitution. Gold specimen cham-
bers, with cultured neurons, were immersed in 124 mm NaCl, 2 mm KCl,

1.24 mm KH,PO,, 1.3 mm MgCl,, 2.5 mm CaCl,, 30 mm glucose, 25 mm
HEPES, and 0.5% ovalbumin, pH 7.4 (325 Osm). Hexadecane was ap-
plied directly to the top of the specimen chamber immediately before
specimen freezing, as a space filler, to eliminate air bubbles. Specimens
were frozen at ~2100 bar in a BAL-TEC HPM 010 (TECHNOTRADE
International).

Saturated uranyl acetate in HPLC-grade acetone was frozen in liq-
uid nitrogen in a glass scintillation vial. Four percent acrolein in
acetone was layered on top of the uranyl acetate and immersed in
liquid nitrogen. The vial was placed in an AFS Unit (Leica Microsys-
tems). The frozen specimens were transferred into the prepared glass
vials for freeze-substitution.

The AFS Unit (Leica Microsystems) was programmed to execute the
following schedule: hold at —160°C for 15 min; rise from —160 to —90°C
over 14 h; hold at —90°C for 8 h; rise from —90 to —60°C over 6 h; and
hold at —60°C for 12 h. Samples were put in Lowicryl HM20 resin in
acetone and polymerized in the AFS Unit (Leica Microsystems) at —50°C
over 2 d; then, the temperature was raised to 20°C over 70 h (Chen et al.,
2014). Thin sections 100—200 nm thick, cut en face, were mounted on
carbon-coated formvar grids. Fiducial markers (10 nm gold particles)
were added to both sides of the grid as fiducial markers for calculating
tomographic reconstructions (Chen et al., 2008b).

EM tomography. Spine synapses were selected and imaged on an FEI
Tecnai 300 kV electron microscope with a field-emission gun. Each syn-
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apse was imaged in two orthogonal axes of tilt at 2° increments from 74°
to —74°. Pixel size was either 0.48 or 0.75 nm in a 2048 X 2048 image, but
was double binned, making for a final pixel size of 1 or 1.4 nm in the final
3D volume. The image series from separate tilt axis sets were recon-
structed individually and merged in IMOD software (Kremer et al., 1996)
with an estimated average alignment error of <0.3 pixels. The resulting
3D volume was analyzed with Amira software (FEI Visualization Sciences
Group; Chen etal., 2008a). Projection images from tomograms are made
by averaging six consecutive 1.4-nm-thick virtual sections together in
Amira.

Segmentation. Each 3D volume was divided into 1-voxel-thick virtual
sections. Segmentation consisted of tracing an object from one section to
the next, because semiautomatic selection techniques in Amira, such as
thresholding, led to convoluted renderings. Manual segmentation of
structures in three orthogonal planes, with specific criteria (examples
given below), led to complete and interpretable renderings. An object
was segmented and classified as a synaptic vesicle if it was approximately
spherical, had a single lipid bilayer membrane, and was between 20 and
60 nm in diameter. The center line of the single bilayer membrane was
segmented in three orthogonal planes to produce a continuous sphere.
The synaptic active zone membrane was similarly segmented to produce
a membrane sheet. An object was segmented and classified as a presyn-
aptic filament if it continuously spanned at least two synaptic vesicles or
a single vesicle to the active zone membrane. The segmentation of a
filamentous object ended at a point where it became discontinuous or
when a drastic change in morphology occurred near a vesicle or active
zone membrane.

Rendering and measurements. Surface-rendering algorithms trim and
smooth segmented materials to generate rendered surfaces. This can
make some small filaments appear shorter or discontinuous. The Amira
surface-rendering algorithm was used to produce renderings shown here
without additional smoothing. Segmentation was not bloated to com-
pensate for surface-rendering alterations. All measurements were made
using the Amira 3D measurement tool on surface renderings, unless a
full, undistorted cross-sectional view existed in a virtual section, allowing
an object to be measured directly on the data. The longest continuous
path along the filament between membrane contact points was consid-
ered the filament length.

Results

Tomograms were made of resting asymmetric spine synapses
(neither stimulated nor inhibited) from dissociated hippocam-
pal cultures, with the aim of analyzing synaptic proteins. EM
tomography of freeze-substituted cultures provided more de-
tailed images of the filaments than were available with standard
thin-section TEM. This improvement made possible the individ-
ual segmentation of filaments and vesicles, in 1.4-nm-thick vir-
tual sections. The tomograms were segmented and rendered
from specimens prepared earlier (Chen et al., 2008a). Complete
renderings of filament contacts with vesicles extending up to 250
nm from the AZ were derived from two tomograms (Table 1).
Active zones appeared as dense areas adjacent to postsynaptic
densities in dendritic spines. Three types of filaments contacted
synaptic vesicles, linking them to each other and the active zone
membrane to produce a coherent cloud (Fig. 1). Filament con-
tacts will be referred to as “connections” hereafter, on the as-
sumption that the filaments are attached, however temporarily,
to the vesicles or active zone membrane. All synaptic vesicles were
connected by filaments.

Filament types

Three types of filaments contacting synaptic vesicles could be
distinguished primarily by their shapes and lengths. One type
averaged 22 nm long and was straight, manifesting a globular
base where it contacts the AZ membrane. A second type was
also straight but lacked a globular base and was often some-
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Figure 3.  Distributions of lengths of three types of synaptic filament. A, Histogram of
lengths of 70 docking filaments, 301 bridge filaments, and 111 cluster filaments pooled
from two experiments. B, Scattergrams of the lengths of the same three types of filaments
showing that their distributions in the two experiments are indistinguishable. Crossbars
indicate the combined filament type mean. Cluster filaments are the most variable in
length.

Table 2. Dimensions and properties of synaptic filaments by type

Docking Bridge Cluster
Filament population 15%"° 62%" 23%°
Contact the AZ 100%" 0%” 159%°
Number of vesicle contacts (range) 1(1-2) 2(2-4) 3(1-8)
Filament length (range) (nm) 22 (10-47) 30 (11-78) 74 (30-169)
Filament diameter (range) (nm) 53-8 8 (5-16) 5(2-9)

“Percentage of all filaments sampled.
®Percentage of all filaments of a type sampled.

what longer. A third type of filament was much longer (~70
nm), not straight, and was distinguished by kinks and
branches along its length (Figs. 2, 3, Table 2).

The straight filaments with globular bases were 10 and 47 nm
long, with a mean length of 22 nm (Figs. 4, 5). The stalks of these
filaments averaged 5 nm in diameter, but they could thicken to
more than twice that diameter at their globular base. This type of
filament exclusively connects vesicles to the AZ membrane (Ta-
ble 2), and accounted for 15% of the filaments in the sampled
volume. Each “docking filament” contacted one synaptic vesicle
and could assume any orientation, from vertical to horizontal,
with respect to the AZ membrane. Some filaments lay almost
parallel to the AZ membrane when the vesicle it connected was
very close to the AZ membrane.
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The second type of straight filament,
which lacked a globular base, was 11-78
nm long with a mean length of 30 nm.
These filaments were distinctly thicker
and more variable in midsection diameter
than docking filaments. Filaments of this
type of were tilted between 0 and 45° with
respect to the AZ plane. They made up
62% of the total population of filaments in
the volume sampled and made bridges be-
tween vesicles throughout the cloud.
These “bridge filaments” typically joined
vesicles into pairs (Fig. 6D-F, Table 2),
but some bridge filaments contacted the
surface of one vesicle while spanning be-
tween two other vesicles.

The third type of filament was 30169
nm long and manifested distinct kinks
along its axis at intervals of ~13 nm, from
which side branches might extend. Its
central stalk was ~5 nm in diameter. Side
branches originating from kinks were 22
nm long and 4 nm in diameter (Fig. 6B),
and typically contacted a synaptic vesicle,
organizing them into small clusters along
the central stalk. As many as eight synaptic
vesicles were connected to one “cluster fil-
ament”. Cluster filaments assumed a vari-
ety of orientations, but, unlike bridge
filaments, they could be oriented at 90°
with respect to the AZ membrane. Cluster
filaments were distributed throughout the
vesicle cloud and accounted for 23% of
the filaments in the volume sampled. Fif-
teen percent of cluster filaments con-
tacted the AZ membrane (Fig. 5). Cluster
filaments contacting the AZ were 47-102
nm long, which is somewhat shorter than
those cluster filaments not contacting the
AZ. Cluster filaments contacting the AZ
also oriented with a steep horizontal lean
with respect to the AZ membrane. The
kinks in their stalks distinguished the
shorter cluster filaments from longer
bridge filaments.

Figure 4.

Filaments connected to the AZ membrane
The AZ was replete with filament connections. Both docking and
cluster filament types made connections to the AZ membrane
(Table 2). Docking filaments outnumbered cluster filaments by a
ratio of 3 to 1. Docking filaments associated with vesicles within
16 nm of the AZ and surrounded the bases of vesicles in direct
contact with the AZ, typically in groups of two to six (mean, four;
Fig. 4). Docking filaments appeared to be oriented horizontal
more often when a larger portion of the vesicle surface area con-
tacted the AZ. A single vesicle was found fused with the AZ mem-
brane, and electron-dense material surrounded the connection
between vesicle and AZ membrane. This material was bulkier
than the typical docking filament type, and it lay along the mem-
brane.

Docking filaments connected with vesicles that made contact
with or lay near the AZ membrane. However, vesicles not con-
tacting the AZ membrane made only a single docking filament

Cole et al.  Three Filament Types Organize Synaptic Vesicles

Small filaments extend from the active zone membrane to surround docked vesicles. A features projection images of
each vesicle, with colored arrows to indicate electron-dense material corresponding to similarly colored material in B and C.
Filaments associated with each vesicle are arbitrarily colorized for contrast, but the active zone membrane is gray throughout. B
features the three-dimensional renderings of small filamentous material, docking filaments, from the active zone as well as the
synaptic vesicle (red) to which they connect. € shows the rendering in B from an en face view. The bottom panels of A—( feature a
fused vesicle. Scale bars, 35 nm.

connection, if any at all. In contrast, cluster filaments at the AZ
connected any vesicles in reach near the AZ, whether or not a
vesicle contacted the active zone (Fig. 5). These cluster filaments
were between 47 and 102 nm in length but often assumed a hor-
izontal lean that limited their vertical reach to ~50 nm. Though
limited in reach, cluster filaments on the AZ membrane linked
the AZ to the vesicle cloud.

Filament network
Enumeration of filament connections was crucial to understand-
ing the patterns underlying vesicle organization (see Discussion).
Docking and cluster filaments both connect the vesicle cloud to
the AZ membrane (Fig. 2, Table 3). Vesicles directly connected to
the AZ were still integrated into the vesicle cloud by bridge and
cluster filaments (Fig. 7). A single vesicle fused with the AZ mem-
brane was not integrated into the vesicle cloud.

No barrier separated vesicles connected to the AZ from other
vesicles. In fact, all vesicles, regardless of their physical location,
made connections with cluster filaments, bridge filaments, or
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Figure 5.  Two filament types associate with cloud vesicles and the active zone membrane.
A, B, and Cshow three different views of four vesicles (red) that do not contact the active zone
but have filament connections to it. A features projection images of each vesicle. Colored arrows
indicate electron-dense material that correspond to filaments rendered in the same color in B
and C. B features the three-dimensional renderings of long, modular filamentous cluster fila-
ments (white) or singular docking filaments (teal). Both filament types are shown extending
from the active zone. Cshows the rendering in B from another view. The kinks (gray arrowhead)
thatare characteristic of a cluster filament are often accompanied by a side branch (gray arrow).
Scale bar, 35 nm.

both (Table 3). Only 6 of 202 vesicles did not connect with a
bridge filament. The median connectivity of a single vesicle was
three bridge and one cluster filament connection. A total of 79%
of vesicles associated with both cluster and bridge filaments. The
number of cluster filament connections increased with the dis-
tance from the active zone, and synaptic vesicles can connect to
more than one cluster filament. These multiple connections link
cluster filaments together, and when three or more cluster fila-
ments are linked in series, we refer to the larger cluster of vesicles
as a supercluster. The vesicle cloud was less dense further away
from superclusters. There were two and three superclusters in
Experiment 1 and 2, respectively. Four of five of the superclusters
extended deep into the vesicle cloud from the active zone mem-
brane. Only 18% of vesicles are not connected to cluster fila-
ments, and these vesicles lay along the edges of superclusters
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(Fig. 7). Unidentified presynaptic structures occupied areas along
the active zone membrane but were not rendered.

Discussion

EM tomography combined with freeze-substitution represents
an advance toward imaging filaments in presynaptic terminals at
a level of detail previously offered by the freeze-etch technique
(Landis et al., 1988; Frank et al., 1995; Baumeister et al., 1999;
Harlow et al.,, 2001; McIntosh, 2001; Zampighi et al., 2006;
Fernandez-Busnadiego et al., 2010; Burette et al., 2012). We take
advantage of the three-dimensional reconstructions provided by
EM tomography and freeze-substitution to analyze the system of
filaments connecting vesicles in brain synapses. Evidence that
dynamic protein organization, which is best studied in the ab-
sence of cross-linking fixatives (Smith and Reese, 1980), has con-
strained work so far to disassociated hippocampal cultures grown
with glial cells (Chen et al., 2008a). Synapses in the dissociated
hippocampal cultures differed in some respects from those in the
hippocampus of intact brain, in that there are far more autapses
and few or no mushroom spines in the cultures. However, direct
comparison of the structural and physiological properties of syn-
apses in hippocampal cultures and corresponding synapses in
intact brain suggests that they are generally similar (Schikorski
and Stevens, 1997).

Three distinct types of filaments contact synaptic vesicles
Every vesicle in the vesicle cloud surrounding the active zone is
integrated into an interlocking network of docking, bridge, and
cluster filaments. Though synaptic vesicles contacting the active
zone membrane are generally considered to be docked (Stigloher
etal, 2011; Watanabe et al., 2013; Imig et al., 2014), EM tomog-
raphy now shows that docked vesicles typically have three or
more docking filament connections around their base, similar to
pins on docked vesicles in the neuromuscular junction (Szule et
al., 2012). However, pins (~9 nm) are shorter than docking fila-
ments (~22 nm; Szule et al., 2012). Some docking filaments are
oriented horizontally, while others are vertical to the membrane,
indicating variations between docked vesicles. If horizontal ori-
entation of all the docking filaments between a vesicle and the
presynaptic membrane is indicative of fusion-competent primed
vesicles, the low frequency of this type of configuration might
reflect the low probability of the release of vesicles in hippocam-
pal cultures (Allen and Stevens, 1994; Stevens and Wang, 1994;
Murthy, 1997). Docking filaments also associate with synaptic
vesicles up to ~15 nm from the active zone, but each of these
vesicles connect to only one docking filament. The variations in
docking filament orientation and connectivity are depicted in
Figure 8.

At both synapses examined, 97% of all vesicles connected to
bridge filaments. A vesicle can contact up to 12 bridge filaments,
as reported for short presynaptic connector filaments (Gustafs-
son et al., 2002; Burette et al., 2012; Szule et al., 2012). Bridge
filaments show small variations in morphology, indicating that
they may not be entirely homogeneous.

A third filament type, cluster filaments, are similar in length
(30-169 nm) to filaments previously reported to extend outward
only from active zones (Landis et al., 1988; Gotow et al., 1991;
Siksou et al., 2007, 2009; Burette et al., 2012). However, cluster
filaments are shown here to be distributed throughout the
presynaptic terminal and to possess periodic kinks with side
branches along their long axis by which they cluster many vesi-
cles. Approximately 80% of vesicles connect to at least one cluster
filament. Though not characterized, filaments resembling cluster
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filaments are apparent in the cloud and at
the active zone of other rendered images
of presynaptic filaments (Stigloher et al.,
2011).

Synaptic vesicles crowd together and fill
the area surrounding the active zone (Siksou
et al,, 2007; Ferndndez-Busnadiego et al.,
2010; Burette et al., 2012). Cluster filaments
can be wedged within crowds of vesicles
such that a complete picture of their con-
nections is obscured. Indeed, vesicles are
usually connected by both cluster and
bridge-type filaments. Vesicles can connect
to more than one cluster filament, linking
vesicle clusters together. Three or more ves-
icle clusters chained together form a super-
cluster (Fig. 8). The density of vesicles with
multiple cluster filament connections in-
creases in more distal regions, resulting in a
tight cluster filament mesh that likely limits
the mobility of vesicles. Vesicles without a
cluster filament connection have bridge fil-
ament connections, and, in this way, vesicles
connect across gaps between superclusters
to form a continuous cloud.

Identities of filaments

Details of size, shape, and distribution
may permit tentative identification of fil-
aments. Vesicles connected by multiple
filaments to the active zone are considered
most likely to be released upon stimula-
tion (Fernandez-Busnadiego et al., 2010;
Watanabe et al., 2013). As docking fila-
ments are the only short filament type that
surrounds docked vesicles, they likely cor-
respond to a molecule or molecular com-
plex for docking and readying vesicles for
release, and may correspond to SNARE-
pin complexes. Like docking filaments,
multiple SNAREpins surround docked vesicles (Rickman et al.,
2005), and, like docking filaments, SNAREpins orient both ver-
tically (trans-SNARE complex) and horizontally (cis-SNARE
complex; Stidhof and Rothman, 2009). SNAREpin complexes
begin assembling vertically at ~20 nm from the active zone mem-
brane, but SNAREpin assemblies will zipper up to within 2 and 4
nm of the active zone membrane (Li et al., 2007). Thus, we sug-
gest that docking filaments correspond to SNAREpin complexes.

Bridge filaments resemble the structure reported for synapsins
coupling vesicles (Landis et al., 1988; Hirokawa et al., 1989).
Knockout of synapsins markedly diminishes the numbers of fil-
aments between synaptic vesicles (Gitler et al., 2004; Siksou et al.,
2007), suggesting that synapsins constitute the majority of bridge
filaments. On the other hand, the variability in bridge filament
structure indicates that bridge filaments may include additional
molecular components. The wide variation in the lengths of
bridge and docking filaments remains unexplained.

Cluster filaments kink at regular points along their length, and
side branches often extend from the kinks, so filament length
depends on the number of kinks. Thus, a cluster filament appears
as a complex composed of self-associated molecules with side
branches. These features have yet to be matched with known
molecules, but synaptic vesicles have numerous proteins on their

Figure6.
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Each synapticvesicle associates with many filaments. A, All attached filaments and vesicles associated with the vesicle
indicated by the asterisk are rendered. Vesicles are color coded so that blue vesicles contact both cluster (gold) and bridge (purple)
filaments, while green vesicles contact only bridge filaments. The plasma membrane of the synapse was situated below, well
outside the scope of this figure. B—F show reoriented renderings of the individual filaments in A. B, Single cluster filament. C,
Example of a possible isolated subunit of a cluster filament, but necessarily classified as a bridge filament. D-F, Renderings of three
typical bridge filaments. Scale bar, 35 nm.

Table 3. Enumeration of vesicle connections to filament types, listed by
experiment

Experiment 1 Experiment2  Both

Synaptic vesicles 89 13 202

Docked vesicles 5 8 6%
Docked vesicles to docking filaments 5 8 1009%°
Docked vesicles to bridge filaments 5 6 85%"°
Docked vesicles to cluster filaments 2 9 85%°
Vesicles to docking filaments 14 13 13%
Vesicles to bridge filaments 87 109 97%"°
Vesicles to cluster filaments 81 85 82%"
Vesicles to both cluster and bridge filaments 79 81 79%"

“Percentage of all vesicles sampled.
®Percentage of all docked vesicles sampled.

surfaces, some extending into the surrounding cytoplasm where
they could participate in the side arms of cluster filaments (Taka-
mori et al., 2006).

Roles of three types of filaments

Every vesicle is integrated into one network of interlocking fila-
ments, regardless of position in the cloud, typically by three or
more filaments. Active zone cluster filaments and docked vesicles
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Figure7. Bridge filament connections and superclusters link all synaptic vesicles into a single cloud. A, Within the first 250 nm
from the active zone, all cluster filaments are shown (in gold, or white if they touch the active zone) with the vesicles they connect
to (blue). Vesicles can connect to multiple cluster filaments, which produce large knots of vesicles that are referred to as superclus-
ters. B, Bridging filaments (purple) and docking filaments (teal) are added to the rendering in A as well as synaptic vesicles (green)
that only connect with bridge or docking filaments. Scale bar, 50 nm.

A / C

Mixed Uniform

Single

Figure8. Diagram of the presynaptic filamentous network. 4, Patterns of filamentous connectivity in the vicinity of the active
zone are shown in their simplest form. Bridge filaments (purple) pair with vesicles (gray), while cluster filaments (gold) hold many
vesicles on side branches. Docking filaments (teal) extend from the active zone membrane (parallel gray lines) to contact nearby
vesicles. B, Docking filament configurations. The transition between a single docking filament to a presumed fusion-competent,
uniformly horizontal docking filament orientation could exert a downward force on any attached filament connections. C, A
simplified linkage of cluster filaments by vesicles with more than one cluster filament connection. Tiers of vertically oriented cluster
filaments form chains of vesicles extending deep into the vesicle cloud. We hypothesize that bridge filaments maintain the
cohesiveness of the vesicle cloud and inhibit vesicle docking. During activity, bridge filaments likely detach from vesicles, while
cluster filament connections are maintained. In this way, the collapse of a vesicle during fusion would exert a downward force on
cluster filament side branches (see Discussion).
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anchor this network to the active zone
membrane. Under resting conditions, the
diffusion of vesicles should be quite lim-
ited. However, upon intense stimulation,
vesicle clusters may break up into col-
umns that attached to active zones but ex-
tended deep into the synapse (Heuser et
al., 1971). Thus, cluster filament connec-
tions appear to be more stable than other
filament connections. The dense cluster
filament interconnection of vesicles deep
in the cloud, which likely corresponds to
what is commonly referred to as the “rest-
ing pool of vesicles” (Fowler and Staras,
2015), must limit the ability of vesicles to
move toward the active zone.

Physiological levels of stimulation are
unlikely to lead to the global changes in the
connections between vesicles that have been
reported after intense stimulation (Denker
etal., 2011). Thus, physiological conditions
may be more closely represented by the
tightly clustered cloud of interconnected
vesicles we show here in synapses that are
neither silenced nor stimulated. At low lev-
els of stimulation, the majority of vesicles
should remain enmeshed in a network of
docking, bridge, and cluster filaments. Mo-
bilization schemes that depend on the diffu-
sion of vesicles are likely not to be generally
applicable.

In the situation mentioned above, a re-
laxation of local vesicle connections to
bridge or cluster filaments would have to
precede vesicle movements into the active
zone. In fact, enzymatic loosening of
synapsin connections, caused by a local
increase of calcium concentration, is re-
quired for the release of synaptic vesicles
(Llinas et al., 1985; Chi et al., 2001). A
local loosening of the bridge filament
(synapsin) network may allow the move-
ment of vesicles to the active zone. How-
ever, this notion leaves open the question
of what force moves vesicles to the active
zone to replace vesicles lost from exo-
cytosis of primed vesicles. Ferndndez-
Busnadiego et al. (2010) and Szule et al.
(2012) conclude that presynaptic fila-
ments must have some role in the move-
ment of vesicles to the active zone, but
Siksou et al. (2011) point out that a
“guide” is lacking to lead vesicles to the
active zone sites. Cluster filaments pro-
vide a possible way to explain vesicle mo-
bilization. Docking filaments provide a
direct connection to the active zone mem-
brane, where vesicles show a range of
docking filament configurations. We sug-
gest that a complement of horizontal
docking filaments indicates a primed ves-
icle, if docking filaments correspond to
SNAREpin complexes, as previously pro-
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posed. The local increase in calcium concentration caused by an
action potential could loosen the bridge filament connections
(Llinas et al., 1985; Chi et al., 2001) surrounding cluster filaments
along the active zone. During vesicle fusion, the mechanical force
of the vesicle collapsing into the membrane could pull an at-
tached cluster filament, along with its complement of vesicles,
closer to the active zone. A vesicle attached to that cluster filament
could then become docked as it acquires multiple docking fila-
ments, again nudging attached filaments closer to the active zone.
Presumably, disused portions of the cluster filament are disas-
sembled and depart from the active zone, as husks of cluster
filaments are not found along the active zone membrane. This
hypothetical sequence can explain why vesicles form stable clus-
ters near active zones when recovering from intense cycles of
vesicle release (Heuser et al., 1971) and why the dissociation of
synapsin is vital for synaptic function (Llinds et al., 1985).
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