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ACTIVE ZONE

The site of the presynaptic
terminal at which synaptic
exocytosis occurs.
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These distinctions are important for comparisons of
synaptic strength,because differences in the properties
of a postsynaptic response could arise from the number
of synapses formed by the presynaptic cell (a larger or
smaller synaptic connection) or from the properties of
the individual synapses (such as the probability of
vesicle fusion or the number of active zones).

Manifestations of synaptic diversity
The synapses that were initially selected for physiological
investigations, such as the frog NMJ and the squid giant
synapse, were very large and specialized for rapid, reli-
able excitation of their postsynaptic followers, indicating
a correlation between structure and function. Large
synapses have many active zones; consequently, a single
presynaptic nerve impulse discharges many synaptic
vesicles (hundreds at the frog NMJ, thousands at the
squid giant synapse). Most synapses in the CNS are
much smaller, often endowed with a single active zone;
only one (or no) vesicles are fused by a single nerve
impulse14. Synaptic strength at a single central synapse
of this type is less than that at specialized giant synapses,

properties of presynaptic structures, which can account
for some,but not all, features of functional differentia-
tion. This fact leads to the conclusion that differences at
the molecular level are important for synaptic diversity.
Although much has been discovered in the past decade
about presynaptic proteins, we argue that a clear case
cannot yet be made for their normal roles in functional
differentiation.

What is a synapse?
Originally, the term ‘synapse’ was used to denote the
contact between neurons at which transmission occurs.
But as explained by Korn13, the structural definition of a
synapse is most commonly taken to mean the individ-
ual, specialized contact that comprises electron-dense
pre- and postsynaptic membranes, and the specialized
structures of variable appearance in both pre- and post-
synaptic compartments. According to this view, the
ACTIVE ZONE is a specialization within the presynaptic
membrane and is not equivalent to the synapse, whereas
the ensemble of synapses between one neuron and
another can be termed a synaptic connection.
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Figure 1 | Synaptic functional differentiation, case I: differences in the responses of a target cell to a single presynaptic neuron. Both crustacean and
mammalian examples show large differences in the initial synaptic response and in short-term plasticity (facilitation or depression of the postsynaptic potential during
repetitive stimulation). A | In crustacean limb muscles, a single motor neuron that innervates different muscle fibres produces synaptic potentials of varying amplitude
(Aa) and degrees of facilitation (Ab) in different postsynaptic followers. Large, poorly facilitating potentials and small, highly facilitating potentials appear in defined
muscle fibres (Ac). The amount of short-term facilitation in follower cells depends on impulse frequency. EJP, excitatory junction potential. B | In the mammalian central
nervous system, single inhibitory cortical interneurons produce facilitating and non-facilitating synaptic potentials in different pyramidal neurons (Ba). Single cortical
pyramidal neurons (P) produce facilitating and non-facilitating (depressing) synaptic potentials (Bb) in two different interneuron types (bitufted, B; multipolar, M). In
general, target-cell influences are thought to govern case I differentiation. Part Ab adapted, with permission, from REF. 157 © 1997 The Company of Biologists Ltd; part
Ac adapted, with permission, from REF. 19 © 1972 The Rockefeller University Press; part Ba adapted, with permission, from REF. 29 © 2000 American Association for
the Advancement of Science; part Bb adapted, with permission, from REF. 158 © 1998 Macmillan Magazines Ltd.
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Fluorescently tagged toxins

o gKca channels 

Figure 9. Localization of Ca *+ Channels and gKca Channels at 
the Release Site of the Frog NM] 
Diagram of an active zone illustrating the results of the present 
study. Ca2+ channels (black dots) are clustered at the active zone 
mixed with gKca channels (clear dots) in the two double rows of 
particles. Ca*+-binding sites responsible for transmitter release, 
represented here by the synaptic vesicles (SV), are located at 
some distance from the clusters of Ca2+ and gKca channels. 

double rows at the active zones (Dreyer et al., 1973; 
Ceccarelli et al., 1979). It is believed that these particles 
correspond to the Ca*+ channels (Pumplin et al., 1981). 
This possibility is supported by the observation that 
Ca*+ channels labeled with o-CgTx are clustered at 
the active zones (Robitaille et al., 1990; Cohen et al., 
1991). In the present study, the labeling of gKca chan- 
nels also appears in bands at 1 pm intervals that match 
the bands of the AChRs labeled with a-BuTx. There- 
fore we conclude that, similar to Ca2+ channels, gKca 
channels are clustered at the active zones of the frog 
NMJ, and we propose that the 10 nm particles repre- 
sent both Ca*+ and gKca channels. We propose that 
Ca*+ channels and gKca channels are clustered side 
by side at the active zone and that the Ca*+-binding 
sites responsible for transmitter release may be lo- 
cated further away from the Ca*+ channels than are 
gKca channels (Figure 9). 

This model stresses the concept that the same Ca2+ 
signal can convey multiple messages: activation of 
gKcachannelsand induction of transmitter release. In 
addition, this model illustrates the existence of highly 
organized molecular mechanisms that are able to po- 
sition Ca*+ and gKca channels at specific locations 
and maintain them in place. That these mechanisms 
apparently do not discriminate between Ca*+ and 
gKca channels may indicate that certain common fea- 
tures of both proteins are recognized by the mole- 
cules which target these channels to the active zone. 

Experimental Procedures 

The study was performed on NMJs of cutaneous pectoris nerve- 
muscle preparations of Rana pipiens frogs (4-5 cm body length). 
After pithing, muscles and nerves were dissected free from the 

animal and pinned into a chamber containing frog Ringer’s solu- 
tion (120 mM NaCI, 2 mM KCI, 1.8 mM CaC12, 1 mM NaHCO,, 
5 mM HEPES [pH 7.21). 

Electrophysiological Recordings of Synaptic Transmission 
The physiological effects of the various drugs on synaptic trans- 
mission at the frog NM] were monitored by recording the mem- 
brane potential of muscle fibers with intracellular glass micro- 
electrodes. Transmitter release was assayed by measuring nerve 
evoked endplate potentials (EPPs) and spontaneous release by 
measuring miniature endplate potentials. Responses were ac- 
quired by a Labmaster DMA interface and averaged in groups 
of 16 by TOMAHACQ, a PC-based data acquisition program writ- 
ten by T. A. Goldthorpe (University of Toronto). Recordings were 
performed at room temperature in low Ca2+ physiological solu- 
tion (120 mM NaCI, 2 mM KCI, 0.5 mM CaC12, 3.6 mM MgCI,, 
1.0 mM NaHCOs, 5 mM HEPES [pH 7.21). The experiments were 
performed under constant perfusion (2 mllmin) or in a closed 
bath situation. 

For the Ca2’ buffer experiments, stock solutions (5 mM) of 
the Ca2’ chelators BAPTA-AM (Molecular Probes, Eugene, OR), 
DMBAPTA-AM, and ECTA-AM were prepared in dimethyl sulfox- 
ide and diluted in saline to the desired concentration. Both con- 
trol and experimental solutions used for the Ca*+ buffer experi- 
ments contained 1% (v/v) dimethyl sulfoxide. Four ester groups 
attached to the Ca2+-binding site of the Ca2+ buffers confer mem- 
brane permeability. Once inside the cell, the esters are removed 
by esterases, and the active forms of the BAPTA and ECTA (tetra- 
anionic form) are then trapped inside the cell and act as intracel- 
lular Ca2+ buffers. Ca2+ buffers coupled to esters do not bind 
Ca2+ and therefore do not alter extracellular CaZ+ (Tsien, 1981). 
For the toxin experiments, stock solutions of ChTx (molecular 
weight 4313.9; Peptides International, Louisville, KY) and IbTx 
(molecular weight 4230; Peptides International) were prepared 
in 5 mM HEPES-buffered solution, kept at 4OC in a glass con- 
tainer, and used within 2 weeks. 

Labeling of gKca Channels with ChTx-Biotin 
To disclose gKca channels, we used synthetic N-biotinylamino- 
hexanoyl ChTx (ChTx-biotin). The toxin was not directly deriva- 
tized at the E amino groups of lysine residues with biotin as was 
w-CgTx (Robitaille et al., 19901, since this procedure obliterates 
its physiological activity. Instead, N-biotinylated ChTx was pre- 
pared synthetically using continuous flow solid phase fluorenyl- 
methyloxycarbonyl-pentafluorophenylester methodologies as 
previously described for ChTx (Sugg et al., 1990). Succinimidyl& 
(biotinamido)hexanoate was coupled to the N-terminal glutamic 
acid residue after completing the synthesis of the peptide. ChTx 
was cleaved from the resin, and all protecting groups were re- 
moved. The hexasulfhydryl material was partially purified, and 
cyclization of the toxin was monitored by reverse-phase high 
pressure liquid chromatography (HPLC). The crude cyclic pep- 
tide was again purified and displayed a single peak upon analyti- 
cal reverse-phase HPLC. 

The nerve-muscle preparations were incubated for 3-4 hr in 
ChTx-biotin (40-115 nM in normal Ringer’s solution) at room 
temperature followed by a wash of only 3-5 min. The muscles 
were then quickly transferred into cold formaldehyde (3% in 
frog Ringer’s solution at 4OC) for 60 min. The fixed preparations 
were rinsed overnight with phosphate-buffered saline (PBS; 100 
mM) at 4OC. The presence of the ChTx-biotin was disclosed by 
incubating the preparations with streptavidin-Texas Red (20 pg/ 
ml in PBS; Molecular Probes, Eugene, OR) for 120 min. 

Confocal Microscopy 
Owing to the limited rinsing procedure, a high level of back- 
ground staining on muscle and connective tissue was present, 
and the NMJs could not be detected with a conventional fluores- 
cence microscope. We used a confocal laser scanning micro- 
scope (CLSM, Bio-Rad 600) because it allows one to focus on a 
thin section of tissue and therefore eliminates the background 
located above and below the NMJs (Shotton, 1989). All images 
were acquired with the confocal apertures of both channels set 
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3.3 nm [SD]), the size of the vesicle-membrane contact area is
299 ! 21 nm2 (SEM, n " 42; unpubl. obs.). Thus, in terms of the
size of the vesicle membrane-presynaptic membrane contact
area, the docking efficacy of the mouse active zone is signifi-
cantly greater than that of the frog. Moreover, the probability of
a primary docked vesicle fusing with the presynaptic membrane
at the mouse NMJ is also likely to be greater than at frog NMJs.
Based on the observations that the area of the presynaptic
membrane directly facing the muscle fiber at mouse neuromus-
cular junctions is 80–100 #m2 (Fahim et al., 1983) and there are
!2.5 active zones per #m2 of presynaptic membrane junction
(Fukunaga et al., 1983; Fukuoka et al., 1987), we predict there are
!225 active zones per junction. Based on quantal content of the
endplate potential at mouse NMJs, it has been estimated that
about 50 synaptic vesicles fuse with the presynaptic membrane
at a junction after arrival of a nerve impulse (e.g., Banker et al.,
1983). Thus, our observation that there are only two primary
docked vesicles per active zone leads to the conclusion that
there are about 450 primary docked vesicles per NMJ, and that
there is about a 10% probability of a primary docked vesicle
fusing with the membrane during such activity. This agrees with
similar but less direct probability estimates (Walrond and Reese,
1985; Rash et al., 1988) for evoked vesicle fusion at active zones
of NMJs in human and rat muscles and on phasic muscle fibers
in lizard muscles (!6%), where we predict that the AZM like the
presynaptic membrane macromolecules at the active zones has
a bilateral distribution relative to docked vesicles, and it is 10-

fold greater than probability estimates for NMJs in frog and on
tonic muscle fibers of the lizard (Walrond and Reese, 1985; Rash
et al., 1988), where the AZM and membrane macromolecules
have a unilateral arrangement relative to the docked vesicles.
The increased probability of vesicle fusion at active zones that
have a bilateral distribution of calcium channels may be a func-
tion of an increased number of calcium sources in the vicinity of
each vesicle for triggering fusion (Walrond and Reese, 1985), but
if the ribs and/or other macromolecules in the AZM contain
proteins that exert either a constant or calcium triggered force on
the membrane of docked vesicles essential to the vesicles’ fu-
sion with the presynaptic membrane, bilateral connections of
such macromolecules to a docked vesicle may also favor an
increased probability of fusion over unilateral connections. We
observed that the curvature of the docked vesicles at the mouse
active zone appears distorted at sites of contact with the ribs in
a way that indicates force on the membrane of docked vesicles
in the direction of the ribs at the time of fixation.

The area of contact of secondary docked vesicles with the
presynaptic membrane at the ends of AZM bands is, on av-
erage, one-half that of primary docked vesicles between the
bands. Moreover, the secondary docked vesicles are con-
nected to the AZM by one-fourth as many AZM macromole-
cules as primary docked vesicles, the macromolecules arise
from the AZM orthogonal and deep to the ribs that are at-
tached to the nearby primary docked vesicles, and the mac-
romolecules have no obvious connection to calcium channels
as do ribs via pegs. These differences between the associa-
tions of secondary and primary docked vesicles together with
the absence of evidence that secondary docked vesicles fuse
with the presynaptic membrane when fusion of the primary
docked vesicles is evoked by exposure to high potassium
concentrations, as discussed above, raise the problem of
whether the secondary docked vesicles are manifestations of
an early stage in the recycling of vesicle membrane from the
presynaptic membrane after the primary docked vesicles
have fused with it during synaptic transmission. At NMJs the
membrane of vesicles that have fused with the presynaptic
membrane can move away from the fusion site before it is
retrieved from the presynaptic membrane to form a vesicle
that is capable of fusing again (Heuser and Reese, 1973, 1981;
Miller and Heuser, 1984). At NMJs on phasic muscle fibers in
the snake, where the arrangement of macromolecules in the
presynaptic membrane at active zones is similar to that in
mammals, the retrieval has been shown by fluorescence mi-
croscope histochemistry to preferentially occur immediately
adjacent to the active zones (Teng et al., 1999). We show at
mouse NMJs that there are deep invaginations in the presyn-
aptic membrane selectively localized to the region just be-
yond the ends of the active zones, indicating that this region
of the presynaptic membrane differs from elsewhere in a way
that might be expected if it were involved in the recycling of
vesicle membrane. We also show that at the ends of those
AZM bands lacking secondary docked vesicles, there are
vesicles selectively located within 30 nm of the membrane
connected to the bands in a way similar to that of the sec-
ondary docked vesicles. Altogether, these findings are con-
sistent with the possibility that secondary docked vesicles are
newly retrieved from the presynaptic membrane and destined
to move away from the membrane in association with the
AZM. Such associations might favor subsequent docking of

Figure 8.
Comparison of the arrangement of beams, ribs, and pegs at active
zones of mouse and frog neuromuscular junctions. Scheme for frog is
from Ress et al. (2004). Structure 12:1763–1774, Copyright © 2004,
Elsevier Ltd., reproduced by permission.
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3.3 nm [SD]), the size of the vesicle-membrane contact area is
299 ! 21 nm2 (SEM, n " 42; unpubl. obs.). Thus, in terms of the
size of the vesicle membrane-presynaptic membrane contact
area, the docking efficacy of the mouse active zone is signifi-
cantly greater than that of the frog. Moreover, the probability of
a primary docked vesicle fusing with the presynaptic membrane
at the mouse NMJ is also likely to be greater than at frog NMJs.
Based on the observations that the area of the presynaptic
membrane directly facing the muscle fiber at mouse neuromus-
cular junctions is 80–100 #m2 (Fahim et al., 1983) and there are
!2.5 active zones per #m2 of presynaptic membrane junction
(Fukunaga et al., 1983; Fukuoka et al., 1987), we predict there are
!225 active zones per junction. Based on quantal content of the
endplate potential at mouse NMJs, it has been estimated that
about 50 synaptic vesicles fuse with the presynaptic membrane
at a junction after arrival of a nerve impulse (e.g., Banker et al.,
1983). Thus, our observation that there are only two primary
docked vesicles per active zone leads to the conclusion that
there are about 450 primary docked vesicles per NMJ, and that
there is about a 10% probability of a primary docked vesicle
fusing with the membrane during such activity. This agrees with
similar but less direct probability estimates (Walrond and Reese,
1985; Rash et al., 1988) for evoked vesicle fusion at active zones
of NMJs in human and rat muscles and on phasic muscle fibers
in lizard muscles (!6%), where we predict that the AZM like the
presynaptic membrane macromolecules at the active zones has
a bilateral distribution relative to docked vesicles, and it is 10-

fold greater than probability estimates for NMJs in frog and on
tonic muscle fibers of the lizard (Walrond and Reese, 1985; Rash
et al., 1988), where the AZM and membrane macromolecules
have a unilateral arrangement relative to the docked vesicles.
The increased probability of vesicle fusion at active zones that
have a bilateral distribution of calcium channels may be a func-
tion of an increased number of calcium sources in the vicinity of
each vesicle for triggering fusion (Walrond and Reese, 1985), but
if the ribs and/or other macromolecules in the AZM contain
proteins that exert either a constant or calcium triggered force on
the membrane of docked vesicles essential to the vesicles’ fu-
sion with the presynaptic membrane, bilateral connections of
such macromolecules to a docked vesicle may also favor an
increased probability of fusion over unilateral connections. We
observed that the curvature of the docked vesicles at the mouse
active zone appears distorted at sites of contact with the ribs in
a way that indicates force on the membrane of docked vesicles
in the direction of the ribs at the time of fixation.

The area of contact of secondary docked vesicles with the
presynaptic membrane at the ends of AZM bands is, on av-
erage, one-half that of primary docked vesicles between the
bands. Moreover, the secondary docked vesicles are con-
nected to the AZM by one-fourth as many AZM macromole-
cules as primary docked vesicles, the macromolecules arise
from the AZM orthogonal and deep to the ribs that are at-
tached to the nearby primary docked vesicles, and the mac-
romolecules have no obvious connection to calcium channels
as do ribs via pegs. These differences between the associa-
tions of secondary and primary docked vesicles together with
the absence of evidence that secondary docked vesicles fuse
with the presynaptic membrane when fusion of the primary
docked vesicles is evoked by exposure to high potassium
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whether the secondary docked vesicles are manifestations of
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membrane of vesicles that have fused with the presynaptic
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that is capable of fusing again (Heuser and Reese, 1973, 1981;
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mouse NMJs that there are deep invaginations in the presyn-
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of the presynaptic membrane differs from elsewhere in a way
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AZM bands lacking secondary docked vesicles, there are
vesicles selectively located within 30 nm of the membrane
connected to the bands in a way similar to that of the sec-
ondary docked vesicles. Altogether, these findings are con-
sistent with the possibility that secondary docked vesicles are
newly retrieved from the presynaptic membrane and destined
to move away from the membrane in association with the
AZM. Such associations might favor subsequent docking of

Figure 8.
Comparison of the arrangement of beams, ribs, and pegs at active
zones of mouse and frog neuromuscular junctions. Scheme for frog is
from Ress et al. (2004). Structure 12:1763–1774, Copyright © 2004,
Elsevier Ltd., reproduced by permission.
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FIGURE 1. Electron micrographs and schematic
representations of the active zone structures
found in different synapses of various organisms
A, C, E, H, K, M, and O are diagrams of the active zone
structure in the synaptic terminal electron microgrpahs
shown to their right. B: a neuromuscular junction (NMJ)
terminal in Caenorhabditis elegans (31) with a the plaque-
like active zone projection (arrow). D: an NMJ terminal in
crayfish (30) with a dense projection (blue arrow). F: an
NMJ terminal in Drosophila (62) with a dense projection
called a T bar (blue arrow). G: a tetrad synapse between
photoreceptor and lamina monopolar cells in Drosophila
(61). The T bar consists of a platform (double arrows) and
a pedestal (single arrow). I: an electroreceptor in skate
(55) with a long ribbonlike dense projection (blue arrow)
and a halo of synaptic vesicles (yellow arrow). J: a triadic
photoreceptor ribbon synapse between rod photorecep-
tor and horizontal cell and a rod bipolar cell in rat (16). L:
a saccular hair cell in frog (55) with a spherical dense pro-
jection (blue arrow) and attached vesicles (yellow arrow).
N: a thin-section image (left) and a freeze-fracture image
(right) of an NMJ terminal in lizard (92). The dense projec-
tion is marked by blue arrows in both images, and the
intramembraneous particles are marked by green arrows.
P: an excitatory synaptic terminal in human hippocampus
(18) with 2 active zones (red arrows). 
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Fig. 6. Colocalization of the CAZ proteins CAST and Bassoon.
Triple immunogold labeling for CAST, Bassoon, and VGluT1 reveals
that labeling for CAST and Bassoon are colocalized on the P-face of
glutamatergic terminals of the mossy fiber (A,C) and A/C fiber (B).
Particles of 15 and 5 nm were used for Bassoon and CAST, respec-
tively, in A and B, and vice versa in C. Arrows and arrowheads
indicate 5-nm particles for Bassoon (C) and 10-nm particles for

VGluT1 (A–C), respectively. Intensity of labeling for CAST is stronger
than that for Bassoon regardless of the size of the gold particles.
D: CAST labeling (5 nm) was often observed adjacent to IMP clusters
on the E-face labeled for GluR1–4 (10 nm), indicating CAST localiza-
tion in the AZ of glutamatergic synapses. Scale bars ! 200 nm in C
(applies to A,C), D (applies to B,D).
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synaptic vesicle recycling has been shown in microinjection
studies. Peptides or antibodies that disrupt proteins such as
dynamin, amphiphysin, or endophilin all produce an
activity-dependent depletion of vesicle clusters and an
expansion of the plasma membrane in the periactive zone
(Brodin et al. 2000; Evergren et al. 2004b). Depending on
the specific perturbation performed, clathrin-coated inter-
mediates are trapped at distinct stages. For instance,
shallow coated pits accumulate after microinjection of
endophilin antibodies (Ringstad et al. 1999), whereas
deeply invaginated pits are trapped by compounds perturb-
ing SH3 domain interactions with dynamin (Shupliakov et
al. 1997a,b; Gad et al. 2000). In addition to direct clathrin-
mediated budding at the plasma membrane, bulk retrieval
of larger membrane portions has been implicated during
high levels of activity (Gad et al. 1998).

Experiments in which endocytosis is reversibly blocked
after intense stimulation have shown that vesicle membrane
can be trapped for long periods in the plasma membrane of
the periactive zone (Gad et al. 1998). When the blockade is
released, the vesicle pool recovers. These experiments
strongly indicate that exocytosed vesicle membrane
remains specifically restricted to a release site until it has
been endocytosed.

It is possible that kiss-and-run may be induced under
certain conditions at the reticulospinal synapse. Serotonin
(5HT), for example, decreases transmitter release at the
reticulospinal synapse via action downstream on calcium
entry (Blackmer et al. 2001; Blackmer et al. 2005). Alford
and colleagues (Photowala et al. 2006) have found that 5HT
inhibition is associated with a decrease in the amplitude of
the quantal excitatory postsynaptic current. Moreover, they
have found that FM1-43 destaining is more strongly
inhibited by 5HT than by a corresponding inhibition of
release by calcium channel blockers. These effects have been
suggested to be attributable to a switch from complete to
incomplete fusion (Photowala et al. 2006).

A dynamic actin cytomatrix in the periactive zone

Studies of the reticulospinal synapse (Gad et al. 2000;
Shupliakov et al. 2002; Bloom et al. 2003; Morgan et al.
2004), and of other vertebrate synapses (Dunaevsky and
Connor 2000; Sankaranarayanan et al. 2003; Richards et al.
2004) have defined the periactive zone as a distinct
compartment, based on the presence of a prominent actin
cytomatrix. Studies of the role of this structure are

Fig. 3 Stimulation-induced redistribution of synapsin. a Electron
micrograph of a section through a reticulospinal synapse labeled with
synapsin antibodies (against E-domain) at rest. b–e Increase in synapsin
immunoreactivity at the active zone during synaptic activity; synapsin
imunolabeling at rest (b) and after 5 Hz action potential stimulation
(c). d, e Control; SV2 immunolabeling: rest (d), 5 Hz action potential
stimulation (e). f Electron micrograph of a synapse labeled with
synapsin antibodies after action potential stimulation at 5 Hz. Synapsin
occurs in the the peripheral cytomatrix (thin arrow). g Dispersion of

synaptic vesicles from the distal pool in a synapse after the
microinjection of synapsin antibodies and stimulation at high frequency,
18 Hz (thin arrowheads free-floating synaptic vesicles in the axoplas-
mic matrix). Inset: Reticulospinal synapse close to the site of injection
with a depleted distal pool of vesicles. Note a reduction of the actin
matrix at the periactive zone (a axoplasmic matrix, d dendrite, v vesicle,
svc synaptic vesicle cluster, filled arrow active zone). Bars 0.1 !m
(a–f ), 0.1!m. (b–e), 0.5 !m (g). From Bloom et al. (2003), and O.S.
and L.B. (unpublished)
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Endocytic proteins, such as dynamin and amphiphysin,
appear to move between the vesicle cluster and the
periactive zone during vesicle cycling (Evergren et al.
2004a,b, 2006). The involvement of the actin cytomatrix in
protein movement has been suggested by studies of
amphiphysin (Evergren et al. 2004b), which appears to be
delimited to the synaptic vesicle cluster at rest (Fig. 5a).
After stimulation, the protein disperses from the vesicle
cluster to co-localize with F-actin in the periactive zone
(Fig. 5b). At the ultrastructural level, amphiphysin has been
detected at clathrin coats and in the actin-rich cytomatrix
(Fig. 5c,d; see also Estes et al. 1996; Roos and Kelly 1999;
Guichet et al. 2002; Koh et al. 2004; Marie et al. 2004).

Further insights into the function of the actin cytomatrix
has been obtained in studies with actin-disrupting com-
pounds. After microinjection of the ADP-ribosylating
botulinum C2 toxin, synaptic vesicle clusters show normal
sizes and organization at rest (Shupliakov et al. 2002).
However, stimulation causes an almost complete loss of
vesicle clusters (Fig. 6a,b). This disruptive effect appears, at
least partly, to be attributable to the disruption of
endocytosis. The plasma membrane in the periactive zone
has been found to contain prominent expansions with
distorted coated intermediates (Fig. 6c). Moreover, coated
pits with wide unconstricted necks accumulate at low
concentrations of C2 toxin (Fig. 6c,d).

Compounds that stabilize or bind actin filaments have
been shown to induce a slightly different effect. After
phalloidin injection (Shupliakov et al. 2002), the cytomatrix
is modified into filamentous strands that extend between
the plasma membrane and the vesicle cluster (Fig. 7a–c).
Synaptic vesicles can be seen tethered along these strands
(Fig. 7b,c), perhaps because of interference with transport.

Another actin-filament-binding compound, myosin S1
fragments treated with N-ethylmaleimide (NEM-S1), has
been found to disrupt synaptic organization potently in
stimulated axons (Shupliakov et al. 2002). Synapses in
NEM-S1-injected axons show an almost complete loss of
vesicles (Fig. 8a–c). However, some vesicles are trapped in
the actin matrix (Fig. 8b,c). After a brief stimulation,
vesicles can be seen tethered along a path (Fig. 8d)
resembling that seen after phalloidin injection (Shupliakov
et al. 2002). Vesicles endocytosed in the periactive zone
thus appear to migrate through the actin matrix to reach the
cluster. The matrix may potentially act to promote and/or
direct vesicle transport. Effects observed after synaptojanin
perturbation are consistent with these possibilities. After
disruption of synaptojanin function, uncoating is perturbed
causing the occurrence of numerous free coated vesicles
(Gad et al. 2000). These vesicles do not return to the cluster
but are either trapped in the actin matrix or dispersed into
the axonal cytoplasm (Fig. 8e).

Fig. 5 Redistribution of amphiphysin (amph) to the actin-rich cytoma-
trix at the periactive zone during synaptic activity. a, b Confocal images
of individual release sites in axons double-labeled with amphiphysin
antibodies (green) and SV2 antibodies or phalloidin (red) at rest (a) and
after stimulation (stim.) with 30 mM K

+

for 15 min (b). c Electron
micrograph of a periactive zone (f filamentous cytomatrix, sv synaptic
vesicles, d dendrite of a postsynaptic spinal neuron) from a reticulo-
spinal synapse stimulated for 20 min at 5 Hz and labeled with
amphiphysin antibodies (small gold particles) and actin antibodies
(large gold particles). d Bar graph showing a significant reduction in
the labeling of synaptic vesicle clusters and an increase in the labeling
of the periactive zone induced by stimulation at 5 Hz for 20 min (error
bars standard deviation, star statistically different from values at rest).
Bars 1 !m (a, b), 0.2 !m (c). From Evergren et al. (2004b)
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recordings from muscle fibers with resting potentials of !80 to
!90 mV were used. In some experiments, the coxal nerve was
cut to prevent efferent impulses from the thoracic ganglion,
whereas in other experiments the nerve was left intact. The
nerve was stimulated by passing current through an electrode
inserted into the thoracic ganglion or by cutting the nerve and
applying current to the axon. Excitatory junction potentials
(ejps) were recorded on photographic film directly from the
oscilloscope. Experiments on the wild-type flies were per-
formed at room temperature (24–26°C).

Normal saline consisted of 128 mM NaCl, 4.7 mM KCl, 1.8
mM CaCl2, and 5 mM Tris-aminomethane HCl (pH 7.4). In
experiments with elevated Mg2" (20 and 35 mM) and reduced
Ca2" (1.0 mM), or elevated Ca2" (18 mM), the salines were
prepared by adjusting the concentration of NaCl by an amount
so as to maintain equiosmolarity. The body cavity was perfused
with the experimental solutions through a capillary inserted
into the anterioventral prothorax. After the recording, the
preparation was perfused with fixative (2% paraformalde-
hyde!2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4)
for 30 min. The recording electrode was not removed from the
muscle fiber during perfusion with fixative. No transmitter
release, either evoked or spontaneous, was detected during

application of fixative. After 30 min in fixative, the coxal
muscle was dissected out of the body cavity and immersed in
4% glutaraldehyde for 2 hr. The specimen was postfixed in 2%
osmium tetroxide in 0.1 mM cacodylate buffer (pH 7.4),
block-stained in 1% aqueous uranyl acetate, dehydrated in
alcohol, and embedded in the epoxy resin Spurr (Polysciences,
Warrington, PA). Thin sections were double-stained with
uranyl acetate and Millonig’s lead hydroxide and observed on
a Philips CM-10 electron microscope and photographed. In
other experiments, specimens were exposed to normal and low
Ca2"!high Mg2" salines without intracellular recording and
then processed for EM as described above.

For the quantitative analysis of active zone invaginations,
the active zone was defined as the presynaptic membrane,
which was apposed to the electron dense postsynaptic mem-
brane possessing the brush-like array. An invagination was
defined as any indentation of the presynaptic plasma mem-
brane of at least 40 nm. Various ‘‘ripples’’ of the active zone
membrane that were #40 nm in height were not counted.

RESULTS
A typical example of a wild-type coxal synapse at rest, with the
nerve cut to prevent efferent impulses from the ganglion, is

FIG. 1. Typical coxal terminal. (A) Cross section of terminal in normal saline containing mitochondria (m), synaptic vesicles, and two dense
bodies at active zones (arrows). (B) Active zone in normal saline demonstrating dense body, made up of the dense body base (large arrow) and
filamentous cap (small arrows). Note that the postsynaptic muscle fiber (p) extends a finger-like projection to the active zone. (Inset) Dense body
base sectioned horizontally, parallel to plasma membrane. (C) Active zone in normal saline demonstrating attachment of dense body plate to the
presynaptic membrane (arrow). Note the double lobed appearance of dense body base (D–F, arrowhead also). (D) Active zone in normal saline
sectioned slightly tangentially to the plasma membrane to demonstrate the attachment of a subpopulation of vesicles to the dense body by thin fibrils.
(E and F) Active zones exposed to 18 mM Ca2" saline for 10 min, demonstrating many vesicles ‘‘docked’’ at the plasma membrane under the dense
body plate (large arrows). Note the attachment of the vesicles to the plate by thin fibrils in E (small arrows). (G) Active zone of shi retinula cell
terminal exposed to 29°C to induce vesicle depletion, followed by exposure to 26°C for 1 min. Note the membrane emanating from the plasma
membrane adjacent to the dense body base (large arrows). The dense body plate (small arrows) appears to have been displaced away from the plasma
membrane by the invaginating membrane. [Bars: A, 1 !m ($30,000); C, 100 nm ($75,000); B and D, 100 nm ($90,000); and E–G, 100 nm
($135,000).]
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spontaneously without external GEFs. Dynamin
family members also show high basal rates of
GTP hydrolysis, which is further stimulated upon
self-assembly. Dynamin 1, the prototypical mem-
ber of this family, is involved in CCV formation
from the presynaptic membrane, whereas dynamin
2 functions in clathrin-mediated endocytosis in
nonneuronal cells (28).

Dynamin is a multidomain GTPase that binds
membranes via a pleckstrin homology (PH) do-
main, which provides docking sites for negatively
charged lipid headgroups and contains three loops,
the first of which is lined by hydrophobic resi-
dues (Fig. 2). Dynamin interacts with multiple
Src homology 3 (SH3) domain–containing endo-
cytic accessory proteins through its C-terminal
proline-arginine–rich domain (PRD). Despite its
ability to bind directly to membranes in vitro, in
vivo studies have shown that PRD-SH3 domain
protein interactions are required to recruit dynamin
to clathrin-coated pits (29). Dynamin has a high
propensity to self-assemble under low ionic strength
conditions or under physiological conditions on a
membrane template. Self-assembly considerably
stimulates basal GTP hydrolysis, in part medi-
ated by an intramolecular GTPase effector domain
(GED) (30, 31). Although the mechanism remains
unknown, self-assembly activates an intrinsic GAP
activity in dynamin. Despite its ability to bind
liposomes in a nucleotide-independent manner,
recent results using site-specific labeling of resi-
dues in the PH domain with environment-sensitive
fluorescent probes suggest that GTP binding and
hydrolysis by dynamin 1 provide a reversible switch
for membrane association (32). Thus, dynamin 1
shows higher membrane binding in the apo or
GTP-bound state and lower binding in the GDP-
bound state. When analyzed in the presence of
GTP, dynamin 1 binds first and then dissociates
from the membrane, reflecting a cycle of associa-
tion, spontaneous self-assembly, GTP hydrolysis,
and dissociation. Residues in the PH domain show
significant insertion into the lipid bilayer, and this,
together with dynamin’s scaffolding activity, could
induce and stabilize membrane curvature (32, 33).
Indeed, membrane binding of dynamin causes the
formation of membrane tubules with an outer
diameter of ~45 nm (Fig. 2) (34).

GTPases regulate cargo sorting during coated
vesicle formation. Proofreading mechanisms en-
sure sorting of bona fide cargo and maximize
cargo uptake, thereby contributing to the fidelity
and efficiency of vesicular transport. Coat adap-
tors display multiple independent binding sites for
cargo, coat components, and negatively charged
lipids. Because binding affinities for polyvalent
interactions are much higher compared with those
of monovalent interactions, coincident detection
of such binding partners contributes to the spatio-
temporal coordination of coat assembly. Thus, coat
assembly occurs on the right cellular compartment
and when adaptors engage with as many partners
as possible.

Several reports suggest the involvement of
GTPases in regulating cargo sorting during coated

vesicular transport (Fig. 1). GTP-bound, membrane-
anchored Arf1 interacts with cargo-ArfGAP1 and
cargo-coatomer b subunit complexes, whereas
GTP-bound Sar1 interacts with cargo-Sec23-24
complexes to couple cargo recruitment to coat
assembly (35, 36). This form of cargo delivery in
complex with coat components ensures efficient
incorporation of essential cargo such as SNARE
(soluble N-ethylmaleimide–sensitive factor attach-
ment protein receptor) molecules into coated ves-
icles. The involvement of Arf family GTPases in
these early stages provides an avenue for regula-
tion of cargo sorting into coated pits via a kinetic
proofreading mechanism based on the stability of
the cargo, GTPase, and coat complex (Fig. 1).
Thus, given the intrinsic Sar1 GAP activity of the
COPII coat, Sar1 and Sec23-24 complexes inter-
acting with bona fide ER-associated cargo mole-
cules will be longer-lived than those not interacting
with cargo molecules on the membrane (37). Simi-
larly, ArfGAP1 activity can be regulated by cargo
and coat interactions, and in this way coat assembly
can be tightly coupled to efficient cargo recruitment
(38). In the case of plasma membrane–derived
CCVs, dynamin may also indirectly control the
efficiency of cargo sorting but by a different mech-
anism (Fig. 1). Recent results using total internal
reflection fluorescence microscopy (TIR-FM) to
monitor the dynamics of clathrin coats on the
plasma membrane combined with statistical analy-
ses indicate that dynamin controls early decision-

making and rate-limiting events in CCV forma-
tion (6). Thus, reducing dynamin concentra-
tions in cells decreases the rate of turnover of
early abortive species and increases the matura-
tion time of coated pits, whereas expression of
dynamin point mutants impaired in self-assembly
leads to faster turnover of abortive species and
increased endocytic uptake of cargo (30). These
results have been rationalized on the basis of a
model in which dynamin acts as a fidelity sensor
that monitors maturation efficiencies of coated
vesicles. Live-cell microscopy has also demon-
strated that specific cargo molecules (e.g., hetero-
trimeric GTP-binding protein–coupled receptors)
can regulate dynamin recruitment to CCPs and
thus regulate the kinetics and fidelity of endocytic
sorting events (39).

Membrane Fission During Coated
Vesicular Transport
Release of coated vesicles requires themembrane
necks of coated buds to undergo fission, a pro-
cess requiring GTP hydrolysis. This is apparent
from early studies where attached membrane buds
arrested before the late step of scission accumu-
lated in cells or synaptosomes perfused with non-
hydrolyzable GTP analogs (40, 41). Reconstitution
studies using liposomes have identified the mini-
mal components necessary for the formation of
COPI and COPII vesicles (42, 43). Early studies
in these minimal systems indicated that GTP-

Arf1/Sar1

Dynamin

Clathrin-
coated
vesicle

Spontaneous GTP-GDP exchange

GAP activity: self-assembly mediated
GTP hydrolysis and dissociation

Neck

Coated bud

A

COPI and COPII-
coated vesicle

Neck

Coated bud

B
GEF activity: donor membrane-localized
GBF-1 for Arf1 and Sec12 for Sar1

GAP activity: coat localized
ArfGAP1 for Arf1 or
Sec23-24, Sec13-31 for Sar1
triggers GTP hydrolysis 
and dissociation

Multiple cycles
catalyze scission

Multiple cycles
catalyze scission

Fig. 3. General model for scission of coated buds. We propose that the restricted localization of
membrane active GTPases to the necks of budding coated vesicles could catalyze membrane fission. In the
case of clathrin-coated buds (A), dynamin is localized at the neck where multiple cycles of membrane
association, spontaneous self-assembly, and GTP hydrolysis produce the GDP-bound state, and membrane
dissociation leads to scission. The donor membrane–localized GEF activity and coat-localized GAP activity
could restrict Arf1 and Sar1 localization to the necks of COPI- and COPII-coated buds (B). As a conse-
quence, reversible membrane association of these GTPases at the neck could eventually lead to scission
of the coated bud.
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The membrane acts as a platform to concen-
trate coat proteins and imparts considerable re-
sistance to bending during formation of coated
vesicles (14). Coats recruit additional proteins to
counter this resistance. COPI and COPII coated
vesicles display a functional conservation in the
coat components such that members
of the Arf family of GTPases appear
to manage both coat recruitment and
curvature generation in membranes
(8). In addition to the GTPase dy-
namin, plasma membrane–derived
CCVs recruit accessory proteins such
as amphiphysin, epsin, endophilin,
and/or members of the sorting nexin
family, which have all been shown to
bind the core coat components and to
generate and/or recognize membrane
curvature (8, 15). The accessory pro-
teins interact with the membrane
through structural elements such as
BAR (Bin, amphiphysin, Rvs) and
ENTH (epsin N-terminal homology)
domains (16). Unlike the GTPases
(see below),membrane binding and/or
dissociation of these proteins is not
known to be induced or triggered, and
thus they show a “passive”mode of
membrane association. Although they
may not be needed to generate cur-
vature per se, they might play a role
in stabilizing or locking in the coat-
generated curvature and/or in fine-
tuning the rate and degree of curvature
generation to enhance the efficiency
of cargo loading and the ability to
accommodate structurally diverse car-
gos. The GTPases, on the other hand,
associate with membranes through
a more “active” switch-type mech-
anism dependent on GTP binding
and/or hydrolysis. Such switching
might control the generation of mem-
brane curvature during coat matu-
ration and/or trigger scission. The
importance of this feature is con-
veyed by the fact that their involve-
ment is critical to all forms of coated
vesicular transport.

Arf1 in COPI vesicle formation.
Arf family GTPases constitute mem-
bers of the Ras superfamily (17) that
display low rates of guanosine diphosphate (GDP)
dissociation and GTP binding and thus require
extrinsic GTP exchange factors (GEFs). In addi-
tion, they have an intrinsically low rate of GTP
hydrolysis that is dramatically stimulated by ex-
trinsic GTPase activating proteins (GAPs). The
GTP-bound state is often associated with biolog-
ical activity, such as binding to effectors, whereas
the inactive, GDP-bound state does not bind effec-
tors. Externally provided GEF and GAP activities
are required to transition the GTPases between
GTP-bound, active and GDP-bound, inactive
states.

Arf1 initiates COPI coated vesicle formation
by recruiting the coatomer complex to the mem-
brane (18). Arf1 associates with the membrane
in a GTP-dependent manner, via a short amphi-
pathic N-terminal helix that is covalently modified
with a myristoyl chain (Fig. 2). In its GDP-bound

state, the helix is buried in the molecule, but GTP
binding triggers a conformational change in the
molecule that exposes the amphipathic helix. As
a result, Arf1 has a higher affinity for the mem-
brane in the GTP bound state. Recent results show
that, upon binding, Arf1 can remodel membranes
into highly curved tubules with an outer diameter
of ~45 nm (Fig. 2) (19, 20). GDP-bound Arf1 or
Arf mutants with polar substitutions in the am-
phipathic helix do not bind membranes and, as a
result, are not membrane active. Curvature genera-
tion by Arf1 can be explained by the bilayer-couple
model (21), where the insertion of the amphipathic

N-terminal helix would cause an asymmetric ex-
pansion of the outer versus the inner leaflet of the
lipid bilayer, thereby causing it to bend. Recent evi-
dence also indicates that GTP-bound, membrane-
active Arf1 can form dimers, which could stabilize
regions of high membrane curvature (19).

Growing evidence points to an
intricate relationship between GEF-
and GAP-mediated GTP binding
and hydrolysis by Arf1 and mem-
brane curvature.GBF-1 (Golgi-specific
brefeldin A-resistance factor 1) and
ArfGAP1, which are the Golgi-
localized GEF and GAP for Arf1,
are peripherally associated membrane
proteins involved in COPI vesicle for-
mation (17). GBF-1 is thought to asso-
ciate with Golgi membranes through
interactions with resident membrane
proteins (22). GTP binding promoted
by GBF-1 causes Arf1 to associate
with membranes, which could result
in the generation of membrane cur-
vature. ArfGAP1, on the other hand,
binds membranes through a motif
termed ArfGAP1-like lipid packing
sensor (ALPS). ALPSmotifs are am-
phipathic helices lined by residues
that pack favorably intomembranes of
high curvature (23). Thus, ArfGAP1
displays higher affinity for and is ac-
tivated by curvedmembranes, thereby
selectively promoting GTP hydrolysis
by Arf1 on curved membranes.

Sar1 in COPII vesicle formation.
Like Arf, Sar1 is a Ras-related GTPase
that initiates COPII coated vesicle for-
mation by recruiting the adaptor com-
plex Sec23-24 to the membrane (18).
Sar1 also shows similarities to Arf1 in
terms of GTP binding and hydrolysis-
dependentmembrane association prop-
erties. GTP loading of Sar1 exposes a
long N-terminal amphipathic helix,
which is not myristoylated, but none-
theless mediates membrane binding
(Fig. 2). Binding of Sar1 to liposomes
induces formation of membrane tu-
bules with an outer diameter of
~26 nm (Fig. 2) (24, 25). Neither
Sar1mutants deleted in residues that
compose the amphipathic helix nor

wild-type GDP-bound Sar1 can associate with
membranes. The GEF for Sar1 is Sec12, an in-
tegral ER-localized membrane protein. The COPII
adaptor protein Sec23-24 and outer coat protein
Sec13-31 both function as GAPs causing GTP
hydrolysis on Sar1 (26).

Dynamin Family of GTPases in CCV Formation
The dynamin family of GTPases show biochem-
ical properties that are distinct from those of the
small Ras family GTPases (27). They display a
low affinity for GTP and high rates of GDP dis-
sociation. Nucleotide exchange can thus occur

A B C

G H

ED F

GDP-bound Arf1

PH domain of dynamin1

GTP-bound Arf1

GTP-bound Sar1GDP-bound Sar1

GTPGDP

GTPGDP

0.5 !m

Fig. 2. Membrane active GTPases in coated vesicular transport. Structures were
rendered by using PyMol (www.pymol.org). (A) Structure of myristoylated Arf1 in
the GDP-bound state [Protein Data Bank (PDB) accession code 2K5U] (51).
The myristoyl chain and the first 16 residues are shown in green. (B) Structure
of Arf1 in the GTP-bound state (PDB 1O3Y) (52). Gly16 and a schematic repre-
sentation of the exposed N-terminal helix without the myristoyl chain (dotted
circle) are shown in green. (C) Membrane tubules formed by GTP-bound Arf1
(20). (D) Structure of GDP-bound Sar1 (PDB2GAO). Residues 13 to 26 are shown
in green. (E) Structure of GTP-bound Sar1 (PDB 1M2O) (53). Gly24 and a repre-
sentation of the extendedN-terminal helix (dotted circle) are shown in green. (F)
Membrane tubules formed by GTP-bound Sar1 (24). (G) Structure of dynamin
1 PH domain (PDB 1DYN) (54). The variable loops VL1 (green), VL2 (red), and
VL3 (gold) are highlighted. (H) Membrane tubules formed by dynamin 1.
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Figure 1. Synaptic Vesicles Are Fewer but Clustered in Synaptic
Terminals Mutant for synj

(A and B) Neuromuscular varicosities from third-instar larvae,
shown at the same magnification. By comparison with controls,
synj varicosities (B) have fewer synaptic vesicles, which, at some
locations (arrow) close to the T bar ribbon of an active zone, are of
larger diameter. Scale bar: 1 µm.
(C) Synaptic sites, as indicated by T bar ribbons (arrowheads), lie
closer together in locations not typical of control terminals.
(D) Enlarged view of mutant synapse showing residual large vesicle
profiles (arrow) associated with an active-zone T bar ribbon. Scale
bar (in [D] for [C] and [D]): 100 nm.
(E) The packing densities (left) and spacings (Ra/Re; see Supple-
mental Data) of synaptic vesicles in neuromuscular varicosities in-
dicate that the reduced populations of synaptic vesicles are more
clustered in mutant terminals than in their corresponding controls.
The values of Ra and Re were each significantly higher in the mu-
tant (both, p < 0.005), and their ratios were 0.85 in synj and 1.1
in wild-type, a difference that was also significant (p < 0.05). The
distribution of vesicle diameters in synj neuromuscular varicosities
(right) is shifted to an increased representation of vesicles >w36
nm in diameter (arrow). Above this size, the distributions of diame-
ters for synj and wild-type varicosities differed by eye in frequency
histograms (data not shown), as also revealed by the cumulative-
frequency plot of all vesicle sizes. Error bars are mean ± SEM.

events than those of either control or synj terminals.
Whereas synaptojanin and endophilin have previously
been regarded as functioning jointly in the fission and
uncoating steps of endocytosis, the present data sug-
gest that endophilin may have a separate function
alongside AP180 in determining vesicle size (Zhang et
al., 1998).

Previous studies of synaptojanin and endophilin re-
ported that mutant terminals could not sustain normal-
amplitude responses to stimulation at 10 Hz (Verstreken
et al., 2002, 2003). This depletion was interpreted to
reflect the full fusion of a population of synaptic vesi-
cles with the plasma membrane with the consequence
that these vesicles then become trapped at the mem-
brane. The terminals maintained the ability to sustain
transmitter release at a reduced level, which was attrib-
uted to a subset of vesicles that could undergo kiss-
and-run fusions independently of synaptojanin or en-
dophilin function. To examine this model, we stimulated
synj and endo larvae at 10 Hz for 10 min. In wild-type
terminals, EJP amplitudes initially declined rapidly (! =
3.0 s), probably from depletion of the readily releasable
pool, and then declined more slowly (! = 360 s), to
60.2% ± 5.1% of the starting EJP amplitude (mean ±
SEM, n = 7; Figures 2A and 2B). EJPs in synj mutants
initially behaved similarly (! = 1.5 s), but the second
phase of depression was both more pronounced (de-
clining to 19.9% ± 2.0% of initial amplitude) and more
rapid (! = 66 s, n = 11) than in wild-type (Figures 2A and
2B). This depletion is somewhat more severe than that
previously reported (Verstreken et al., 2003), perhaps
because synjLY/Df(2R)x58-7 is a null genotype. The
EJPs of endo mutants declined similarly (Figures 2A
and 2B). The total number of quanta released during
this 10 min period was w350,000 for controls,
w100,000 in synj mutants, and w80,000 in endo mu-
tants (Figure 2D), far greater than the total vesicle-pool
size for these genotypes, as determined below (Figure
2C), and similar to what has been reported (Verstreken
et al., 2003). Therefore, some mechanism of endocyto-
sis must persist in these mutants to maintain this
steady-state level of release.

If synj and endo mutations abolish classical endocy-
tosis, the vesicle pool should not recover to prestimulus
levels after depletion; those vesicles that had been
transferred to the plasma membrane by full fusion in
the early stages of stimulation would not be recovera-
ble. To test this prediction, we stimulated at 10 Hz for
10 min and subsequently gave a test pulse every 5 s
for the next 10 min to monitor whether or not the vesicle
pool was recovering. Control larvae recovered very rap-
idly: within 10 s, responses were 92.2% ± 5.4% of the
prestimulus EJP amplitude (n = 5; Figures 2A and 2B).
Interestingly, synj neuromuscular junctions could also
recover, albeit at a substantially slower rate: after 10
min, they had attained 67.8% ± 6.8% of the prestimulus
level (n = 6; Figures 2A and 2B). The recovery in con-
trols was best fit by a single-exponential function with
a time constant of 4.4 s. A two-exponential function
best fit the synj recovery curves, with time constants of
15.4 s for the initial fast recovery and 582 s for the slow
phase of recovery. endo terminals behaved very simi-
larly to those in synj larvae during recovery from high-
frequency trains (Figures 2A and 2B): a slow kinetic re-

Dickman et al., 2005
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Figure 8. Mutations in Endophilin Reveal a
Kiss-and-Run Mechanism of Vesicle Cycling
Operating at the Active Zone

(A–C) Electron micrographs of resting (A) and
high K!-stimulated (B) endo1 active zones.
Clear vesicles remain associated with the T
bar, but no difference in clustered vesicle
number is observed between stimulated and
unstimulated active zones (C).
(C) Vesicle densities around T bars in unstim-
ulated and stimulated endo1 NMJs and con-
trol (w) NMJs. The number of vesicles within
3 vesicle diameters around the T bar was
counted. Unstimulated endo1, n " 5 active
zones in 2 different animals; stimulated
endo1, n " 5 active zones in 2 different ani-
mals; w, n " 7 active zones in 2 different
animals. The differences are not statistically
significant.
(D) Model of kiss-and-run recycling at endo1

mutant terminals. A small pool of smooth-
surfaced vesicles located at the active zone
(T bar) undergoes multiple rounds of neuro-
transmitter release to maintain neurotrans-
mission during intense synaptic activity. This
small pool does not internalize FM1-43 (green
circles).
(E) During clathrin-mediated endocytosis at
the periactive zone, FM1-43 binds to newly
internalized presynaptic membrane, leading
to vesicular staining. Dynamin is essential for
both kiss-and-run and clathrin-mediated en-
docytosis (D and E), whereas Endophilin is
only involved in clathrin-mediated endocyto-
sis (E).

in endo1 is not due to our inability to detect labeling of of exocytosis. This vesicle pool would be exhausted
within 10 s at 10 Hz stimulation, yet endo mutants sustaina pool consisting of 15,000 vesicles since we were able

to detect labeling of fewer than 2,500 vesicles (supple- release for 600 s and release 190,000 quanta during this
period. These quanta are the equivalent of more thanmental information, http://www.cell.com/cgi/content/

full/109/1/101/DC1), implying that the detection limit of 10 endo vesicle pool sizes, implying that vesicles at
endo mutant synapses undergo multiple rounds of exo-this dye is even lower at Drosophila NMJs (1,000–1,500

vesicles). We conclude that the vesicle pool cannot be cytosis.
shits1 mutants kept at the restrictive temperature dis-labeled by FM 1-43, and that clathrin-mediated endocy-

tosis is very severely compromised or completely play a complete block in endocytosis and also fail to
internalize FM1-43 dye (Delgado et al., 2000; Koenig etblocked in endo1 mutants.
al., 1983; Ramaswami et al., 1994). In contrast to endo
mutants, the EJP amplitude in shits during intense stimu-Kiss-and-Run at Drosophila Neuromuscular

Junctions lation rapidly declines and eventually disappears (Figure
5A; Delgado et al., 2000; Kuromi and Kidokoro, 1998,Besides clathrin-mediated endocytosis, an alternative

model for vesicle retrieval at the synapse is related to the 2000; Li and Schwarz, 1999). Hence, endo mutants sus-
tain release by employing vesicles that cannot be la-kiss-and-run mechanism (Ceccarelli et al., 1973; Palfrey

and Artalejo, 1998; Stevens and Williams, 2000; Valtorta beled by FM1-43. These observations suggest that vesi-
cle cycling necessary to sustain neurotransmission inet al., 2001). In this mode of vesicle cycling, the fusion

of synaptic vesicles with the plasma membrane is be- endo mutants depends on a kiss-and-run release mech-
anism, whereby the vesicles are recycled before collaps-lieved to be transient, and the vesicles do not mix with

the membrane but retain their lipid and protein composi- ing into the presynaptic membrane (Figure 8D). Our TEM
analysis of endo mutants shows that the dense body-tion. Neurotransmitter is delivered through a fusion pore

connecting the vesicle lumen with the synaptic cleft associated vesicles are not depleted by stimulation (Fig-
ures 8A and 8B), indicating that this vesicle pool is re-(Almers and Tse, 1990; Ceccarelli et al., 1973). One view

of kiss-and-run is that exchange of lipophilic dyes such sponsible for sustaining neurotransmitter release in
endo mutant synapses.as FM 1-43 is inhibited, despite the ability of neurotrans-

mitter to escape into the extracellular space (Stevens In principle, a very small vesicle pool escaping our
FM1-43 detection limit of approximately 1,000–1,500and Williams, 2000; Klingauf et al., 1998; Richards et al.,

2000). vesicles could undergo clathrin-mediated recycling in
endo mutants. This would leave idle most of the mutantIn endo1 mutants, we find that a small vesicle pool

(about 15,000 vesicles) must undergo numerous rounds vesicle pool (!14,000), which we believe is highly un-

Verstreken et al., 2002



samples prepared from fly heads. The equivalent of one fly head was
loaded per lane. The primary antibody was an anti-GFP monoclonal
(Clontech, Palo Alto, CA) used at a dilution of 1:1000. Detection was
accomplished using a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (Amersham Biosciences, Arlington Heights, IL) and
enhanced chemiluminescence (Amersham Biosciences ECL Plus West-
ern Blotting Detection System). As an internal loading control, tubulin
was detected with an anti-tubulin monoclonal antibody (Sigma, St.
Louis, MO) at 1:200,000.

Live imaging. CAC1-EGFP fluorescence was observed at larval neuro-
muscular synapses. Third-instar larvae were dissected in saline solution
(in mM: 128 NaCl, 2 KCl, 4 MgCl2, 1.8 CaCl2, 36 sucrose, and 5 HEPES,
pH, 7.0), and all nerves projecting from the ventral ganglion were cut to
prevent muscle contraction. Epifluorescence images were obtained using
a Nikon (Tokyo, Japan) Eclipse E600FN microscope with a Fluor 60! 1.0
numerical aperture water-immersion objective (Nikon) and the follow-
ing filter set: excitation filter, HQ480/20; dichroic mirror, Q495LP; and
emission filter, HQ 525/50 (Chroma, Brattleboro, VT). Images were cap-
tured with a CCD camera (ORCA-ER; Hamamatsu Photonics,
Hamamatsu, Japan) and acquired and processed using the SimplePCI
imaging software package (Compix, Cranberry Township, PA). In this
study, all images of larval neuromuscular synapses were obtained from ven-
tral longitudinal muscles 6 and 7 within abdominal segment A2 or A3.

Immunocytochemistry and confocal microscopy. Immunocytochemistry
of Drosophila neuromuscular synapses was performed by conventional
methods with one exception: typically, and in all experiments shown,
detection of CAC1-EGFP signals was performed using Tyramide Signal
Amplification (Molecular Probes, Eugene, OR) rather than a fluores-
cently labeled secondary antibody. A typical double-labeling experiment
using tyramide enhancement of the CAC1-EGFP signal was performed as
described below.

Dissected third-instar larvae and adults were fixed for 30 min in saline
solution (see Live imaging) containing 4% paraformaldehyde (the tem-
perature for all incubations was ambient unless specified). After consec-
utive 10 min washes with (1) saline solution, (2) PBS, and (3) PBT (PBS
containing 0.2% Triton X-100), specimens were incubated in blocking
buffer (1% bovine serum albumin in PBT) for 1 hr. Blocked samples were
incubated for 2 hr with the primary anti-GFP monoclonal antibody
(Clontech) at 1:5000 in blocking buffer (for comparison, this antibody
was used at 1:500 for conventional detection with a fluorescently labeled
secondary antibody). The primary anti-GFP antibody incubation was
followed by three washes with PBT (10 min each) and tyramide enhance-
ment essentially according to the instructions of the manufacturer. Two
subsequent washes with PBT and one with PBS (10 min each) were
followed by a 30 min incubation with PBS containing 5% normal goat
serum (NGS blocking solution).

Incubation in the second primary antibody, either a 1:200 dilution of
rabbit anti-HRP antibody (Jackson ImmunoResearch, West Grove, PA)
or a 1:2000 dilution of rabbit anti-DPAK (Drosophila p21-activated ki-
nase) antibody (kindly provided by Nicholas Harden), was performed in
NGS blocking solution. After five washes with PBS (12 min each), sam-
ples were incubated with a fluorescent secondary antibody, Alexa Fluor
546 goat anti-rabbit antibody (Molecular Probes), diluted 1:100 in NGS
blocking solution. Samples were finally washed five times with PBS (12
min each) and mounted in a 1:1 mixture of PBS and glycerol. Prepara-
tions were imaged using an Olympus Optical (Tokyo, Japan) FV300
confocal microscope with a PlanApo 60! 1.4 numerical aperture oil
objective (Olympus Optical) and a z-step size of 0.2 !m. Images shown in
Figure 2 I–M were deconvolved and reconstructed using the AutoDeblur
and AutoVisualize functions of the Autoquant (Watervliet, NY) software
package. The surface projection in Figure 2 M was generated using the
Voxel Gradient Shading function of the same package.

Electrophysiology. Recordings of EPSCs from dorsal longitudinal flight
muscle (DLM) neuromuscular synapses of the adult were obtained and
analyzed as described previously (Kawasaki et al., 1998). Recordings were
performed at 20°C using 2- to 4-d-old flies. n refers to the number of
recordings; one recording was obtained from each preparation.

Data analysis. Graphing and analysis of numerical data were per-
formed in Microsoft (Seattle, WA) Excel. All data values in the text and
bar graphs are given as mean " SEM. Statistical analysis was performed
using the two-tailed Student’s t test, and significance was assigned to
comparisons for which p " 0.05.

Results
Transformation rescue and live imaging of EGFP-tagged
calcium channels
A transgene construct shown previously to rescue cac mutants
(Kawasaki et al., 2002) was modified to express a CAC1-EGFP

Figure 1. Transformation rescue and live imaging of EGFP-tagged calcium channels. A, The
UAS-cac1-EGFP transgene construct for expression of EGFP-tagged cac-encoded #1 subunits. B,
Rescue of a cac lethal mutant. Males carrying a cac lethal mutation (L13 HC129) but lacking the
transgene exhibited uniform lethality (0% viability); however, cac lethal males carrying the
transgene (L13 HC129 Rescue) were clearly rescued and exhibited adult viability similar to that
of wild-type controls. Adult viability was determined in five independent rescue experiments
for each genotype (n # 5). Viability of L13HC129 rescue males was not significantly different
from that of control males ( p $ 0.05). C, Western analysis. An anti-GFP antibody detected a
single band corresponding to the predicted 239 kDa CAC1-EGFP fusion protein in cac lethal flies
rescued by transgenic expression of CAC1-EGFP (L13 HC129 Rescue) but not in wild-type (WT)
controls. A loading control (tubulin) is also shown. D, E, Live epifluorescence and differential
interference contrast imaging reveals CAC1-EGFP puncta and their localization within larval
neuromuscular presynaptic terminals. Images were obtained from a cac lethal mutant (L13
HC129) rescued by neural expression of CAC1-EGFP. M6 and M7 mark identified ventral longi-
tudinal muscles 6 and 7.
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CacGFP

samples prepared from fly heads. The equivalent of one fly head was
loaded per lane. The primary antibody was an anti-GFP monoclonal
(Clontech, Palo Alto, CA) used at a dilution of 1:1000. Detection was
accomplished using a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (Amersham Biosciences, Arlington Heights, IL) and
enhanced chemiluminescence (Amersham Biosciences ECL Plus West-
ern Blotting Detection System). As an internal loading control, tubulin
was detected with an anti-tubulin monoclonal antibody (Sigma, St.
Louis, MO) at 1:200,000.

Live imaging. CAC1-EGFP fluorescence was observed at larval neuro-
muscular synapses. Third-instar larvae were dissected in saline solution
(in mM: 128 NaCl, 2 KCl, 4 MgCl2, 1.8 CaCl2, 36 sucrose, and 5 HEPES,
pH, 7.0), and all nerves projecting from the ventral ganglion were cut to
prevent muscle contraction. Epifluorescence images were obtained using
a Nikon (Tokyo, Japan) Eclipse E600FN microscope with a Fluor 60! 1.0
numerical aperture water-immersion objective (Nikon) and the follow-
ing filter set: excitation filter, HQ480/20; dichroic mirror, Q495LP; and
emission filter, HQ 525/50 (Chroma, Brattleboro, VT). Images were cap-
tured with a CCD camera (ORCA-ER; Hamamatsu Photonics,
Hamamatsu, Japan) and acquired and processed using the SimplePCI
imaging software package (Compix, Cranberry Township, PA). In this
study, all images of larval neuromuscular synapses were obtained from ven-
tral longitudinal muscles 6 and 7 within abdominal segment A2 or A3.

Immunocytochemistry and confocal microscopy. Immunocytochemistry
of Drosophila neuromuscular synapses was performed by conventional
methods with one exception: typically, and in all experiments shown,
detection of CAC1-EGFP signals was performed using Tyramide Signal
Amplification (Molecular Probes, Eugene, OR) rather than a fluores-
cently labeled secondary antibody. A typical double-labeling experiment
using tyramide enhancement of the CAC1-EGFP signal was performed as
described below.

Dissected third-instar larvae and adults were fixed for 30 min in saline
solution (see Live imaging) containing 4% paraformaldehyde (the tem-
perature for all incubations was ambient unless specified). After consec-
utive 10 min washes with (1) saline solution, (2) PBS, and (3) PBT (PBS
containing 0.2% Triton X-100), specimens were incubated in blocking
buffer (1% bovine serum albumin in PBT) for 1 hr. Blocked samples were
incubated for 2 hr with the primary anti-GFP monoclonal antibody
(Clontech) at 1:5000 in blocking buffer (for comparison, this antibody
was used at 1:500 for conventional detection with a fluorescently labeled
secondary antibody). The primary anti-GFP antibody incubation was
followed by three washes with PBT (10 min each) and tyramide enhance-
ment essentially according to the instructions of the manufacturer. Two
subsequent washes with PBT and one with PBS (10 min each) were
followed by a 30 min incubation with PBS containing 5% normal goat
serum (NGS blocking solution).

Incubation in the second primary antibody, either a 1:200 dilution of
rabbit anti-HRP antibody (Jackson ImmunoResearch, West Grove, PA)
or a 1:2000 dilution of rabbit anti-DPAK (Drosophila p21-activated ki-
nase) antibody (kindly provided by Nicholas Harden), was performed in
NGS blocking solution. After five washes with PBS (12 min each), sam-
ples were incubated with a fluorescent secondary antibody, Alexa Fluor
546 goat anti-rabbit antibody (Molecular Probes), diluted 1:100 in NGS
blocking solution. Samples were finally washed five times with PBS (12
min each) and mounted in a 1:1 mixture of PBS and glycerol. Prepara-
tions were imaged using an Olympus Optical (Tokyo, Japan) FV300
confocal microscope with a PlanApo 60! 1.4 numerical aperture oil
objective (Olympus Optical) and a z-step size of 0.2 !m. Images shown in
Figure 2 I–M were deconvolved and reconstructed using the AutoDeblur
and AutoVisualize functions of the Autoquant (Watervliet, NY) software
package. The surface projection in Figure 2 M was generated using the
Voxel Gradient Shading function of the same package.

Electrophysiology. Recordings of EPSCs from dorsal longitudinal flight
muscle (DLM) neuromuscular synapses of the adult were obtained and
analyzed as described previously (Kawasaki et al., 1998). Recordings were
performed at 20°C using 2- to 4-d-old flies. n refers to the number of
recordings; one recording was obtained from each preparation.

Data analysis. Graphing and analysis of numerical data were per-
formed in Microsoft (Seattle, WA) Excel. All data values in the text and
bar graphs are given as mean " SEM. Statistical analysis was performed
using the two-tailed Student’s t test, and significance was assigned to
comparisons for which p " 0.05.

Results
Transformation rescue and live imaging of EGFP-tagged
calcium channels
A transgene construct shown previously to rescue cac mutants
(Kawasaki et al., 2002) was modified to express a CAC1-EGFP

Figure 1. Transformation rescue and live imaging of EGFP-tagged calcium channels. A, The
UAS-cac1-EGFP transgene construct for expression of EGFP-tagged cac-encoded #1 subunits. B,
Rescue of a cac lethal mutant. Males carrying a cac lethal mutation (L13 HC129) but lacking the
transgene exhibited uniform lethality (0% viability); however, cac lethal males carrying the
transgene (L13 HC129 Rescue) were clearly rescued and exhibited adult viability similar to that
of wild-type controls. Adult viability was determined in five independent rescue experiments
for each genotype (n # 5). Viability of L13HC129 rescue males was not significantly different
from that of control males ( p $ 0.05). C, Western analysis. An anti-GFP antibody detected a
single band corresponding to the predicted 239 kDa CAC1-EGFP fusion protein in cac lethal flies
rescued by transgenic expression of CAC1-EGFP (L13 HC129 Rescue) but not in wild-type (WT)
controls. A loading control (tubulin) is also shown. D, E, Live epifluorescence and differential
interference contrast imaging reveals CAC1-EGFP puncta and their localization within larval
neuromuscular presynaptic terminals. Images were obtained from a cac lethal mutant (L13
HC129) rescued by neural expression of CAC1-EGFP. M6 and M7 mark identified ventral longi-
tudinal muscles 6 and 7.
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Figure 1. Four Visualization Procedures of
Immunostained Drosophila Brain

(A) A virtual slice through the image data set in
original recording orientation. Oblique frontal
view (dorsal is more anterior). Note that lami-
nae are missing, since the preparation leaves
them with the eyes. The antigen has an ele-
vated concentration in a small region of the
lateral protocerebrum.
(B) 3D visualization of the image data by di-
rect volume rendering and a color lookup ta-
ble (red-yellow-white).
(C) Neuropil regions were manually labeled
in all slices. The color code also applies to
Figures 1D, 4A, and 4B). Red: medulla; or-
ange: lobula; yellow: lobula plate; chocolate
brown: mushroom body; beige: lateral horn
(see Figure 1D); blue: antennal lobe (Figure
1D); olive green: noduli; dark green: ellipsoid
body; light green: fan-shaped body; grayish

green: protocerebral bridge (not visible in Figure 1D, as it is lying behind the fan-shaped body; but see Figure 4).
(D) A polygonal brain model generated from an individual labeled data set.
The scale bar represents 100 !m.

For the Standard Brain, only rigid and scaling transfor- be preferable and can provide an even better alignment
of neuropil structures. For example, in Figures 2C andmations were applied. They compensate for differences

in position, orientation, and size of the image data sets 2F, a rigid transformation was independently computed
but preserve differences in shape and orientation as for each labeled structure. This yielded additional dis-
well as the relative location and size of the neuropil placement vectors for labeled points. In order to gener-
structures. Figure 2A shows an average intensity map ate a continuous displacement field for all points in the
in which 28 image data sets are superimposed. Compar- data set, a special interpolation algorithm was designed
ison with a single data set (Figure 1A) gives an intuitive (see the Experimental Procedures). This procedure
idea of the similarity of brains: the overlay still allows proved particularly useful for aligning enhancer GAL4
most of the structures to be recognized. In order to expression patterns to the Standard Brain that are dou-
quantify the distribution of these structures in the over- ble-stained for the reporter and synaptic neuropil (see
lay, an additional map was calculated (Figure 2D), indi- below).
cating the probability for a labeled structure to occur at For many applications, the average intensity or proba-
a particular voxel. Large structures like the optic lobe have bility maps will be the appropriate standard. In some
large areas of overlap in all brains (dark red), whereas cases, however, a representative single image data set
smaller structures such as the mushroom body " lobes may be preferable. This reference brain was defined as
have no region where all 28 of them overlap. To improve the data set that correlated best with the label average,
the registration, a scaling factor was introduced for each which was obtained by calculating the probability that
brain (Figures 2B and 2E). Note that the average intensity included the volume closest to the average volume for
maps still have the original orientation of the template each structure in the probability map (see the Supple-
and are not rotated for optimal right-left symmetry. mentary Material).

For special applications, nonrigid registrations may

ApplicationsTable 1. Volumes of Neuropil Structures in the Standard Brain,
Shape variability in a set of brains is evident in the aver-CantonS Females
age intensity map (Figure 2C). Two such maps of differ-

Standard
ent sets can be superimposed on the screen to directlyStructure Volume (!3) SEM Deviation (!3)
reveal group differences. For most applications, how-

Medulla (r) 1.076 #2.8% 1.575
ever, labeling substructures will be indispensable. Com-

Medulla (l) 1.076 #2.4% 1.365

puting tools for this time-consuming step are continu-Lobula (r) 3.595 #2.9% 5.594

ously being improved.Lobula (l) 3.605 #2.8% 5.414

Sexual DimorphismsLobula plate (r) 1.925 #3.7% 3.784

Lobula plate (l) 1.925 #3.4% 3.434 Male and female brains were compared in two wild-
Mushroom body (r) 1.555 #3.4% 2.804 type strains (Figure 3A), CantonS (CS) and Lindelbach
Mushroom body (l) 1.535 #3.3% 2.714

(a village near Würzburg; WT-Li). In addition to the 28
Ellipsoid body 3.564 #2.5% 4.623

CS females described above, 28 CS males as well asNoduli 9.973 #3.1% 1.623

33 females and 28 males of WT-Li were prepared fromFan-shaped body 1.045 #2.7% 1.494

parallel cultures at the same time of the year. All imageProtocerebral bridge 1.984 #3.1% 3.203

Antennal lobe (r) 1.905 #2.6% 2.594 data sets were labeled and averaged. As reported earlier
Antennal lobe (l) 1.915 #2.6% 2.584 [4], females have larger medullae in accord with their
Lateral horn (r) 8.404 #3.2% 1.444

larger number of facets and visual elements. In contrast,
Lateral horn (l) 8.834 #3.2% 1.484

the lobula and lobula plate have the same size in the

Rein et al., 2002



Fig. 3.

Profiles of the 10 cells reconstructed in three dimensions from column 2 in Fig. 2: R7 and R8,

L1–L5, C2 and C3, and T1. Because the column is oval in cross section, each cell is shown

from four views: from anterior looking posterior (A), in the plane of the chiasma, from dorsal

looking ventral (C), and oblique views rotated 45° from the dorsal towards anterior (B) or

towards the posterior (D). Borders are indicated between strata M1–M6. Estimated scale of

the distance from the distal edge of stratum M1 is shown in the left side. The levels of panels

in Figs. 6 and 7 are shown by arrowheads (right side). Enlarged images of terminal arbors of

L1–L5 in a posterior view looking anterior (E–L): L1’s bi-lobed arbor in stratum M1 (E) and

clubbed terminal in stratum M5 (F); L2’s terminal arbor in stratum M2 (G); L3’s terminal arbor
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(Hardie, 1985). While the inner photo-
receptors are specialized for color
vision, the outer photoreceptors are
involved in a variety of tasks, including
brightness detection, orientation be-
havior, and motion detection. R1–R6
project their axons to the lamina region
of the optic lobe, where they each syn-
apse onto the monopolar neurons L1,
L2, and L3, as well as the amacrine
cell amc (Figure 1A) (Meinertzhagen
and Sorra, 2001). The terminations of
photoreceptors and their target neu-
rons in the lamina form so-called ‘‘car-
tridges’’ that parallel the organization
of ommatidia in the retina (Braitenberg,
1967; Trujillo-Cenoz, 1965). These ana-
tomical structures do not exactly rep-
resent individual ommatidia but are
the ‘‘visual sampling units’’ of motion
detection. L1–L3 project to a deeper
region of the optic lobe, the medulla,
whereas amc contacts the lamina pro-
cesses of the medulla cell T1 (Fisch-
bach and Dittrich, 1989).

Despite the detailed description of
the lamina neural network (Meinertz-
hagen and Sorra, 2001), the function
of individual cell types is not well
understood. Theoretically, motion de-
tection requires two inputs that are

compared to provide information about
the direction and speed of motion
(Borst and Egelhaaf, 1989). These re-
quirements are met by a correlation-
type elementarymotion detector (EMD)
(Figure 1B). In its most basic form, the
signal from one ommatidium (or more
precisely a visual sampling unit) is
delayed and then compared with the
nondelayed signal from a neighboring
unit. The introduced delay introduces
asymmetry to the system and can
thus inform about the direction of the
motion.
Neural correlates for the EMD have

not yet been identified, but experimen-
tal evidence shows that the so-called
lobula plate tangential cells (LPTCs)
in a deeper region of the optic lobe
respond to visual motion in a direc-
tion-sensitive manner (Hausen, 1982;
Hengstenberg, 1982), suggesting that
the EMD directly provides input into
LPTCs. Two different pathways have
been proposed to instruct these cells
(Figure 1A) (Bausenwein et al., 1992;
Strausfeld, 1984). In the first pathway,
the signal from R1–R6 appears to
propagate from L1 through Mi1 and
T4 to LPTC (Figure 1A). In the other
pathway, R1–R6 are thought to acti-

vate L2, which subsequently relays
the information through Tm1 and T5
to LPTC. Thus, L1 and L2 could repre-
sent the two offset inputs into the EMD
(Braitenberg and Hauser-Holschuh,
1972). Alternatively, L1 and L2 might
each be part of distinct EMDs that
act redundantly or have specialized
functions such as different velocity
optima, directional sensitivities, or con-
trast sensitivities. Experimental evi-
dence for or against any of these
hypotheses is still lacking. Further-
more, none of these models propose
where and how the delay is introdu-
ced. In this issue, Rister et al. (2007)
investigate the function of the lamina
neurons L1 and L2 and suggest a pos-
sible contribution of the amc/T1 path-
way in motion detection and other
related tasks.

To study the role of various lam-
ina neurons and address possible
parameters of the EMD, Rister and col-
leagues used a variety of sophisticated
motion-detection assays as well as
genetic manipulations. They evaluated
the response to patterns of stripes
rotating around individual flies in flying
or walking flies. To be able to manipu-
late different lamina cell types, the au-
thors identified GAL4 driver lines that
show expression in both L1 and L2
neurons, as well as lines that specifi-
cally label L1, L2, or T1 neurons in
the lamina. With these lines, synaptic
transmission could be blocked in any
combination of these neurons. Fur-
thermore, the authors also used flies
mutant in the ort gene, which encodes
a histamine receptor subunit. As hista-
mine is the exclusive neurotransmit-
ter of photoreceptors, these flies are
defective in neural transmission from
photoreceptors to secondary neurons.
By driving expression of wild-type ort
with the specific GAL4 lines, Rister
and colleagues could restore function
only in selected secondary neurons
and thus test for sufficiency of these
neurons.

Using these tools, Rister and col-
leagues show that both L1 and L2 are
involved in the response to moving
striped patterns in stationary and
walking flies, as well as the landing
response in flight. Do these cells func-
tion redundantly, or are they both

Figure 1. Proposed Neural Pathways and Theoretical Model for Motion Detection
(A) Proposed neural pathways (Bausenwein et al., 1992) originating from outer photoreceptors
R1–R6. Neurons are color coded according to the location of their cell bodies within the optic lobes
(photoreceptors in orange, lamina neurons in green, medulla neurons in yellow, T4/5 neurons and
lobula complex neurons in blue).
(B) Model of the correlation-type motion detector (after Borst and Egelhaaf, 1989).
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is recorded in real-time while it tries to turn with the rotat-
ing stripes (Götz, 1964; Heisenberg and Wolf, 1984).

At the lowest pattern contrast tested (m = 0.1%), re-
sponses of wild-type and positive controls were already
reduced to about 25% of maximal responses (compare
to pattern contrast m = 10%; Figure 3C). Under these con-
ditions, ort mutant flies were entirely motion blind. We
compared the responses of flies that had the L1 and L2
pathways or only L1 or L2 restored. Expression of ort+

cDNA in L1 and L2 rescued optomotor yaw responses at
m = 0.1% pattern contrast (arrowed, Figure 3A). In con-
trast, optomotor responses were not rescued if the L1
and L2 pathways (blue and red bars in Figure 3A, respec-
tively) were separately restored, indicating that both L1
and L2 were required under these conditions.

At m = 1% pattern contrast, mutant ort flies with a re-
stored L2 pathway showed optomotor responses that
were only slightly reduced compared to the positive con-
trols (red bars, Figure 3B). In contrast, the L1 pathway
alone was not sufficient to mediate optomotor responses
under these conditions. Its rescue did not cause a signifi-
cant difference in comparison to the negative control (blue
bars, Figure 3B). At pattern contrast m = 3%, both rescue
groups showed wild-type responses (data not shown).
In the inverse approach, we expressed shits1 in L2 leav-

ing only L1 of the L1L2 pair functional. At the restrictive
temperature, optomotor responses were abolished at pat-
tern contrast m = 0.1% andm = 1% (red curve, Figure 3C),
confirming that the L1 pathway alone was not sufficient
under these conditions. At m = 3% pattern contrast and

Figure 3. Differences between the L1, L2, and T1 Lamina Pathways at Low Pattern Contrast
Color coding and genotypes in (A) and (B) as in Figures 2D and 2E. (A) Upper right inset: schematic drawing of the setup used to measure optomotor

yaw torque responses in tethered flight. Flies try to follow the motion of the striped drum by producing syndirectional yaw torque. At very low pattern

contrast (m = 0.1%), both the L1 and L2 pathways (orange bar, arrowed) have to be functional for motion vision. Rescue of either pathway alone is not

sufficient (blue and red bar; p < 0.001 in comparison to positive controls, ANOVA test). (B) At pattern contrast m = 1%, again the rescue of both path-

ways leads to wild-type optomotor responses. The rescue of L1 is not sufficient (p < 0.001 in comparison with the positive control, and no significant

difference in comparison with the negative control; ANOVA test). In contrast, restoring L2 leads to highly significant responses that are close to pos-

itive controls (hatched red bar; p < 0.05; ANOVA test). This shows that the L2 pathway has a higher sensitivity under these conditions. N = 5–11 per

genotype. (C) Optomotor responses at different pattern contrasts of flies that had the output of L2 (red), T1 (green), and both interneurons (black;

expression pattern shown in [D]) blocked. Pattern wavelength and contrast frequency were kept constant (l = 18!; w/l = 1 Hz). Light gray curve, het-

erozygous T1L2-GAL4/+ driver control; dark gray curve, heterozygous UAS-shits1 effector control. Blocking L2 prevented the response to contrasts of

1% and below. Note the significant reduction (**p < 0.01 in comparison to both control genotypes; ANOVA test) after the block of T1 and L2 at 5%

contrast (arrow). N = 3–15 animals per data point. Error bars indicate SEM. (D) T1L2-GAL4 labels both interneurons. Note that only onemedulla layer is

labeled and that T1’s cell bodies are located in the medulla rind (arrow), whereas those of L2 are found in the lamina cortex (arrowhead). Scale bar,

20 mm. Error bars indicate SEM.
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Strausfeld, 1971; Strausfeld and Campos-Ortega, 1977;
Shaw, 1984; Fischbach and Dittrich, 1989; Meinertzhagen
and O’Neil, 1991). Its functional significance, however, is
little understood.

In the lamina, themotion channel is split into four parallel
pathways (Figures 1A, 1B, and 2A). In each cartridge, the
photoreceptor terminals are connected by tetradic synap-
ses to four neurons, L1, L2, L3, and the amacrine cell
a (amc; connecting to the medulla via the basket cell
T1). The most prominent of these are the large monopolar
cells L1 and L2 (labeled in blue and red in Figures 1A and
1B; Fischbach and Dittrich, 1989; Meinertzhagen and
O’Neil, 1991). Their position in the center and their radially
distributed dendrites throughout the depth of the cartridge
suggest a key role in peripheral processing. This can be
visualized by 3H-deoxyglucose activity labeling (Buchner
et al., 1984; Bausenwein et al., 1992). Single-unit record-
ings of L1 and L2 in large flies so far have revealed only
subtle differences between them (Hardie and Weckström,

1990; Laughlin and Osorio, 1989). Their specific functional
contribution to behavior is largely unknown.
Several hypotheses have been advanced over the last

40 years (reviews: Laughlin, 1981a; Heisenberg and
Wolf, 1984; Shaw, 1984; Borst and Haag, 2002; Douglass
and Strausfeld, 2003). The loss of L1 and L2 and concom-
itantly of optomotor responses in the mutant Vacuolar
medullaKS74 had prompted Coombe and Heisenberg
(1986) to propose that these cells were involved in motion
detection. Later, however, Coombe et al. (1989) claimed
that L1 and L2 should be dispensable, because they still
measured optomotor responses in flies that they assumed
to have complete degeneration of L1 and L2.
If indeed L1 and L2 mediate motion vision, are they

functionally specialized or redundant? The latter is unlikely
to be the whole answer, considering the differing synaptic
relationships of the two neurons. For one, they have their
terminals in separate layers of the medulla (Fischbach
and Dittrich, 1989; Figures 1A and 1B). Second, L2, but

Figure 1. Anatomy of Peripheral Inter-
neurons of the Fly’s Visual System
(A) Neurons of the lamina cartridge (modified

from Fischbach and Dittrich, 1989). For visibil-

ity, only one R1-6 terminal is shown (gray).

Interneurons genetically addressed in this

study (L1, L2, and T1) are shown in color.

Note that L1 and L2 arborize in different layers

of the medulla (M1/M5 and M2, respectively),

whereas L2 and T1 share the same layer (M2).

(B) Electron microscopical (left, modified from

Heisenberg and Wolf, 1984) and schematic

cross-section (right) through the lamina car-

tridge formed by photoreceptors R1-6 (gray)

sharing the same optical axis and making syn-

aptic contacts with monopolar cells L1, L2, L3,

and amacrine processes (amc). L1 (blue) and

L2 (red) are located in the center of the car-

tridge. L4, L5, and T1 represent second-order

interneurons,with T1beingpostsynaptic toamc.

(C) Unidirectional elementary motion detector

(EMD; Borst and Egelhaaf, 1989). It consists of

two input channels that are successively

activated when a visual stimulus moves across

their receptive fields. The signal of channel 1 is

delayed (3) in order to coincide with the signal

of channel 2 at the multiplication stage M, lead-

ing to a directionally selective output signal.

(D andE) 10mmconfocal image stacks of a plas-

tic section (left) and an agarose section (right) of

twoGAL4 lines, L1L2A (D) and L1L2B (E), driving

expression of a green fluorescent protein in L1

and L2. Reporter expression was detected in

cell bodies and dendritic structures in the lamina

(la). In the medulla (me), three rows of arboriza-

tions are labeled that correspond to L1 and L2

(compare to Figure 1A).

(F) L1-GAL4 labelsL1neurons in the lamina that have theircell bodies in the lamina (la) cortexandarborize in twomedulla (me) layers (compare toFigure 1A).

Note that there is additional expression in the proximal medulla (me), as well as in the lobula (lo).

(G andH) 13–20mmconfocal image stacks of drivers expressingGFP in lamina interneurons L2 (L2-GAL4; [G]) and T1 (T1-GAL4; [H]). Inset in (H): horizontal

section through optic cartridges reveals the ring of T1’s basket processes that encloseR1-6 (compare to schematic in Figure 1B). Note that both interneu-

rons arborize in the same medulla layer (compare to Figure 1A).

Scale bars, 20 mm.
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Summary

At presynaptic active zones (AZs), the frequently observed tethering 

of synaptic  vesicles to an electron-dense cytomatrix, represents a 

process of largely unknown functional significance. Here, we 

identified a hypomorphic allele, brpnude, lacking merely the last 1% 

of the C-terminal amino acids (17 of 1740) of the active zone protein 

Bruchpilot. In brpnude, electron dense bodies were properly shaped, 

though entirely bare of synaptic vesicles.  While basal glutamate 

release was unchanged, paired-pulse stimulation provoked 

depression at intervals as short as 10 ms. Furthermore, rapid 

recovery during and following sustained release was slowed.  

 

Our results causally link, with intra-molecular precision, the 

tethering of vesicles at the AZ cytomatrix to rapid synaptic 

depression.  

  
!



first few postnatal weeks. In CaV2.1-deficient mutants, compen-
sation by residual channels is incomplete, leading to progressive
weakness and death in the third postnatal week25,27,28.
NMJs in CaV2.1-deficient muscle were topologically normal,

with varicose nerve terminals fully occupying an acetylcholine

receptor (AChR)-rich postsynaptic apparatus (Supplementary
Fig. 6). Notably, laminin b2 was normally concentrated in the
synaptic cleft of CaV2.1-deficient NMJs. With regards to ultrastruc-
ture, CaV2.1-deficient nerve terminals bore normal concentrations
of synaptic vesicles, the postsynaptic membrane was normally

Figure 5 A new light microscopic assay for active zones used to monitor defects in laminin

b2 and CaV2.1 mutant NMJs. a, Adult NMJ stained in whole mount with anti-bassoon
(green) to show active zones and Alexa-647-a-bungarotoxin (red) to label AChRs. The

muscle was also stained with anti-SV2 (blue), showing more dispersed synaptic vesicles.

The far right panel shows the whole NMJ from which high-magnification views (boxed

region) were taken. No punctate staining was observed when control antibodies were

substituted for anti-bassoon. b–e, Control, Lamb2 2/2 and CaV2.1-deficient NMJs of

indicated postnatal ages were stained for bassoon (green) and AChRs (red). Examples are

shown in b, c, and results are quantified in d, f. Graphs show bassoon (Bsn)-positive area

per unit AChR-rich (BTX) area. Calculation of puncta number instead of area gave similar

results. e, g, Active zones at control, Lamb2 2/2 and CaV2.1-deficient-NMJs were also

counted from electron micrographs (see Fig. 6 for example); graphs show number of

active zones per mm of neuron–muscle apposition. Both light and electron microscopy

show normal density of active zones in P0 Lamb2 2/2 mice, and decreased numbers in

older Lamb2 2/2 and CaV2.1-deficient mice. Each column represents 12–22 junctions in

d, f and 51–199 profiles in e, g. Brackets indicate values that differ at P , 0.0001 (single

asterisk) or P , 0.04 (double asterisk), Student’s t-test. Scale bars: 2mm (a), 5mm (b, c).
Graphs show mean ^ s.e.m.
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