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animal and pinned into a chamber
containing
frog Ringer’s solution (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
transmission at the frog NM] were monitored
by recording
the membrane potential
of muscle
fibers with intracellular
glass microelectrodes.
Transmitter
release was assayed by measuring
nerve
evoked
endplate
potentials
(EPPs) and spontaneous
release by
measuring
miniature
endplate
potentials.
Responses
were acquired
by a Labmaster
DMA interface
and averaged
in groups
of 16 by TOMAHACQ,
a PC-based data acquisition
program
written by T. A. Goldthorpe
(University
of Toronto).
Recordings
were
performed
at room temperature
in low Ca2+ physiological
solution (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
sulfoxide and diluted in saline to the desired concentration.
Both con-
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467
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 function 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
The Journal of Comparative Neurology
proteins that exert either a constant or calcium triggered force on
the membrane
of docked
vesicles essential to
the vesicles’ fuAZM AT MOUSE
NEUROMUSCULAR
JUNCTIONS
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 average, one-half that of primary docked vesicles between the
bands. Moreover, the secondary docked vesicles are connected to the AZM by one-fourth as many AZM macromolecules as primary docked vesicles, the macromolecules arise
from the AZM orthogonal and deep to the ribs that are attached to the nearby primary docked vesicles, and the macromolecules have no obvious connection to calcium channels
as do ribs via pegs. These differences between the associations 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
Nagwaney
et al.,2009
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

Fine structure of active zones

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.

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 significantly greater than that of the frog. Moreover, the probability of
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ΔCm ~ 100 fF
70 aF / vesicle
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~ 1400 vesicles
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Modelling glutamate release
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conditions or under physiological conditions on a
GDP GTP
membrane template. Self-assembly
considerably
stimulates basal GTP hydrolysis, in part mediated 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 residues in the PH domain with environment-sensitive
fluorescent probes suggest that GTP binding and
hydrolysis
by dynamin
1 provide a reversible switch
PH
domain
of dynamin1
for membrane association (32). Thus, dynamin 1
shows higher membrane binding in the apo or
GTP-bound state and lower binding in the GDPbound state. When analyzed in the presence of
GTP, dynamin 1 binds first and then dissociates
from the membrane, reflecting a cycle of association, 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 ensure sorting of bona fide cargo and maximize
cargo uptake, thereby contributing to the fidelity
and efficiency of vesicular transport. Coat adaptors 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 spatiotemporal 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

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 mechanism (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 analyses indicate that dynamin controls early decision-

cess requiring GTP hydrolysis. This is apparent
from early studies where attached membrane buds
arrested before the late step of scission accumulated in cells or synaptosomes perfused with nonhydrolyzable GTP analogs (40, 41). Reconstitution
studies using liposomes have identified the minimal components necessary for the formation of
COPI and COPII vesicles (42, 43). Early studies
in these minimal systems indicated that GTP-
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binds membranes through a motif
termed ArfGAP1-like lipid packing
sensor (ALPS). ALPS motifs are amphipathic helices lined by residues
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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 suggest that endophilin may have a separate function
alongside AP180 in determining vesicle size (Zhang et
al., 1998).
Previous studies of synaptojanin and endophilin reported that mutant terminals could not sustain normalamplitude 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 vesicles with the plasma membrane with the consequence
that these vesicles then become trapped at the membrane. The terminals maintained the ability to sustain
transmitter release at a reduced level, which was attributed to a subset of vesicles that could undergo kissand-run fusions independently of synaptojanin or endophilin function. To examine this model, we stimulated
synj and endo larvae at 10 Hz for 10 min.
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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.
!

articles

Protein composition of active zones

first few postnatal weeks. In CaV2.1-deficient mutants, compensation 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 ultrastructure, CaV2.1-deficient nerve terminals bore normal concentrations
of synaptic vesicles, the postsynaptic membrane was normally

Nishimune et al., 2004

