FIGURE LEGENDS
FIGURE 7.1 Ultrastructural images of exocytosis and active zones. (A–C) Synapses from frog sartorius neuromuscular junctions were quick-frozen milliseconds after stimulation in conditions that enhance transmission. (A) A thin section showing vesicles clustered in the active zone (arrows), some docked at the membrane. (B) Shortly (5 ms) after stimulation, vesicles were seen to fuse with the plasma membrane. (C) After freezing, presynaptic membranes were freeze-fractured and a platinum replica was made of the external face of the cytoplasmic membrane leaflet. Vesicles fuse about 50 nm from rows of intramembranous particles thought to include Ca2+ channels. (D–F) The fine structure of the active zone at a frog neuromuscular junction as seen with electron tomography. (D) In a cross-sectional image from tomographic data, two vesicles are docked at the plasma membrane and additional electron-dense elements are seen. When these structures are traced and reconstructed through the volume of the EM section (E), proteins of the active zone (gold) appear to form a regular structure adjacent to the membrane that connects the synaptic vesicles (silver) and plasma membrane (white). Viewed from the cytoplasmic side (E, lower image), proteins are seen to extend from the vesicles and connect in the center. (F) Schematic rendering of an active zone based on tomographic analysis. An ordered structure aligns the vesicles and connects them to the plasma membrane and to one another. Parts A and B from Heuser (1977) and Heuser et al. (1979). Part C reproduced from the Journal of Cell Biology 88, 564–580 (1981). (D–F) After Harlow et al. (2001).
FIGURE 7.2 The life cycle of synaptic vesicles. Transmitter-filled vesicles can be observed in clusters in the vicinity of the active zone. Some vesicles are recruited to sites within the active zone in a process called docking. These vesicles subsequently are primed for release. The rise in cytosolic Ca2+ that occurs during an action potential triggers the opening of a fusion pore between some of the primed, docked vesicles and the plasma membrane. Transmitter exits through this fusion pore. Three pathways are proposed by which the now empty vesicle can be recovered and returned to the releasable pool: (1) by a direct reclosing of the fusion pore and reformation of the vesicle, often called “kiss and run”; (2) by complete fusion (i.e., the flattening of the vesicle onto the membrane surface) followed by clathrin-mediated endocytosis, removal of the clathrin coat, and return of the vesicle to the releasable pool; and (3) by complete fusion and recycling as in the second pathway, but the endocytosed vesicle fuses first with an endosome and mature vesicles are subsequently formed by budding from the endosome. After or during this recycling process, the vesicle must be refilled with transmitter.

FIGURE 7.3 Microdomains with high Ca2+ concentrations form in the cytosol near open Ca2+ channels and trigger the exocytosis of synaptic vesicles. (A) In this adaptation of a model of Ca2+ dynamics in the terminal, a set of Ca2+ channels is spaced along the x axis, as if in a cross section of a terminal. The channels have opened and, while they are open, the cytosolic Ca2+ concentration (y axis) is spatially inhomogeneous. Near the mouth of the channel, the influx of Ca2+ drives the local concentration to as high as 800 μM, but within just 50 nm of the channel, the concentration drops off to 100 μM. Channels are spaced irregularly but are often sufficiently close to one another that their clouds of Ca2+ can overlap and sum. (B) In the active zone (gray), an action potential has opened a fraction of the Ca2+ channels, and microdomains of high cytosolic Ca2+ (pink) arise around these open channels as Ca2+ flows into the cell. In the rest of the cytoplasm, the Ca2+ concentration is at resting levels (0.10 μM), but within these microdomains, particularly near the channel mouth, Ca2+ concentrations are much higher, as in (A). Synaptic vesicles docked and primed at the active zone may come under the influence of one or more of these microdomains and thereby be triggered to fuse with the membrane. (C) A few milliseconds after the action potential, the channels have closed and the microdomains have dispersed. The overall Ca2+ concentration in the terminal is now slightly higher (0.11 μM) than before the action potential. If no other action potentials occur, the cell will pump the extra Ca2+ out across the plasma membrane and restore the initial condition after several 100 ms.

FIGURE 7.4 Schematic representation of the structure and topology of major synaptic vesicle membrane proteins (see also Table 8.1).

FIGURE 7.5 SNARE proteins and the action of clostridial neurotoxins. The SNARE complex shown at the left brings the vesicle and plasma membranes into close proximity and likely represents one of the last steps in vesicle fusion. Vesicular VAMP, also called synaptobrevin, binds with syntaxin and SNAP-25 that are anchored to the plasma membrane. Tetanus toxin and the botulinum toxins, proteases that cleave specific SNARE proteins as shown, can block transmitter release.

FIGURE 7.6 Neurotransmitter release shares a core mechanism with many membrane fusion events within eukaryotic cells. The fusion of synaptic vesicles (A) is driven by a particular complex of four coiled-coil domains contributed by three different proteins. Exocytosis in yeast (B), the fusion of late endosomes in mammalian cells (C), and the fusion of vacuolar vesicles in yeast (D) exemplify the closely related four-stranded coiled-coil complexes required to drive fusion in other membrane-trafficking steps.

FIGURE 7.7 Quantal transmission at the neuromuscular junction. (A) Intracellular recordings from a rat muscle fiber in response to repeated presynaptic stimulation of the motor axon. Low extracellular [Ca2+] and high [Mg2+] restricted Ca2+ entry and so kept transmission to a very low level. The stimulus was given at the time marked by the dotted line. The size of the postsynaptic response fluctuated from trial to trial, with some trials giving failures of transmission. Spontaneous minis occurring in the background (e.g., those events that occur before the dotted line) had approximately the same amplitude as the smallest evoked responses, implying that they arose from the release of single quanta of acetylcholine. From Liley (1956). (B) Peak amplitudes of 200 evoked responses [end plate potentials (EPPs)] from a similar experiment, plotted as an amplitude histogram. Eighteen trials resulted in failures of transmission (indicated by the bar at 0 mV), and the rest gave EPPs whose amplitude tended to cluster at integral multiples of 0.4 mV. This coincides with the mean amplitude of the spontaneous minis, whose amplitude distribution is shown in the insert together with a Gaussian fit. Shading through the EPP histogram is a fit obtained by assuming a Poisson model of quantal release. Roman numerals indicate the number of quanta corresponding to each component in the distribution. From Boyd and Martin (1956).
FIGURE 7.8 Short-term synaptic plasticity. (A) An idealized synapse in which facilitation predominates. Two stimuli (paired pulses) are given to the presynaptic nerve in each line and postsynaptic voltage responses are shown. Closely spaced stimuli (top line) facilitate strongly but as the interval between stimuli increases, the degree of facilitation diminishes. The fifth line illustrates how facilitation can accumulate during a train of stimuli. (B) An idealized synapse in which synaptic depression predominates. (C) At most synapses, both depression and facilitation occur and, depending on the nature of the individual synapse and the time course of facilitation, depression, augmentation, and potentiation, any of these phenomena may predominate at a given moment. Thus, in a realistic pattern of activity, with unevenly spaced action potentials arriving at a terminal, the strength of transmission can depend greatly on the previous history of the synapse.

FIGURE 7.9 Depletion model of synaptic depression depicting the action of two stimuli (t1 and t2) that arrive so closely spaced that no vesicles have been recruited to the releasable pool to replace those that fused in response to the first stimulus. (A) A synapse in which the releasable pool (n) is large and the probability of fusion for a given vesicle (p) is low shows little or no depression. Because only a small fraction of the docked, releasable vesicles fused in response to the first stimulus, the second response is comparable in amplitude. (B) A synapse in which the releasable pool (n) is small but the probability of fusion (p) is high is likely to be strongly depressing. Vesicles released by the first impulse deplete half the fusion-competent pool, leaving n at t2 equal to half its value at t1. If p has not changed at t2, the second stimulus will release half as many quanta.

