
Neurotransmitter secretion is very fast (~100 times faster than insulin secretion 
by pancreatic b-cells) and is induced by  Ca++ increase in the presynaptic terminal

10-7 M

10-3 M

Main steps involved in neurotransmission at
chemical synapses



The anatomical specializations of the synapse and the 

properties of the pre-synaptic ion channels and 

postsynaptic receptors all contribute to achieve FAST, 

QUANTAL TRANSMISSION

Release of
neurotransmitter is
quantal

B.  KatzBernard Katz

For additional information on this subject, see Chapter 15 of the textbook ‘From Molecules to Networks’  by Byrne et al.



Relationship between synaptic vesicle exocytosis
and quantal transmitter release

(A) Freeze-fracture microscopy was used to 

visualize the fusion of synaptic vesicles in 

presynaptic terminals of frog motor neurons

(B) Comparisons of the number of observed 

vesicles fusions to the number of quanta 

released by a presynaptic action potential

(C) Structural organization  of vesicles fusion 

sites of frog presynaptic terminals



Postsynaptic events leading to generation of action

potential in the muscle fiber

Kandel, Principles of Neural Sciences, 2013



Calcium channels are concentrated

at the active zone

Kandel, Principles of Neural Sciences, 2013



Microdomains with high 

Ca2+ concentrations form 

near open Ca2+ channels 

and trigger the exocytosis 

of synaptic vesicles

1.8 mM Ca++

Byrne, From Molecules to Networks, 2014



Reconstruction of the active 
zones at the neuromuscolar
junction by electron 
tomography

Squire, Fundamental Neuroscience, 2013



CNS synapses:
the presynaptic terminal

(electron tomography)



Purves, Neuroscience, 2012



Calcium controls:

1) exocytosis

2) mobilization of synaptic vesicles 



Dephosphorilated
Synapsin 1 (Syn 1) links 

vesicles to the actin 
cytoskeleton.

Phosphorilation of 
Syn 1 induces vesicle 

mobilization, increasing 
the number of vesicles 
available for 
docking/fusion with the 
plasma membrane



Demonstration of synaptic vesicle 

recycling in the presynaptic terminal

Purves, Neuroscience, 2012



The Nine Steps of the
Synaptic Vesicle Cycle
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Chlatrin-mediated endocytosis

Rohrbough & Broadie , 2005
Nature Reviews Neurosci
doi:10.1038/nrn1608



The synaptic vesicle cycle revisitedT. Sudhof, Neuron 28:317-320,2000

endosome

local cycle

endosomal
cycle

17-20 granules

resting pool
~200 granules



Schematic representation of the three vesicle pools

found in the presynaptic terminal

Rizzoli & Betz, 2005

NATURE REVIEWS NEUROSCI

doi:10.1038/nrn1583



Recycling and mobilization 

of vesicle pools

b) Proposed recycling model. The 

reserve pool (pink) recycles slowly, through 

formation of infoldings and their break-off 

through clathrin coat-dependent mechanisms. 

The recycling pool (purple) cycles through 

direct endocytosis from the plasma 

membrane. This process might be clathrin

coat dependent, or might rely on transient 

fusion (kissand-run). Kiss-and-run might be 

used especially by readily releasable pool

(RRP) vesicles.

d) Proposed model of mobilization. The 

RRP vesicles are docked and do not require 

mobilization. The reserve vesicles form most 

of the cluster and are tightly crosslinked, 

possibly by synapsin. The recycling pool

vesicles are not as heavily crosslinked, so are 

more mobile. They might be able to diffuse to 

the active zone (arrows, left). Alternatively 

(right), they might have access to cytoskeletal 

elements (for example, actin118) that direct 

them towards the active zone. Rizzoli & Betz, 2005

NATURE REVIEWS NEUROSCI

doi:10.1038/nrn1583



Synapses can be «presynaptically silent»

Crawford & Mennerick, 2012, The Neuroscientist

DOI: 10.1177/1073858411418525



Signaling cascades participating in 

presynaptic dormancy induction

Crawford & Mennerick, 2012

The Neuroscientist

DOI: 10.1177/1073858411418525



Presynaptic proteins and their roles in 

synaptic vesicle cycling



The molecular anatomy 

of a synaptic vesicle

This model represents a cutaway view of a synaptic 

vesicle, with the membrane lipids and proteins 

drawn to scale. Each synaptic vesicle membrane 

contains close to 50 different integral membrane 

protein molecules, which vary widely in their 

relative abundance. The most abundant protein is a 

SNARE protein, called v-SNARE synaptobrevin. 

This molecule participates in membrane fusion at 

the synaptic terminal, and there are about 70 

copies of this protein per vesicle. By contrast, the 

vesicle contains only one to two copies of V-

ATPase. V-ATPase uses energy from ATP 

hydrolysis to pump H+ into the vesicle lumen. The 

resulting electrochemical gradient provides the 

energy to import neurotransmitter molecules, such 

as glutamate, into the vesicle. 

This model was created, in part, from an electron 

tomogram of a real synaptic vesicle. Other data, 

including structural data of the synaptic vesicle’s 

proteins, have been combined with the data from 

the tomogram to create the three-dimensional 

model. Note, only 70% of the membrane proteins 

estimated to be present in the membrane are 

depicted in the model.

vesicular

neurotransmitter

transporter

Rab3

Luo, Principles of Neurobiology, 2016



Schematic representation of the structure and topology of the major 
synaptic vesicle membrane proteins . N, amino terminal; C, carboxy
terminal. 

Copyright © 2014 Elsevier Inc. All rights reserved

Byrne, From Molecules to Networks, 2014



• How do the synaptic vesicle and the plasma 

membrane fuse during transmitter release?

• How does calcium trigger synaptic vesicle fusion?

• How is calcium influx localized to release sites in 

order to enable the fast coupling of an action 

potential to transmitter release?

Critical questions in neurotransmitter release:



Exocytosis in yeast

Fusion of late 

endosome in mamm.

Fusion of vacuolar 

vescicles in yeast

The mechanism of synaptic vesicle exocytosis was co-opted
from general vesicle trafficking common to all eukariotes

Discovery of 

SNARE 

proteins in 

membrane 

fusion

Squire, Fundamental Neuroscience, 2013



Figure 15.6 The mechanism of membrane fusion.
(A) Fusion of synaptic vesicles is driven by a trans-SNARE complex of four coiled-coil domains contributed by three different proteins 
located on the vesicular and the target membrane. Zippering of this complex from the N- to the C-terminus forces the two 
membranes together for fusion. Once fused, the SNARE complex is in a cis configuration. Neurotransmitter release shares this core 
mechanism with membrane fusion events within eukaryotic cells. (B) Structural ribbon rendition of a tightly assembled SNARE 
complex. The four-helix bundle consists of one SNARE motif from synaptobrevin and synataxin, while SNAP-25 contributes two SNARE
motifs.
Adapted from Rizo and Südhof (2012); structure originally published in Sutton et al. (1998).

Copyright © 2014 Elsevier Inc. All rights reserved

Byrne, From Molecules to Networks, 2014



Structure of the 

SNARE complex

SNARE = SNAP 

receptors



Lisman et al., 2007

NATURE REVIEWS NEUROSCI
doi:10.1038/nrn2191

Vesicle fusion and potential mechanisms of 
formation of the fusion pore



• How do the synaptic vesicle and the plasma 

membrane fuse during transmitter release?

• How does calcium trigger synaptic vesicle fusion?

• How is calcium influx localized to release sites in 

order to enable the fast coupling of an action 

potential to transmitter release?

Critical questions in neurotransmitter release



Synaptotagmin is the Ca++ sensor that 

triggers vesicle fusion

In the absence of Ca++ synaptotagmin may serve as a 
brake for release. Ca++ removes the brake



Electrophysiological analyses of Syt1 knockout 
mice revealed that Syt1 is required for all fast 
synchronous synaptic fusion in forebrain neurons 
but is dispensable for other types of fusion 

Kandel, Principles of Neural Sciences, 2013



• How do the synaptic vesicle and the plasma 

membrane fuse during transmitter release?

• How does calcium trigger synaptic vesicle fusion?

• How is calcium influx localized to release sites in 

order to enable the fast coupling of an action 

potential to transmitter release?

Critical questions in neurotransmitter release



Figure 15.8 Models of the presynaptic active zone.
(A–C) Fine structure of the active zone at a neuromuscular junction. (A) Active zone (yellow) as revealed by electron tomography, 
viewed from the side of the plasma membrane with adjacent synaptic vesicles (blue). Active zone protein material extends from
the vesicles and connects to a central beam in an organized fashion. (B) Transverse view of active zone material and docked 
synaptic vesicles adjacent to the plasma membrane (orange). (C) Schematic rendering of an active zone based on the tomographic 
analysis. An ordered structure aligns the vesicles and connects them to the plasma membrane and to one another. (D) Protein 
interactions in the active zone of a central nervous synapse. Several families of large multidomain proteins form a dense network 
that connects to synaptic vesicles and tethers Ca2+ channels close by.
(A–C) Adapted with permission from Macmillan Publishers Ltd. (Harlow et al., 2001). (D) Adapted from Kaeser et al. (2011).

What type of molecular

structure links Ca++ 

channels to membrane 

docked synaptic vesicles?

Byrne, From Molecules to Networks, 2014



Kaeser et al, 2011

Cell 144:282-9

At presynaptic active zones, 

Ca2+ channels bind to PDZ 

domains of RIM proteins ►

Deletion of RIM proteins

decreases presynaptic

Ca2+ influx and vesicle

priming ► RIMs tether

Ca2+ channels to 

presynaptic active zones

for fast, synchronous

release

Molecular machinery mediating Ca2+-

triggered vesicle fusion



LEMS = Lambert-

Eaton myasthenic

syndrome

The presynaptic 

terminal is the 

target of 

numerous 

neurological 

deseases



Neurotoxins 

affecting 

synaptic 

vesicle 

exocytosis

Purves, Neuroscience, 2012


