
Advances in Neurobiology 33

Zhao-Wen Wang   Editor

Molecular 
Mechanisms 
of Neurotransmitter 
Release
Second Edition



Advances in Neurobiology

Volume 33

Series Editor

Arne Schousboe 
Department of Drug Design & Pharmacology
University of Copenhagen
Copenhagen, Denmark



Advances in Neurobiology covers basic research in neurobiology and neuro
chemistry. It provides indepth, booklength treatment of some of the most important 
topics in neuroscience including molecular and pharmacological aspects. The main 
audiences of the series are basic science researchers and graduate students as well 
as clinicians including neuroscientists (neurobiologists and neurochemists) and 
neurologists. Advances in Neurobiology is indexed in PubMed, Google Scholar, and 
the Thompson Reuters Book Citation Index.

Editor-In-Chief
Arne Schousboe
University of Copenhagen

Editorial Board Members
Marta Antonelli, University of Buenos Aires, Argentina
Michael Aschner, Albert Einstein College of Medicine, New York
Philip Beart, University of Melbourne, Australia 
Stanislaw Jerzy Czuczwar, Medical University of Lublin, Poland
Ralf Dringen, University of Bremen, Germany
Mary C. McKenna, University of Maryland, Baltimore
Arturo Ortega, National Polytechnic Institute, Mexico City, Mexico
Vladimir Parpura, University of Alabama, Birmingham
Caroline Rae, Neuroscience Research Australia, Sydney
Ursula Sonnewald, Norwegian University of Science and Technology, Trondheim
Alexei Verkhratsky, University of Manchester, UK
H. Steve White, University of Washington, Seattle
Albert Yu, Peking University, China
David Aidong Yuan, Nathan S. Klein Institute for Psychiatric Research, Orangeburg



ZhaoWen Wang
Editor

Molecular Mechanisms  
of Neurotransmitter Release

Second Edition



ISSN 21905215     ISSN 21905223 (electronic)
Advances in Neurobiology
ISBN 9783031342288    ISBN 9783031342295 (eBook)
https://doi.org/10.1007/9783031342295

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland 
AG 2008, 2023
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Paper in this product is recylable.

Editor
ZhaoWen Wang
Department of Neuroscience
University of Connecticut School of Medicine
Farmington, CT, USA

https://doi.org/10.1007/978-3-031-34229-5


v

Preface

Neurotransmitter release is a fundamental process that underpins the physiological 
functions of the nervous system. This book is intended for graduate students and 
neuroscientists who are interested in understanding the molecular mechanisms that 
govern this critical process. Recent breakthroughs and discoveries have shed new 
light on the diverse roles played by different proteins in regulating neurotransmitter 
release. The second edition of this book builds upon the success of the first edition, 
with important chapters substantially updated and new chapters added to reflect the 
latest advances in the field.

The updated chapters cover a wide range of topics, including the architecture of 
presynaptic release sites, modes of synaptic vesicle fusion and retrieval, the role of 
SNARE proteins in synaptic vesicle fusion, the sources and roles of calcium in syn
aptic exocytosis, the regulation of presynaptic calcium channels, the roles of 
UNC13/Munc13 and UNC18/Munc18 in synaptic exocytosis, and the regulation 
of neurotransmitter release by potassium channels, cell adhesion molecules, and 
lipids. The book also includes several new chapters that describe the roles of cal
cium sensors, tomosyn, complexins, and regulators of presynaptic ryanodine recep
tors (aryl hydrocarbon receptorinteracting protein, presenilins, and calstabins) in 
synaptic exocytosis, as well as a chapter on the components and functions of pre
synaptic cytomatrix proteins.

I would like to express my gratitude to the contributors of the book chapters, who 
are leading experts on the topics related to their chapters. It is an honor and a privi
lege to have such an outstanding group of scientists as contributors. I also thank 
Springer Nature for their support and for providing me with the opportunity to pub
lish this new edition. I want to extend special thanks to William Lamsback, Senior 
Editor of Neuroscience at Springer Nature, for his encouragement and for inviting 
me to publish this second edition. I am also grateful to Vyshnavi Kalanath and Kate 
Lazaro, Project Coordinators at Springer Nature, for their assistance and support 
throughout the publication process.
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Lastly, I want to acknowledge the readers of the previous edition for their feed
back, which has helped to make this second edition possible. I hope that this new 
edition will continue to serve as a valuable resource for those interested in under
standing the molecular mechanisms of neurotransmitter release.

I am forever grateful to my wife, Mingfu Yu, whose love and support have been 
a constant source of inspiration throughout my career.

Farmington, CT, USA  ZhaoWen Wang  

Preface
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The Architecture of the Presynaptic 
Release Site

R. Grace Zhai

Abstract The architecture of the presynaptic release site is exquisitely designed 
to facilitate and regulate synaptic vesicle exocytosis. With the identification of 
some of the building blocks of the active zone and the advent of super resolution 
imaging techniques, we are beginning to understand the morphological and func-
tional properties of synapses in great detail. Presynaptic release sites consist of 
the plasma membrane, the cytomatrix, and dense projections. These three com-
ponents are morphologically distinct but intimately connected with each other 
and with postsynaptic specializations, ensuring the fidelity of synaptic vesicle 
tethering, docking, and fusion, as well as signal detection. Although the mor-
phology and molecular compositions of active zones may vary among species, 
tissues, and cells, global architectural design of the release sites is highly 
conserved.

Keywords Ribbon synapse ·  T-bar ·  Dense projection ·  Cytomatrix ·  
Neuromuscular junction

1  Introduction

In 1897, Sir Charles Sherrington introduced the term “synapse” to explain a delay 
of the spinal reflex at the junction between neurons [1], as he “felt the need of 
some name to call the junction between nerve-cell and nerve-cell, because the 
place of junction now entered physiology as carrying functional importance“ [2]. 
The notion of synapse contributed to the birth of the concept of chemical trans-
mission, firstly with adrenalin [3] and secondly with acetylcholine (ACh) [4, 5]. 

R. G. Zhai (*) 
Department of Molecular and Cellular Pharmacology, Leonard M. Miller School of 
Medicine, University of Miami, Miami, FL, USA
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In the early 1900s, Ramón y Cajal proposed his neuron doctrine, which predicted 
that pre- and postsynaptic structures are constructed from distinct cells that do not 
have cytoplasmic continuity with each other. It was not until the mid-1940s that 
René Couteaux, a great French histologist, first morphologically identified syn-
apses [6]. By staining with a special dye, Janus Green B, Couteaux revealed a 
membranous “subneural apparatus” related to the “synaptic gutter” [7, 8]. This 
discovery gave a morphological basis to the physiological term and defined syn-
apses as specialized cell–cell contacts where signals are transduced from a neuron 
to its target cell. Soon after, in the 1950s, seminal work using electron microscopy 
(EM) from two teams, De Robertis and Bennett [9], and Palade and Palay [10], 
provided ultrastructural evidence for synapses.

At chemical synapses, signal transduction is achieved by converting an elec-
trical signal into a chemical signal that diffuses between cells. This signal con-
version occurs primarily at active zones, which are highly specialized sites at the 
presynaptic nerve terminal. The term “active zone” was coined by Couteaux and 
Pecot- Dechavassine in 1970 [11] during their ultrastructural studies of partially 
contracted frog muscles, where they observed profiles of open synaptic vesicles 
immediately adjacent to presynaptic dense bands, which they designated “les 
zones actives.” Subsequently, similar structures were observed in other types of 
synapses. Ultrastructural studies of synapses in different organisms have revealed 
the following conserved morphological features among active zones, regardless 
of their size, location, neuron type, and postsynaptic partner. First, the plasma 
membrane of the active zone appears to be electron-dense, suggesting a protein-
aceous nature. Second, synaptic vesicles cluster, tether, and fuse at the active 
zone [11, 12]. Third, the active zone is closely and precisely aligned with a post-
synaptic density (PSD) area of another neuron in such a way that the active zone 
spans the same width as the PSD, and the extracellular space between the two 
membranes (synaptic cleft) is as narrow as 20–30 nm [13]. The latter two mor-
phological characteristics led to the suggestion that active zones function as sites 
of synaptic vesicle exocytosis and neurotransmitter release. This hypothesis has 
gained strong support from many studies of synaptic vesicle exocytosis and post-
synaptic neurotransmitter receptor function since it was proposed about three 
decades ago. It is important to note that more recent studies have suggested that 
neuronal exocytosis can also occur at sites that are distant from active zones, the 
so-called “ectopic release” sites [14], indicating that cellular communication in 
the nervous system may be more versatile and dynamic than we have 
already known.

Here, I discuss the structural organization of active zones in different types of 
synapses found in a variety of organisms, summarize recent advances in the molec-
ular characterization of the active zone assembly, and propose that all active zones 
are organized following similar principles. At the end, I also discuss the possible 
structural bases of ectopic release.

R. G. Zhai
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2  The Structure of Active Zones

Active zones are defined morphologically as sites of synaptic vesicle docking and 
fusion, and physiologically as sites of neurotransmitter release. The active zone can 
be divided into three morphologically distinct components: (1) the plasma mem-
brane juxtaposed to the PSD where synaptic vesicle fusion occurs, (2) the cytoma-
trix immediately internal to the plasma membrane where synaptic vesicles dock, 
and (3) electron-dense projections extending from the cytomatrix into the cytoplasm 
with tethered synaptic vesicles. All active zones have these three components 
although they may vary in appearance, especially in the size and shape of dense 
projections. Figure 1 illustrates the ultrastructure of active zones found in nine dif-
ferent types of synapses, as well as the schematic representation of the three com-
ponents in each type of active zone. Figure  2 provides three-dimensional (3-D) 
reconstruction models of frog neuromuscular junction (NMJ) and mammalian cen-
tral nervous system (CNS) synapses as examples of active zone architecture. In the 
following, I discuss the molecular and functional properties of each component of 
the active zone.

2.1  The Plasma Membrane of the Active Zone

Besides separating the cytosol from the extracellular environment, the plasma mem-
brane of the active zone has two “gates” essential for neurotransmission, one for 
Ca2+ “entry,” which is the voltage-gated Ca2+ channel, and the other for neurotrans-
mitter “exit,” which is the synaptic vesicle fusion site. These two gates are thought 
to be in close proximity with each other based on several observations. First, the 
time delay between Ca2+ entry and synaptic vesicle fusion is only 0.2 ms [15, 16]. 
Second, theoretical analyses of calcium diffusion dynamics and quantal secretion 
have shown that the probability of secretion of a synaptic vesicle decreases three-
fold with doubling of the distance between the calcium channel and the synaptic 
vesicle from 25 to 50  nm [17]. It is thus likely that in most synapses the space 
between calcium channels and docked synaptic vesicles at the active zone is less 
than 50 nm [16, 18]. Numerous immunohistochemical studies have demonstrated 
the localization of calcium channels near the active zone [19–21]; however, the 
organization and arrangement of calcium channels at active zones are best sug-
gested by freeze-fracture studies on frog, lizard, and mammalian neuromuscular 
junctions (NMJs) [22–24]. On freeze-fracture replicas of NMJ boutons, double 
rows of prominent intramembranous particles of 10–12 nm in diameter can be seen 
with occasional synaptic vesicles clustered closely beside them (Figs. 1m and 2c). 
These rows of particles are in exact register with postsynaptic folds in the underly-
ing muscle [23] and are postulated to be voltage-gated calcium channels [20, 25, 
26]. The most direct evidence supporting this view comes from atomic force micros-
copy on the large calyciform synapse of the chick ciliary ganglion, showing a row- 
like arrangement of the immunolabeled calcium channels [27].

The Architecture of the Presynaptic Release Site
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Fig. 1 Electron micrographs and schematic representations of the active zone structures found in 
different synapses of various organisms. (a, c, e, f, h, i, k, m, o) Electron micrographs of synapses 
in various species. (b, d, g, j, l, n, p) Schematic diagrams of the active zone structure in the cor-
responding synaptic terminals. (a) A neuromuscular junction (NMJ) terminal in Caenorhabditis 
elegans [93] with a plaque-like active zone projection (arrow). (c) An NMJ terminal in crayfish 
[108] with a dense projection (white arrow). (e) An NMJ terminal in Drosophila [131] with a dense 
projection called “T-bar“(white arrow). (f) A tetrad synapse between photoreceptor (R) and lamina 
monopolar cells (L1 and L2) in Drosophila [94]. The T-bar consists of a platform (double arrow-
head) and a pedestal (white arrow). (h) An electroreceptor in skate [91] with a long ribbon-like 
dense projection (arrow) and a halo of synaptic vesicles (arrowhead). (i) A triadic photoreceptor 
ribbon synapse between rod photoreceptor and horizontal cell (hc) and a rod bipolar cell (bc) in rat 
[101]. (k) A saccular hair cell in frog [91] with a spherical dense projection (arrow) and attached 
vesicles (arrowhead). (m) A thin section and a freeze-fracture image of an NMJ terminal in lizard 
[24]. The dense projection is marked by arrows in both images, and the intramembranous particles 
are marked by arrowheads. (p) An excitatory synaptic terminal in human hippocampus [87] with 
two active zones (arrows)

Great advances have been made in the recent years in super-resolution imaging 
techniques, including structured illumination microscopy (SIM), stimulated emis-
sion depletion (STED), photo-activated localization microscopy (PALM), and sto-
chastic optical reconstruction microscopy (STORM). These techniques overcome 
the diffraction limit imposed by Abbe’s principle and have revealed the synaptic 
structure at unprecedented resolution [28, 29]. Studies using these techniques have 

R. G. Zhai
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Fig. 2 Models of the active zone structure in frog neuromuscular junction (NMJ) and mammalian 
central nervous system (CNS) synapses. (a–d) Models of the active zone structure in frog NMJs 
[67]. (e–f) Models of the active zone structure in mammalian CNS synapses [68]. (a) TEM micro-
graph of frog NMJ, where synaptic vesicles are docked to the plasma membrane through dense 
projections. (b) 3-D reconstructed and surface-rendered view of the active zone material and 
docked vesicles. (c) A replica from a freeze-fractured frog’s NMJ showing a series of particles/
macromolecules on each slope of a ridge with surface-rendered rib and beam assemblies. (d) 
Schematic diagram of the arrangement of ribs, beams, and synaptic vesicles at frog NMJs. (e) 
TEM micrographs of purified active zones from mammalian CNS in side-view and top-view. Thin 
fibrils can be seen (arrow in top-view). (f) Schematic diagram of the active zone structure of mam-
malian central synapses

found that calcium channel distribution can be variable at mammalian synapses. For 
example, at cerebellar parallel fiber synapses, the calcium channel CaV2.1 is 
enriched at the active zones, close to Bassoon and metabotropic glutamate 4 recep-
tors, but can also be detected outside the active zone [28], while at the excitatory 
hippocampal synapses, CaV2.1 clusters were found to be segregated from Bassoon 
clusters [30]. In addition to the variable localization patterns, calcium channels have 
also been found to be dynamic and mobile. In cultured hippocampal neurons, sig-
nificant proportion of exogenously expressed Cav2.1 channels are mobile in the 

The Architecture of the Presynaptic Release Site
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presynaptic membrane with confined movement and the movement can be reduced 
by buffering basal calcium [31]. The dynamic localization of calcium channels with 
regulated motility therefore allows rapid equalization of calcium density among 
release sites with docked vesicles.

If the calcium channels are organized in orderly arrays at active zones, one would 
expect the other gates—the synaptic vesicle fusion sites—to be organized in a cor-
responding manner. The vesicle fusion sites are specialized to allow the lipid bilay-
ers of synaptic vesicles and active zone plasma membrane to come together and 
form a hydrophilic fusion pore. The SNARE (soluble NSF attachment receptor) 
complex has been thought to be the driving force for bringing the membranes 
together, facilitating lipid bilayer mixing and subsequent membrane fusion [32, 33]. 
The t-SNAREs syntaxin and SNAP-25 are localized to the presynaptic plasma 
membrane, although their distribution is not restricted to the active zone [34–36]. 
Biochemical analyses have demonstrated direct interactions among syntaxin, 
SNAP-25, and calcium channels [37–40]. This might be a mechanism for the physi-
cal closeness between the fusion machinery and the calcium channels required for 
Ca2+-dependent exocytosis. Recent studies using super resolution microscopy 
approaches have confirmed the biochemical findings of enrichment of SNARE pro-
teins at the synapse [41]. Specifically, these studies show that SNAP-25, syntaxin-1, 
and Munc18 colocalize in clusters of 100 nm or less along the axonal membrane in 
cultured neurons, [42], and that the distance between the v-SNARE protein synap-
tobrevin 2 and the active zone scaffold protein intersect 1 is reduced during synaptic 
activity, indicating the SNARE complex association with active zone during exocy-
tosis [43].

Interestingly, a study with PC12 cells, a neurosecretory cell line, has shown that 
syntaxin and SNAP-25 form cholesterol-dependent clusters in the plasma mem-
brane, and these clusters seem to define sites where secretory vesicles dock and fuse 
with high preference. Cholesterol depletion causes dispersion of the clusters and 
inhibition of exocytosis [44]. These results suggest that lipids might play a role in 
active zone plasma membrane specification.

Other important components of the plasma membrane are adhesion molecules, 
which most likely mediate the precise alignment of the active zone with the 
PSD. Several classes of adhesion molecules exist at the active zone: cadherins [45, 
46], protocadherins [47], nectins [48, 49], neural cell adhesion molecule (NCAM) 
[50], fasciclin II [51], apCAM [52], DsCAM [53], syndecans [54], L1-CAM/neuro-
glian [55], integrins [56], neurexins [57], neuroligin [58], and sidekicks [58, 59]. All 
adhesion molecules share common protein motifs: an extracellular domain that 
mediates binding with the postsynaptic counterparts or extracellular matrix, a 
single- pass transmembrane domain or membrane anchor, and often an intracellular 
domain that binds to the cytoskeleton or the intracellular scaffolding proteins [60, 
61]. All of these adhesion molecules except neurexin, which is expressed presynap-
tically and binds its postsynaptic receptor neuroligin [58], are expressed both pre- 
and postsynaptically, and bridge the gap between the pre- and postsynaptic 
membranes through homophilic interactions. Adhesion molecules at the active zone 
are more than just a “glue.” They also mediate signaling within and between nerve 

R. G. Zhai
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terminals, and modulate neurotransmission. Numerous reviews have commented on 
the detailed mechanisms of these molecules in synapse adhesion and regulation 
[49, 62–64].

In summary, the primary function of the plasma membrane at the active zone 
during neurotransmitter release is to mediate fusion of synaptic vesicles upon cal-
cium entry. This is achieved by an array-like organization of calcium channels and 
the localization of the fusion machinery at the membrane.

2.2  The Cytomatrix Underlying the Plasma Membrane 
of the Active Zone

When viewed by electron microscopy, the cytomatrix of the active zone is electron- 
dense and displays a “web”-like pattern, which was first noticed by Bloom and 
Aghajanian [65] and subsequently by Pfenninger and colleagues [66]. Elegant ultra-
structural studies have provided the first three-dimensional views of the cytomatrix 
at the active zone of frog NMJs and mammalian central nervous system (CNS) 
synapses. By means of electron microscope tomography, Harlow and colleagues 
[67] revealed a striking array-like structure at the frog NMJ consisting of “beams” 
and “ribs” that connect docked synaptic vesicles to putative calcium channels 
(Fig. 2a–d). A beam runs in the midline of the presynaptic ridge along the ridge’s 
long axis, and ribs extend laterally from the beam and connect to synaptic vesicles 
located at the vesicle–plasma membrane interface. In addition, the ribs are con-
nected to pegs (Fig.  2d), which resemble the putative calcium channels seen in 
freeze-fracture studies, and form arrays lateral to but in parallel with the beam 
(Figs. 1m and 2c). With this organization, each docked vesicle is perfectly aligned 
with at least one calcium channel, which would allow high-fidelity coupling between 
them. A picture of the mammalian CNS synapse was revealed by Phillips and col-
leagues [68]. In this study, they purified a presynaptic “particle web” consisting of 
pyramidally shaped particles (~30  nm in dimension) interconnected by fibrils 
(Fig. 2e). The “particles” are evenly spaced by the fibrils at ~50–100 nm intervals, 
forming a web of 50–100 nm slots for synaptic vesicles to dock and fuse (Fig. 2f).

The electron-dense nature of the cytomatrix underlying the plasma membrane 
suggests that many proteins are localized there and that the cytomatrix at the active 
zone is important in regulating vesicle docking and fusion. In searching for the 
building blocks of this specialized cytomatrix, a number of protein components 
have been identified. Based on their established or putative functions, the proteins 
identified in the active zone cytomatrix can be classified into three categories: (1) 
Classical cytoskeletal proteins, such as actin, tubulin, myosin, spectrin α chain and 
β chain, and β-catenin [68–70]: These proteins are the fundamental elements of the 
framework of active zone cytomatrix. (2) Scaffold proteins, including SAP90/
PSD95/Dlg, SAP97, and CASK/LIN-2 [71–74]: These proteins probably link ion 
channels and the fusion machinery onto grids formed by the cytoskeletal proteins to 
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ensure proper active zone function [75–77]. For example, CASK interacts with 
β-neurexin, syndecan 2, calcium channels, the cytosolic protein Veli/LIN-7, and the 
Munc18/n-Sec1-interacting protein Mint1 [71, 78–80]. However, functions of scaf-
fold proteins are not restricted to active zones because they also participate in clus-
tering postsynaptic receptors and organizing cellular junctions. (3) 
Active-zone-specific proteins, including RIM1, RIM-BP, Munc13/unc13, Bassoon, 
Piccolo/Aczonin, Liprin, and ELKS/CAST/ERCs [81–86]: As described in detail in 
Chapter “Presynaptic Cytomatrix Proteins”, the active-zone-specific localization 
and their multidomain structure allow them to form large protein complexes and 
participate in modulating synaptic vesicle docking, priming, and fusion, as well as 
initiation of the assembly of the active zone structure. Physiological studies indicate 
that some of these proteins are involved in vesicle priming as well as synaptic trans-
mission regulation [87–89].

In summary, the primary function of the cytomatrix at the active zone is to medi-
ate docking of synaptic vesicles. The cytoskeletal and scaffolding proteins form a 
“web”-like structure consisting of “slots” for synaptic vesicle docking, and compo-
nents of the cytomatrix regulate vesicle priming and fusion.

2.3  Synaptic Ribbons: The Electron-Dense Projections 
Extending from the Cytomatrix of the Active Zone

Some active zones have very prominent electron-dense projections extending from 
the cytomatrix into the cytoplasm. They were first described and characterized in 
vertebrate sensory synapses involved in vision, hearing, and balance [90–92]. These 
dense projections, or synaptic ribbons, are ribbon-like or spherical, extend 0.5–1 μm 
into the cytoplasm, and always have a “halo” of synaptic vesicles tethered to their 
surface (Fig. 1h–l, [91]). Due to their remarkable appearance, it has been thought 
that ribbon synapses are different from all other synapses, and the “synaptic rib-
bons” are exclusive to ribbon synapses in order to mediate the graded and sustained 
neurotransmitter release of these synapses [91, 92]. However, through careful 
examination and comparison of different types of synapses, a hypothesis has 
emerged that electron-dense projections are not unique to ribbon synapses but rather 
an integral part of the active zone with evolutionarily conserved structures to per-
form the conserved function of tethering synaptic vesicles at active zones.

Morphologically, dense projections have been observed in different types of syn-
apses in a variety of species. At Caenorhabditis elegans NMJs, dense projections in 
the shape of a plaque have been described (Fig. 1a, [93]). In Drosophila, T-shaped 
dense projections can be seen in NMJs, tetrad synapses of the visual system 
(Fig.  1e–g), and CNS synapses [94, 95]. In crustacean NMJs, dense projections 
appear cylindrical (Fig. 1c, [96]). In vertebrate NMJs, dense projections have been 
described in frog, lizard, and mammals (Fig. 1m–n [12, 22, 24]). In mammalian 
CNS synapses, dense projections were noted in EM studies as early as the 1960s, 
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and were recently purified and visualized in great detail (Fig. 2e [65, 68]). Based on 
the size of dense projections, we can divide different types of active zones into two 
groups: those with prominent dense projections, including invertebrate synapses 
with T-bars and vertebrate ribbon synapses, and those with less prominent dense 
projections, including vertebrate NMJs and CNS synapses. Because dense projec-
tions in these latter active zones are not very prominent and project less than 100 nm 
into the cytoplasm, they have generally been considered being a part of the cytoma-
trix at the active zone [13, 87, 97].

Physiologically, numerous studies have demonstrated the tethering function of 
dense projections. In vertebrate sensory synapses, the motor protein KIF3A, which 
is a component of ribbons, likely mediates the tethering of synaptic vesicles [98]. In 
tomographic images, synaptic vesicles in frog NMJs are clearly tethered through 
“ribs” to the “beams” corresponding to the dense projections [67]. In Drosophila 
and crayfish, synaptic vesicles cluster around T-bars (Fig.  1a–g). However, the 
mechanism of tethering is essentially unknown. Recently, dense projections of 
mammalian CNS active zones were biochemically purified and molecularly charac-
terized [68]. They are ~50 nm in size and pyramid-like in appearance (Figs. 1p and 
2e), and contain synaptic vesicle binding proteins such as synapsin and RIM [68, 
85, 99]. Therefore, the pyramid-like dense projections of mammalian CNS synapses 
are thought to tether and cluster synaptic vesicles to the active zone. Despite their 
proposed function of tethering synaptic vesicles, dense projections do not appear to 
be essential to neurotransmitter release, as suggested by several knockout studies 
that disrupted dense projections. For example, in the mammalian retina, Bassoon is 
a component of photoreceptor ribbon synapse [100]. In the retina of homozygous 
bassoon mutant mice, photoreceptors have a greatly reduced number of ribbons, 
and the remaining ribbons float freely in the cytoplasm with synaptic vesicles 
attached to them. Electroretinogram recordings from these photoreceptors showed 
that neurotransmission is maintained at low-intensity light stimulation but dramati-
cally reduced at high-intensity light stimulation [101], suggesting that ribbon 
anchorage to the plasma membrane is not essential to synaptic vesicle exocytosis 
but is required for strong and continuous exocytosis. In Drosophila, a coiled-coil 
domain protein Bruchpilot (BRP) is required for dense projection (T-bar) assembly. 
At brp mutant active zones, T-bars are entirely lost, and individual receptor fields for 
glutamate on the postsynaptic membrane are enlarged. Consistent with the morpho-
logical change, amplitudes of evoked excitatory junctional currents are drastically 
decreased whereas the mean amplitude of miniature excitatory junctional currents 
resulting from spontaneous single vesicle fusion events is increased [102]. This 
study suggests that dense projections facilitate efficient and localized transmitter 
release. In mice, knockout studies of synapsin suggest that it may not be required 
for the vesicle fusion step, but rather for the synapsin-dependent cluster of vesicles. 
This clustering is apparently required for sustained release of neurotransmitter in 
response to high levels of neuronal activity [99].

If the function of dense projections was to tether synaptic vesicles, what would 
be the physiological advantage of varying their size and shape? One possibility is 
that larger dense projections may increase the number of synaptic vesicles tethered 
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at the active zone and therefore enlarge the size of the readily releasable pool. This 
possibility is favored by observations at ribbon synapses. For example, the number 
of synaptic vesicles attached to a ribbon (~400) is much more than that contacting 
the active zone (~100) at a ribbon synapse of frog saccular hair cells (Fig. 1k), and 
all the vesicles attached to ribbons in saccular hair cells may be released upon strong 
stimulation [103–105]. Therefore, these large dense projections allow an increase in 
the size of the readily releasable pool without necessitating an enlargement of the 
active zone.

The close connection between the shape of dense projections and the function of 
synapses is further demonstrated in studies characterizing mutant phenotypes of a 
short isoform of Piccolo, Piccolino. Piccolino was found to be a critical component 
of the sensory ribbon synapses of the eye and ear [106]. In Piccolino loss-of- function 
synapses, the ribbons adopt a small and spherical shape instead of the normal large 
plate shape, indicating a defect in the maturation of synaptic ribbons [107].

Larger dense projections or synaptic ribbons are often observed in sensory syn-
apses, where sustained release upon continuous stimulation requires a huge readily 
releasable pool and a highly efficient synaptic vesicle replenishment capability but 
the confined space representation of individual sensory neurons in the visual or 
auditory field restricts the size of each terminal. In contrast, smaller dense projec-
tions are often associated with NMJs, where stimulation is noncontinuous and nerve 
terminal size is not spatially restricted during development. Interestingly, at 
Drosophila and crustacean NMJs, active zones with prominent T-bars are often 
adjacent to those without T-bars within the same presynaptic nerve terminal (Fig. 1c, 
e). It has been proposed that active zones with prominent T-bars have a stronger 
output because more synaptic vesicles may be released upon stimulation. In support 
of this notion, crustacean NMJ terminals of high output have a threefold higher 
density of dense projections than those of low output in the same excitatory motor 
axon despite that they have similar total synaptic surface areas [96, 108].

Thus, although dense projections vary greatly in morphology in different types 
of synapses, they may serve the same primary function of tethering synaptic vesi-
cles to the active zone. Larger dense projections tether more synaptic vesicles and 
therefore increase the size of the readily releasable pool.

3  Active Zone Assembly and the Regulation of Active Zone 
Density and Spacing

Active zone assembly begins upon axon-target recognition and contact, and ends 
with the establishment of functional neurotransmitter release sites. In cultured hip-
pocampal neurons, active zone assembly takes about 30  minutes [109, 110]. 
According to a recently proposed unitary assembly model, active-zone-specific pro-
teins are packaged into transport vesicles for delivery to the nascent synaptic con-
tact site. Upon fusion of such vesicles with the plasma membrane, the active zone 
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proteins are deposited and localized [111, 112]. In cultured hippocampal synapses, 
one active zone forms from two to three transport vesicles [112, 113]. Considering 
that on average each active zone has 10–15 synaptic vesicle release sites or “grid 
units,” each transport vesicle should carry the building material for 4–5 synaptic 
vesicle release sites. This model suggests that active zone assembly occurs within 
an hour, which allows rapid synaptogenesis during development and synapse expan-
sion during activity-dependent long-term potentiation.

Genetic analyses in C. elegans and Drosophila have identified mutations of sev-
eral genes that affect active zone assembly. In C. elegans, the syd-2 gene and its 
positive regulator syd-1 are required for the assembly of numerous presynaptic 
components [114]. In syd-2 loss-of-function mutants, active zones of NMJ termi-
nals are lengthened and less electron-dense [115]. The SYD-2 protein is localized to 
active zones and is a member of the Liprin-α protein family, which contains coiled- 
coil and sterile alpha motif domains [116]. Liprins interact with the Lar family of 
receptor protein tyrosine phosphatases (RPTPs) and cluster RPTPs to focal adhe-
sions [116]. Drosophila Liprin-α (DLiprin) is also localized to active zones at 
NMJs. In mutants of either DLiprin or its associated protein DLar (a receptor pro-
tein tyrosine phosphatase), the size of active zones in motor neurons is ~2.5-fold 
larger than normal and the morphology is less compact [117]. In Drosophila, loss of 
wishful thinking (wit) causes a reduced number of boutons, an increased number of 
active zones per bouton, and freely floating T-bar structures in the cytoplasm [118]. 
Wit is a BMP type II receptor that is expressed in a subset of neurons, including 
motor neurons. However, its molecular mechanism of regulating active zone assem-
bly is not understood [118, 119].

Recent advances in the characterization of dynamic protein–protein interactions 
and biomolecular condensates (BMCs) have highlighted an emerging role of liquid–
liquid phase separation (LLPS) in driving the assembly of transmitter release 
machineries at the active zone [120]. Purified RIM, RIM-BP, and ELKS proteins 
can assemble into liquid-like protein condensates and undergo LLPS in vitro [121, 
122]. These RIM-containing BMCs are dynamic liquid droplets that allow fast 
material exchange with the surrounding solution and rapid fusion with each other 
upon contact, a process that would facilitate the clustering of active zone materials 
on the plasma membrane [123]. A study with C. elegans showed that phase separa-
tion of Liprin-α and ELKS is required for the recruitment and assembly of other 
active zone components such as UNC-10/RIM and UNC-13/Munc-13 in vivo [124]. 
A detailed discussion of the function and protein structures of many of these cyto-
matrix proteins is included in Chapter “Presynaptic Cytomatrix Proteins”.

Active zones are not static but rather plastic structures. In tetrad synapses of the 
Drosophila visual system, the number of presynaptic ribbons/T-bars changes with 
alterations in light stimulation [125, 126]. In crustacean NMJs, high-frequency 
stimulation-induced long-term facilitation is accompanied by increased numbers of 
active zones and dense projections [127]. In mammalian hippocampal neurons, 
long-term potentiation is associated with an expansion or “division” of active zones 
[128, 129]. At Drosophila larval NMJs, persistent augmentation of synaptic vesicle 
release relies on an increased number of presynaptic boutons with the density of 
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active zones similar to that in wild type [130]. The same study also showed that an 
increase in active zone density without an expansion of the bouton size may lead to 
only a transient increase in evoked vesicle release in response to single action poten-
tials but not the release evoked by high-frequency stimulation. Therefore, long-term 
potentiation requires both the assembly of new active zones and the expansion of 
bouton size to keep the density of active zones constant.

Ultrastructural observations from Drosophila and Sarcophaga have also sug-
gested that the density of active zones is tightly regulated and that there is a mini-
mum spacing required between neighboring active zones [131], presumably 
allowing each active zone to have sufficient and equal access to synaptic vesicle 
pools and/or recycling machinery. Nevertheless, the density of active zones may 
also change under certain conditions. For example, in Drosophila mutants of synap-
tojanin, an inositol phosphatase that promotes synaptic vesicle uncoating during 
endocytosis, there are more active zones per unit area of synaptic boutons and more 
T-bars within these active zones [132]. Thus, activity-dependent active zone plastic-
ity may be associated with changes in either active zone density or synaptic bouton 
size depending on synapses or experimental/physiological conditions.

In addition to neuronal activity, active zone stability is also regulated by protein 
turnover and autophagy. The most important players identified so far in active zone 
turnover are the large scaffolding proteins Bassoon and Piccolo. In addition to their 
well-characterized roles in the formation and function of the presynaptic active zone 
[133], Bassoon and Piccolo are also critical regulators of protein and structural 
homeostasis of the active zone. Loss of Bassoon and Piccolo leads to aberrant deg-
radation of several active zone proteins including SNAP-25 and Munc-13, which 
are mediated in part by the E3 ubiquitin ligase Siah1 [134]. Besides the ubiquitin- 
mediated protein degradation, Piccolo and Bassoon also regulate presynaptic 
autophagy [135]. Depletion of Bassoon and Piccolo in primary neuron culture 
results in the formation of presynaptic autophagosomes and the degradation of syn-
aptic vesicles [135, 136]. Specifically, the CC2 domain of Bassoon selectively binds 
to ATG5, an E3-like ligase essential for autophagy, to inhibit the induction of 
autophagy [136]. Therefore, Bassoon and Piccolo are important for stabilizing the 
active zone by inhibiting synaptic autophagy and degradation.

4  Ectopic Release Sites

Vesicular release from neuronal membranes that lack morphological specialization 
has long been recognized but thought to be restricted to large dense-core vesicles. 
This view is changing as accumulating evidence supports “ectopic release” of small 
synaptic vesicles at sites distant from morphologically defined synapses [14]. 
Evidence for the ectopic release of small synaptic vesicles first came from freeze- 
fracture studies of the frog NMJ, where exocytosis evoked by an elevated extracel-
lular potassium concentration resulted in almost uniformly distributed fusion sites 
along the presynaptic membrane independent of the position of active zones [137]. 
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Direct visual observation of ectopic release of small synaptic vesicles comes from 
evanescent-wave microscopy of isolated retinal bipolar cell terminals, where stimu-
lated exocytosis of vesicles loaded with the fluorescent dye FM1-43 could be 
observed in the presynaptic plasma membrane [138, 139]. Although most of these 
fusion events (64%) clustered at sites corresponding to active zones, the remaining 
fusion events were randomly distributed along the presynaptic membrane, indicat-
ing the presence of ectopic exocytosis.

The three SNARE proteins, including the t-SNAREs syntaxin 1 and SNAP-25 
(synaptosome-associated protein 25 kDa), and the v-SNARE synaptobrevin, are the 
minimum proteins required for the fusion of synaptic vesicles [140]. Both SNAP-25 
and syntaxin 1 are expressed throughout the plasma membrane [34]; therefore, the 
fusion event can occur wherever the SNARE complex is formed. It remains to be 
determined how the ectopic sites are organized, which proteins that participate in 
the synaptic vesicle cycling are present at the ectopic sites, and how ectopic release 
is regulated. Physiological significance of ectopic release also awaits elucidation.

5  Summary

The active zone in the presynaptic nerve terminal is a complex and highly organized 
structure. Its morphology dynamically adapts to the rate of neurotransmitter release. 
Nature has presented elaborate variations of active zones, from the ~30 nm pyramid 
in vertebrate central neurons to the ~400  nm sphere in vertebrate hair cells. 
Nevertheless, all active zones share key structural features that facilitate the efficient 
and regulated synaptic vesicle release cycle. Their differences in size and shape 
appear to have evolved to suit synapse-specific kinetic needs of transmitter release.
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Presynaptic Cytomatrix Proteins

Yishi Jin and R. Grace Zhai

Abstract The Cytomatrix Assembled at the active Zone (CAZ) of a presynaptic 
terminal displays electron-dense appearance and defines the center of the synaptic 
vesicle release. The protein constituents of CAZ are multiple-domain scaffolds that 
interact extensively with each other and also with an ensemble of synaptic vesicle 
proteins to ensure docking, fusion, and recycling. Reflecting the central roles of the 
active zone in synaptic transmission, CAZ proteins are highly conserved throughout 
evolution. As the nervous system increases complexity and diversity in types of 
neurons and synapses, CAZ proteins expand in the number of gene and protein 
isoforms and interacting partners. This chapter summarizes the discovery of the 
core CAZ proteins and current knowledge of their functions.

Keywords Presynaptic active zone ·  Munc13 ·  UNC-13 ·  Rim ·  UNC-10 ·  
RIM-BP ·  ELKS ·  Bruchpilot ·  Fife ·  CLA-1 ·  Bassoon ·  Piccolo ·  Liprin-α ·  
SYD-2 ·  SYD-1 ·  CASK

1  Introduction

The appearance of an electron-dense matrix associated with patches of the axonal 
plasma membrane and surrounded by small clusters of vesicles under electron 
microscopy has been taken as the morphological landmark of a presynaptic termi-
nal, often named active zone (Chapter “The Architecture of the Presynaptic Release 
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Site”). Molecular identification of presynaptic components began with the inge-
nious invention of biochemical preparation of synaptosomes, developed by Victor 
Whittaker and coworkers [1]. Combined with technology advances in mass spec-
trometry proteomics, thousands of distinct presynaptic proteins have been identi-
fied, culminating to a landmark study by Reinhart Jahn and coworkers, which 
reports 410 proteins associated with a single synaptic vesicle [2]. However, the con-
stituents of the Cytomatrix Assembled at the active Zone (CAZ) tend to be insoluble 
in biochemical purifications, and some proteins may be present in selective types of 
synapses or transiently associate with synapses. It took additional approaches, such 
as antibody-based protein expression screening, protein- interaction screening, and 
molecular genetics in model organisms, to unveil the identities of CAZ proteins.

It is generally agreed that CAZ proteins fall into three main functional catego-
ries. First are the classical cytoskeletal proteins corresponding to actin, tubulin, 
myosin, spectrin α chain and β chain, and β-catenin. They are the fundamental ele-
ments of the cytoskeletal framework of active zone cytomatrix. Second are the 
adaptor and scaffold proteins, such as SAP90/PSD95/DLG4, SAP97/DLG1, and 
CASK/LIN-2. These proteins are not restricted to presynaptic active zones, also 
participate in clustering postsynaptic receptors, and are involved in the organization 
of a variety of cell junctions. If the cytoskeleton proteins form a grid-like structure 
at the active zone, these proteins probably link the ion channels and the synaptic 
vesicle fusion machinery onto the grid to ensure proper active zone function. Third 
are the active-zone-specific CAZ proteins, represented by six evolutionarily con-
served families known as Munc13/UNC-13, RIM, RIM-BP (RIM-binding protein), 
ELKS, Bassoon and Piccolo, and Liprin-α [3]. This chapter will focus on the dis-
covery and function of these active-zone-specific CAZ components.

2  Experimental Approaches Used in the Identification 
of CAZ Proteins

We begin by offering a brief overview of the key approaches used to identify CAZ 
proteins.

2.1  Antibody-Based Protein Expression Screen

When researchers realized that the protein constituents of the electron-dense matrix 
in presynaptic terminals were low in abundance and problematic with solubility in 
biochemical purification, they sought to obtain antibodies against brain synaptic 
junctional proteins. The antibodies were used in immunocytochemistry on either 
brain tissues or cells to determine if the corresponding antigens were localized to 
presynaptic terminals [4, 5]. To search for the molecules that encode the antigens, 
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researchers relied on a powerful technique, developed in the late 1980s, that enabled 
the production of any proteins in bacteriophage lambda [6]. In essence, mRNAs 
isolated from brain tissues were made into cDNAs, which were cloned into special 
expression vectors for protein production in bacteriophage lambda. The synapse- 
specific antibodies were used to recognize proteins produced from lambda. The 
amino acid sequences for candidate proteins were then deduced from the DNA 
sequences of the corresponding cDNA. This approach led to the identification of the 
CAZ proteins Bassoon and Piccolo in mammals [7, 8], and Bruchpilot in 
Drosophila [9].

2.2  Protein-Interaction-Based Screen

Around late 1980s, another powerful technique was developed to detect protein–
protein interactions in yeast, named yeast-two-hybrid (Y2H) interaction assay [10]. 
The Y2H design was based on the finding that the transcriptional activity of the 
yeast protein Gal4 requires two modular protein domains, a DNA-binding (DB) 
domain and a transcription-activation domain (AD). When the DB and AD domains 
are in close proximity, transcription of genes encoding enzymes of galactose utiliza-
tion can be activated, thereby allowing yeast to grow in galactose selection media. 
In a Y2H assay, a bait protein X, which can be either the full length or a fragment of 
the protein of interest, is fused to the Gal4(DB) domain, and potential prey proteins 
(Y) are fused to the Gal4(AD) domain. Upon co-expression in yeast, if protein X 
binds to protein Y, it will lead to reconstitution of Gal4 transcriptional activity. Thus, 
the Y2H assay does not rely on either solubility or abundance of target proteins and 
can be carried out on a large scale when a library of prey is used. However, the 
resulting candidate binding partners need to be verified using other biochemical 
assays and validated for expression in brain tissues. This approach led to the identi-
fication of the CAZ proteins RIM [11], RIM-Binding Protein [12], and ELKS [13].

2.3  Forward Genetic Screen for Mutants Affecting 
Synaptic Transmission

Around 1960s, the nematode Caenorhabditis elegans was chosen by the Nobel 
Laureate Sydney Brenner to study the development and function of the nervous 
system. He carried out the first forward genetic screen and isolated a large number 
of mutants that displayed a variety of abnormal patterns of movement, categorized 
as uncoordinated [14]. Subsequent molecular cloning of the genes related to the 
unc phenotypes and physiological studies began to uncover the synaptic basis of 
the uncoordinated movement [15]. By early 1990s, it became clear that genes act-
ing in synaptic transmission are evolutionarily conserved. This notion fueled the 
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efforts to search for homologs of C. elegans unc genes in mammals and other 
species based on DNA sequence similarity. For example, C. elegans unc-13 
(uncoordinated-13) mutants are paralyzed and resistant to drugs that perturb syn-
aptic transmission. Molecular cloning of unc-13 revealed that the predicted 
UNC-13 protein contains domains, known as C1 and C2, that can bind to Ca2+, 
phospholipids, and diacylglycerol [16]. Using unc-13 cDNA to screen a rat brain 
cDNA library then led to the discovery of its mammalian member named as 
Munc13 [17]. Protein expression studies further showed that Munc13 and UNC-13 
localize to presynaptic active zone.

The nervous system of C. elegans is fully reconstructed at the ultrastructural 
level, providing the precise knowledge on the synapse number, position, and 
pattern for each neuron [18]. C. elegans is also optically transparent. With the 
advent of using GFP and other fluorescent proteins as non-invasive reporters in 
living C. elegans [19], researchers can observe any cellular morphology and 
compartment. In particular, transgenic reporters expressing chimeric proteins, 
in which GFP is fused in-frame to synaptic vesicle proteins, such as 
Synaptobrevin-1 (SNB-1::GFP), enabled the visualization of synapses [20, 21]. 
Combined with genome-wide chemical mutagenesis, mutants that displayed 
abnormal synapse morphology, position, and number were subsequently iso-
lated [22]. Molecular cloning and expression studies of the corresponding genes 
showed that many proteins are localized to sub- compartments of presynaptic 
terminals. This approach led to the identification of the CAZ protein SYD-2/
Liprin-α [23].

3  Summary of CAZ Proteins and Function

The active-zone-specific CAZ proteins are composed of multiple domains known for 
protein–protein, protein–lipid, and protein–ion bindings (Fig.  1a). They exhibit 
homomeric interactions and also bind extensively with other CAZ proteins, the syn-
aptic plasma membrane, components of the synaptic cytoskeleton, and the synaptic 
vesicle recycling machinery (Fig. 1b). Like the conserved nature of synapse ultra-
structure (Chapter “The Architecture of the Presynaptic Release Site”), CAZ pro-
teins are highly conserved from invertebrates to human. Each family of CAZ proteins 
is typically encoded by a single gene in invertebrates, but multiple genes in verte-
brates, reflecting the expansion of genomes in gene number and regulatory capacity. 
Regardless of species, each CAZ gene can produce several protein isoforms through 
the use of alternative promoters and alternative splicing, and these protein isoforms 
often show distinct dynamics and binding interactions depending on synapse type 
and neuronal activity state. Functional investigation of CAZ proteins using genetic 
malleable invertebrates has offered key insights into evolutionarily conserved mech-
anisms, while studies of CAZ proteins in mammalian nervous systems have both 
validated the commonality and also uncovered additional divergent themes. Here, we 
summarize general knowledge of each CAZ protein family (Fig. 1).
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Fig. 1 (a) Schematics of presynaptic CAZ proteins, using a representative full-length protein 
isoform for each family. Functional domains are marked following conventional designation (see 
main text and Ref. [3]). (b) Graphic illustration of CAZ protein-interacting network at the presyn-
aptic active zone. (Modified from the graphic abstract in Ref. [47], provided by Mingjie Zhang)

3.1  Munc13/UNC-13

The Munc13/UNC-13 proteins are characterized by an ordered arrangement of 
three C2 domains (designated as C2A, C2B, C2C), a calmodulin-binding domain, a 
C1 domain that binds lipid, and an MUN domain that binds to the SNARE protein 
syntaxin and the SM protein Munc18/UNC-18 [24, 25] (Fig. 1a). Mammals have 
five Munc13 genes, with Munc13-1, -2, and -3 being abundantly expressed in CNS 
synapses. Alternative protein isoforms produced from each gene can vary in the 
amino acid linker sequences between the identified domains and in the number of 
C2 domains. C. elegans and Drosophila each has only one such gene, which also 
produces several protein isoforms. Munc13/UNC-13 proteins decorate the center of 
the presynaptic active zone.

The key function of this protein family is to prime synaptic vesicles for fast exo-
cytosis. The first evidence came from electrophysiological studies of the unc-13 
mutants, which revealed a complete abolishment of neurotransmitter release [26]. 
Subsequent studies of Drosophila unc-13 mutants and mouse Munc13-1 knockout 
supported their essential role in synaptic vesicle exocytosis [27, 28]. Knockout of 
other Munc13 genes also resulted in similar effects in a variety of synapses [3]. 
However, in the absence of any Munc13/UNC-13 member, the morphological 
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organization of synapses and the assembly of dense projection are grossly normal, 
except that the precise docking pattern of synaptic vesicles is altered in a way that 
is consistent with changes in exocytosis dynamics [29].

Biochemical studies of Munc13/UNC-13 proteins have uncovered a complex 
protein-interaction network involving each domain of Munc13/UNC-13 [3]. For 
example, the most N-terminal C2A domain binds the Zinc Finger of RIM [30]. In 
different synapses and organisms, C2A domain is shown to be important for syn-
apse vesicle docking and priming [31, 32], release probability [33], and kinetics 
[34], partly through regulating the spatial proximity of Munc13/UNC-13 to the cal-
cium channels [35]. The C2B domain binds Ca2+ and anionic phospholipid, and 
works together with the C1 domain, which binds diacylglycerol and phorbol esters, 
to inhibit Ca2+-dependent neurotransmitter release [36]. The C2C domain at the 
C-terminus is shown to function as a vesicle or endosome adaptor [37]. With the 
many protein isoforms that often display subtle differences in their binding affinities 
and binding partners, a major remaining puzzle is how Munc13/UNC-13 protein 
diversity endorses the physiological specificity of the synaptic vesicle release.

3.2  RIM

The first member of RIM (for Rab3-interacting molecule) proteins, RIM1, was 
identified in a yeast-two-hybrid protein-interaction screen using an activated form 
of the small GTPase RAB3 [11]. Vertebrates have four Rim genes, with Rim1 and 
Rim2 broadly expressed in synapses, and C. elegans and Drosophila has one gene 
each, known as unc-10 and Rim, respectively. RIM proteins contain a Zinc Finger at 
N-terminus, a PDZ domain in the middle, two C2 domains at the C-terminus, and a 
proline-rich region in between the C2 domains (Fig.  1a). Each domain binds to 
specific proteins. The N-terminus of RIM binds to GTP-bound RAB3 associated 
with the synaptic vesicles, the Zinc Finger binds to the C2A domain of Munc13 
[30], the PDZ domain binds to the CAZ protein ELKS [13], the proline-rich region 
binds to the CAZ protein RIM-BP [12], and the C2 domains mediate interactions 
with SNAREs, calcium channels [38], and the CAZ protein Liprin-α [39]. Thus, 
Rim acts as scaffolds at the presynaptic cytomatrix to organize synaptic vesicles and 
other proteins in the presynaptic release machinery (Fig. 1b).

Studies of C. elegans unc-10 mutants provided first functional evidence for a role 
of RIM in synaptic vesicle release. In unc-10 mutants the morphology of the presyn-
aptic density and the docking pattern of synaptic vesicles are grossly normal, but 
there is greatly diminished neurotransmitter release [40]. Analyses of Drosophila 
Rim mutants revealed similar synaptic transmission deficits, and further showed 
reduced readily release pool of synaptic vesicles and reduced clustering of calcium 
channels at the active zone [41, 42]. In mice Rim 1 and Rim 2 each produces at least 
two protein isoforms through alternative splicing, with RIM1a being more abundant 
than RIM1b at presynaptic sites. Knockout of Rim1a caused a selective reduction in 
Munc13-1 expression at synapses, altered release probability, and short-term 

Y. Jin and R. G. Zhai



29

synaptic plasticity, but normal synaptic morphology [39]. Conditional knockout of 
both Rim 1 and Rim 2 led to further reduced readily releasable pool of vesicles and 
calcium channels at the Calyx of Held synapse [43]. These functional effects of 
RIM are consistent with the extensive molecular interactions between RIM and 
other CAZ proteins (Fig. 1b).

3.3  RIM-BP

As implied by its name, RIM-BP (RIM-binding protein) binds to RIM, originally 
isolated by yeast-two-hybrid screening [12]. RIM-BP proteins contain three SRC 
homology 3 (SH3) domains and three fibronectin III domains (Fig. 1a). The two 
C-terminal SH3 domains bind the proline-rich motifs of RIM and a number of 
voltage- gated calcium channels [44, 45], and the N-terminal SH3 domain binds the 
proline-rich motif of the CAZ protein Bassoon [46]. Mammals express three 
Rim-BP genes, while C. elegans and Drosophila each has one gene known as rimb-1 
and Rim-BP. In vitro biochemical studies show that the binding between RIM and 
RIM-BP displays liquid–liquid phase separation, forming dynamic and condensed 
assemblies. In the presence of voltage-gated calcium channels, the RIM and 
RIM-BP condensates can enrich the channels [47]. Such mode of protein interac-
tions may underlie the appearance of small clusters of vesicle release sites observed 
in neuronal synapses [48]. Genetic knockout studies with mice, Drosophila, and 
C. elegans have supported the functional significance of protein binding between 
Rim-BP and calcium channels, such that the mutant synapses have reduced number 
of calcium channels. Double mutants of Rim-BP and Rim show more severe synap-
tic deficits, revealing some overlapping roles of Rim and Rim-BP in synaptic vesi-
cle docking, the morphology of presynaptic dense projections, and the number of 
calcium channels at the active zone [49–51]. In mice, a complete loss of Rim-BP1 
leads to motor abnormalities reminiscent of dystonia, decreased Purkinje cell den-
dritic arborization, and a reduced number of cerebellar synapses. Interestingly, sev-
eral loss-of-function mutations in human TSPOAP1/Rim-BP are recently reported 
to cause autosomal recessive dystonia [52]. These findings form the basis for further 
broadening our understanding of RIM-BPs.

3.4  ELKS

The name of ELKS proteins reflects the fact that these proteins are rich in E 
(Glutamate), L (Leucine), K (Lysine), and S (Serine) amino acid residues. ELKS1 
was initially identified as a fusion protein with the receptor tyrosine kinase RET in 
thyroid carcinomas [53]. Mammals have two Elks genes that produce several iso-
forms; and C. elegans expresses a single ortholog ELKS-1, whereas Drosophila 
expresses an ELKS-like molecule called Bruchpilot (Fig.  1a). ELKS proteins 
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contain mostly coiled-coil domains, and interact with a multitude of proteins, hence 
given different names in the literatures, including Rab6IP2 (Rab6-interacting pro-
tein 2) [54], CAST (CAZ-associated structural protein) [55], and ERC (ELKS/
Rab6IP2/CAST) [13]. At synapses, ELKS/ELKS-1/Bruchpilot can bind to multiple 
CAZ proteins, including Rim via the coiled-coil region in C-termini [13], Bassoon 
and Piccolo via the central coiled-coil region [55], and Liprin-α via the N-terminal 
coiled-coil region [56].

Functional studies of individual ELKS genes using genetic knockout animals in 
different species show no major synapse defects. C. elegans elks-1 null animals 
have normal synapse architecture and CAZ protein expression [57]. However, as 
described below, in a gain-of-function SYD-2/Liprin-α mutant, ELKS-1 is required 
for the function and morphological integrity of certain synapses [58]. Elks single 
knockout mice also show no major synapse defects [59]. However, when both Rim1 
and Rim2 and both Elks1 and Elks2 were deleted, neurons showed overall normal 
synaptic organization, but an absence of docked synaptic vesicles and a strong 
reduction in Munc13, Bassoon, Piccolo, and RIM-BP at the active zone, indicating 
disassembly of the presynaptic active zone [60]. These data show that ELKS pro-
teins alone are not essential for formation of presynaptic terminals, but can modu-
late presynaptic active zone under specific conditions.

Drosophila Bruchpilot is a large protein that contains an ELKS homology region 
at the N-terminus and lacks the RIM-interacting domain, instead acquires a unique 
large C-terminal extension that bears features of cytoskeletal proteins such as plec-
tin and myosin (Fig. 1a) [9]. Bruchpilot has received extensive attention as it was 
the first CAZ protein with its precise localization revealed by the STimulated 
Emission Depletion (STED) super-resolution microscopy. At the neuromuscular 
junction (NMJ), the N-terminus of Bruchpilot is close to the presynaptic plasma 
membrane, and its C-terminus extends into synaptic vesicle clusters. The ring-like 
T-bar structure is formed by two protein isoforms of Bruchpilot arranged in an alter-
nating pattern in a circular array. Such an array creates “slots” for calcium channels 
and synaptic vesicle docking sites allowing efficient neurotransmission [61]. Loss 
of Bruchpilot alone causes dramatic effects on the formation of the platform of the 
T-bar structure at the presynaptic active zone (see diagram in Chapter “The 
Architecture of the Presynaptic Release Site”, Fig. 1), and is required for the clus-
tering of calcium channels at the “pedestal” of T-bar at the center of active zone, 
ensuring the close proximity of calcium influx to the synaptic vesicle fusion machin-
ery [62, 63]. It is possible that the different effects of eliminating Bruchpilot and 
ELKS on synaptic morphology are due to their differences in molecular structures.

3.5  Bassoon and Piccolo

These two very large proteins of greater than 450  kDa were identified using an 
antibody-based expression cloning method, and were among the first group of pro-
teins to define the CAZ of presynaptic terminals in the vertebrate nervous system [7, 
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8, 64]. Bassoon and Piccolo share related protein structures, namely, repeated 
homologous regions called Piccolo Bassoon homology domain (PBH domains), of 
unknown function, coiled-coil regions, and two Zinc Finger domains (Fig.  1a). 
Additionally, Piccolo has a single PDZ domain and two C2 domains at its C-terminal 
(Fig. 1a). Given their large sizes, it is not surprising that they have many binding 
partners, ranging from components of the synaptic actin cytoskeleton to synaptic 
vesicle-associated proteins, such as the prenylated Rab acceptor PRA1 [64], other 
CAZ proteins (e.g., Rim, Rim-BP, ELKS, and Munc13) [65], and voltage-gated 
calcium channels [46]. The CC2 domain Bassoon also directly binds to an ubiquitin 
E3 ligase molecule Atg5 [66].

Although Bassoon and Piccolo were initially thought to be unique to CNS syn-
apses, subsequent analyses show that they are also present at neuromuscular junc-
tions, ribbon synapses, and other peripheral synapses [67, 68]. Bassoon and Piccolo 
show differential distributions within presynaptic terminals and play distinct roles 
in different types of synapses. In glutamatergic synapses of mammalian CNS, 
Bassoon clusters detected by immune-EM are often present above the filaments 
emanating from the plasma membrane at the active zone [69]. Super-resolution 
imaging using STED microscopy reveals that the C-terminus of Bassoon is close to 
the presynaptic plasma membrane and N-terminus extended into the presynaptic 
cytoplasm [70] (Fig. 1b). The mammalian photoreceptor ribbon synapse has two 
sub-compartments: a dense projection from the plasma membrane, and an electron- 
dense ribbon extending from the SV release site into the presynaptic cytoplasm 
[71]. Bassoon localizes at the junction between these two sub-compartments, while 
Piccolo associates with the ribbon, and Rim, Munc13, and ELKS exist at the pre-
synaptic density [72].

At least two mutant mouse strains of Bassoon (Bsn) have been reported. A Bsn 
in-frame deletion mutant, which expresses a protein of 180 kd that includes the 
N-terminal and C-terminal regions but lacks the central part of Bassoon, shows 
unanchored ribbons in the presynaptic terminal of retina photoreceptors [73]. In 
these Bsn mutant mice, the inner hair cell ribbon synapses in the cochlea also exhibit 
loss of fast neurotransmitter release [74], while CNS excitatory synapses exhibit 
impaired synaptic transmission but apparently normal synaptic morphology [75]. 
These data establish the importance of Bassoon in ribbon synaptic architecture and 
suggest Bassoon’s role may vary depending on synapse type. In a Bsn null mutant, 
cerebellar mossy fiber synapses show enhanced short-term synaptic depression but 
largely normal basal synaptic transmission and the number of synaptic vesicles 
[76]. In the endbulb synapses of auditory nerve fibers, the replenishment of synaptic 
vesicles at the release sites is significantly reduced [77]. Bassoon promotes vesicle 
replenishment in part through inhibiting presynaptic autophagy [66].

Piccolo also exhibits synapse-type specific effects. For example, a short isoform 
of Piccolo, Piccolino, is found to be predominantly expressed at sensory ribbon 
synapses in the eye and ear [78]. Piccolino is required for the formation of the plate- 
shaped ribbons, as loss of Piccolino in rodents results in spherical ribbons and a 
disruption of the maturation of ribbons [79, 80]. At the rat calyx of the Held syn-
apse, Piccolo deficiency results in a defect in replenishment of readily releasable 
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synaptic vesicles during prolonged and intense firing activities, and smaller syn-
apses [81]. The Piccolo knockout rats (Pclotgt/gt) also exhibit abnormal brain mor-
phology and altered cerebellar neural circuitry [82]. Interestingly, loss-of-function 
mutations of human Piccolo (PCLO) have been associated with type 3 pontocere-
bellar hypoplasia (PCH3), also known as cerebellar atrophy with progressive micro-
cephaly [83]. Knockdown of both Bassoon and Piccolo in hippocampal and cortical 
neurons led to a reduction in synaptic vesicles, but did not alter synapse physiology, 
supporting their partially overlapping functions [84].

For a period of time, it was thought that proteins similar to Bassoon and Piccolo 
were not present in synapses of invertebrates. Through careful molecular phylogeny 
analysis, in combination with expression and genetic studies, the Drosophila Fife 
and C. elegans CLA-1/Clarinet are reported to share features similar to Piccolo and 
Rim [85]. Both Fife and CLA-1 are large proteins that contain Zinc Finger, C2, and 
PDZ domains, along with numerous unique repeats. Both genes produce multiple 
protein isoforms, which exhibit distinctive localization in the presynaptic cytoma-
trix, forming nanodomains and interacting with other CAZ proteins [86, 87]. 
Genetic studies of fife and cla-1 mutants show that different isoforms display 
synapse- type specificity to regulate presynaptic terminal structural and functional 
integrity [85–87]. CLA-1 has recently been linked to autophagy (bioRxiv 
2021.08.19.457026), supporting mechanistic conservation with Bassoon.

3.6  Liprin-Alpha

Liprin (for Lar-interacting-protein-related protein) proteins were named because of 
their initial identification by Y2H assay as proteins interacting with the intracellular 
phosphatase domain of LAR and closely related receptor tyrosine phosphatases 
[88]. Liprin proteins include three subfamilies: alpha, beta, and gamma; however, 
only alpha proteins are extensively studied for their roles in synapses. The N-termini 
of Liprin-α proteins are characterized by multiple coiled-coil structures, with a 
stretch of ~100 amino acids, known as the LH1 (Liprin Homology) domain, which 
shares near 90% sequence identity from C. elegans to mammals; and the C-terminal 
half of Liprin-α contains three SAM domains (Fig. 1). The middle region of differ-
ent isoforms of Liprin-α generally has low-complexity domains. C. elegans and 
Drosophila each expresses one Liprin-α gene, known as syd-2 and DLiprin-α, 
respectively [23, 89]. Both are exclusively localized to presynaptic terminals. 
Vertebrates express four Liprin-α genes. Expression of Liprin-α1 and Liprin-α4 is 
seen in limited area in the brain and also outside of the nervous system. Liprin-α2 
and Liprin-α3 are specifically and broadly expressed in the brain. Liprin-α3 shows 
strong localization to the presynaptic active zone [70], and Liprin-α2 is present at 
both pre- and postsynaptic sites [90].

Genetic studies of mutants in C. elegans and Drosophila provided the first evi-
dence for roles of Liprin-α in structural integrity of the presynaptic active zone. 
C. elegans syd-2 was identified from a forward genetic screen using an SNB-1::GFP 
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reporter, because loss of function in syd-2 caused both reduced and diffused accu-
mulation of SNB-1::GFP at neuromuscular synapses [23]. Subsequent findings 
from Drosophila showed that loss of DLiprin-α also altered morphology of neuro-
muscular synapses [89]. Ultrastructural analysis of both syd-2 and DLiprin-α 
mutants revealed a primary effect on the length and shape of the presynaptic dense 
projection. Moreover, the CAZ proteins ELKS and RIM show diffuse and reduced 
accumulation at the presynaptic active zone [58, 91, 92]. In mouse hippocampal 
neuron synapses, knockout of Liprin-α3 alone causes subtle but significant alterna-
tion in presynaptic ultrastructure and CAZ protein compositions [70]. Knockout of 
both Liprin-α2 and α3 leads to stronger reductions in the protein machinery for 
docking and priming and in the pool of releasable vesicles at excitatory and inhibi-
tory synapses, and increases in Ca2+ channels and release probability at excitatory 
but not inhibitory synapses [93].

Studies of a gain-of-function (gf) mutation in the C. elegans SYD-2 have pro-
vided an important clue to the understanding of how Liprin-α organizes presynaptic 
cytomatrix. The syd-2(gf) mutation changes Arg184 to Cys in the highly conserved 
LH1 domain and causes enlarged presynaptic dense projections [58, 94]. In bio-
chemical studies, purified wild type LH1 domain forms dimers, whereas LH1 
domain with the Arg184Cys mutation forms multimers [95]. The LH1 domain is 
predicted to form a coiled-coil structure. Crystal structure studies of the LH1 domain 
of the vertebrate Liprin-α2 reveals that the helix containing Arg194 (corresponding 
to Arg184  in SYD-2) forms a homo-tetramer [96]. Arg194 faces away from the 
tetramerization surface and stabilizes intramolecular interaction between orderly 
arranged helical dimers. The Arg194Cys mutation disrupts the interaction among 
positively charged amino acid residues and enhances the dimer to oligomer transi-
tion of the LH1 domain. Moreover, in both biochemical assays and living cells, 
oligomerized Liprin-α2 promotes formation of ELKS condensates via liquid–liquid 
phase separation, and such ELKS condensates recruit RIM1a, RIM-BP [58]. As 
described in Chapter “The Architecture of the Presynaptic Release Site”, functional 
evidence from C. elegans and mice has supported the idea that the liquid–liquid 
phase separation property of CAZ proteins is important for presynaptic active zone 
assembly.

4  Intracellular Regulators of CAZ Proteins 
in Synapse Formation

The extensive interactive nature among CAZ proteins underlies the complex regula-
tion of presynaptic assembly. Live imaging of CAZ proteins has probed into the 
dynamic processes of assembly of a presynaptic terminal. CAZ proteins translated 
in the soma must be sorted into the axon, and transported and delivered to the pre-
synaptic terminal [97–99]. The transport and delivery of CAZ components involve 
diverse vesicular carriers that interact with Golgi apparatus, endosomes, and 
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lysosomal pathways [100, 101]. For example, ELKS can interact with Rab6 to 
mediate transport between endosome and Golgi [54]. Bassoon and Piccolo are 
transported in large dense core vesicles that contain other CAZ proteins and 
SNAREs [98]. Liprin-α interacts with the axonal motor proteins kinesin-1 and 
KIF1A/Unc104 [92, 102] as well as many intracellular and cell surface molecules 
to contribute to the delivery of other CAZ proteins and the nucleation of nascent 
active zone [62, 91, 103]. Here, we highlight two intracellular pathways that coor-
dinate with CAZ proteins in synapse formation.

4.1  SYD-1/dSYD-1/SYDE

Molecular genetic studies from C. elegans and Drosophila have supported a func-
tional hierarchy involving the conserved SYD-1/dSYD-1 proteins as an upstream 
regulator in the assembly of presynaptic active zone. C. elegans syd-1 was identified 
from the forward genetic screen that yielded syd-2, based on similarly altered 
SNB-1::GFP patterns [104]. The invertebrate SYD-1 and dSYD-1 full-length pro-
teins have an N-terminus PDZ domain, followed by a C2 domain and a Rho-GAP 
(GTPase Activating Protein) domain (Fig.  1a) [104, 105]. Mouse expresses two 
homologs, known as SYDE1 and SYDE2, containing only C2 and Rho-GAP 
domains [106], resembling a short isoform of C. elegans SYD-1. The C2 domain 
facilitates protein association with the membrane. However, the function of the 
GAP domain varies between species. Drosophila dSYD-1 has GAP activity on 
Rac1 [107] and mouse SYDE1/mSYD1A acts on CDC42 [106], whereas the GAP 
domain in C. elegans SYD-1 may not be active [104].

Evidence from both C. elegans and Drosophila supports a conclusion that syd-1/
dsyd-1 and syd-2/Dliprin-α act in a common molecular pathway to promote synapse 
formation [58, 105, 108, 109]. In C. elegans, double mutants of syd-1 and syd-2 
resemble each single mutant. In the absence of syd-1, the syd-2(gf) mutation can 
induce synapse formation [58]. Synapse imaging studies in both C. elegans and 
Drosophila show that SYD-1/dSYD-1 arrives early at nascent sites of the presynap-
tic terminals and facilitates the accumulation of SYD-2/DLiprin-α and other CAZ 
proteins, such as ELKS-1/Bruchpilot [35, 110–112]. SYD-1/dSYD-1 can interact 
with neurexin via the PDZ domain [110], and also bind to other synaptic proteins 
such as spinophilin [113], neurabin [111], and RSY-1/PNISR [114]. Such complex 
interactions orchestrate early assembly processes at the Drosophila NMJs [110, 
115]. Mice lacking Syde1/mSYD1A exhibit reduced docked vesicles and synaptic 
activities [106]. An intrinsically disordered region of SYDE1/mSYD1A interacts 
with multiple synapse proteins, including CAZ protein Liprin-α2, Munc18-1, and 
presynaptic receptor tyrosine phosphatases. Conceivably, such multi-protein inter-
actions play a key role in tethering synaptic vesicles.
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4.2  Tripartite Complex of CASK, Mint, and Veli

This tightly associated PDZ domain-containing protein complex has been studied in 
many cellular contexts and is present at both pre- and postsynaptic sites [116]. A 
presynaptic role for CASK/Mint/Veli was initially hinted at by the interactions with 
neurexins [117]. CASK/Mint/Veli also bind directly or indirectly to other synaptic 
proteins such as voltage-gated calcium channels, Liprin-α, and Cdk5 [118, 119], as 
well as several synaptic adhesion molecules [116]. A single member of each protein 
family is present in invertebrates; in mammals, Mint and Veli each is encoded by 
three genes. Knockout mice of either Mint or Veli die at an early stage, precluding 
a full examination of their roles in synapse formation [120, 121]. Nonetheless, it is 
generally agreed that these three proteins play regulatory roles in synaptic vesicle 
release, and may indirectly contribute to the transport of synaptic proteins and inter-
action with synaptic surface proteins to facilitate the development and maintenance 
of synaptic architecture.

5  Summary

Through consorted efforts using combinatorial approaches, research in the past two 
decades has revealed the shared core CAZ components. Despite their precise local-
ization to the presynaptic active zone, functional studies have placed different fami-
lies of CAZ proteins in a wide spectrum for their essentiality in synapse formation 
and function. Munc13/Unc-13 is essential for synaptic vesicle release, whereas 
ELKS has the least functional significance yet provides maladaptive regulation to 
many actions of presynaptic release. The interwoven protein-interaction network at 
CAZ remains a wonderland where conceptual creativity and technology innovation 
continue to push the boundary of our knowledge about the mystery of synapses.
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Multiple Modes of Fusion and Retrieval 
at the Calyx of Held Synapse

Xin-Sheng Wu and Ling-Gang Wu

Abstract Neurotransmitter in vesicles is released through a fusion pore when ves-
icles fuse with the plasma membrane. Subsequent retrieval of the fused vesicle 
membrane is the key step in recycling exocytosed vesicles. Application of advanced 
electrophysiological techniques to a large nerve terminal, the calyx of Held, has led 
to recordings of endocytosis, individual vesicle fusion and retrieval, and the kinetics 
of the fusion pore opening process and the fission pore closure process. These stud-
ies have revealed three kinetically different forms of endocytosis—rapid, slow, and 
bulk—and two forms of fusion—full collapse and kiss-and-run. Calcium influx trig-
gers all kinetically distinguishable forms of endocytosis at calyces by activation of 
calmodulin/calcineurin signaling pathway and protein kinase C, which may dephos-
phorylate and phosphorylate endocytic proteins. Polymerized actin may provide 
mechanical forces to bend the membrane, forming membrane pits, the precursor for 
generating vesicles. These research advancements are reviewed in this chapter.

Keywords Vesicle fusion ·  Vesicle endocytosis ·  Exocytosis ·  Full collapse 
fusion ·  Kiss-and-run ·  Cell-attached recording ·  Capacitance recording ·  Calyx 
of Held ·  Synaptic transmission ·  Quantal response

1  Introduction

Neurons release neurotransmitter through synaptic vesicle exocytosis, a specialized 
form of vesicle trafficking whereby synaptic vesicles fuse with the presynaptic 
plasma membrane at the active zone and release their contents into the synaptic 
cleft. Following exocytosis, vesicles are retrieved from the plasma membrane in a 
process called endocytosis and refilled with neurotransmitter, forming new vesicles 
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that can be used for further release [1]. Thus, coordination of the exocytosis of neu-
rotransmitter and the endocytosis of vesicular components sustains the membrane 
trafficking of synaptic vesicles.

The modes of exocytosis and endocytosis depend on the behavior of the fusion 
pore, a molecular structure that forms to connect vesicle membrane and presynaptic 
plasma membrane during synaptic vesicle fusion. The initial fusion pore may 
expand rapidly, allowing the vesicles to fully collapse into the plasma membrane 
[2]. This mode of exocytosis is called “full collapse” or “full fusion.” Alternatively, 
the initial fusion pore opens for a short time without dilating and then closes again, 
allowing the vesicle to retain its integrity when it discharges its contents. This pro-
cess is called “kiss-and-run” fusion [3, 4]. Full fusion leads to a rapid release of all 
neurotransmitter in a bolus, while kiss-and-run may regulate the rate of neurotrans-
mitter discharge by opening the fusion pore to different degrees [5]. The rate of 
neurotransmitter release may affect the postsynaptic response, and possibly contrib-
ute to synaptic plasticity [6].

The modes of fusion may also determine a vesicle’s fate after neurotransmitter 
release. It is thought that full collapse fusion is followed by compensatory endocyto-
sis, a clathrin-mediated process in which vesicles are reformed from the plasma 
membrane and severed by the GTPase dynamin [1]. The endocytic rate is much 
slower than kiss-and-run endocytosis, which simply involves closing of the fusion 
pore. It is plausible that the differing rates of endocytosis may affect synaptic func-
tion, as endocytosis is critical for replenishment of various synaptic vesicle pools, 
which influences the ability of the nerve terminal to maintain transmitter release dur-
ing repetitive firing [7]. Regulation of vesicle availability through the rate of endocy-
tosis, and thus the rate of vesicle cycling, could contribute to the generation of some 
forms of synaptic plasticity [7]. Owing to these potential important roles, the kinetics 
of endocytosis and its regulation have been intensively studied in the past decade.

Both fusion and retrieval can be monitored in live synapses with imaging and 
electrophysiological techniques [8]. Compared to imaging techniques, electrophysi-
ological techniques, including whole-cell and cell-attached capacitance recording 
techniques, provide faster time resolution and allow for the measurement of the 
fusion pore opening process and the fission pore closure kinetics. In the past two 
decades, these advanced electrophysiological techniques have been applied to a 
large nerve terminal, the calyx of Held, to study the rates and modes of endocytosis. 
These studies have provided recordings of fast endocytosis and individual vesicle 
fusion and retrieval at a central synapse. Further, the kinetics of the fusion pore 
opening process and the fission pore closure process has been measured. These 
results have not been reported at any other synapse, which is at least partly due to 
the small size of most other synapses that has precluded the application of the elec-
trophysiological techniques. In this chapter, we will discuss what we have learned 
from electrophysiological studies of fusion and retrieval at the calyx of Held. We 
believe that the calyx of Held synapse is an excellent model for the study of vesicle 
fusion and retrieval, and hope that the results obtained at this large synapse can 
provide useful lessons for further studies of fusion and retrieval at most small con-
ventional synapses.
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2  The Calyx of Held Synapse and the Whole-Cell 
Capacitance Measurement

The calyx of Held is a glutamatergic nerve terminal that forms part of the relay 
pathway involved in sound localization in the auditory brainstem (Fig. 1a) [9]. The 
calyx of Held arises from globular bushy cells in the anterior ventral cochlear 
nucleus (aVCN), which project onto principal neurons of the contralateral medial 
nucleus of the trapezoid body (MNTB; Fig. 1b) [9]. EM reconstruction of the calyx 
of Held has shown the presence of ~300–700 individual active zones, each with 
about two morphologically docked vesicles [10, 11]. The large number of active 
zones helps ensure rapid signaling, as a presynaptic action potential (AP) releases 
hundreds of vesicles, generating a large excitatory postsynaptic current (EPSC) that 
rapidly depolarizes the postsynaptic neuron to the threshold for generating action 
potentials [9].

Fig. 1 Anatomy of the calyx of Held synapse. (a) A diagram of the adult calyx of Held, a gluta-
matergic synapse in the mammalian auditory brainstem. Notice the large-caliber axon (4–12 μm in 
diameter; brown) that gives rise to the calyx. The postsynaptic cell (blue) has relatively short den-
drites and an axon with a collateral branch. MNTB, medial nucleus of the trapezoid body. (b) A 
diagram of the circuitry of the superior olivary complex (SOC), which is involved in computing 
sound localization from the auditory inputs from both ears. Auditory information from the cochlea 
is transmitted to the ipsilateral anterior ventral cochlear nucleus (aVCN) through excitatory syn-
apses onto spherical bushy cells (SBCs) and globular bushy cells (GBCs). The GBCs synapse onto 
the contralateral medial nucleus of the trapezoid body (MNTB), which makes an inhibitory syn-
apse onto the lateral superior olive (LSO). The LSO also receives excitatory input from the ipsilat-
eral SBCs. It is at the level of the LSO that discharges evoked by interaural intensity differences 
are first represented as differences in the timing of excitatory and inhibitory inputs. So, the LSO is 
thought to function as a coincidence detector of binaural signals, whereas the main role of the 
MNTB is simply to act as a fast, sign-inverting relay station. The principal cells of the MNTB, 
however, also receive strong inhibitory input from unknown sources, and are organized in a tono-
topic map of characteristic sound frequencies. The MNTB is therefore not a functionally homoge-
neous nucleus, and its output might be modulated by other brainstem nuclei. MSO, medial superior 
olive. (Figure adapted, with permission, from Ref. [9])
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Except for the large size of the terminal and the large quantal synaptic output, the 
synapse acts in a similar way to a conventional fast synapse in the CNS. For exam-
ple, the terminal releases glutamate in response to presynaptic action potential stim-
ulation. The terminal contains many spherical, clear-core vesicles with a diameter 
of about 50 nm [10, 12]. The delay between the peak of a presynaptic action poten-
tial and the onset of the excitatory postsynaptic current (EPSC) is less than 1 ms 
[13]. Multiple types of voltage-dependent Ca2+ channels control transmitter release 
at single release sites in the MNTB synapse [14, 15], as in many other CNS syn-
apses [16]. The synapse exhibits short-term synaptic depression and facilitation [9, 
17]. Since the MNTB synapse functionally resembles other fast central synapses in 
many aspects, the experimental results obtained from this synapse may not only be 
applied to calyceal synapses, but also have a more general significance.

Presynaptic patch-clamp measurements of exocytosis and endocytosis rely on the 
increase in surface membrane area when vesicles fuse with the plasma membrane 
during exocytosis, and the decrease when membrane is retrieved by endocytosis. The 
changes in surface area can be monitored electrically as changes in membrane capac-
itance (Cm) [18]. Whole-cell capacitance measurement is best achieved in round 
cells that are electrically equivalent to a membrane capacitor in parallel with a mem-
brane resistor (Fig. 2a) [18]. A series of studies demonstrated that this technique can 
also be applied to the calyx of Held [19–21]. Although the calyx is connected with an 
axon, simulation suggests that the axon does not significantly affect the measurement 
of the capacitance at the calyx when Lindau-Neher’s technique, a test signal of a 
sinusoidal voltage used in estimating the membrane capacitance and membrane con-
ductance by a two-phase lock-in amplifier, is used [20]; thus, changes in membrane 
size at the calyx can be accurately measured. Experimental results have confirmed 
this simulation result. First, when both the EPSC and the presynaptic capacitance 
were simultaneously recorded at the same synapse, the EPSC amplitude or the charge 
increased as the capacitance jump (ΔCm) increased (Fig.  2b). Their relationship 
could be fit by a linear regression line with a slope of about 148 pA/fF (Fig. 2b) [19]. 
Second, by averaging about 2.7 million spontaneous miniature EPSCs (mEPSCs) 
and the corresponding presynaptic capacitance traces from 459 individual synapses 
(Fig. 2c), we found that the presynaptic membrane capacitance jumped by about 65 
aF within 1 ms before the onset of the mean mEPSC [22, 23]. As the specific mem-
brane capacitance is 9 fF μm−2 [24], 65 aF corresponds to a vesicle with a diameter 
of 48 nm, which is similar to the estimate from electron microscopy [10]. We con-
cluded that the capacitance jump accurately reflects vesicle fusion. Whole-cell 
recordings of fusion have advantages and drawbacks, compared to the more common 
measurement of postsynaptic currents induced by transmitter binding. The draw-
backs are that the signal-to-noise ratio is not as good as postsynaptic current record-
ings, and recording release during a stimulus is not possible. However, one significant 
advantage is that capacitance measurements provide a better estimate of total release, 
since they are independent of the functional state of the postsynaptic receptors, while 
postsynaptic currents are complicated by the effects of receptor saturation, desensiti-
zation, and inactivation that skew the relationship between release and postsynaptic 
response. In addition to its utility in the study of vesicle fusion, time-resolved 
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Fig. 2 Capacitance jumps reflect exocytosis at the calyx of Held. (a) An equivalent circuit of a cell 
in the whole-cell recording configuration. Cm is the membrane capacitance, Ra is the access resis-
tance, and Rm is the membrane resistance. (b) The linear relation between the capacitance jump and 
the excitatory postsynaptic current (EPSC). Left: Sample recordings induced by 1  ms steps to 
+10 mV ((a), solid), 0 mV ((b), dotted), and −6 mV ((c), dashed), respectively. Presynaptic Ca2+ 
currents and EPSCs are plotted at the same time scale (applied to all other figures if not men-
tioned), whereas capacitance changes are plotted at a different time scale. Right: The relation 
between the EPSC amplitude (EPSC Amp, left y axis) and ΔCm evoked by a series of 1 ms step 
depolarizations from −80 mV to a voltage ranging from −10 to +20 mV at a synapse. (Panels (a) 
and (b) are adapted, with permission, from Ref. [19]). (c) The mean EPSC and Cm averaged from 
2.66 million fusion events obtained from 459 paired recordings. Traces are shown without filtering. 
(Adapted from Ref. [23])

capacitance measurement at the calyx provides a powerful technique to study synap-
tic vesicle endocytosis at a central synapse.

3  A Linear Relation Between the Time Constant 
of Endocytosis and the Amount of Exocytosis

Synaptic vesicle endocytosis can be detected as the decay of the capacitance jump 
to baseline levels after a stimulus. At the calyx of Held this decay is exponential, 
and is described by the time constant (τ) in an exponential equation. The τ is the 
time at which ~63% of the jump has decayed. Studies at the calyx of Held showed 
that the time course of endocytosis, as measured by whole-cell capacitance record-
ings, depended on the stimulation intensity. After a single action potential- equivalent 
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(AP-e) stimulus, the capacitance change was measured by two labs, using slightly 
different stimuli. One lab used a 1-ms step depolarization from −80 to +7  mV 
(Fig. 3a), which induces the release of the same number of vesicles as an action 
potential [22]. After this stimulus, the capacitance jump was about 20 fF, and 
decayed with a τ of about 2.2 s [21]. Earlier measurements indicated that the decay 
was much faster (τ = ~115 ms [22]), but it was later shown that they were contami-
nated by the presence of an artifactual capacitance jump with a decay time in the 
hundreds of milliseconds, which persists after abolishing exocytosis with botulinum 
neurotoxin E [25] or C [21]. Another lab approximated an AP-e with a 4-ms step 
depolarization from −80 to +80 mV, followed by a 1-ms step to +40 mV [25]. This 
was found to evoke approximately three times the amount of release as an action 
potential [21], and induced a capacitance jump of about 60 fF. After this stimulus, 
the decay was fit with a τ of about 10.4 s when the first 500 ms after stimulation was 
ignored [25]. The difference in the τ reported by these two labs is at least partly due 
to the difference in the stimulation intensity and thus the capacitance jump, because 
when the first lab changed the stimulus protocol and increased the capacitance jump 
from about 20 fF to about 70 fF, the τ increased from about 2.2 to 4.2 s [21].

The τ after short AP-e trains increased in linear proportion to the net capacitance 
jump at the end of the stimulus (Fig.  3a–c) [21, 22]. This relationship cannot be 
attributed to an increase in stimulus frequency alone, as similar capacitance jumps 
elicited by AP-e trains at frequencies from 20 to 333 Hz had similar decay times [21, 
22]. As further evidence, the trend was also seen when continuous step depolariza-
tions from −80 to 0–10 mV with durations from 2 to 20 ms were used to evoke 
exocytosis [21, 22, 25]. The lengthening of the time constant also cannot be explained 
by the increase in global calcium influx due to increased stimulation, because EGTA, 
a slow-binding calcium chelator that eliminates the residual calcium transient, did 
not reduce the τ [22]. Moreover, clamping presynaptic calcium levels at ~1 μM, 
which exceeds the peak global calcium concentration after 10 AP-e at 333 Hz, did 
not lengthen the τ [22]. The duration of elevated local calcium domains can also be 
ruled out, as the τ was similar after 10-ms and 30-ms step depolarizations from −80 
to +10 mV, which elicited similar capacitance jumps and similar time courses of 
endocytosis [22]. Thus, it appears that the net accumulation of fused vesicle mem-
brane at the end of a stimulus is itself the cause of the increase in the τ.

This linear relationship is also seen at other synapses. FM dye studies at the frog 
neuromuscular junction show that the endocytic τ increases as the duration of a 
30-Hz stimulus train of APs increases [26]. Similarly, at cultured hippocampal neu-
ron boutons, studies using the genetically encoded exo-/endocytic marker synapto-
pHluorin demonstrated that the τ increased linearly with the number of APs in a 
10-Hz train, from <10 s after 20 APs to ~90 s after 600 APs [27]. There is the ques-
tion what happens at very mild stimulation, as another study with a similar marker, 
called sypHy, found that this linearity did not hold for trains of up to 40 APs at 
20 Hz frequency [28]. However, the authors did see a lengthening of the τ with 
stronger stimulation.

A hypothesis to explain this correlation between τ and net exocytosis has been 
described [27]. In this model, the endocytic apparatus has a fixed rate and limited 
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Fig. 3 Slow and rapid endocytoses at the calyx of Held. (a) Sampled whole-cell capacitance (Cm) 
response to an AP-e (1 ms step to +7 mV). The capacitance decay, starting from 200 ms after 
stimulation, was fit with an exponential function with a time constant of 2.9 s. (Adapted from Ref. 
[21]). (b) Sampled Cm response to 10 AP-e at 333 Hz. Note that the retrieval time is significantly 
longer than after 1 AP-e. (Adapted from Ref. [22]). (c) The relation between the time constant and 
the amplitude of endocytosis. A plot of endocytosis time constant versus its amplitude after various 
stimuli. The endocytosis component and stimuli included the slower component of endocytosis 
after 10 depolarizing pulses at 1 and 10 Hz (circles), endocytosis after a 20 ms depolarization 
(circle) and a 1 ms depolarization to +7 mV or 15–30 mV (circle), endocytosis after 50 AP-e at 
100 Hz (triangle), and endocytosis after 200 AP-e at 100 Hz (triangle), 50 AP-e at 100 Hz repeated 
5 times at 1 Hz (triangle), or 50 AP-e at 30 Hz repeated 5 times at 0.4 Hz (triangle). The data were 
fit with a linear regression line with a slope of 1.4 s/100 fF. (d) Sampled Cm response to 200 AP-e 
at 100 Hz (bars). The capacitance decay was fit with a bi-exponential function (gray, τ1 = 1.8 s [377 
fF], τ2 = 24.0 s [1020 fF]). (e) Sampled Cm response to 200 AP-e at 100 Hz with 10 mM EGTA in 
the pipette. The capacitance decay was fit with a mono-exponential function (gray, τ = 24.7 s). 
(Panels (c–e) are adapted from Ref. [21])

capacity; when the amount of fusion exceeds the capacity for retrieval, the plasma 
membrane is retrieved at a constant rate. Thus, addition of more fused vesicles will 
lengthen the τ in a linear fashion. This model predicts the observed linear relation-
ship between the τ and the net exocytosis after mild-to-moderate stimulation at the 
calyx. However, it also predicts a linear decay, while at the calyx (and in cultured 
hippocampal neurons), membrane retrieval is best fit with an exponential function. 
Thus, this model may be similar, but not identical, to the physiological mechanism 
in the calyx of Held at mild-to-moderate stimulation.
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4  Intense Stimulation Activates Rapid Endocytosis by 
Increasing the Calcium Influx

Under stronger stimulus conditions at the calyx, the linear relationship between the 
τ and net exocytosis no longer applies [21]. When a 20-ms pulse stimulus is repeated 
ten times at 10 Hz, a fast component with a τ of 1–2 s is evident immediately after 
the end of stimulation. After several seconds it gives way to slow endocytosis, and 
the total capacitance decline is well fit by a double exponential. The fast component 
can also be evoked by a train of 200 AP-e at 100 Hz (Fig. 3d), suggesting that it is 
physiologically important.

Slowing the frequency of the 20-ms pulses to 1 Hz allows capacitance measure-
ments to be made between pulses, enabling an examination of how the fast compo-
nent develops. Under this condition, the initial rate of endocytosis increased from 
about 28 fF/s after the first pulse to a plateau of about 208 fF/s after the sixth pulse, 
which corresponds to about six vesicles per second per active zone [21]. It is esti-
mated that this high retrieval rate is mostly (two-thirds) due to rapid endocytosis, 
indicating that the fast component of endocytosis becomes dominant during 
stimulation.

The trigger for fast endocytosis is calcium. Moreover, 10 mM EGTA added to the 
presynaptic pipette blocked the fast component induction during a train of ten 20-ms 
pulses at 1  Hz (Fig.  3e). Likewise, lowering the range of depolarization voltage 
from 90 mV (−80 to +10 mV) to 75 mV (−80 to −5 mV) reduced the evoked cal-
cium current and eliminated the fast component. Membrane accumulation is not the 
trigger for fast endocytosis, because 20 pulses at the reduced 75-mV jump at 1 Hz 
failed to elicit a fast component, though this stimulus caused a net accumulation 
(~1.5  pF) similar to the control condition (using the 90-mV pulse from −80 to 
+10 mV) in which fast endocytosis was observed [21].

The role of calcium in endocytosis has been investigated at several other syn-
apses. At the frog neuromuscular junction, only a slow form of endocytosis is 
detected, and its rate is not sensitive to raised intracellular calcium levels [26]. In 
cultured hippocampal neurons, experiments using synaptopHluorin or sypHy 
showed that the rate of the single component is reduced when extracellular calcium 
is reduced, but raising the calcium level above physiological concentrations does 
not accelerate the endocytic process [29]. At goldfish bipolar cells, endocytosis is 
fast following a brief depolarization [30, 31], and can be slowed by adding EGTA 
or BAPTA, another calcium chelator, to the patch pipette. However, during intensive 
stimulation, fast endocytosis appears to be slowed down or even blocked [31, 32], 
which may be due to a buildup in intracellular calcium [31]. The reasons for this 
apparent discrepancy have not been discovered, but it has been proposed that inten-
sive stimulation causes non-synchronous release to occur at sites far away from 
central active zones, and that these vesicles can only be retrieved through a slower 
pathway [32]. A flash photolysis study in mouse cochlear inner hair cells has shown 
that a fast form of endocytosis is activated at internal calcium concentrations above 
15 μM, and that proportion of the fast component increases with increasing calcium 
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levels at calcium concentrations above this level, though the τ stays the same [33]. 
Thus, it appears that calcium regulation of endocytosis depends on the type of 
neurons.

5  Bulk Endocytosis and the Measurement of the Fission Pore 
Formation and Closure

An early pioneering study of endocytosis using electron microscopy noted the 
appearance of large endosome-like structures in the nerve terminal after strong 
stimulation, from which small vesicles bud off [2]. Further studies led to the widely 
held hypothesis that these endosome-like structures are generated slowly (~1 min) 
from the plasma membrane, a process called bulk endocytosis [34–39]. However, 
the kinetic evidence indicating the instant of bulk membrane fission is missing at 
synapses. In the following, we discuss a study at the calyx of Held that provides this 
missing piece of evidence [40].

Bulk membrane uptake could be detected after stimulation by step depolariza-
tions and AP-e trains, and were characterized by downward capacitance shifts 
(DCSs) with a 10–90% decay time between 30 and 500 ms (Fig. 4a–c). The sizes of 
the DCSs ranged from the detection limit of ~20 fF up to 500 fF, with an average 
size of about 131 fF. These values were much larger than the membrane capacitance 
(~65 aF) of a single vesicle. Their size distribution was peaked at the detection limit 
of ~20 fF, suggesting that there were possibly many more events that were too small 
to be detected [40].

The occurrence of DCSs increased with stimulation. DCSs were detected at a 
frequency of ~0.003 Hz before stimulation, and the frequency increased to about 
0.021 Hz in the first 10  s after ten pulses of 20-ms depolarization (from −80 to 
+10 mV) at 10 Hz (Fig. 4b). The frequency decayed to baseline levels within 80 s 
and had a half decay time of <20 s. Vesicle fusion was required for this increase, as 
the increase was not seen after stimulation when exocytosis was blocked by botuli-
num neurotoxin C. The proportion of retrieval conducted by bulk endocytosis was 
about 9% of the net exocytosis. This is likely an underestimate, since, as noted 
above, events below 20 fF in size could not be detected [40].

The diameter of the fission pore and the rate of closure were determined using 
the measured pore conductance, and with the assumption that the pore is cylindrical. 
The initial diameter ranged from 3 to 19 nm and decreased to undetectable levels 
within 500 ms (Fig. 4c). The slope of the 20–80% decrease in diameter was about 
31 nm/s (Fig. 4c). This was not correlated with the DCS size, suggesting that the 
fission step is separate from the fission pore formation step. Consistent with this 
suggestion, bulk membrane fission can occur as early as a few seconds after stimu-
lation, and the rate of fission pore closure is much smaller than the rate needed to 
form the fission pore in only a few seconds. Thus, bulk endocytosis is comprised of 
two kinetically different steps: a membrane invagination step that forms the fission 
pore, and the closure of the pore that completes the fission process [40].
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Fig. 4 Bulk endocytosis at the calyx of Held. (a) Three kinetic forms of endocytosis (arrows)—
rapid, slow, and bulk—were observed by whole-cell capacitance (Cm) recordings at the calyx of 
Held. The stimulus was 10 depolarizing pulses of 20 ms from −80 to +10 mV at 10 Hz. (b) The 
whole-cell membrane capacitance (Cm) response to 10 depolarizing pulses at 10 Hz. The arrows 
indicate bulk endocytosis that occurred within a few seconds after the stimulus. (c) The whole-cell 
membrane capacitance (Cm), the fission pore conductance (Gp), and the fission pore diameter (Dp) 
during bulk endocytosis. The 20–80% decrease in Dp was fit with a linear regression line (red) with 
a slope (red) of −31 nm/s. Cm trace was low-pass filtered at 30 Hz (gray), from which Gp and Dp 
were calculated. (Panels (a–c) are adapted from Ref. [40])

It should be noted that the frequency of DCSs peaked in less than 10  s after 
stimulation. Some bulk endocytosis events occurred at only a few seconds after the 
stimulus (Fig. 4b). Such a rapid time course is in sharp contrast to the currently 
prevailing view that endosome-like structures are generated on a time scale of min-
utes [2, 37, 41, 42]. This discrepancy is likely due to methodological differences. 
The majority of previous studies have assessed the time course of bulk endocytosis 
by electron microscopy. Electron microscopy has a low time resolution, whereas the 
capacitance measurement technique used in the present work provides a time reso-
lution of milliseconds. Electron microscopy measures the lifetime of endosome-like 
structures, whereas the capacitance measurement indicates the time course of gen-
erating endosome-like structures from the plasma membrane. We suggest modify-
ing the current view to a rapid generation of endosome-like structures, followed by 
slow bud off of small vesicles from endosome-like structures.

6  Resolving Full Collapse Fusion and Kiss-and-Run 
with Cell-Attached Recordings

We have discovered at least three kinetic forms of endocytosis at the whole-cell 
configuration at the calyx of Held. These forms are rapid, slow, and bulk endocyto-
ses (Fig. 4a). It has been suggested that rapid endocytosis represents a kiss-and-run 
form of fusion, whereas slow endocytosis is consistent with full collapse fusion 
[43]. However, other interpretations are possible. For example, imaging studies at 
goldfish retinal bipolar synapses raise the possibility that rapid endocytosis could be 
a result of full collapse fusion followed by rapid endocytosis [44]. The key differ-
ence between these two modes of fusion is that kiss-and-run opens a fusion pore and 
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closes the pore rapidly, whereas full collapse fusion fully expands the fusion pore. 
The only unambiguous way to distinguish these is to record fusion pore kinetics at 
synapses, which is technically challenging and rarely performed; correspondingly, 
whether kiss-and-run exists at synapses is currently under intense debate [17]. In the 
following, we describe a study that has resolved the fusion pore conductance at the 
calyx by using the cell-attached capacitance measurement technique [45].

The cell-attached capacitance measurement technique provides a high-enough 
resolution to detect single vesicle fusion events, which appear as unitary capaci-
tance steps directly proportional to the vesicle size (Fig. 5a). Full vesicle incorpora-
tion into the plasma membrane produces an upward capacitance step, whereas 
kiss-and-run fusion produces an up-step followed within a few seconds by a down- 
step, called a capacitance flicker [5]. In some of these fusion events, fusion pore 
conductance can be measured, allowing for an estimate of the fusion pore size [5].

Measurements of capacitance steps during large dense core vesicle fusion in 
endocrine and immune cells have provided a detailed picture of exocytosis of this 
vesicle class in non-neuronal cells [5]. Extending this approach to synapses has 
been frustrated by two problems: First, the smaller size of vesicles makes resolving 
individual vesicle fusion more difficult. Second, the postsynaptic neuron apposing 
the presynaptic release site might make the release site inaccessible to the patch 
pipette. These two hurdles have been overcome in some studies. For example, in 
pituitary nerve terminals (which do not form synapses), fusion of individual micro- 
vesicles similar in size to synaptic vesicles was resolved, demonstrating that these 
small events can in fact be detected [46, 47]. About 5% of fusion events were capac-
itance flickers with a fusion pore conductance of ~19 pS, indicating the existence of 
kiss-and-run fusion [46]. Direct patch-clamp recordings of nerve terminals that are 
not associated with their postsynaptic counterpart have been made at a chick calyx- 
type synapse [48], synaptosomes [49], and the rat calyx of Held [45].

At the calyx of Held synapse, the release site can be exposed by pulling out the 
postsynaptic neuron using a large pipette (Fig. 5b). At the exposed release sites, 
cell-attached recordings reveal individual capacitance up-steps reflecting single 
vesicle fusion during high potassium application (Fig.  5c) [45]. About 20% of 
fusion events were capacitance flickers. The capacitance flicker duration ranged 
from 10 ms to 2 s with a mean of ~300 ms (Fig. 5d). For most capacitance flickers, 
the fusion pore conductance was larger than 288 pS. The exact size could not be 
detected owing to the resolution limit. In a small fraction of capacitance flickers, 
however, a fusion pore conductance ranging from 15 to 288 pS with a mean of ~66 
pS was observed, which might correspond to a fusion pore with a mean diameter of 
~1.1 nm (Fig. 5d). These results suggest that a minor fraction of fusion events is 
kiss-and-run during high potassium application [45].

Most capacitance up-steps are not followed in a brief time by an equal size down- 
step, and thus reflect full collapse fusion [45]. Their initial fusion pores were often 
too large to resolve (Fig. 5d). However, in a small fraction of up-steps, an initial 
fusion pore conductance of ~250 pS was resolved, which was followed in ~10–300 
ms by a rapid pore expansion (Fig. 5e) [45]. These results provide the first kinetic 
evidence revealing the instant of full collapse fusion at synapses.
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Fig. 5 Kiss-and-run and full collapse fusions recorded in the cell-attached mode at the calyx of 
Held. (a) Equivalent circuit of a patch in the cell-attached mode when a vesicle is fused with the 
plasma membrane and has opened a fusion pore. Double line indicates patch pipette. Cm Gm, Cv, 
and Gp are cell membrane capacitance, cell membrane conductance, vesicle capacitance, and 
fusion pore conductance, respectively. (b) The procedure to perform cell-attached recordings at the 
release face of a calyx. A calyx associated with a postsynaptic neuron was first identified (left). The 
postsynaptic neuron was sucked and pulled away by a pipette shown in the middle left (middle two 
panels). Another pipette was positioned at the release face of the calyx membrane (right) for cell- 
attached recordings, from which individual vesicle fusions such as those shown in (c) and (d) were 

X.-S. Wu and L.-G. Wu



55

7  The Impact of Kiss-and-Run Fusion 
on the Quantal Response

Synapses that are able to use kiss-and-run fusion may have two advantages com-
pared to those that use only full collapse. First, it allows rapid and economical ves-
icle recycling, perhaps preventing some of the rundown in release during strong 
stimulation. Second, its narrow fusion pore could limit the rate of transmitter dis-
charge out of the vesicle, resulting in a slower and smaller quantal response (Fig. 5g) 
compared to full collapse fusion (Fig. 5f). Control over the amplitude and the kinet-
ics of the quantal response by regulation of the two fusion modes may contribute to 
synaptic plasticity [6]. However, whether the fusion pore size is small enough to 
slow down transmitter diffusion was largely unclear. We have attempted to address 
this issue at the calyx-type synapse.

During capacitance flickers at the calyx-type synapse, the fusion pore conduc-
tance of most events was more than 288 pS, whereas the conductance in a minor 
fraction of events was on average ~66 pS. Knowing the fusion pore conductance 
(Gp), the fusion pore diameter (Dp) could be estimated by the equation [50, 51]: 
Dp = [4Gpρλ/π]0.5, where ρ is the saline resistivity (100Vcm); λ, the pore length, is 
taken as the length of a gap junction channel (15 nm). According to this equation, 
kiss-and-run fusion with a Gp of 66 pS corresponds to a Dp of 1.1 nm, and kiss-and- 
run fusion with a Gp more than 288 pS corresponds to a Dp of more than 2.3 nm. The 
values of the fusion pore diameter can be used to estimate the time constant (τglu_v) 
of transmitter diffusion from the vesicle to the synaptic cleft by the equation 
τglu_v = (πDv

3/6)/(ρKdGp), where Dv is the vesicle diameter and Kd, the diffusion con-
stant, is 3.3 × 10−6 cm2 s−1 for glutamate in the synaptic cleft. Based on this equa-
tion, τglu_v is 2.3  ms for a Gp of 66 pS, and 0.54  ms for a Gp of 288 pS.  These 
calculations suggest that kiss-and-run with a small fusion pore can slow down the 
diffusion of transmitter out of the vesicle. This suggestion was further confirmed by 
Monte Carlo simulations of quantal events with MCell 2.50, a program that models 
the three-dimensional random walk diffusion and reaction kinetics in complex spa-
tial environments reflecting realistic cellular ultrastructure [52]. The simulation 

Fig. 5 (continued) obtained. (c) Im (imaginary component of the admittance, reflecting capaci-
tance) and Re (real component of the admittance, reflecting conductance) traces from cell-attached 
recordings during application of 25 mM KCl. The inset shows discrete capacitance up-steps. (d) 
Im, Re, and Gp during a capacitance flicker. A non-flicker up-step (right) occurring 10 s later was 
not accompanied by detectable Re changes, indicating proper phase adjustment. (e) Im, Re, and Gp 
during a full collapse fusion. Note that Gp was detected in this fusion event. (f) Top: cartoon illus-
trating a full collapse event. Middle: the simulated mEPSC caused by a Gp > 288 pS, as observed 
in 97% of fusion events. This trace was the average of the simulated mEPSC resulting from initial 
Gp values of ∞ and 288 pS. The scale bars also apply to (f). Bottom: Three experimentally observed 
individual mEPSCs (thin) at the calyx of Held with a rapid rise time. The scale bars also apply to 
panel g. (g) Top: cartoon illustrating a kiss-and-run event. Middle: the simulated mEPSC caused 
by a Gp of 66 pS, as observed in 3% of fusion events. Bottom: three experimentally observed indi-
vidual mEPSCs displaying a 10–90% rise time slower than 0.8 ms and an amplitude smaller than 
25 pA. These represent about 1.1% of all observed events in Ref. [45], from which this figure 
is adapted
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shows that kiss-and-run fusion with a Dp of 1.1 nm would cause an mEPSC with a 
much slower rise and decay, and a smaller amplitude as compared to full collapse 
fusion with a Dp that is too large and/or too fast to resolve (Fig. 5f, g). Since kiss- 
and- run with a Dp of about 1.1 nm was detected in only ~3% of the total fusion 
events, small mEPSCs with a slow rise and decay must represent a very minor frac-
tion of mEPSCs. Consistent with this prediction, less than ~1% of the measured 
mEPSCs were small and slow in both rise and decay (Fig. 5f, g). These results sug-
gest that kiss-and-run with a small fusion pore may induce small and slow mEPSCs.

It should be pointed out that a small and slow mEPSC is not necessarily the result 
of kiss-and-run fusion with a small fusion pore. Many other mechanisms may also 
determine the amplitudes and/or the kinetics of mEPSCs. These mechanisms 
include variation in the vesicle size [53–55], the vesicular transmitter content [56–
59], the distance between release sites and glutamate receptor clusters [60], differ-
ences in receptor subunit compositions [61], and release from boutons other than 
the calyx that form synapses at the principal cell in the medial nucleus of the trap-
ezoid body [62].

8  Regulation of Endocytosis

Endocytosis recycles vesicles and thus sustains synaptic transmission during repeti-
tive activity [63]. Mechanisms that regulate endocytosis may thus regulate synaptic 
transmission. Here, we describe some mechanisms that may regulate endocytosis at 
calyces.

A study at calyces suggests that Ca2+ influx through voltage-dependent Ca2+ 
channels at the plasma membrane triggers slow endocytosis (>10 s), rapid endocy-
tosis (1~2  s), bulk endocytosis (retrieving endosome-like structures larger than 
regular vesicles), and endocytosis overshoot (more endocytosis than exocytosis) 
[64]. For example, lowering extracellular Ca2+ or buffering Ca2+ with BAPTA 
reduces the rate of rapid and slow endocytoses by 50–1500 folds (Fig.  6a, b), 
whereas increasing calcium current charges increases the endocytosis rate by hun-
dreds of folds. The comparable results are also confirmed by other labs [65, 66].

What is the Ca2+ sensor for the calcium-triggered endocytosis? Studies suggest 
that two calcium-binding proteins, namely, calmodulin (CaM) and protein kinase C 
are involved in mediating this process. Knockout of CaM 2 blocks slow and rapid 
endocytoses at calyces [67]. The inhibition induced by CaM 2 knockout can be 
rescued at hippocampal synapses by wild-type CaM 2, but not by a calcium- binding- 
deficient CaM 2. The results suggest that CaM 2 serves as a Ca2+ sensor for calcium- 
stimulated endocytosis at synapses (Fig. 6c). Supporting this suggestion, calcineurin 
(CaN), a phosphatase activated by Ca2+/CaM, may dephosphorylate endocytic pro-
teins and is involved in endocytosis. CaN catalytic subunits Aα and Aβ are expressed 
in the brain. Knockout of CaN Aα inhibits rapid and slow endocytoses at calyces 
(Fig. 6d) [68]. Thus, calcium may activate CaM/CaN to dephosphorylate endocytic 
proteins, such as dynamin 1, to initiate and accelerate endocytosis.
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Knockout of PKC α or β isoform (PKCα, PKCβ) inhibited slow and rapid 
endocytoses after various stimulation protocols at calyceal nerve terminals 
(Fig.  6e) [67]. At hippocampal synapses, inhibition of endocytosis by PKCα 
knockout can be rescued by the wild-type PKCα, but not by a calcium-binding-
deficient PKCα. These results suggest that PKCs (PKCα and PKCβ) serve as 
Ca2+ sensors for regulating Ca2+-stimulated endocytosis at synapses. How PKC 
links to endocytosis remains unclear. Given that PKC mediates phosphoryla-
tion and CaM may activate CaN and MLCK to mediate dephosphorylation and 
phosphorylation, respectively, we suggest that calcium triggers and facilitates 
endocytosis by phosphorylating and dephosphorylating the endocytosis pro-
teins. Since endocytosis may be composed of multiple steps, such as the forma-
tion of a membrane pit, the formation of a narrow pore, hemi-fission, and 
fission, it might be possible that PKC and CaM are involved in these different 
transitions.

Mechanical force provided by endocytic molecules mediates endocytosis, 
including membrane invagination, pit formation, and fission. A study found that 
knockout of either β-actin or γ-actin, two actin isoforms in the brain, inhibits slow, 
rapid, bulk, and overshoot endocytoses at the calyx of Held (Fig.  6f) [69]. The 
results suggest that polymerized actin may provide mechanical force essential for 
all kinetically distinguishable forms of endocytosis at calyx synapses. Measurements 
of fission pore conductance and electron microscopy suggest that polymerized actin 
may exert mechanical force to bend the membrane and thus generate membrane 
pits [69].

9  Conclusions

Both whole-cell and cell-attached capacitance measurements have been success-
fully applied to the calyx of Held synapse to investigate vesicle fusion and retrieval. 
Whole-cell recordings reveal three kinetically different forms of endocytosis: rapid, 
slow, and bulk endocytoses. Intense stimulation triggers rapid endocytosis by 
increasing the calcium influx, which may speed up vesicle recycling to catch up 
with the rapid rate of exocytosis. Bulk endocytosis was shown to occur faster than 
previously estimated, and to carry ~10% of the total endocytic load. Cell-attached 
recordings show two modes of fusion: kiss-and-run fusion and full collapse fusion. 
Kiss-and-run fusion is followed by rapid endocytosis, whereas full collapse fusion 
is not. Kiss-and-run with a small fusion pore is likely to produce a small and slow 
quantal response. Switch between kiss-and-run and full collapse may thus be a 
mechanism by which synaptic plasticity can be achieved. Calcium influx triggers 
endocytosis by activation of CaM/CaN and PKC that may dephosphorylate and 
phosphorylate endocytic proteins. Polymerized actin may provide mechanical 
forces to bend the membrane, forming membrane pits needed to form endocytic 
vesicles.
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Fig. 6 Endocytosis triggered by Ca2+ influx and regulated by Ca2+, calmodulin, calcineurin, PKC, 
and actin at calyces. (a) Sampled calcium channel current (ICa, upper) and capacitance change 
(Cm, lower) induced by a 20-ms depolarization from −80 to 10 mV (depol20ms, arrow) at 0.5, 2, and 
5.5 mM in bath solution. We use endocytosis decay rate (Rateendo), Cm decay in the 1–5 s after 
stimulation, to estimate the endocytosis speed. A summary (in right) shows that Rateendo becomes 
fast as ICa charge (QICa) (and [Ca2+]o) increases. (This figure is adapted from Ref. [64]). (b) 
Sampled Cm induced by 20 20-ms depolarization at 10 Hz (depol20msX20, arrow) in control or with 
10 mM BAPTA in pipette solution. To reduce the noise, we used the software X-chart (HEKA) to 
monitor the change in Cm. Ca2+ in bath is 2 mM. (This figure is adapted from Ref. [64]). (c) Mean 
Cm trace (mean + s.e.m.) induced by depol20ms (arrow; left) or 10 depol20ms at 10 Hz (depol20msX10, 
arrow; right) from WT (black) and calmodulin 2 KO (CaM2

−/−) (red) calyces from P7–10 mice at 
22–24 °C. The s.e.m. is plotted every 1 s. Ca2+ in bath is 2 mM. A depol20ms induces slow endocy-
tosis with time constant (τ) of 15–25 s at WT calyces. A depol20msX10 induces fast endocytosis with 
τ of 1–2 s at WT calyces. CaM2 KO inhibits slow and fast endocytoses. Scale bar also applies for 
the right. (This figure is adapted from Ref. [67]). (d) Similar to (c), except from calcineurin Aα KO 
(CaNAα

−/−) (red). (This figure is adapted from Ref. [68]). (e) Similar to (c), except from PKCα KO 
(PKCα

−/−) (red) or PKCβ KO (PKCβ
−/−) (blue). (This figure is adapted from Ref. [67]). (f) Similar 

to (c), except from β-actin KO (Actb−/−) (red) or γ-actin KO (Actg1−/−) (blue). (This figure is 
adapted from Ref. [69])
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SNARE Proteins in Synaptic Vesicle Fusion

Mark T. Palfreyman, Sam E. West, and Erik M. Jorgensen

Abstract Neurotransmitters are stored in small membrane-bound vesicles at syn-
apses; a subset of synaptic vesicles is docked at release sites. Fusion of docked 
vesicles with the plasma membrane releases neurotransmitters. Membrane fusion at 
synapses, as well as all trafficking steps of the secretory pathway, is mediated by 
SNARE proteins. The SNAREs are the minimal fusion machinery. They zipper 
from N-termini to membrane-anchored C-termini to form a 4-helix bundle that 
forces the apposed membranes to fuse. At synapses, the SNAREs comprise a single 
helix from syntaxin and synaptobrevin; SNAP-25 contributes the other two helices 
to complete the bundle. Unc13 mediates synaptic vesicle docking and converts 
syntaxin into the permissive “open” configuration. The SM protein, Unc18, is 
required to initiate and proofread SNARE assembly. The SNAREs are then held in 
a half-zippered state by synaptotagmin and complexin. Calcium removes the 
synaptotagmin and complexin block, and the SNAREs drive vesicle fusion. After 
fusion, NSF and alpha-SNAP unwind the SNAREs and thereby recharge the system 
for further rounds of fusion. In this chapter, we will describe the discovery of the 
SNAREs, their relevant structural features, models for their function, and the central 
role of Unc18. In addition, we will touch upon the regulation of SNARE complex 
formation by Unc13, complexin, and synaptotagmin.
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Abbreviations

CATCHR Complexes Associated with Tethering Containing Helical Rods
NSF NEM-sensitive factor
RIM Rab3-interacting molecule
SM proteins Sec1/Munc18
SNARE Soluble N-ethylmaleimide sensitive factor attachment protein 

receptor
Unc13 Uncoordinated-13
Unc18 Uncoordinated-18

1  SNARE DISCOVERY—A Convergence of Genetics 
and Biochemistry

To understand the mechanisms of synaptic vesicle fusion, it is useful to think about 
the evolution of neurotransmission. In prokaryotic cells, the cytoplasm comprises a 
single compartment, which limits the diversity of potential chemical reactions 
conducted in a cell. By contrast, eukaryotic cells segregate cellular functions into 
specialized membrane-bound compartments, or organelles. The contents of these 
organelles are moved between compartments by transport vesicles. To transfer 
cargo, the lipid bilayers of the vesicle and target organelle must fuse. Fusing 
negatively charged membranes is an energetically unfavorable process. SNARE 
proteins evolved to force membranes together and merge them, so that the cargo in 
the transport vesicle is transferred to the lumen of the target organelle. In some 
cases, cargo must be secreted into the extracellular space via exocytosis, in particular 
to signal to other cells in the environment. During evolution, it was perhaps a small 
step to couple SNARE-mediated fusion to membrane depolarization, but it was a 
giant leap for the diversity of life—the nervous system is arguably the universe’s 
greatest invention.

The identification of SNAREs as the central players in membrane fusion arose 
from a convergence of independent scientific approaches: protein purification from 
brain, genetic studies in yeast, pharmacological approaches from toxicology, 
electrophysiological approaches in model organisms, and in  vitro reconstitution 
assays for membrane fusion.

In the late 1980s, SNARE proteins were identified in the brain as components of 
the synapse. Specifically, synaptobrevin (also called VAMP—vesicle-associated 
membrane protein) was purified from synaptic vesicles from the electric ray Torpedo 
[1]. The other two SNARE proteins, syntaxin and SNAP25 (synaptosomal- 
associated protein of 25 kDa), were purified from rat brain [2–5]. The identification 
of homologs among the yeast sec genes (secretion defective) linked the mechanisms 
of synaptic function to vesicular trafficking [6, 7] and hinted at the universality of 
membrane fusion in the trafficking pathways of all eukaryotic cells. However, at 
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this point there was no evidence that these proteins functioned in calcium-dependent 
exocytosis of synaptic vesicles. Evidence these proteins were required for 
neurotransmission came from the study of toxins found in bacteria.

Clostridia are anaerobic soil bacteria that can cause fatal infections in animals. A 
bizarre feature of such infections is that they produce toxins that can cause muscle 
paralysis lasting many days [8]. The groups of Heiner Niemann, Reinhard Jahn, and 
Cesare Montecucco identified the targets of the clostridial toxins at synapses. It was 
found that botulinum and tetanus toxins cleave synaptobrevin, syntaxin and SNAP25 
demonstrating the central role of these proteins in synaptic vesicle release [9–12]. 
These were the first functional data that the SNAREs were involved in 
neurotransmission [13, 14]. The essential role of the SNAREs in neurotransmission 
would later be demonstrated from electrophysiological studies on null mutants in 
the SNARE proteins in Drosophila, mice, and C. elegans [15–20]. Thus, the 
functional data demonstrated that each of these SNARE proteins are required 
components of synaptic transmission, but their physical association as a complex 
was not yet known.

The discovery that these proteins formed a complex was demonstrated by experi-
ments aiming to reconstitute membrane fusion. Jim Rothman’s group was taking a 
biochemical approach to understand trafficking in the Golgi apparatus. The toxin 
N-ethylmaleimide (NEM) potently blocks Golgi trafficking [21, 22] by inhibiting 
NSF (NEM sensitive factor) [23], the mammalian homolog of the yeast gene SEC18 
[24–26]. NSF was found to bind, via the action of the soluble NSF adaptors (SNAPs) 
[27], to a set of proteins from brain detergent extracts called SNAREs (soluble 
N-ethylmaleimide sensitive factor attachment protein receptor) [28]. When these 
protein complexes were analyzed by mass spectroscopy, it was found that they com-
prised synaptobrevin, syntaxin, and SNAP25 (Fig.  1a). The perturbation experi-
ments described above, combined with their physical association, convincingly 
linked these proteins to synaptic vesicle exocytosis, but a list of names in a complex 
did not constitute a model.

The first coherent model, called the “SNARE hypothesis,” would arise from the 
melding of the genetic and biochemical observations described above. Although 
wrong in detail, it would catalyze a number of hypothesis-driven experiments that 
would lead to more accurate models. Based on the finding that a unique set of 
SNARE proteins were found at each of the trafficking steps [29, 30], Thomas 
Söllner and Jim Rothman proposed that SNARE interactions provided the specificity 
for vesicular trafficking by tethering the vesicle to its target membrane—essentially 
providing an addressing system within the cell [28, 31]. The SNAREs would then 
be acted on by the ATPase NSF which, by disassembling the SNAREs, would drive 
fusion [31, 32].

Experiments from Bill Wickner’s lab, using a purified vacuole fusion assay, dem-
onstrated that NSF acts not at the final step of fusion, but rather to recover mono-
meric SNAREs for use in further rounds of fusion [33–35]. Studies at synapses 
indicated that NSF acts after membrane fusion during the recovery of synaptic 
vesicles [36, 37]. These data indicated that SNARE assembly, not disassembly, 
catalyzes fusion.
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Fig. 1 Molecular description of the SNAREs. (a) Synaptic SNARE proteins. The SNARE motifs 
are 60–70 amino acid in length and form a four-helix bundle. Synaptobrevin (R-SNARE), and 
syntaxin (Qa) contribute one SNARE motif and SNAP25 contributes two SNARE motifs (Qb and 
Qc). Syntaxin contains an additional regulatory domain comprised of three alpha helices called the 
“Habc” domain. Syntaxin and synaptobrevin are tail-anchored transmembrane proteins while 
SNAP25 is attached to the membrane via palmitoylation of the linker region. (b) Vesicle docking. 
By assembling into a four-helix parallel bundle, the SNAREs bridge the gap between the two 
membranes destined to fuse. In the case of the neuronal SNAREs, syntaxin (red) and SNAP25 
(green) are found on the plasma membrane and synaptobrevin (blue) is associated with the synaptic 
vesicle. The N-termini are at the left and the C-termini are at the right. (c) SNARE complex. The 
amino acids facing toward the center of this helix (denoted as layers −7 to +8) are largely 
hydrophobic in nature with the notable exception of the zero layer. (d) Zero layer. Charged residues 
are oriented toward the center of the helix: syntaxin contributes one glutamine (Qa), SNAP25 
contributes two glutamines (Qb and Qc), and synaptobrevin contributes one arginine (R). 
(Illustration in (b) courtesy of Enfu Hui and Edwin R. Chapman. (c) is adapted from Ref. [40]. (d) 
is adapted from Ref. [456])
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Proof that SNARE assembly could do active work on membranes came when 
Rothman’s group demonstrated that the SNAREs alone could fuse membranes [38, 
39]. Weber et al. incorporated SNAREs into vesicles composed of artificial lipid 
bilayers and demonstrated that donor vesicles containing synaptobrevin were 
capable of fusion with acceptor vesicles containing syntaxin and SNAP25 [38]. The 
SNAREs therefore function in the final steps of fusion and represent the minimal 
fusion machinery.

2  SNARE Structure

At each trafficking step in the secretory pathway, a unique SNARE complex is used 
[29]. The SNAREs can be classified functionally as vesicle SNAREs (v-SNAREs) 
or target SNAREs (t-SNAREs). The assembly of the SNARE complex bridges the 
vesicle and target membrane, forming what is known as a trans SNARE complex 
(Fig. 1b). The formation of the trans SNARE complex drives fusion.

Molecularly, the SNARE proteins are defined by the presence of a conserved 
60–70 amino acid SNARE motif, and often also include an N-terminal regulatory 
domain and a C-terminal membrane anchor. The SNAREs comprise four different 
families that arose very early in eukaryotic evolution [29, 40–43]. They are defined 
at a molecular level as Qa-, Qb-, Qc-, and R-SNAREs based on the conserved 
residue at the center of the SNARE motif. The v-SNARE is usually an R-SNARE, 
and the t-SNAREs are usually the Qa-, Qb-, and Qc-SNAREs, although this 
arrangement is not universally true. Moreover, defining what is a “vesicle” and what 
is a “target” in fusion reactions is often meaningless; for example, transport vesicles 
fuse to generate a larger vesicle during homotypic fusion [44]. Therefore, we have 
adopted the Qabc and R nomenclature in this chapter.

The individual SNARE motifs are largely unstructured in solution [45–49], but 
when all four family members are mixed, the SNARE motifs come together to form 
a four-helix parallel bundle known as the core complex (Fig. 1b, c) [45, 50]. The 
SNARE complex is remarkably stable and can only be separated by boiling in the 
presence of sodium dodecyl sulfate (SDS) [51, 52]. The parallel orientation of the 
SNAREs [53], their assembly into a four-helix bundle [50], and the stability of the 
complex [52] led directly to the proposal that SNARE assembly might proceed by 
zippering from the N-termini to membrane-anchored C-termini.

Along the bore of the helix, the four alpha helical SNARE motifs are arranged 
in 16 layers of interacting residues (−7 to +8) (Fig. 1c). Fifteen of these layers 
(−7 to −1 and +1 to +8) consist of interacting hydrophobic residues; the “0” 
layer in the middle of the complex is formed by ionic interactions between an 
arginine (R) and three glutamines (Q) (Fig. 1c, d). The “0” layer residues are 
used to classify the four SNARE families as R- and Q- SNAREs, and can be 
further divided as Qa-, Qb-, and Qc-SNAREs based on their position in the four-
helix core complex. In rare instances (Use1, Vti1, Sft1, and Bet1), an aspartate 
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(D) or a threonine (T) residue replaces one of the glutamines (Q) [29]. However, 
the presence of either aspartate or threonine is not conserved in all orthologs; for 
instance, Vti1 contains a D residue in yeast and mammals, but a Q residue in 
Drosophila and C. elegans [29]. The SNAREs used for synaptic vesicle exocyto-
sis are synaptobrevin (R-SNARE, also called VAMP2), syntaxin 1a (Qa-SNARE, 
more generally known simply as syntaxin), and SNAP25 (which contains both 
the Qb- and Qc-SNARE motifs) (Fig. 1a) [1–4, 54].

In all SNARE-based fusion reactions, each of the two membranes destined to 
fuse must contain at least one SNARE with a transmembrane domain; other-
wise, fusion will not occur [55]; membrane proximity alone is not sufficient to 
catalyze fusion [56]. When the transmembrane domain is truncated, mutated, or 
replaced with an artificial lipid anchor, fusion levels are reduced and, in most 
cases, no longer proceeds to complete membrane fusion [56–62]. Nevertheless, 
many of these perturbations still lead to a state in which lipids can exchange, 
suggesting hemifusion of the juxtaposed monolayers, or spontaneous flipping of 
individual lipids across the gap [58, 59, 61]. These findings are consistent with 
the energy requirements for fusion—the early steps of lipid exchange have been 
calculated to require less energy than the later stages of fusion pore formation 
and expansion [63].

In most fusion reactions, all four SNAREs possess a transmembrane domain 
and are encoded as individual proteins [29, 40, 43]. However, in the SNAREs 
used in post-Golgi trafficking, which include SNAP25, the Qb- and Qc-SNARE 
domains are coupled in a single protein lacking a transmembrane domain [64, 
65]. SNAP25 is anchored via palmitoylation of cysteines in the linker connect-
ing the two SNARE motifs (Fig.  1a). SNAP25 membrane association is not 
absolutely required for fusion, but mutation of the palmitoylated cysteines 
results in altered kinetics [66]. It is possible that fusing Qb- and Qc-SNAREs 
into a single polypeptide evolved to support the rapid calcium-triggered fusion 
of exocytic vesicles [66], although it is worth noting that several post-Golgi 
SNAREs including the yeast ortholog of SNAP25, Sec9p, also have coupled 
Qb- and Qc-SNAREs.

Many SNARE proteins have autonomously folding N-terminal regulatory 
domains [67]. All Qa-SNAREs, including the synaptic syntaxins, possess an 
Habc domain at the N-terminus [68]. Some R-SNAREs possess a Longin domain 
[69]. In rare instances, Qb- and Qc-SNAREs possess an Habc domain or other 
regulatory domains [70]. These exceptions have led to some confusion. 
Notoriously, “syntaxin 6” is not a Qa-SNARE; it is instead a Qc-SNARE by 
homology and behaves as a Qc-SNARE in complexes [71]. Syntaxin 6, despite 
its homology, was misnamed because it possesses an Habc domain like syntax-
ins/Qa-SNAREs [29, 70, 72]. Unfortunately, the name “syntaxin 6” stuck. At 
the synapse, syntaxin with its Habc domain is the only SNARE with an extended 
N-terminal domain (Fig. 1a, b). The R-SNARE homolog, synaptobrevin, does 
not have the evolutionarily more ancient Longin domain found in other 
R-SNAREs.

M. T. Palfreyman et al.



69

Both the Habc domain [73, 74] and the Longin domain [67, 75, 76] can fold 
over and occlude the SNARE motif of their respective proteins, although this 
mode of interaction is not conserved [67]. Adopting this occluded or “closed” 
state prevents the SNARE motif from prematurely interacting with other 
SNAREs [73, 76].

The simple model in which the main function of the Habc domain is to 
occlude SNARE interactions is not correct. First, in vivo, deletion of Habc dra-
matically decreases fusion rather than increasing fusion rates [77–80]. Second, 
Habc domains, as well as Longin domains, have been found on numerous non-
SNARE proteins [75, 81, 82]. Third, the closed conformation is not generally 
conserved among syntaxin proteins [83]. Fourth, the Habc domain of syntaxin 
can function when SNARE motif and Habc domain are encoded as separate 
proteins (in trans) [80]. Fifth, the Habc is required to activate the SM protein 
Unc18 to initiate SNARE pairing, as described in detail below [84].

3  SNARE Genetic Redundancy

Perturbation of SNAREs in vivo usually fully eliminates a single trafficking step. 
However, in many cases the trafficking step was not completely eliminated. 
There are two possible explanations. First, it is possible that the SNAREs are not 
executing fusion—an unlikely interpretation given the wealth of data described 
above. Second, the SNAREs might be partially redundant. Evidence points to the 
latter interpretation. Knockout mice in synaptobrevin/VAMP2 were found to 
retain some synaptic activity in hippocampal neurons [17]. In chromaffin cells, 
this remnant activity could be attributed to the synaptobrevin paralog cellubrevin 
[85]. Redundancy can also explain the remaining fusion events in null mutants of 
n-Syb, the Drosophila equivalent of synaptobrevin. Syb, the Drosophila equiva-
lent of cellubrevin, can functionally substitute for n-Syb when overexpressed in 
neurons [86]. Redundancy is also seen in the Q SNAREs. SNAP23, SNAP47, 
and SNAP24 can provide partial function when SNAP25 is absent [19, 87, 88]. 
Finally, redundancy might also explain the almost complete lack of phenotype in 
syntaxin 1a knockout mice [89], where it is likely that syntaxin 1b is sufficient to 
almost entirely replace syntaxin 1a [90]. These observations are supported by 
experiments in yeast where redundancy between SNAREs has also been conclu-
sively demonstrated in numerous trafficking reactions [91–93]. By contrast, loss 
of syntaxin (unc-64) in C. elegans neurons results in a 500-fold reduction in 
neurotransmitter release with no apparent developmental defects [20]; UNC-64 
is committed to synaptic vesicle fusion and is unlikely to have a redundant syn-
taxin, like in mice; nor is it involved in other cellular functions, like in flies [94]. 
In summary, the SNAREs largely function at single trafficking steps and are 
completely necessary for membrane fusion.
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Box 1 Definitions: The World Turned Upside Down and Given a 
Good Shake
The nomenclature for steps in vesicle fusion relies on operational definitions. 
Unfortunately, the terms used by the synaptic community sometimes conflict 
with the nomenclature used by the yeast community, and have not always 
been used consistently by either the yeast or the synapse community.
Synaptic nomenclature:

• Tethering. Tethering is a morphological definition defined by electron 
microscopy. Often, physical tethers can be observed in electron micrographs 
as a darkly stained filament contacting the plasma and vesicle membranes 
[95]. More generally vesicles close to the plasma membrane, usually less 
than 20 nm, are considered tethered. Even vesicles that appear to touch the 
plasma membrane are considered tethered rather than docked, if they 
remain rounded and lack an electron dense contact site [95]. The precise 
molecular components of tethering are not yet known but are likely to 
include the active zone proteins: piccolo, bassoon, alpha-liprin, ELKS/
CAST, RIM, RBP, Rab3/Rab27, and Unc13 [96]. Tethering is thought to 
be independent of SNAREs.

• Docking. Docked vesicles, also defined by ultrastructure, are vesicles in 
contact with the plasma membrane [95, 97–99]. In these fixed and stained 
samples, clearly distinguishable bilayers are not detected and the vesicle 
sometimes appears slightly flattened against the plasma membrane. This 
strict definition is backed up by genetic experiments indicating that dock-
ing requires SNAREs and Unc13.

4  General Principles of SNARE-Based Trafficking

Before moving to synaptic vesicle fusion, we pause here to describe the four univer-
sally conserved steps in SNARE-based trafficking. Sequentially, they are as follows:

• Vesicles are tethered to target membrane
• SM proteins template SNARE assembly
• SNARE zippering drives fusion
• SNAREs are disassembled

4.1  Vesicle Tethering

Regulated trafficking requires a vesicle to first recognize and physically attach to its 
target—a step known as tethering (Box 1). Tethering is defined as a loose attach-
ment to the membrane, and is visible by electron microscopy. Multisubunit 
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• Priming. Priming is a molecular definition in which the SNARE proteins 
are engaged. SNARE engagement is required for morphologically defined 
docking, and for the electrophysiologically defined readily releasable ves-
icles. It is therefore likely that release-ready, docking, and priming define 
the same group of vesicles by different techniques [100]. What the precise 
molecular configuration is for primed vesicles is not yet known, although 
it must include SNAREs, synaptotagmin, complexin and probably includes 
Unc18 and Unc13. Moreover, priming is likely to include more than a 
single molecular state of SNARE assembly.

• Readily releasable pool (RRP). The RRP is defined by electrophysiology. 
These are vesicles that can fuse, if they are exposed to calcium. A single 
action potential will not cause all release-ready vesicles to fuse due to the 
stochastic nature of calcium channel opening. However, the size of the 
pool can be determined by a succession of action potentials that exhaust 
the pool [101]. Vesicles in the readily releasable pool can also be driven to 
fuse in the absence of stimulation by applying hypertonic sucrose [102]. It 
is likely that hypertonic media dehydrates the cytoplasmic gap between the 
plasma and vesicle membranes of primed vesicles, stimulating SNARE- 
mediated fusion.

Yeast nomenclature:

• Tethering. In yeast, tethering is the first stage in membrane association. It 
is independent of SNARE proteins and dependent on small GTPases. 
Unlike the second stage—SNARE engagement—tethering is reversible. 
Tethering in yeast and synapses is roughly equivalent.

• Docking. Historically, docking in yeast refers to the entire process of mem-
brane association of vesicles to their target membrane [103]. In the late 
1990s, a reversible GTPase-dependent step that is independent of SNAREs 
was discovered and termed “tethering” [104]. Although docking is still 
sometimes used to refer to the entire process of membrane association, in 
recent years it has more often been applied to the stable docking step that 
follows tethering in which the SNAREs are engaged, thus falling in con-
cert with the synaptic literature. A stable docked state, like that observed at 
synapses, is normally not observed in yeast, since SNARE engagement 
leads inexorably to fusion. However, stable docking can be observed in 
biochemical reconstitution experiments in which membrane fusion is pre-
vented by reduced temperature.

• Priming. Priming in yeast nomenclature is defined as the separation of 
SNARE proteins by the ATPase NSF, so that the potential energy of unen-
gaged SNAREs is now restored. This terminology is at odds with synaptic 
nomenclature and there is no equivalent terminology for SNARE separa-
tion in synapse nomenclature.
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tethering complexes function at this step [105]. Loose membrane association pro-
ceeds to tight membrane association that is mediated by SNAREs. At synapses, this 
second stage is known as docking [20, 95]. Tethering factors and SNAREs serve 
overlapping roles in target recognition. Together their actions culminate in the ini-
tial N-terminal assembly of the SNAREs in diverse cellular trafficking events from 
yeast to vertebrates, from lysosomes to synaptic vesicles.

Multisubunit tethering complexes comprise a diverse collection of proteins. 
Broadly speaking, they can be divided into two general categories: CATCHR and 
non-CATCHR.  CATCHR complexes (Complexes Associated with Tethering 
Containing Helical Rods) include Dsl1, COG, GARP, and exocyst. Non-CATCHR 
complexes include TRAPP I, II, III, HOPS, and CORVET.  Despite the lack of 
sequence conservation, multisubunit tethering complexes share architectural fea-
tures: they have common structural elements and subunit organization [106–108]. 
Some of these complexes have been verified to act as tethers, that is, they can physi-
cally link vesicle and target membranes; others may act indirectly in tethering by 
regulating SNARE assembly [109]. Most likely, multisubunit tethering complexes 
serve both functions: they physically link the vesicle to the target, and also regulate 
SNARE assembly.

Overlapping roles for factors mediating tethering and SNARE assembly have 
been observed in yeast [110–115]. For instance, sec35, a tethering protein for Golgi 
trafficking, can be partially bypassed by overexpression of the relevant SNARE 
proteins [113]. Similarly, mutations in the tethering complex for plasma membrane 
fusion can be bypassed by SNARE overexpression [111, 114]. Suppression is not 
bidirectional—SNARE overexpression can bypass tethering factors, but tethering 
factors cannot bypass SNAREs—demonstrating that SNAREs act downstream of 
tethering factors [115].

At synapses, the MUN domain proteins Unc13 and CAPS tether synaptic vesi-
cles and dense core vesicles to fusion sites [5, 20, 100, 108, 116–120]. Structurally, 
the MUN domain resembles the CATCHR family used in trafficking to and from the 
Golgi [106, 117, 121, 122]. The C2 domains that flank the MUN domain bind to the 
synaptic vesicle and the plasma membrane, thereby bridging the two membranes 
destined to fuse [118]. Additionally, Unc13 plays an active role in SNARE assembly 
[20, 123–128]. Unc13 is thus a membrane tether and a regulator of SNARE- 
dependent docking.

At each trafficking step along the secretory pathway a unique SNARE complex 
is used, leading to the model that SNAREs alone could direct target specificity [28, 
129–131]. This simple model is not correct. In vivo, tethering complexes bring ves-
icles to the correct fusion sites; in their absence, vesicles do not successfully reach 
their targets.

Nevertheless, SNARE compatibility is still an essential component for directing 
fusion to a specific target. When inserted in artificial membranes, SNAREs exhibit 
specificity in catalyzing fusion reactions [129, 130]. Specificity can also be seen 
in vivo; after cleavage of SNAP25 in PC12 cells, secretion could only be rescued by 
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SNAP25 itself and not by other SNAP25 homologs [131]. Finally, the removal of 
SNARE proteins results in defects in respective membrane attachment [20, 84, 95]. 
Despite early evidence to the contrary [13, 14, 16, 132], it is now clear that SNAREs 
can mediate the specificity and physical attachment of vesicles to their target 
membrane [20, 84, 95, 133–135]. In vivo, a combination of tethering factors and 
regulated SNAREs assembly is necessary to precisely dock synaptic vesicles at the 
active zone [44, 136–141]. The partially overlapping functions of tethering factors 
and SNAREs is needed to achieve the high level of spatial fidelity seen in vesi-
cle fusion.

4.2  SM Proteins Template SNARE Assembly

SM proteins are conserved in all SNARE-based membrane fusion events [142]. 
They are the fifth Beatle to the four SNAREs—SNARE assembly cannot be 
considered without them. The importance of the SM proteins is underscored by 
their presence in every known SNARE-mediated membrane fusion reaction [143, 
144], and the dramatic phenotypes that result from their absence [145–149]. In the 
case of synaptic vesicle fusion in mice, for instance, the removal of Munc18 results 
in a defect in synaptic vesicle fusion that is as profound as the removal of the 
SNAREs themselves [145].

SM proteins all have a common structure [74, 150–160]. Roughly speaking, they 
have a globular body with a protruding hairpin structure, domain 3a, that can be 
furled or unfurled [74, 154, 161–164] (see Fig. 4). Between the globular body and 
domain 3a lies a prominent groove. As such, the full structure looks like a mitten—
the globular body representing the palm, and domain 3a the thumb. The first struc-
ture of an SM protein was of Unc18 gripping syntaxin in the closed state. 
Interestingly, this structure did not represent a conserved binding mode between SM 
proteins and syntaxin, but nevertheless, dominated thinking about the role of Unc18 
in the years that followed.

The importance of SM proteins has been clear for many years, but understand-
ing the role for SM proteins in SNARE assembly has been confounded by the 
numerous binding modes between SNAREs and SM proteins [165]. It is now clear 
that the different binding modes exist to allow SM proteins to regulate multiple 
steps during the trafficking and assembly of SNAREs. By binding SNAREs, SM 
proteins (1) block inappropriate SNARE interactions, (2) transport syntaxin, (3) 
template correct SNARE interactions, and (4) protect SNARE disassembly by 
NSF. Templating represents the universally conserved role of SM proteins. The 
relative importance of the other roles depends on the specific requirements of the 
membrane trafficking step. In the case of synaptic transmission, the SM protein 
Unc18 must get syntaxin to the synapse and prevent it from prematurely interacting 
with other SNAREs.
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4.3  SNARE Zippering Drives Fusion

SNARE assembly proceeds via zippering from the N-termini to C-termini. The con-
cept that SNARE zippering could drive membrane fusion came from three key 
observations: (1) the SNARE complex is remarkably stable [52], (2) the SNAREs 
assemble in a parallel orientation [53] and (3) assembled SNAREs form a coiled- 
coil structure [50]. The nucleation of the SNARE complex at the free N-termini 
followed by progressive assembly of the complex would pull the vesicle and the 
plasma membranes together to drive fusion (Fig. 1b) [53, 166–177].

The actual evidence for zippering came initially from two complementary exper-
iments. First, biochemical and structural studies demonstrated that the membrane-
proximal domain of syntaxin becomes sequentially more ordered upon binding 
synaptobrevin in a directed N- to C-terminal fashion [169, 178–180]. The tempera-
tures for assembly and disassembly of SNARE complex differ by as much as 
10  °C.  Thus, assembly and dissociation follow different reaction pathways. 
Temperature hysteresis is evidence of a kinetic barrier between folded and unfolded 
states [51, 172, 173]. Mutations in the N-terminal hydrophobic core of the SNARE 
complex selectively slowed SNARE assembly while those in the C-termini did not 
[169, 181], suggesting that SNARE assembly is nucleated at the N-termini and that 
loose SNARE complexes might be a stable intermediate [182]. The second line of 
evidence for zippering came from in vivo disruption studies using clostridial toxins, 
antibodies directed toward the SNARE motifs, and mutations in the hydrophobic 
core of the SNARE complex [166, 168, 169, 183, 184]. These studies demonstrated 
that the N-termini of SNAREs become resistant to cleavage or antibody block at 
early stages of SNARE assembly, while C-termini are only resistant to disruptions 
at late stages.

Recent advances in technology, such as optical tweezers, have confirmed that 
SNARE assembly proceeds by zippering [171, 173–177]. Zippering proceeds in 
three distinct steps. Initial zippering takes place at the N-termini of the SNARE 
motif, this is followed by a pause at the half-zippered state, then zippering proceeds 
to the C-termini [173]. Zippering is an intrinsic property of SNARE proteins [171, 
185] and does not require additional factors [172, 173].

4.4  SNARE Disassembly

After the two membranes have merged, the SNARE complex is located in a single 
membrane and is referred to as a cis SNARE complex. Repeated rounds of vesicle 
fusion require SNARE disassembly. NSF and SNAPs disassemble the cis SNARE 
complex, allowing the SNAREs to be repartitioned to their appropriate compartments. 
NSF uses ATP to disassemble the SNAREs, and much like a battery, the energy put 
into the system is stored in the monomeric SNARE proteins. This energy will be 
released during SNARE winding to fuse membranes. Together, NSF and the SNAPs 
are able to disassemble all SNARE complexes [186–189]. The ATPase NSF itself 
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does not directly bind SNAREs, instead it binds SNAREs through the action of the 
SNAPs [187, 190]. SNAP proteins (Soluble N-ethylmaleimide-Sensitive Factor 
Attachment Protein) are not related to the SNARE protein SNAP25. There are three 
SNAP proteins: αSNAP, βSNAP, and γSNAP [27]. αSNAP and βSNAP are closely 
related and became duplicated in the vertebrate lineage. αSNAP is ubiquitous, and 
βSNAP is brain specific [191]; they act together in regulated exocytosis in neuronal 
cells [192–194]. γSNAP is found in all phyla and is dedicated to SNAREs involved 
in endosome trafficking [195]. The SNAPs bind to the surface of the cis SNAREs 
around the central zero layer, which contains the conserved Q and R residues [190, 
196]; although it is not clear whether these residues are important for disassembly 
[197, 198]. NSF does not disassemble SNAREs by pulling an unwound SNARE 
through the pore of the ATPase. Current models suggest that dislocation of the 
N-terminus of SNAP25 by the membrane-proximal ring of NSF, or reverse torque 
applied to the complex by the SNAP proteins, could cause the complex to disas-
semble [187, 188, 199].

NSF and αSNAP disassemble cis SNAREs and police the synapse for incorrectly 
assembled SNAREs that may have wandered astray during assembly. αSNAP and 
NSF can disassemble numerous off-pathway SNARE complexes, including non- 
cognate, antiparallel, and non-stoichiometric complexes [187]. Indeed, NSF can 
also disassemble productive trans SNARE complexes. In a physiological setting, 
the on-pathway SNAREs are protected from the action of NSF by Unc18, Unc13, 
complexin, and synatotagmin [200–202]. Disassembled syntaxin is also rapidly 
bound up by Unc18, the starting point for a new round of SNARE assembly and the 
release of another synaptic vesicle. Thus, NSF serves not only to recycle cis 
SNAREs but also as a quality control mechanism during SNARE assembly.

5  Assembling Snares at Synapses

Cycles of SNARE assembly and disassembly underlie rounds of vesicle fusion: 
assembly leads to vesicle fusion; disassembly prepares the SNAREs for another 
round (Fig. 2). At synapses, SNARE interactions must be tightly regulated to ensure 
the spatial and temporal fidelity of membrane fusion. The process of SNARE- 
mediated synaptic vesicle fusion can be divided into seven steps:

• Transport: Unc18 chaperones syntaxin during trafficking
• Tethering: Unc13 tethers synaptic vesicles
• SNARE pairing: UNC-18 templates SNARE assembly
• Priming: synaptotagmin and complexin pause SNARE winding at the half- 

zippered state
• Disinhibition: calcium binds synaptotagmin and unleashes SNARE zippering
• Fusion: zippering of the SNARE C-termini transfers energy to the transmem-

brane domains and drives fusion
• Disassembly: NSF and αSNAP separate the SNARE complex
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Fig. 2 Overview of SNARE assembly and membrane fusion at synapses. Transport, synapto-
brevin is transported to the synapse by kinesin on synaptic vesicle precursors. Syntaxin and 
SNAP25 are broadly localized in axons. Tethering, the synaptic vesicle is recruited to a release site 
by Unc13 and syntaxin is converted to the open state. SNARE pairing, the open state of syntaxin 
stimulates Unc18 to template and proofread syntaxin and synaptobrevin pairing. Priming, Unc13 
and Unc18 recruit SNAP25, and synaptotagmin and complexin hold the vesicle in the paused, half-
zippered state. (Only the C2B domain of synaptotagmin is shown). Calcium, membrane depolar-
ization opens calcium channels, calcium-binding releases the synaptotagmin block. Fusion, 
SNARE winding pulls the membranes together and creates a fusion pore. SNARE diassembly, 
alpha-SNAP binds the complex and the ATPase NSF separates the SNAREs

In the remainder of this chapter, we will go through each of these steps, detailing the 
proteins and membrane rearrangements that take place.

5.1  Transport and Trafficking SNAREs

Upon exit from the Golgi, synaptobrevin is sorted into synaptic vesicle precursors 
and transported by kinesin to the synapse within BLOC-One-Related Complexes 
(BORC) [203–213]. Syntaxin is transported on vesicles by the kinesin adaptor 
protein Fez1/UNC-76 [214]. The Qbc-SNARE SNAP25 lacks a transmembrane 
domain but is palmitoylated in the Golgi and is transported to the plasma mem-
brane by the secretory pathway [215–217], perhaps in association with kinesin-1 
[218]. The Qbc-SNARE SNAP25 is broadly localized to the plasma membrane of 
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the axon where it can be found in clusters [217, 219]. Syntaxin is also not specifi-
cally localized at synapses but rather decorates the axoplasm uniformly or in 
broad clusters [217, 219–222] and is transported there during growth cone exten-
sion [223, 224].

5.1.1  Unc18 Chaperones Syntaxin to the Axoplasm

Promiscuous assembly is an intrinsic property of SNARE proteins, and this presents 
a problem during transport. SNAREs can assemble with non-cognate SNAREs, 
they can assemble with the wrong stoichiometry, and they can assemble in antipar-
allel configurations [46, 201, 225–229]. SNAREs are sticky proteins and many 
identified binding partners are likely to be irrelevant or artifactual. On the other 
hand, legitimate binding targets include non-SNARE proteins that regulate traffick-
ing or fusion [230]. It is clear these errant teenagers require a chaperone. At the 
cotillion of SNARE assembly, SM proteins ensure that only productive SNARE 
complexes are formed.

The first step is to simply exit the Golgi and to get to the plasma membrane of the 
axon without interacting with other SNARE proteins. In neurons, the SM protein 
Unc18 (UNC-18/ Munc18/nSec1) binds tightly to closed syntaxin [231] and 
transports syntaxin to the plasma membrane [232]. Unc18 binds syntaxin in the 
closed conformation with the Habc domain folded over the SNARE motif (see 
Fig. 4b) [74]. This conformation prevents premature interactions with other SNARE 
proteins [74, 231–236].

The mammalian homolog Munc18-1 binds syntaxin with a Kd of ~1–5 nM [74, 
159, 235, 237–239]. This high-affinity binding led to the proposal that Unc18 
inhibits vesicle fusion [240–242]. However, the genetic evidence is not consistent 
with this model. Moreover, this mode of binding is not universally conserved; the 
binding of Unc18 to closed syntaxin monomers appears to be a unique adaptation 
for synaptic vesicle release [83, 157, 243–245]. The strength of this interaction may 
reflect the importance of trafficking syntaxin and Unc18 in neurons. In the absence 
of Unc18, syntaxin accumulates in the soma and is unstable [78, 79, 84, 232–236, 
246–248]. For a protein, the distance between cell body and synapse can be 
immense, and protecting syntaxin from inappropriate interactions during transport 
is likely to be particularly important.

By contrast, the distance that Qa-SNAREs must be transported in yeast is com-
paratively short. Perhaps as a consequence, the binding to closed syntaxin mono-
mers may not be a priority. When SM proteins do interact with Qa monomers, it is 
often binding that promotes open syntaxin, rather than stabilizing the closed form 
[153, 249, 250]. For instance, Vps45, the SM protein used in yeast Golgi fusion 
binds to its syntaxin partner Tlg2 in an open conformation [153]. The contrasting 
priorities for transport are likely to explain the difficulties for the SNARE commu-
nity in arriving at a consensus for SM protein function.
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5.2  Unc13 Tethers Synaptic Vesicles and Initiates 
SNARE Assembly

Synaptic vesicles in the reserve pool feed vesicles to fusion sites in the active zone. 
These release sites are tightly coupled to calcium channels [251], and are organized 
by Unc13 [252, 253]. The C1-C2B-MUN-C2C fragment of Unc13 is conserved in 
all isoforms and is responsible for tethering vesicles and activating syntaxin [254] 
(Fig. 3a). The Unc13 C2C domain binds to lipids and to synaptobrevin on a synaptic 
vesicle [118, 255–257]; the C2B domain binds negatively charged lipids in the 

Fig. 3 Unc13 tethers synaptic vesicles and activates syntaxin. (a) Domain architecture of Unc13. 
All Unc13 isoforms contain a conserved C1-C2B-MUN-C2C fragment that is responsible for 
tethering vesicles and activating syntaxin. The C2C domain binds synaptic vesicles, the C2B 
domain binds the plasma membrane. C1 bind diacylglycerol (DAG) and modulates Unc13 activity. 
The MUN domain binds syntaxin. Along with this C-terminal fragment, Unc13 isoforms contain 
variable N-terminal extensions that are responsible for the organization of active zones, particularly 
the localization of calcium channels. The C2A domain of Unc13 binds Rab3-interacting molecule 
(RIM). Illustrated are the two predominant vertebrate Unc13 isoforms present in hippocampal 
neurons: Munc13-1 and bMunc13-2. C. elegans and Drosophila have two isoforms with similar 
architecture to Munc13-1 and bMunc13-2 [252, 253]. The N-termini are at the left and the 
C-termini are at the right. (b) Unc13 organizes release sites. Unc13 binds synaptic vesicle directly 
via C2C domains and indirectly by binding synaptobrevin. C2B domains bind the plasma 
membrane, tethering synaptic vesicles. Vesicle tethering is localized to calcium channels via the 
variable N-terminal of Unc13 that binds to RIM, which in turn binds the calcium channel CaV2. 
Interactions between the MUN domain and syntaxin activate syntaxin allowing it to form the 
4-helix core SNARE complex
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plasma membrane (Fig. 3b). Together, the C2C and C2B domains allow Unc13 to 
bridge vesicles and plasma membranes [118], likely keeping them ~20 nm apart 
[256]. In vivo, the absence of Unc13 eliminates tethering and docking [20, 95, 258]. 
Along with bridging synaptic vesicle and plasma membranes, Unc13 guides synap-
tic vesicles to calcium channels via variable N-terminal domains. Specifically, the 
C2A domain, present in some isoforms, is linked to a calcium channel via the active 
zone protein RIM [140, 259–262].

Unc13 also serves an active role in SNARE assembly: Unc13 converts syntaxin 
to an open state to promote formation of the SNARE complex [20, 123–127, 263]. 
The closed, inhibited, state of syntaxin is a specialized property of SNAREs used in 
exocytosis. Unc13 likely opens syntaxin by interacting with the linker domain sepa-
rating the syntaxin SNARE motif from the regulatory Habc and N-peptide [264] 
(Fig. 1a). Mutations in the linker domain, the so called “LE” mutations, lead syn-
taxin to adopt an open conformation [73]. In the absence of Unc13, synaptic vesicle 
fusion is abolished [265–268]. However, the constitutively open form of syntaxin 
can partially restore fusion [20, 123, 269] and can fully rescue unc-13 docking 
defects [20]. The discrepancy between full rescue of docked vesicles and partial 
rescue of fusion hints at potential roles for Unc13 downstream of docking. We will 
explore those in the coming sections.

Thus, Unc13 stands ready at release sites, cradling syntaxin bound tightly by 
Unc18. Recruitment of a synaptic vesicle from the reserve pool by the C2C domain 
signals to the MUN domain to convert syntaxin to the open state and offer it to 
synaptobrevin.

5.3  Unc18 Templates SNARE Assembly

In the closed state of syntaxin, Unc18 keeps the SNARE motif broken up into sev-
eral smaller helices that are trapped in place by binding between the Habc domain 
and Unc18 [74] (Fig. 3a). This structure is incompatible with SNARE assembly 
and, it was theorized, would need to be dismantled for syntaxin to adopt the “open” 
form that would initiate SNARE assembly [73, 74].

Experimentally, however, Unc18 can bind both open and closed syntaxin [152, 
236, 270]. Furthermore, the unfolding energies for Unc18 bound to closed syntaxin 
and bound to open syntaxin are 7.2 and 2.6 kBT, respectively [271]. This implies that 
only 4.6 kBT is required to open syntaxin, a figure far less than the ~22 kBT that has 
been calculated to wrestle Unc18 free of syntaxin [159].

The opening of syntaxin does not involve the removal of Unc18, as was once 
envisioned; rather Unc18 remains associated with syntaxin. The structure of Unc18 
bound to open syntaxin can be predicted from the structure of Vps45, the SM protein 
involved in vesicle fusion in the Golgi from yeast, bound to its syntaxin partner 
Tlg2  in an open conformation [153]. In the threaded structure, Unc18 remains 
attached to syntaxin via continued association with the Habc domain, the N-peptide 
of syntaxin bound to domain-1 of Unc18, and possibly via residues at the bottom of 
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Fig. 4 SNARE templating by Unc18. (a) Domain architecture of Unc18. Unc18 can be divided 
into four domains; domain 3 is further divided into domain 3a and 3b. The N-termini are at the left 
and the C-termini are at the right. (b) Unc18 structure. Unc18 folds into a structure that roughly 
resembles a mitten. Domain 3a forms the thumb of the mitten; the other domains form the palm. 
(c–e) Potential steps for nucleating pairing of syntaxin and synaptobrevin by Unc18, as predicted 
from molecular structures. (c) Syntaxin closed state. Syntaxin resides on the plasma membrane and 
is bound by Unc18 in the closed state. The Habc domain occludes the N-terminal half of the 
SNARE motif. Unc18 domain 1 binds the C-terminal half of the SNARE motif. (d) Open syntaxin 
unfurls Unc18. Unc13 recruits a synaptic vesicle to a release site and acts on the hinge domain to 
open syntaxin. The Habc domain transduces this conformational change to Unc18, and a segment 
from domain 3a in Unc18 flips out to create the “unfurled” or “open” conformation. (e) SNARE 
pairing. The unfurled domain of Unc18 can recruit synaptobrevin and aligns the N-termini of the 
syntaxin and synaptobrevin SNARE motifs. For a, UNC-18 and syntaxin/UNC-64a sequences 
from C. elegans were threaded onto the crystal structure of Munc18-1 bound to closed syntaxin-1 
(PDB ID: 3C98). For b, the sequence of UNC-18 was threaded onto Vps45p and UNC-64a was 
threaded onto Tlg2p from the yeast Vps45-Tlg2 complex (PDB ID: 6XM1). For c, the UNC-18 
sequence was threaded onto Vps33p, UNC-64a was threaded onto Vam3p; SNB-1 was threaded 
onto Nyv1p from the yeast Vps33-Vam3-Nyv1 complex (PDB ID: 5BUZ, 5BV0). The unstructured 
and therefore missing sequences in Munc18, syntaxin and Nyv1 crystal structures were assigned 
unstructured regions by the threading program. Homology modeling was performed using SWISS- 
MODEL [457], and visualization was performed using ChimeraX [458]

domain 3a that interact with the SNARE motif of syntaxin [263] (Fig. 4b). The rela-
tive importance of these binding interfaces is still in dispute. Some studies indicate 
that removal of the N-peptide does not perturb SNARE assembly and fusion [78, 84, 
272, 273], whereas others indicate the opposite [79, 274–276]. Much like the open 
form of syntaxin, the binding mode of SM proteins to the syntaxin N-terminal regu-
latory domain is not conserved: some SM proteins favor N-peptide association 
whereas others favor Habc interactions [277]. Irrespective of the exact mode of 
binding, it is clear that all SM proteins remain attached to SNAREs to template their 
assembly. In neurons, Unc13 catalyzes the transition between closed and open 
syntaxin.

In neurons, the tight binding between Unc18 and closed syntaxin monomers 
masked a weaker but far more central role for the SM proteins: templating SNARE 
assembly. Templating was discovered in yeast, where tight binding between SM 
proteins and syntaxin monomers is not seen. The transient templating interaction 
between SM proteins and SNAREs very likely represents the evolutionarily con-
served central function of SM proteins [84, 278].
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The first hints at a proofreading role for SM proteins came from studies of the 
SM protein, Sly1, and its cognate syntaxin partner, Sed5. In the absence of Sly1, 
Sed5 formed complexes with numerous non-cognate SNAREs [274, 279]. Peng and 
Gallwitz proposed that the SM protein, Sly1p, might be proofreading the assembly 
of the Qa-SNARE Sed5 and the R-SNARE Bet1 [279, 280]. They were remarkably 
prescient.

In 2007, the labs of Tom Melia and Jim Rothman showed that in a liposome 
fusion assay the SNAREs were activated by their cognate SM proteins [281]. The 
strong stimulation of fusion that they observed was dependent on direct contact 
between the SM proteins and the Qa- and R-SNAREs. They suggested that SM 
proteins proofread SNARE assembly.

In 2015, the lab of Fred Hughson provided the first visual evidence for the proof-
reading step when they crystalized two complexes: (1) the SM protein Vps33 with 
the Qa-SNARE Vam3, and (2) Vps33 with the R-SNARE Nyv1 [151]. A composite 
of the two structures—experimentally supported by the presence of the tripartite 
structure in size exclusion chromatography—showed that Vps33 provides a tem-
plate for Qa- and R-SNARE assembly [151]. In this structure, the C-terminal halves 
of the Vam3 and Nyv1 SNARE motifs are splayed apart on the surface of the SM 
protein [151]. By contrast, the N-terminal half of the SNARE motifs are aligned 
along an extended 3a domain of Vps33. The structure looks like a half-zippered 
SNARE complex, with the N-terminal domains aligned [151].

The extension of domain 3a, seen in Baker et al., 2015, is a conserved feature of 
SM proteins and is now understood to initiate SNARE templating [84, 161–164]. 
Like Vps33, domain 3a of neuronal Munc18-1 transitions from a compact furled 
loop (closed state) to an extended helical structure (open state) [154]. The extended 
domain 3a of Unc18 opens the platform for the assembly of a half-zippered syntaxin- 
synaptobrevin SNARE complex—the C-terminal half of the SNARE motif lies in 
the palm, the N-terminal half along the extended thumb [151]. The tripartite 
templating complex, consisting of SM protein and Qa- and R-SNAREs, has been 
observed in vitro [151], and in vivo experiments support its functional importance 
[84, 282]. Optical trap experiments and site-directed mutagenesis indicate that neu-
ronal Munc18-1 shares the same templating functions as Vps33 [271].

We can create a potential structural pathway for Unc18 function by threading the 
sequence of UNC-18 onto the structures of SM proteins in various binding modes 
(Fig. 4c–e). From transport through the initiation of SNARE assembly, Unc18 binds 
syntaxin in the closed state (Fig. 4c) [78, 79, 84, 232–236, 246–248, 283, 284]. At 
the active zone, vesicles are tethered and presented to the Unc18-syntaxin complex 
by Unc13. Unc13 converts syntaxin to the open state. Through an unknown 
mechanism, likely involving the Habc domain [84], the domain 3a of Unc18 
becomes unfurled (Fig.  4d) exposing a platform for syntaxin and synaptobrevin 
SNARE motifs, templating their assembly (Fig. 4e).

It is important to note that VPS33 does not interact with the Qa-SNARE in a 
closed state. It is likely that the high-affinity binding of Unc18 to closed syntaxin 
blinded us to this essential function of Unc18. The templating complex has an 
unfolding free energy of 5.2 kBT and a lifetime of 1.4 seconds. The transient nature 
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of the complex is consistent with its role in proofreading, and probably helps explain 
its elusiveness to experimentalists. SNARE assembly needs to only briefly pause on 
the way to fusion. A templating complex that is too stable will never transition to 
fusion and one that is not stable enough will not provide the time for proper 
proofreading. To stabilize the neuronal templating complex for structural studies, 
Jose Rizo’s lab crosslinked an open form of Syntaxin 1A with synaptobrevin and 
crystalized it with the open form of Munc18-1 [285]. The structure they solved 
looks remarkably like the tripartite, templating, Vps33-Vam3-Nyv1 complex [151, 
285]. A strong case for the universal templating function of SM proteins can be 
made from these in vitro data.

The physiological importance of templating in vivo has been tested by engineer-
ing directed mutants based on templating structures. Mutation of the residues in 
Munc-18-1, which interact with syntaxin and synaptobrevin, seriously impairs 
synaptic vesicle release [282]. More strikingly, the yeast SM protein, Sec1, which 
normally provides no rescue to worm synaptic vesicle release, can rescue synaptic 
transmission when it is engineered to template worm SNAREs, if it can also interact 
with the Habc domain of syntaxin [84]. The requirement for the Habc domain is 
consistent with the known in vitro stabilizing role for this domain in the templating 
complex [143, 271, 286]. After years of searching for the enigmatic, conserved, 
positive function of SM proteins, these in  vitro and in  vivo studies have finally 
provided the answer: SNARE templating.

5.3.1  Revisiting the t-SNARE Acceptor Complex

The templating complex—a 1:1:1 complex between an SM protein and the Qa- and 
R-SNARE—does not include the Qb- and Qc-SNARE motifs. This realization 
prompted a reassessment of the “acceptor t-SNARE complex” model in which a 1:1 
complex between syntaxin and SNAP25 represents the first stage in SNARE 
assembly. The “acceptor complex” had become the default starting point for 
effectively all in  vitro SNARE assembly reactions [178, 181, 228]. But is it the 
physiologically relevant starting point in vivo?

The dynamics of the acceptor complex are not optimal. In liposome fusion 
assays, the acceptor complex does speed up the assembly of the core complex [179]. 
The binding of the acceptor complex to synaptobrevin can be quite fast, ranging 
from rate constants of 6 × 103 to 5 × 105 M−1 s−1 [179, 287], compared to the minutes 
to hours that individually mixed SNAREs require to assemble [181]. However, even 
with the acceptor complex, fusion rates do not approach the rates seen in vivo. In 
assays where the rate of fusion is more closely mimicked, the acceptor complex did 
not speed fusion [288], and indeed in some cases could result in a docked state that 
would persist for as long as 30 minutes [289].

The acceptor complex also readily misfolds [290, 291]. It will rapidly incorpo-
rate another syntaxin molecule to form a dead-end Qaabc four-helix complex [179, 
292, 293]. In addition, the acceptor complex will readily assemble with tomosyn 
[294–298], a negative regulator of fusion [299–302]. Thus, in vivo, the acceptor 
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complex represents, at best, a problematic on-pathway starting point for SNARE 
assembly. Instead, it is a highly reactive complex that can sometimes proceed to 
productive fusion, but more often gets shunted off to non-productive end points.

In vivo, Unc18 binding to syntaxin monomers shields syntaxin from incorpora-
tion into “acceptor” complexes. Complexes that escape the protection of Unc18 are 
likely to be quickly dealt with by αSNAP and NSF, that together can disassemble a 
wide range of SNARE complexes [200, 202, 303, 304]. There is still active debate 
about the assembly order of the SNAREs [305, 306]. But SNAP25 appears to have 
gone from the first SNARE to enter the complex to the last [255, 271, 307, 308]. 
Instead of the acceptor complex, it is probable the Unc18-syntaxin complex 
represents the true physiological starting point for SNARE assembly [283] (Fig. 2).

At synapses, it is possible that Unc18 templating is aided by Unc13 through a yet 
to be unraveled mechanism [309]. In an in vitro assay, absence of either Unc18 or 
Unc13 causes an increase in antiparallel SNARE complexes [143, 225]. When both 
proteins are lacking as many as 40% of the complexes are assembled in antiparallel 
orientation [225]. The central MUN domain of Unc13 is known to bind syntaxin, 
SNAP-25, and synaptobrevin [124, 128, 255, 264, 307] and may therefore help 
incorporate SNAP25 into SM templated syntaxin-synaptobrevin pairs. However, 
when and how SNAP25 is recruited to prime vesicles for fusion is not known.

5.4  Synaptotagmin and Complexin Hold the SNAREs 
in a Half-Zippered State

After the SNAREs have been aligned and the complex nucleated at their N-termini, 
SNARE assembly pauses at a half-zippered state [173, 182]. This pause is an 
intrinsic property of SNAREs [173, 182]—it occurs in the absence of other 
proteins—and is likely the result of two factors. First, the repulsive forces of closely 
apposed membranes maintain the half-zippered state [173]. Second, the conserved 
zero layer residues may disrupt zippering and leave the C-termini splayed open 
momentarily [166, 310].

Neurons have exploited this intrinsic pause in SNARE zippering to link calcium 
influx to rapid and synchronous membrane fusion. All membrane fusion events are 
facilitated by calcium. Facilitation can be indirect, for example by binding proteins 
such as calmodulin [311]. Alternatively, it can be direct: calcium is a divalent cation 
that can act directly on membranes, for example by neutralizing the negative charges 
of phosphatidylinositol 4,5-bisphosphate (PIP2) [312–317]. But only in neurons is 
calcium exquisitely tied to triggering SNARE-mediated fusion. Two changes make 
this possible: (1) synaptotagmin and complexin stabilize the half-zippered state and 
are disinhibited by calcium, and (2) voltage-gated calcium channels are tightly 
localized to synaptic vesicle fusion sites, minimizing calcium diffusion [251, 318]. 
Together these factors allow for the delay between the elevation of cytosolic calcium 
and the postsynaptic response to be as short as 60–200 μs [319].
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Broadly speaking, complexin and synaptotagmin stabilize the half-zippered 
state; calcium relieves this inhibition (Fig. 5). Complexin and synaptotagmin are 
both brakes and facilitators of fusion, they resemble the anchor escape mechanism 
that synchronizes pendulum clocks. Calcium binding to synaptotagmin releases the 
catch and SNARE zippering rapidly propagates and pulls the membranes together 
[320–323]. We are only just beginning to understand the mechanism of stabilization. 
However, we do not understand the mechanism of disinhibition. The rapid structural 
changes that underlie calcium sensing represent one of the great remaining mysteries 
in synaptic transmission.

5.4.1  Synaptotagmin

Synaptotagmin is an integral membrane protein of the synaptic vesicle composed of 
tandem calcium-binding C2 domains: C2A and C2B [324–328] (Fig.  5a). Null 
mutants in synaptotagmin dramatically decrease calcium-triggered, evoked synaptic 
vesicle release with a concomitant increase in spontaneous fusion [327, 329]. Thus, 
synaptotagmin acts as a brake on spontaneous fusion, pushing the vesicle release 
machinery into a state that is preferentially geared to calcium triggering. Mutations 
that alter calcium-binding affinity of synaptotagmin-1 lead to parallel change in the 
calcium sensitivity of synaptic vesicle release [328, 330]. Calcium stimulated 
interactions between synaptotagmin and the phospholipid, PIP2, have a Kd of 
10 μM calcium [326], which closely matches the EC50 measured for calcium to 
trigger vesicle fusion [331]. Synaptotagmin is therefore the major calcium sensor 
for vesicle fusion, and phospholipid binding is key to its function.

The C2 domains of synaptotagmin interact with SNAREs and membranes in 
both a calcium-dependent and a calcium-independent manner [332–336]. C2B 
mutations more severely impair evoked release than C2A mutations [337–339]; 
however, it is likely that both calcium-binding domains coordinate during vesicle 
fusion through as of yet unknown mechanisms [335, 340–342]. Calcium causes the 
C2B binding domain to toggle between two different membrane-binding 
conformations: In the absence of calcium, positively charged lysine residues on the 
“ventral” surface of the C2B domain bind acidic phospholipids and hold the C2B 
domain in a horizontal configuration [343–345] (Fig. 5b). In the presence of calcium, 
the hydrophobic lips that surround the calcium-binding pocket penetrate the 
phosphatidylinositol membrane and are likely to rotate the C2 domain into a vertical 
orientation [346, 347] (Fig. 5c).

Fig. 5 (continued) The accessory helix (AH) of complexin holds the C-termini of SNAP25 Qc 
(green) and synaptobrevin away from the other SNARE helices. The synaptotagmin C2B domain 
(gold) sits under the SNARE complex preventing zippering beyond the 0 layer, and interacts with 
the plasma membrane. (c) Fusing vesicle. Upon calcium binding (black dots), the calcium-binding 
loops of the synaptotagmin C2B domain rotate into the plasma membrane, driving synaptotagmin 
out from under the SNAREs. This removes the block to fusion, allowing the SNAREs to fully zip-
per leading to synaptic vesicle fusion
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Fig. 5 Calcium disinhibits the paused state. (a) Domain architecture of synaptotagmin and com-
plexin. Synaptotagmin is attached to synaptic vesicles via a transmembrane domain. A linker 
domain connects the transmembrane domain to two C2 domains. Complexin binds synaptic vesi-
cles via its C-terminal domain (CTD). The central domain (CD) binds syntaxin and synaptobrevin 
across the zero layer, stabilizing the primed state. The accessory helix (AH) prevents SNARE zip-
pering. (b) Primed vesicle. In the partially zippered SNARE complex, the central domain (CD) of 
complexin (brown) binds the groove between synaptobrevin (blue) and syntaxin (red).  
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In the horizontal configuration, the C2B domain binds the SNAP25 and syntaxin 
helices in the SNARE complex [348]. By binding membranes, through the polybasic 
ventral surface, and SNAREs via the dorsal surface, the horizontally configured C2B 
domain can serve as a bridge between the plasma membrane and the SNAREs [349]. 
Low-resolution Cryo-EM structures of C2AB fragments bound to SNARE com-
plexes on lipid nanotubes further support the existence of this configuration [350].

The interaction between C2B and the SNARE complex is likely to mediate both 
positive and negative functions in membrane fusion. When reconstituted in an 
in vitro liposome fusion assay, synaptotagmin can act alone as both a fusion clamp 
in the absence of calcium, and an accelerator of fusion in the presence of calcium 
[351, 352].

Synaptotagmin likely promotes fusion by docking synaptic vesicles at release 
sites (Fig. 4a). By binding both the membrane and SNAP-25, synaptotagmin links 
synaptic vesicles to the plasma membrane [353]. Null mutants in synaptotagmin 
reduce vesicle docking by half ([354], but see also [95]), and mutations that disrupt 
either the membrane interface of the C2B domain or the dorsal SNAP25 interface 
dramatically reduce calcium-triggered evoked release [345, 348, 349, 354–356]. 
The calcium-independent binding of membranes and SNAREs by the C2B domain 
likely accounts for the positive role that synaptotagmin plays in fusion.

But this same horizontal configuration of the C2B domain might also inhibit 
SNARE-mediated fusion by preventing full zippering of the SNARE complex 
(Fig. 5b). Historically, it was believed that calcium facilitated fusion by triggering 
synaptotagmin to interact with SNAREs; however, it now appears that calcium 
instead dissociates synaptotagmin from the SNAREs to allow for rapid fusion [349]. 
Calcium acts as an electrostatic switch that tips the C2 domain into the membrane 
[346, 357]. This upright orientation would increase the tilt angle of the SNAREs 
[358], and might simultaneously break the contacts between the dorsal surface of 
C2B and SNAP-25 [349], and allow winding to proceed to the C-terminus and 
fusion of the membranes.

5.4.2  Complexin

Complexin is a small protein (130–150 residues). It consists of four domains: an 
N-terminal domain, an accessory helix, a central region, and a C-terminal domain 
that anchors complexin to the synaptic vesicle membrane [359, 360] (Fig.  5a). 
Complexin is largely unstructured in solution [361] but becomes partially helical 
upon interacting with membrane and the SNARE complex [362]. Except for a very 
weak interaction with syntaxin, complexin does not bind individual SNAREs [363]. 
Rather, the central region of complexin forms an α-helix that binds between syntaxin 
and synaptobrevin, across the zero layer. The accessory helix of complexin projects 
between the apposed vesicle and plasma membranes [363, 364]. Full zippering may 
be indirectly blocked by the steric hindrance between the accessory helix and vesicle 
membranes [365–367]. Alternatively, the accessory helix could interact with the 
membrane-proximal C-termini of synaptobrevin and the Qc-SNARE of SNAP25 
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[368] and stabilize a splayed configuration of SNARE C-termini (Fig.  5b). 
Irrespective of the precise mechanism, the key role of complexin is to stabilize the 
half-zippered state (Fig. 5b).

Genetic tests of complexin null mutants in both vertebrates and invertebrates 
indicate a positive role in vesicle priming. Together with synaptotagmin, complexin 
holds the vesicle in a primed but paused state. In the mouse complexin double 
knockout, evoked release is reduced to less than 50% [369–371]. In Drosophila 
knockouts, evoked responses are reduced to 40% [372]. In C. elegans knockouts, 
evoked responses are reduced to 10% [373, 374]. Mutations in the central helix 
eliminated activity of complexins from each species [374–376]. This positive role is 
evolutionarily ancient—complexin from sea anemone can rescue evoked responses 
in the mouse [377]. These data indicate that the positive role for complexin acts by 
binding the central helix, and stabilizing the SNARE complex.

Interestingly, complexin has a prominent role in stabilizing the docked state in 
worms and flies. In mammals, this role appears minimal. Complexin mutants in 
C. elegans exhibit a 73% reduction in docked vesicles as determined by electron 
microscopy [373]. Evoked release can be rescued by expression of constructs that 
contain the central helix, suggesting that complexin binding to syntaxin and 
synaptobrevin prevents the SNAREs from unwinding [373, 374]. Likewise, in 
Drosophila, the docked vesicles within the readily releasable pool are reduced by 
50% in complexin mutants, and increased to 200% in animals overexpressing 
complexin [372] (see Box 1 for explanation of the readily releasable pool). In vitro 
studies show that vertebrate complexin can promote the docked state [378]. 
However, in mouse complexin mutants, vesicle docking in electron micrographs is 
not decreased [95, 369], and neither is the readily releasable pool as measured by 
hypertonic sucrose [369, 375]. In the mouse, stabilization of the docked state is less 
reliant on complexin, and instead may preferentially use another protein such as 
synaptotagmin [371, 379, 380]. In Drosophila, complexin and synaptotagmin 
mutants are additive [372]; in mouse, the double mutant resembles a synaptotagmin 
single mutant [371].

Along with a positive role in priming, complexin also plays a prominent role in 
inhibiting vesicle fusion in invertebrates. In Drosophila and C. elegans, knockouts 
of complexin exhibit increased rates of tonic miniature currents [372–374, 381]. 
Although tonic mini rates in the nematode are calcium-dependent, a fraction of 
fusions in the nematode complexin mutant are calcium-independent [373]. Inhibition 
of vesicle fusion is contributed by the N-terminal domain, accessory helix, 
amphipathic helix and C-terminal anchor [382, 383].

The inhibitory role appears to be minor in the vertebrate central nervous system. 
In most complexin knockout experiments, spontaneous fusion is unchanged or 
reduced [361, 362, 377]. However, in complexin knockdowns, an increase in 
spontaneous vesicle fusions has been observed in cultured neurons [384–387]. 
These contradictory results may arise due to differential levels of complexin, leading 
to different levels of vesicle priming. Alternatively, they may result from differences 
in the balance between the inhibitory and facilitatory functions of complexin in dif-
ferent organisms [362, 365–368].
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What is the contribution of complexin to the primed state? When challenged with 
500 mM sucrose the size of the readily releasable pool was unchanged in complexin 
mutants [369, 375]. By challenging with a reduced hyperosmotic challenge, 
250 mM sucrose, the readily releasable pool was reduced to 50% in the complexin 
mutants [388]. Moreover, the profound loss of evoked release in complexin mutants 
could be restored by increasing calcium [375, 388]. Thus, the docked pool as 
measured by hypertonic sucrose is normal in total size, but the releasable pool is 
“reluctant” rather than “ready.” These vesicles can only be recruited by either 
increasing calcium or by potentiating the synapse using multiple stimulations [388]. 
Similarly, in the calyx of Held, spontaneous release is decreased under resting 
conditions, but after a burst of action potentials asynchronous release is increased 
[389]. One possibility is that complexin plays a specific role in superpriming rather 
than more generally in all priming steps [390]. It is possible that high-frequency 
stimulation can bypass the requirement for complexin by acting on Unc13 proteins.

5.4.3  Unc13

In addition to its function in recruiting vesicles to fusion sites and opening syntaxin, 
Unc13 may also act again at the half-zippered stage. Unc13 is required for 
“superpriming” docked vesicles [391–393], in which the release machinery is 
poised for rapid fusion [394]. This transition is mediated by disinhibition of Unc13 
by diacylglycercol (DAG) binding to the C1 domain or calcium binding to the C2 
domain of Unc13 [395]. Superpriming decreases the latency between calcium influx 
and vesicle fusion and increases vesicle release probability [393, 396]. This 
transition appears to involve a large physical reorganization of Unc13 and the 
SNARE complex. Cryo-EM studies suggest that Unc13 can forms rings of six 
proteins between apposed membranes [256]. Within these rings, Unc13 can adopt 
two conformations: an upright orientation and a collapsed state. Because Unc13 is 
attached to both the synaptic vesicle and the plasma membrane, the switch in state 
should bring the membranes from ~21  nm apart to ~14  nm apart—a situation 
resembling the Rab GTPase-triggered collapse of the tethering factor EEA1 [397]. 
How this would alter the configuration of SNAREs and SNARE binding proteins is 
not known.

5.5  C-Terminal SNARE Zippering and Membrane Fusion

After the calcium-triggered release from the half-zippered state, the final steps are 
rapid and irreversible, involving only the SNARES and lipids themselves. C-terminal 
zippering releases the remaining energy stored in the SNARE proteins completing 
membrane fusion and delivering the membrane-bound cargo. In this section, we 
will briefly explain the forces preventing spontaneous membrane fusion and then 
describe how multimerized SNAREs might overcome these forces by guiding lipids 
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through a conserved set of rearrangements to merge membranes (Fig. 6). Importantly, 
membrane fusion must take place in an organized fashion so that lipid-bound cargo 
is not lost through burst membranes. Understanding the rapid interplay between 
SNAREs and lipids during fusion is experimentally challenging and remains one of 
the biggest mysteries in vesicle fusion.

Membranes do not spontaneously fuse. Membrane stabilizing forces include the 
hydrophobic core that minimizes solvent-exposed surfaces, elastic forces that resist 

Fig. 6 Steps in membrane fusion. The high repulsive forces between lipid membranes prevent 
them from fusing. The SNAREs provide the energy that enables the lipid rearrangements required 
for fusion. This model assumes the SNAREs are not clustered in the center, but rather are in a ring 
at the edges of a contact zone. Such an arrangement might be required to accommodate large 
proteins, such as Unc13, associated with the primed state. (a) Docking. Pairing of the SNAREs 
brings the membranes into close proximity; winding of the SNAREs is paused at the half-zippered 
state. The juxtamembrane domains disrupt lipid packing locally but these unstructured regions 
cannot themselves drive fusion. (b) Stalk formation. Calcium binding to synaptotagmin (not 
shown) disinhibits SNARE winding, and propagates helix formation into the flexible juxtamembrane 
segments. Forcing the helices together brings the locally disrupted lipids to meet and causes the 
merger of the proximal leaflets into a lipid stalk. (c) Fusion. Full fusion of the two membranes 
requires the transfer of energy from the SNARE complex to the transmembrane domains. Coiling 
of the transmembrane domains of syntaxin and synaptobrevin drive charges at the C-termini into 
the membrane that cleaves the stalk. For simplicity the figure only shows a single SNARE winding 
and breaking the membrane. Vesicle fusion requires multiple, most likely flanking, SNAREs to 
fuse a synaptic vesicle
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monolayer deformation, and repulsion generated by negatively charged phospho-
lipid head groups [398, 399]. Charge repulsion, in particular, keeps membranes 
1–2  nm apart, and this space must be dehydrated to bring the bilayers together 
[317]. The lipid rearrangements necessary for membrane fusion and the membrane 
stabilizing forces that must be overcome were initially predicted from mathematical 
modeling of pure lipids [400, 401]. Membrane fusion can be broken into three steps: 
(1) membranes are brought into proximity, (2) membrane deformation allows the 
merger of the proximal leaflets of the bilayer, and (3) the merger of the distal bilayers 
completes fusion.

To drive fusion, the stabilizing forces of lipid packing must be disrupted by 
deforming the membrane. Specifically, point-like protrusions lower the energy of 
hydration repulsion and enable the formation of a lipid stalk between the proximal 
leaves of the lipid bilayer [401–404]. Lipid stalks can proceed to full fusion or relax 
into an extended hemifused state. Intermediates in which the proximal membranes 
are fused can be observed by the exchange of lipids between membranes without 
lumenal content mixing [405–408]. In vitro, extended hemifusion intermediates can 
transition to full fusion [61, 409, 410]. However, in  vivo, the lipid stalk likely 
transitions directly to full fusion [411–413]. These common lipid intermediates are 
present in all membrane fusion reactions [398, 414–416].

How might the SNAREs fuse membranes? The SNAREs are uniquely suited to 
overcome the stabilizing forces of membranes: they can force membranes together 
to dehydrate the intervening space, and they actively disrupt lipids by bending 
membranes (Fig. 6). Five characteristics of the SNAREs are central to the current 
models for their function in fusing membranes. First, productive SNAREs assem-
ble in a parallel orientation [45, 50, 53, 167, 417]. Due to their parallel orienta-
tion, SNARE assembly leads to the close apposition of the transmembrane 
domains and hence the membranes themselves (Fig.  6a). Second, the SNARE 
complex must consist of at least two SNARE molecules with transmembrane 
domains [418]. The transmembrane domains must be inserted into both of the 
membranes destined to fuse [55, 56]. Third, SNAREs contain numerous basic 
residues in their juxtamembrane region that are likely to interact with the nega-
tively charged head groups of lipids. Additionally, the synaptobrevin juxtamem-
brane region contains tandem tryptophan residues that are likely to insert into 
bilayers and disrupt their packing. Mutations or alterations in the positioning of 
these tryptophan residues disrupt fusion both in  vitro [419] and in  vivo [384, 
420–424]. Fourth, the energy released by SNARE zippering is concentrated at the 
C-terminal end [171], where the transmembrane domains are located. Zippering 
of the SNARE proteins during core complex assembly transduces force to the 
transmembrane domains that can overcome barriers to fusion [56, 425]. As 
SNARE winding propagates to the C-termini, the transmembrane domains will be 
forced together and bring the lipids of vesicle and plasma membranes together 
and lead to the formation of a membrane stalk (Fig. 6b). Fifth, SNARE winding 
propagates into the helical transmembrane domains of synaptobrevin and syn-
taxin [171, 426–428], and thereby transfers energy generated from SNARE zip-
pering into the vesicle and plasma membranes, and forces them together. Torque 
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on the transmembrane domains might force dimples in the lipid bilayer at regions 
of trans SNARE complex formation, perhaps corresponding to the point-like pro-
trusions that are thought to be necessary to initiate the fusion of the proximal 
bilayers [399, 402, 418]. The transmembrane domains are therefore likely to 
directly disrupt lipids as SNARE assembly proceeds [56, 384, 425]. As the 
C-termini of the transmembrane domains of synaptobrevin and syntaxin wind 
around each other, they will merge the distal leaves of the bilayer, and break the 
barrier between vesicle lumen and extracellular space (Fig. 6c).

Together, these characteristics allow the SNAREs to dehydrate and disrupt 
lipid bilayers. In in vitro assays, a single SNARE complex is capable of catalyzing 
fusion [429, 430]. Nevertheless, this result has not been reproduced in vivo and 
the single SNARE complex is only sufficient to fuse highly fusogenic membranes 
and, even then, does so with very slow kinetics [429] and without the ability to 
maintain an open fusion pore [431]. This result is not surprising. Measurements 
of the energy released from zippering the entire SNARE motif range from 13 kBT, 
for yeast exocytic SNAREs, to between 27 kBT and 68 kBT, for the neuronal 
SNAREs [171, 173, 175, 177, 432]. However, C-terminal zippering itself has only 
been measured to release a maximum of 27 kBT of energy [173]. These figures are 
close to the theoretically calculated 40 kBT to 100 kBT that is needed for membrane 
fusion [63], but they are not quite enough. Physiologically, a single SNARE is not 
enough to fuse membranes. It must be getting help from some friends.

First among those friends are the SNAREs themselves, they form linked rings of 
complexes. Early electron microscopy studies demonstrated that SNAREs 
assembled into star-shaped structures with their transmembrane domains at the 
vertex [433]. Cryo-EM studies by Jim Rothman’s group identified six SNAREs 
complexes sitting beneath a vesicle [434, 435]—a number that precisely matches 
the optimal number of SNAREs in modeling experiments [436]. Though the 
interactions are quite weak [437] it has been shown that both syntaxin and 
synaptobrevin form higher order multimers via conserved regions located in their 
transmembrane domains [438–440]. At the level of a fusion pore, membranes are 
largely rigid, thus SNAREs will be mechanically coupled, potentially allowing 
them to coordinate zippering [434, 436]. By aligning the transmembrane domains 
of the SNAREs at the vertex, the SNAREs are capable of delineating a patch of 
membrane where fusion can begin.

In vivo evidence for multimerization comes from a combination of the dose- 
dependent block provided by peptide blockers and botulinum neurotoxins as well 
as the cooperative action of the SNAREs themselves [441–447]. Together, these 
experiments have estimated between 2 and 15 SNARE complexes are needed for 
productive fusion [441, 444–447]. Titration of syntaxin in neurons indicated a 
Hill coefficient for cooperativity of 3 for the SNARE complex [90]. These data 
suggest that the Hill coefficient of 3–4 for calcium cooperativity [448] may not 
reflect calcium-binding cooperativity within synaptotagmin’s C2 domains, but it 
rather reflects calcium-dependent conformational changes among the 
SNAREs [443].
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5.6  Disassembly of SNARE Complexes

After vesicle fusion, the SNAREs are in the plasma membrane of the active zone in 
a cis SNARE complex. The SNAREs and other components of synaptic vesicles 
must be cleared from active zone to allow sustained vesicle fusion. The SNAREs 
must be separated from each other and sorted to their correct compartments. Studies 
of temperature-sensitive alleles at Drosophila synapses indicated that the ATPase 
NSF acts after membrane fusion during the recovery of synaptic vesicles [36, 449]. 
NSF does not directly bind the SNARE complex but binds via alpha-SNAP, which 
either acts as a stator to hold the complex as NSF unravels individual strands, or acts 
to apply reverse torque to open the complex like uncoiling a stranded rope [187, 199].

How is the cis SNARE complex prevented from instantly reforming? The chap-
erone Unc18 may remain attached to syntaxin during fusion by binding the 
N-terminal motif. Unc18 binding to syntaxin in the closed state would prevent it 
from rejoining the SNARE complex [283]. Synaptobrevin is sequestered by AP180 
[450]. The EH domain protein intersectin binds synaptobrevin and SNAP-25 [451, 
452]. It is not known where in the synapse the SNAREs are separated. NSF may act 
at the plasma membrane to unwind SNAREs; alternatively, disassembly may take 
places at synaptic endosomes [453].

6  Summary

Rounds of SNARE assembly and disassembly lie at the center of all vesicular traf-
ficking [454]. Assembly of the SNAREs into a four-helix bundle drives fusion of 
synaptic vesicles with the plasma membrane and thereby mediates the release of 
neurotransmitter [455]. αSNAP and the ATPase NSF, meanwhile, survey the 
landscape for unproductive SNARE assembly—actively disassembling them. The 
assembly of SNAREs is carefully orchestrated by Unc18 and Unc13 [143]. Unc13 
tethers vesicles and opens syntaxin, allowing SNARE assembly to begin. Unc18 
provides a template on which syntaxin and synaptobrevin are proofread to ensure 
correct assembly. Together, Unc13 and Unc18 ensure that productive SNARE 
complexes are formed. The SNAREs are held in a half-zippered state by complexin 
and synaptotagmin until calcium triggers full SNARE zippering and membrane 
merger. After membrane fusion and release of neurotransmitter, the entwined cis 
SNAREs are pulled apart by NSF, which reenergizes the system for further rounds 
of fusion.

This model is generally accepted; nevertheless, controversies and mysteries still 
remain. An important lesson from the last few decades is that the strength of protein- 
protein interactions does not necessarily translate to conserved mechanistic fea-
tures. For example, the templating role for SM proteins, despite its importance, was 
notoriously difficult to find due to its relatively transient nature. How complexin and 
synaptotagmin act on SNARE assembly also remains an enduring enigma, very 
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likely due to the rapid time scale between calcium entry and fusion. Perhaps the 
holy grail of mysteries remains how the assembly of SNAREs interacts with lipids 
to guide them through membrane fusion.
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Calcium Sensors of Neurotransmitter 
Release

Qiangjun Zhou

Abstract Calcium (Ca2+) plays a critical role in triggering all three primary modes 
of neurotransmitter release (synchronous, asynchronous, and spontaneous). 
Synaptotagmin1, a protein with two C2 domains, is the first isoform of the synapto-
tagmin family that was identified and demonstrated as the primary Ca2+ sensor for 
synchronous neurotransmitter release. Other isoforms of the synaptotagmin family 
as well as other C2 proteins such as the double C2 domain protein family were 
found to act as Ca2+ sensors for different modes of neurotransmitter release. Major 
recent advances and previous data suggest a new model, release-of-inhibition, for 
the initiation of Ca2+-triggered synchronous neurotransmitter release. 
Synaptotagmin1 binds Ca2+ via its two C2 domains and relieves a primed pre-fusion 
machinery. Before Ca2+ triggering, synaptotagmin1 interacts Ca2+ independently 
with partially zippered SNARE complexes, the plasma membrane, phospholipids, 
and other components to form a primed pre-fusion state that is ready for fast release. 
However, membrane fusion is inhibited until the arrival of Ca2+ reorients the Ca2+-
binding loops of the C2 domain to perturb the lipid bilayers, help bridge the mem-
branes, and/or induce membrane curvatures, which serves as a power stroke to 
activate fusion. This chapter reviews the evidence supporting these models and dis-
cusses the molecular interactions that may underlie these abilities.
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Ca2+ in the presynaptic terminal triggers synaptic vesicle exocytosis, thereby releas-
ing the neurotransmitters contained in synaptic vesicles during synaptic transmis-
sion. As described in previous chapters, the formation of a SNARE (soluble 
N-ethylmaleimide-sensitive factor attachment receptor) complex is an essential step 
in synaptic vesicle fusion. While SNARE complex formation is Ca2+-independent, 
other factors introduce the Ca2+ sensitivity that is required for synaptic vesicle 
fusion. As we will describe in this chapter, the extraordinary speed, complexity, and 
precision of Ca2+-triggered neurotransmitter release are mediated, at least in part, by 
the Ca2+ sensor synaptotagmins (Syts) and its cofactor complexins.

In the 1980s, several synaptic Ca2+-binding proteins, including the C2 domain 
protein Syt, were proposed as potential Ca2+ sensors. The first isoform of the synap-
totagmin family, Syt1, is a synaptic vesicle protein that was initially identified as 
p65 in a monoclonal antibody screen for active zone proteins [1]. Subsequent stud-
ies from the Südhof laboratory established and confirmed that Syt1 acts as the pri-
mary Ca2+ sensor for membrane fusion [2–7]. This was also confirmed by studies in 
many species, including mouse [8], Drosophila melanogaster [9], zebrafish [10], as 
well as Caenorhabditis elegans [10–12] .

1  Structure and Biochemical Properties of Synaptotagmins 
and Other Ca2+ Sensors

Synaptotagmins constitute an evolutionarily conserved family of proteins, which 
contain a short luminal/extracellular domain, a single transmembrane domain (or 
residues that allow membrane association in the case of Syt16 and 17), a variable 
juxta-membrane linker, and two cytoplasmic calcium-binding C2 domains termed 
C2A and C2B (Fig. 1). Seventeen genes encoding canonical Syts exist in mammals 
with differential expression patterns across tissues and cell types [13]. All seventeen 
Syts are expressed in the brain, and eight of them (Syt1, 2, 3, 5, 6, 7, 9 and 10) bind 
Ca2+ and regulate vesicle fusion. Syts are evolutionarily conserved, with multiple 
orthologs of mammalian Syts found in invertebrates. The diversity of Syts is further 
amplified by alternative splicing, posttranslational modifications, and homo/het-
erodimerization (Fig.  1). Moreover, Syts showed distinct regional distribution in 
different organs, cell types and subcellular sites, as well as developmental changes 
or switch in gene expression [13]. In addition, proteins of the double C2 domain 
(Doc2) family, Doc2A and Doc2B, have been implicated in synaptic transmission 
as Ca2+ sensors [14–16].

The C2 domain, a sequence motif that was first identified in protein kinase C, is 
a region containing about 130 residues [17]. Normally C2 domains are found in 
proteins that bind phospholipids for cell membrane targeting. Their function as 
autonomously folded Ca2+-binding domains was first discovered with Syt1 [3]. The 
atomic structure of Syt1’s C2 domain was determined by X-ray crystallography and 
nuclear magnetic resonance (NMR) [18–22]. These structural studies revealed that 
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Fig. 1 Conservation, canonical domain structures, and classification of synaptotagmins and 
Doc2s. Left: Human synaptotagmins and human Doc2s amino acid similarity. The phylogenetic 
tree of Syt1 homologs represents the amino acid sequence similarities, not evolutionary back-
grounds. FASTA sequences were taken from Uniprot.org and analyzed via Clustal Omega (https://
www.ebi.ac.uk/Tools/msa/clustalo/). Note that some Syts have alternative gene names (e.g., human 
Syt9 refers to Uniprot ID O00445, human Syt5 refers to Uniprot ID Q86SS6). Right: Canonical 
domain structures and classification of synaptotagmins and Doc2s. Eight synaptotagmins bind 
Ca2+ (Syt1, 2, 3, 5, 6, 7, 9, and 10; colored in blue and red); the remaining Syts do not (colored in 
black). The eight Ca2+-binding synaptotagmins fall into two broad classes that differ in the absence 
(Syt1, 2, 7, and 9; colored in blue) or presence (Syt3, 5, 6, and 10; colored in red) of disulfide- 
bonded cysteine residues in their N-terminal sequences

C2 domains are composed of a stable, eight-stranded β-sandwich with flexible loops 
emerging from the top and bottom (Fig. 2). Ca2+ binds exclusively to the top loops 
of the β-sandwich, which form a cuplike binding site for two to three Ca2+ ions in 
close vicinity. The bound Ca2+ ions are coordinated by five highly conserved aspar-
tate residues and other residues located in these two flexible loops (Fig. 2). Although 
all C2 domains contain the same Ca2+ binding site architecture, some lack the 
canonical aspartate residues to ligate Ca2+ and are thus thought to be Ca2+ indepen-
dent (e.g., in Syt4, 8, 11, and 15; Fig. 1).

In addition to the Ca2+-binding motifs in the C2 domains, Syts contain a polyly-
sine motif in the fourth β-strand of the C2 domain (Fig. 2). This motif supplies a 
patch of positively charged residues on the side of the C2 domain, near the Ca2+-
binding motif. Syts also contain another highly basic region (R398/399 region in 
Syt1 C2B domain) at the bottom of the C2B domain. These motifs are highly con-
served and have been implicated in interactions with the SNARE complex and 
membrane binding [23–26]. C2 domains are now generally recognized as Ca2+-
dependent or -independent membrane-targeting modules, which are found in over 
100 different proteins with functions ranging from signal transduction to membrane 
trafficking.
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Fig. 2 Ribbon diagrams of the atomic resolution structures of the Ca2+-bound C2A and C2B 
domains of Syt1. In the diagrams of the C2A and C2B domains, selected residues of the polybasic 
regions and bottom motif are represented by the stick mode

2  Ca2+ Sensors and Neurotransmitter Release

Neural information encoded by action potentials is passed through chemical syn-
apses in the anterograde direction by release of neurotransmitters, neuropeptides, 
and other factors from the presynaptic terminal. There are three primary modes of 
neurotransmitter release: synchronous, asynchronous, and spontaneous. Most neu-
ronal communication relies on synchronous release, which occurs within a few mil-
liseconds after an action potential reaches a presynaptic bouton. However, also 
important are the influences of asynchronous release, which occurs with a longer 
and variable delay, and persists from tens of milliseconds to tens of seconds after the 
arrival of an action potential. Briefly, both synchronous and asynchronous release 
requires Ca2+ influx through voltage-gated Ca2+ channels and the presence of Ca2+ 
sensors [27]. Spontaneous release occurs in the absence of an action potential, but 
most studies support that spontaneous release is also Ca2+ sensitive and proportional 
to intracellular Ca2+ level [27, 28].

2.1  Synaptotagmins as Ca2+ Sensors for Evoked Release

Knockout (KO) studies of Syt1 showed that Syt1 deletion selectively abolished or 
severely decreased synchronous release (Fig. 3), suggesting that Syt1 is the Ca2+ 
sensor for fast, synchronous release of neurotransmitter [4]. Strikingly, Syt1 KO 
neurons still retained a delayed asynchronous form of release that may be dramati-
cally enhanced by sustained moderate- to high-frequency stimulus train [29]. At 
most synapses, almost all (>90%) release at low-frequency stimulation is 
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Fig. 3 Syt1 functions as synaptic Ca2+ sensors for neurotransmitter release. Deletion of Syt1 in 
cortical neurons blocks fast synchronous neurotransmitter release. Panels depict representative 
inhibitory postsynaptic currents (IPSCs) monitored in cortical neurons cultured from littermate 
wild-type (WT) and Syt1 knockout (Syt1 KO) neurons (arrow = action potential). (Modified from 
Xu et al. [39])

synchronous [30–33]. However, at some specialized synapses, such as those from 
deep cerebellar nuclei (DCN) to the inferior olive (IO), and from cholecystokinin 
(CCK)-containing interneurons to the dentate granule cells in hippocampus, asyn-
chronous release is common [34–37]. These findings indicate that the asynchronous 
release is likely mediated by another Ca2+ sensor.

The fact that synchronous release occurs within tens to hundreds of milliseconds 
after the stimulus indicates that a fast and low-affinity Ca2+ sensor responds rapidly 
to a localized high concentration of Ca2+. A systematic survey of Ca2+-binding Syts 
demonstrated that those with the lowest Ca2+ affinity (EC50 = 10–20 μM), including 
Syt1, Syt2, and Syt9 (also known as Syt5), are the fast Ca2+ sensors mediating syn-
chronous release [38]. These three Syts trigger synchronous release with quite dis-
tinct kinetics, which fits well with their differential expression patterns (Syt9 is 
primarily expressed in the limbic system, while Syt2 is primarily expressed in audi-
tory system and the neuromuscular junction) [39]. While asynchronous release also 
requires Ca2+, the mechanism and Ca2+ source are different from those of synchro-
nous release. Intracellular addition of high concentrations of the slow Ca2+ chelator 
EGTA blocked delayed asynchronous release, but had minimal effects on synchro-
nous release [40–42]. This suggests that high-affinity Ca2+ sensors specifically regu-
late asynchronous release, responding to bulk cytosolic Ca2+ fluctuations rather than 
to highly localized Ca2+ microdomains. Syt7 showed tenfold higher Ca2+ affinity 
(EC50 = 1–2 μM) and slower kinetics compared with Syt1, which led to the hypoth-
esis that Syt7 mediates asynchronous release [38]. This hypothesis was supported 
by studies showing that knockdown of Syt7 selectively reduced asynchronous 
release [10, 43]. However, despite growing data supporting the notion that Syt7 
mediates asynchronous release as a Ca2+ sensor, the presynaptic mechanisms under-
lying asynchronous synaptic vesicle fusion are still not well understood. It is also 
unclear if other Ca2+ sensors (e.g., Doc2) mediate asynchronous release.
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2.2  Ca2+ Sensors for Spontaneous Release

Spontaneous release events were initially viewed as random events independent of 
action potentials and were described as biological noise in the synapse [44]. 
However, a number of functional roles for spontaneous neurotransmission, includ-
ing maintaining synaptic dynamics in several organisms as well as regulating syn-
apse and circuit development, have been proposed [45–47]. Moreover, most recent 
findings suggest that aberrant spontaneous neurotransmission might cause neuro-
logical disease in humans [48, 49]. Whether spontaneous release is Ca2+-dependent 
remains controversial but current studies indicate that spontaneous release has a 
significant Ca2+-dependent component at many synapses, albeit with a weaker con-
centration dependence than evoked release [50–53]. There are several possible Ca2+ 
sensors for regulating spontaneous release, including the same fast Ca2+ sensors that 
mediate evoked release and the specialized cytoplasmic Ca2+ sensors of the Doc2 
protein family [15, 51, 54, 55]. Loss of Syt1 or Syt2 increases spontaneous release, 
indicating that the fast Ca2+ sensors may help regulate spontaneous release [4, 8, 
29, 56–58].

Doc2 proteins are cytosolic proteins that contain two C2 domains and share 
many structural and functional properties with Syts but have a higher Ca2+ sensitiv-
ity [59, 60]. Doc2 proteins promote membrane fusion in response to exceptionally 
low increases in Ca2+, half-maximal membrane binding occurs at 175 nm calcium 
for Doc2B, at 450 nm calcium for DocA [15, 55, 61]. Knockout or shRNA- mediated 
knockdown of Doc2 proteins caused more than 50% reduction in spontaneous 
release while evoked neurotransmission was essentially normal, confirming the dif-
ferential nature of spontaneous and evoked release [15, 55]. A recent study showed 
a divergence in the regulation of excitatory and inhibitory spontaneous signaling by 
different Doc2 isoforms and Syt1. Specially, Doc2A mediates glutamatergic spon-
taneous release whereas Doc2B and Syt1 both regulate GABAergic spontaneous 
release [14]. These findings are evidence of complexity in the mechanisms of these 
Ca2+ sensors in synaptic vesicle exocytosis, implying that spontaneous release and 
action potential-dependent evoked release may be regulated independently in neu-
rons and be controlled by different release machineries.

3  Binding Partners of Ca2+ Sensors

Ca2+ sensors must couple Ca2+ influx to synaptic vesicle fusion for neurotransmitter 
release. However, Ca2+ binding to Ca2+ sensors including Syt1 and Doc2 proteins 
does not cause a major conformational change, but instead dramatically changes the 
C2 domain’s electrostatic potential [19, 22, 62]. Therefore, it is likely that Ca2+ 
binding to the negative charges in the Ca2+-binding sites of Ca2+ sensors acts as an 
“electrostatic switch” or mediates electrostatic interactions with membrane phos-
pholipids to regulate the interactions of Ca2+ sensors with presynaptic components 
[2, 63, 64]. Thus, it is important to investigate the binding partners of Ca2+ sensors 
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and understand how Ca2+ affects these interactions. The next section reviews what 
is currently known regarding the Ca2+-independent and -dependent partners of Ca2+ 
sensors in the context of how these interactions may mediate synaptic vesicle fusion.

3.1  Phospholipids

Syt1 was first proposed to function as a Ca2+ sensor for synaptic transmission when 
it was found to bind Ca2+ at physiological levels in a complex with anionic mem-
branes [2]. Further studies demonstrated that Ca2+ binding to phospholipids is key 
to synaptic vesicle fusion. Indeed, Ca2+-dependent membrane binding is a highly 
conserved property of C2 domains [65]. Numerous biochemical studies have con-
firmed that Ca2+-dependent as well as Ca2+-independent interactions occur between 
Syts and anionic phospholipids and membranes, including phosphatidylinositol- 4,5- 
bisphophate (PIP2)-containing membranes [2, 3, 23, 25, 26, 63, 66–73].

3.1.1  Ca2+-Dependent Membrane Binding

High-resolution structures of Syt and Doc2 proteins showed that Ca2+-binding resi-
dues in the C2 domain only partially coordinate the Ca2+ ions [68, 74]. The Ca2+-
binding affinity increases in the presence of a negatively charged phospholipid 
membrane because the negatively charged phospholipid headgroups complement 
the coordination sphere for Ca2+ ions in the C2 domain [2, 22, 68, 75]. It has been 
proposed that the C2 domain partially penetrates membranes that contain anionic 
phospholipids upon binding Ca2+ [20, 63, 76–79]. In addition to the Ca2+-mediated 
electrostatic interaction, Syts binding to membranes may be mostly mediated by 
hydrophobic interactions [80]. Two highly conserved hydrophobic residues of the 
penetration loops are exposed on the tips of the Ca2+-binding site in each C2A/B 
domain. In vitro studies have demonstrated that these hydrophobic resides in each 
C2A/B domain penetrate into the plasma membrane in the presence of Ca2+ [63, 
77–79, 81–84]. When these hydrophobic residues are made more hydrophobic by 
mutation to tryptophan, the apparent Ca2+-binding affinity for negatively charged 
phospholipids increases [85]. More interestingly, the penetration loops of different 
Ca2+ sensors differ in their degrees of hydrophobicity and penetration, which may 
determine the distinct contributions of different Ca2+ sensors to membrane bending 
and Ca2+ triggering.

3.1.2  Ca2+-Independent Membrane Binding

The C2 domains of Syts and Doc2s can bind to the plasma membrane in not only a 
Ca2+-dependent manner but also a Ca2+-independent manner due to the presence of 
multiple basic sequences including the polybasic region and bottom motif on the 
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exposed surface (Fig. 2). Among the basic sequences, two regions are particularly 
important for synaptic vesicle fusion. In vitro studies implicated the motif of R398 
and R399 at the bottom of the Syt1 C2B domain in membrane bridging [86, 87]. 
This polybasic motif of the Syt1 and Doc2 C2B domains has been found to bind to 
PIP2-containing membranes in the absence of Ca2+ [66, 88–92]. The C2A domain 
also has a highly conserved polybasic motif located on the side of the protein 
(Fig. 2), and contributes to Ca2+-independent membrane binding in the same way as 
the C2B domain. Both the C2A and C2B polybasic motifs of Syt1 are required for 
synchronization of neurotransmitter release [90, 93–96]. In general, these motifs for 
Ca2+-independent membrane binding are essential for efficient Ca2+-independent 
docking and/or priming of synaptic vesicles, and probably also required for Ca2+ 
triggered vesicle fusion.

3.2  SNARE Proteins and Complexin

Syt1 has been reported to interact with both the SNARE complex and individual 
SNAREs including syntaxin-1 and SNAP-25 [97, 98]. However, it has been difficult 
to tell whether these interactions are biologically relevant or result from dynamic 
and non-specific interactions under specific experimental conditions. Additionally, 
the small soluble protein complexin also tightly binds to the SNARE complex 
(Fig. 4a) and plays a critical role in regulating vesicle fusion [99–101]. Functional 
studies and characterization of all these factors raises many mechanistic questions: 
How do these proteins (SNAREs, Syts, and complexins) achieve fusion in less than 
a millisecond upon Ca2+ triggering; how do they localize in the specific narrow 
space between the plasma membrane and synaptic vesicles; and how is the process 
regulated? Recent structural studies using X-ray crystallography and NMR spec-
troscopy have revealed three different binding interfaces among neuronal SNARE 
complex, complexin-1, and Syt1. These findings allow a better understanding about 
the behaviors and molecular mechanisms of action of these proteins in synaptic 
vesicle fusion.

High-resolution crystal structures of the SNARE complex and Syt1 revealed 
binding of the Syt1 C2B domain to the SNARE complex through a primary inter-
face involving two regions of the C2B domain, including region I comprised of 
E295, K297, N336, and Y338, and region II comprised of R281, K288, and the bot-
tom basic motif of R398 and R399 (Fig. 4c). The primary SNARE-Syt1 interface is 
structurally preserved in multiple different crystal packing environments and under 
different experimental conditions, suggesting that it is a genuine and specific inter-
face [26, 102]. Disruption of the primary SNARE-Syt1 complex interface by muta-
tions abolished fast synchronous release in cultured neurons and greatly reduced the 
efficiency of Ca2+-triggered fusion of single vesicles reconstituted with neuronal 
SNAREs, Syt1, and complexin-1 [26]. The second interface formed between the 
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Fig. 4 Three interfaces of the SNARE complex, complexin, and Syt1 C2B domain have been 
revealed by X-ray crystallography and NMR spectroscopy. (a) Ribbon diagram of the crystal struc-
ture of the SNARE complex bound to a complexin-1 fragment. (b) Ribbon diagram of a represen-
tative conformer of the ensemble of NMR structures of the synaptotagmin-1 C2B domain bound 
to the SNARE complex via the polybasic region. (c) Ribbon diagram of the crystal structure of 
Syt1 C2B bound to a complexin-1–SNARE subcomplex through the primary interface and the 
tripartite interface. Synaptobrevin is in blue, syntaxin-1 is in red, SNAP25 is in green, the com-
plexin- 1 fragment is in cyan, and Syt1 C2B domain is in gold. Selected residues in Syt1 C2B 
domain involved in the polybasic interface and the primary interface are represented by the sphere 
mode. The C2A domain is not shown
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polybasic region of the C2B domain and the SNARE complex is also reported 
recently (Fig. 4b) [23]. Further studies confirmed that Syt1 binds to the SNARE 
complex through the primary interface, and to PIP2-containing membranes through 
the polybasic regions before Ca2+ influx [24, 25, 78]. Recent results also suggest that 
the very tight interaction of C2 domains with phosphatidylserine (PS)- and PIP2-
contanining membranes as well as membrane penetration induced by Ca2+ might 
lead to membrane fusion [24].

Primary sequence alignment indicates that the critical amino acid residues of the 
SNARE-Syt1 primary interface are only conserved among the fast Ca2+ sensors 
Sty1, Syt2, and Syt9. Based on a fragment of SNAP-25 that participates in the inter-
face as observed in the crystal structure of the SNARE-Syt1 complex, a hydrocarbon- 
stapled peptide has been designed to specifically inhibit Ca2+-triggered fusion of 
vesicles reconstituted with either neuronal SNAREs and Syt1 or airway SNAREs 
and Syt2 [26, 102–104]. This engineered stapled peptide enters airway epithelial 
cells to inhibit fusion of the secretory granule with the cell membrane and block 
mucin secretion in IL-13-primed airway epithelial cells in vitro and in vivo in mice. 
These results reinforce the notion that the primary interface is a universal binding 
site of fast Ca2+ sensors for SNARE complexes.

The third binding interface (called tripartite interface) was formed between Syt1 
C2B domain and SNARE/Complexin subcomplex via interactions with both the 
SNARE and complexin components, as revealed by X-ray crystallography (Fig. 4c). 
However, the binding of the C2B domain to the SNARE/Complexin subcomplex 
through the tripartite interface has not been detected in solution by NMR spectros-
copy [24]. This tripartite interface might be formed only in a specific membrane 
environment, as shown by one possible arrangement in Fig. 5. Further evidence is 
needed to support the physiological importance of this interface.

The Ca2+ sensors including Syt1, Syt7, and Doc2s also function in other steps of 
the synaptic vesicle cycle, including docking, priming, fusion pore expansion, and 
endocytosis [61, 94, 98, 105–111]. As PIP2 is located predominantly in the plasma 
membrane, where t-SNAREs are also located, it has been proposed that the Ca2+-
independent interaction of Syt1 with PIP2, t-SNAREs, or partially-zipped SNARE 
complexes may mediate synaptic vesicle docking and priming [26, 89, 90, 102, 
112, 113].

So far, there is no direct evidence that the C2A domain interacts with the SNARE 
complex or complexin. It might be the case that the C2A domain of Syt1 is impor-
tant but not essential, consistent with the difference in physiological importance of 
the C2A and C2B domains. Mutating one area of the Syt1 C2B Ca2+-binding site 
completely abolishes evoked release in vivo, whereas a similar mutation in the Syt1 
C2A Ca2+-binding site causes less severe phenotypes [96, 114–117]. Nevertheless, 
recent studies show that the Syt1 C2A domain can also bind to the membrane in the 
absence of Ca2+ [111], and insert into the membrane upon Ca2+ triggering [78] to 
modulate Syt1 function [118–120] acting as a facilitator.
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Fig. 5 Schema of the trans SNARE complex interacting with two Syt1 C2B domains and the 
central α-helix of complexin-1  in the core quaternary arrangement. The trans SNARE complex 
consists of synaptobrevin-2 (blue), syntaxin-1A (red), and SNAP-25A (green). The trans SNARE 
complex forms two interfaces (referred to as primary and tripartite interfaces) with two Syt1 C2B 
domains (represented as multicolored ellipsoids), one of which also involves the central α-helix of 
complexin-1 (yellow). The colors of the C2B ellipsoid indicate the loops involved in Ca2+ binding 
(gold), the primary SNARE–Syt1 interface (green), the tripartite SNARE–complexin-1–Syt1 
interface (purple), and the polybasic region (blue). For clarity, the rest of Syt1, including the C2A 
domain and the transmembrane domain, has been omitted. For the trans SNARE complex, the 
primary interface mainly involves SNAP-25A, while the tripartite interface involves synapto-
brevin- 2, syntaxin-1A, and complexin-1 (yellow)

3.3  Supramolecular Arrangements

Multiple SNARE complexes are probably involved in Ca2+-triggered fusion [121–
124]. It may be possible to form supramolecular organization of the fusion machin-
ery at least including SNAREs and Ca2+ sensors to achieve the rapid (~100 ms) and 
Ca2+-synchronized vesicle fusion for neurotransmitter release. In addition to inter-
acting with SNAREs and membranes, Syts are capable of forming oligomeric rings 
on membranes containing acidic lipids and in solution [78, 125–127]. Moreover, the 
formation of cooperative supra-molecular assembly of multiple SNARE complexes 
and their binding partners has also been supported by the observation of six protein 
densities at the release site of the primed synaptic vesicles in tomographic images 
of cultured primary hippocampal neurons [128]. Undoubtedly, further research will 
be required to establish whether the higher order organization of the fusion machin-
ery is necessary and sufficient to facilitate neurotransmitter release.
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4  Synaptotagmin-Associated Diseases

Recent advances in genetic technology are advancing our understanding of genetic 
disorders of synaptic proteins, including Syt1 [129–131] and Syt2 [132–137].

4.1  Syt1 Baker-Gordon Syndrome

Heterozygous mutations in Syt1 are associated with a neurodevelopmental disorder 
known as Baker-Gordon syndrome (or SYT1-associated neurodevelopmental disor-
der, OMIM 618218). Patients display neurodevelopmental impairments and symp-
toms including delayed developmental milestones, profound intellectual disability, 
infantile hypotonia, movement disorders, sleep disturbances, and episodic agitation. 
Fifteen de novo variants in SYT1 were identified in 22 individuals. All identified 
C2B missense variants are located in the region surrounding the Ca2+-binding site 
(M303V/K, D304G, S309P, Y365C, D366E, K367dup, I368T, G369D, N371K) 
with one exception, N341S, which is located in the primary interface with the 
SNARE complex [130, 131, 138]. Four variants were identified in regions of unde-
termined function outside of the Ca2+-binding site in the Syt1 C2A domain, which 
is congruent with the dominant negative effect of the Syt1 C2A mutants in the Ca2+-
binding site. All individuals with the C2A variants displayed either mild or moder-
ate clinical phenotypes. However, the variants linked to the most severe clinical 
phenotypes are all located in the C2B domain. The differential effects of C2A and 
C2B mutations on clinical severity are consistent with the theory that the two C2 
domains may play different roles in Syt1 functions [120, 139]. Moreover, these four 
C2A substitutions provide the first indication of the importance of previously unrec-
ognized residues and regions in Syt1 C2A domain.

4.2  Syt2 Congenital Myasthenic Syndrome

Both dominant and recessive missense variants in SYT2 have been reported to cause 
a presynaptic congenital myasthenic syndrome (CMS7, OMIM 616040), which is 
in agreement with Syt2 being the major isoform expressed at the neuromuscular 
junction [132, 133, 135–137, 140]. Similar to Syt1, all heterozygous missense 
mutations (S306L, D307A, P308L, and I371K) in Syt2 situate around the Ca2+-
binding site of the C2B domain [134, 136, 137]. In addition, the recently identified 
homozygous Syt2 variants also include nonsense, deletion, and frameshift muta-
tions [132, 133, 135].
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Roles and Sources of Calcium in Synaptic 
Exocytosis

Zhao-Wen Wang, Sadaf Riaz, and Longgang Niu

Abstract Calcium ions (Ca2+) play a critical role in triggering neurotransmitter 
release. The rate of release is directly related to the concentration of Ca2+ at the 
presynaptic site, with a supralinear relationship. There are two main sources of Ca2+ 
that trigger synaptic vesicle fusion: influx through voltage-gated Ca2+ channels in 
the plasma membrane and release from the endoplasmic reticulum via ryanodine 
receptors. This chapter will cover the sources of Ca2+ at the presynaptic nerve termi-
nal, the relationship between neurotransmitter release rate and Ca2+ concentration, 
and the mechanisms that achieve the necessary Ca2+ concentrations for triggering 
synaptic exocytosis at the presynaptic site.

Keywords calcium ·  exocytosis ·  neurotransmitter release ·  calcium channel ·  
ryanodine receptor ·  mitochondrion

1  Introduction

Calcium ions (Ca2+) are involved in various biological functions. One of the most 
well-known functions is their role in triggering neurotransmitter release at the pre-
synaptic nerve terminal. Over a century ago, Locke discovered that the transmission 
between nerves and muscles is significantly affected by the presence of Ca2+ in the 
surrounding medium [1]. Later research conducted by many others demonstrated 
that extracellular Ca2+ is crucial for evoked neurotransmitter release and that its 
concentration influences the amplitude of end-plate potentials recorded from mus-
cle cells [2–5].
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Neurotransmitters can be released spontaneously or in response to action poten-
tials. In general, spontaneous release occurs when individual synaptic vesicles 
undergo exocytosis, while action potential-evoked release reflects synchronized 
exocytosis of multiple synaptic vesicles. The role of Ca2+ in action potential-evoked 
release is well established. When an action potential reaches the nerve terminal, 
depolarization opens voltage-gated Ca2+ channels (VGCCs) in the plasma mem-
brane, resulting in an influx of Ca2+. Ca2+ can also originate from the endoplasmic 
reticulum (ER) through a coupling between VGCCs in the plasma membrane and 
ryanodine receptors (RyRs) in the ER membrane [6, 7]. Ca2+ then binds to Ca2+-
sensing proteins to trigger synaptic exocytosis (see Chapter “Calcium Sensors of 
Neurotransmitter Release”). The released neurotransmitters act on specific postsyn-
aptic receptors, resulting in either excitatory or inhibitory currents in the postsynap-
tic cell, depending on the types of neurotransmitter and postsynaptic receptor, as 
well as physiological or experimental conditions. The temporal relationships among 
the presynaptic action potential, presynaptic Ca2+ current, and excitatory postsynap-
tic current (EPSC) are depicted in Fig. 1. Ca2+ release from the ER is not included 
in this figure because its kinetics are not well defined. As illustrated in the figure, 
Ca2+ influx begins around the peak of the action potential and ends before the nerve 
terminal is fully repolarized. Neurotransmitter release, as reflected by the postsyn-
aptic currents, occurs with a further delay.

Fig. 1 Pre- and postsynaptic events in response to a presynaptic action potential. Depolarization 
of the presynaptic terminal by the action potential (APpre) causes Ca2+ influx (ICa) through voltage- 
gated Ca2+ channels in the plasma membrane. Ca2+ triggers the release of a neurotransmitter, which 
causes excitatory postsynaptic current (EPSC) by activating ionotropic postsynaptic receptors. An 
action potential may occur in the postsynaptic cell (APpost) if the cell is depolarized beyond a 
threshold by the EPSC. (This schematic figure is based on published data [194, 195])
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2  Neurotransmitter Release Rate Is Supralinearly Related 
to Ca2+ Concentration

The rate of neurotransmitter release is quantitatively related to the concentration of 
Ca2+ ([Ca2+]). Dodge and Rahamimoff [4] demonstrated that at the frog neuromus-
cular junction (NMJ), the rate of neurotransmitter release increases with elevated 
extracellular [Ca2+] ([Ca2+]o). However, the relationship is not linear. When [Ca2+]o 
is relatively low, a small change in concentration results in a large change in neu-
rotransmitter release, as reflected by the amplitude of end-plate potentials. Plotting 
the results in double-logarithmic coordinates yields a straight line with a slope of 
approximately 4, leading to the conclusion that the rate of neurotransmitter release 
is proportional to [Ca2+]o raised to the fourth power (Release rate ∝ [Ca2+]o

4).
The work of Dodge and Rahamimoff showed the quantitative relationship 

between neurotransmitter release rate and [Ca2+]o. However, the Ca2+ sensor of the 
synaptic release machinery is located inside the presynaptic nerve terminal. Thus, 
intracellular rather than extracellular Ca2+ triggers neurotransmitter release. What 
would be the relationship between neurotransmitter release rate and cytoplasmic 
[Ca2+] ([Ca2+]i)? This relationship has been analyzed with a technique called Ca2+-
uncaging. In this technique, a photolysable Ca2+-chelator such as DM-nitrophen is 
introduced into the presynaptic nerve terminal through a whole-cell patch-clamp 
glass pipette. Ca2+ is released from the photolysable Ca2+-chelator upon flash of an 
ultraviolet light, resulting in a rapid and uniform increase of [Ca2+]i at the presynap-
tic nerve terminal. The level of [Ca2+]i at the presynaptic nerve terminal may be 
controlled by varying the light intensity and measured by imaging with a low- 
affinity fluorescent Ca2+ indictor. The rate of neurotransmitter release is evaluated 
by measuring either membrane capacitance of the presynaptic terminal, which 
increases when the plasma membrane area enlarges with synaptic vesicle fusion, or 
the amplitude of excitatory postsynaptic potentials or currents, which reflect post-
synaptic responses to the released neurotransmitter. This Ca2+-uncaging technique 
is apparently suitable for analyzing the relationship between release rate and [Ca2+]i 
because it triggers release of the same pool of synaptic vesicles as do action poten-
tials [8]. Analyses of several nerve terminals, including the goldfish retinal bipolar 
cell synaptic terminal [9] (Fig. 2), crayfish motor neuron terminal [10], and rat calyx 
of Held presynaptic terminal [8, 11] (Fig. 2), have revealed a non-linear dependence 
of the release rate on [Ca2+]i with a slope of approximately 3–4 in plots with double- 
logarithmic coordinates, which resembles the relationship between the release rate 
and [Ca2+]o [4].

The reason why neurotransmitter release rate is supralinearly related to [Ca2+]i is 
not entirely clear. Several mechanisms have been suggested to explain the apparent 
Ca2+ cooperativity. One possible explanation is that the Ca2+ binding properties of 
synaptotagmin could be responsible for the cooperativity [12]. A minimal kinetic 
model, based on flash-photolysis data from the calyx of Held synapse, indicates that 
five identical Ca2+-binding steps are required before synaptic vesicle fusion [8, 11]. 
The total number of Ca2+ binding sites in synaptotagmin I matches the number of 
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Fig. 2 Relationship between Ca2+ concentration and neurotransmitter release rate in the calyx of 
Held and goldfish retinal bipolar cell presynaptic terminals. The graph shows that the rate of neu-
rotransmitter release is proportional to the fourth power of Ca2+ concentration and that the sensitiv-
ity to Ca2+ differs by approximately one order of magnitude between the two synapses. (The graph 
was generated from published figs [9, 11] using the Digitizer tool of Origin Pro software (OriginLab 
Corporation))

Ca2+ binding steps in this proposed Ca2+ binding kinetic model [12]. Additionally, 
Ca2+ cooperativity for the fast synchronous release component is eliminated in 
Drosophila synaptotagmin null or C2B domain-deletion mutants [13, 14]. Another 
explanation is that the apparent Ca2+ cooperativity may reflect the mean number of 
SNARE complexes that mediate a vesicle fusion, since SNARE complexes can 
form oligomers of 3–4 [15]. Another possibility is that SNARE proteins might be 
responsible for Ca2+ cooperativity, as mutations of either syntaxin 1A or synapto-
brevin reduces Ca2+ cooperativity at the Drosophila NMJ [16]. It is also possible 
that the overlapping of Ca2+ micro- or nanodomains at the active zone might contrib-
ute to the Ca2+ cooperativity [17], or that the saturation of cytoplasmic Ca2+ buffer(s) 
might contribute to the supralinearity [18]. Moreover, the function of presynaptic 
BK channels might affect the apparent Ca2+ cooperativity, as seen in analyses of 
neuromuscular transmission in wild-type and slo-1 (BK channel) mutants of 
Caenorhabditis elegans. In the slo-1 loss-of-function (lf) mutant, the apparent Ca2+ 
cooperativity is decreased because SLO-1 dysfunction increases neurotransmitter 
release at low but not high [Ca2+]o [19]. These proposed models suggest that the 
molecular basis of Ca2+ cooperativity is still poorly understood and may be attribut-
able to more than one mechanism.

The relationship between [Ca2+]i and neurotransmitter release rate can vary 
between different synapses, as illustrated by several examples. At some synapses, 
such as the squid giant synapse [17] and chick ciliary ganglion synapse [20], the 
apparent Ca2+ cooperativity is approximately 1, indicating a linear relationship 
between [Ca2+]i and release rate. At other synapses, including the excitatory synapse 
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between sensory afferent fibers and motoneurons in rat lumbar spinal cord [21] and 
the synapse between mossy fiber boutons and granule cells in rat cerebellum [22], 
the apparent Ca2+ cooperativity ranges from 1.2 to 1.6. In other cases, such as the rat 
calyx of Held synapse, activation of protein kinase C can change the apparent Ca2+ 
cooperativity from ~4 of the control level to ~3 [23]. The apparent Ca2+ cooperativ-
ity derived from evoked postsynaptic currents at the C. elegans NMJ is 2.1, which 
is reduced to 1.3 when the slo-1 BK channel is mutated (Fig. 3) [19]. Therefore, the 
relationship between [Ca2+]i and neurotransmitter release rate can be complex and 
vary between different synapses and between different experimental conditions.

Fig. 3 The apparent Ca2+ cooperativity is decreased in C. elegans slo-1 (BK channel) mutants. (a) 
The amplitude of evoked postsynaptic currents (ePSC) was significantly increased at the C. ele-
gans neuromuscular junction in a slo-1 null mutant at 250 or 500 μM but not 1 or 5 mM [Ca2+]o. 
The asterisk indicates a statistically significant difference compared with the wild-type (WT). This 
figure was adapted from reference [19]. (b) The same data as in (a) but plotted using logarithmic 
coordinates, showing that the apparent Ca2+ cooperativity, as indicated by the slope factor from a 
linear fit, was decreased in the slo-1 mutant. These findings suggest that SLO-1 plays a role in the 
regulation of synaptic transmission
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Another divalent cation that has been implicated in controlling neurotransmitter 
release under experimental conditions is Mg2+. However, unlike Ca2+, Mg2+ inhibits 
release. An increase in [Mg2+] reduces the Ca2+ sensitivity of neurotransmitter 
release [4]. It has been suggested that Mg2+ antagonizes the function of Ca2+ through 
competitive effects [21, 24], although the exact mechanism is unclear. One possibil-
ity is that Mg2+ blocks Ca2+ entry through membrane Ca2+ channels [25, 26]. In 
addition, Mg2+ has been shown to activate the BK channel when applied to the 
cytoplasmic side in inside-out membrane patches [27–29]. Because the BK channel 
is an important negative regulator of neurotransmitter release [30, 31] (also see 
Chapter “Regulation of Neurotransmitter Release by K+ Channels”), an increase in 
[Mg2+] could potentially downregulate neurotransmitter release via the BK channel. 
However, it should be noted that a relatively high [Mg2+]i is needed to activate the 
BK channel [28, 29], making it questionable whether [Mg2+]i can reach sufficiently 
high levels to regulate the function of presynaptic BK channels in neurons.

3  Ca2+ Concentrations Required for Neurotransmitter 
Release Vary from Synapse to Synapse

The fast phase of action potential-induced neurotransmitter release requires rela-
tively high concentrations of Ca2+. For example, at the squid giant synapse terminal, 
studies on the effects of intraterminally injected Ca2+ chelators with different affini-
ties suggest that several hundred micromolar [Ca2+] may be necessary to trigger 
neurotransmitter release [32]. Similarly, at the goldfish retinal bipolar neuron syn-
aptic terminal, Ca2+-uncaging experiments indicate that a minimum of ~10  μM 
[Ca2+] is required to initiate neurotransmitter release, and ~200 μM [Ca2+] is needed 
to achieve release at half maximal rate [9]. In permeabilized synaptosomes prepared 
from rat cerebral cortex, glutamate release has a threshold of ~50 μM [Ca2+], with 
half-maximal and maximal release occurring at 200–300  μM and 1  mM [Ca2+], 
respectively [33]. These findings suggest that action potential-evoked neurotrans-
mitter release at these synapses may require hundreds of micromolar [Ca2+]. 
However, at the calyx of Held glutamatergic terminal, Ca2+-uncaging experiments 
suggest that 10–25 μM [Ca2+] is sufficient to induce the peak release rate [34] or to 
mimic the release caused by action potentials [8, 11]. Thus, the concentration of 
Ca2+ required for fast neurotransmitter release can vary as much as one order of 
magnitude among different synapses (Fig. 2).

4  Ca2+ Forms High Concentration Domains 
at the Presynaptic Terminal

The increase in presynaptic [Ca2+]i following an action potential is typically small 
compared to the concentration required for fast neurotransmitter release, as evi-
denced by studies at the squid giant synapse, where presynaptic [Ca2+]i increases by 
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5 nM from a resting level of approximately 50–100 nM [17]. Therefore, the spa-
tially averaged [Ca2+]i following an action potential is much lower than that required 
for fast neurotransmitter release. Mathematical modeling from the 1980s suggests 
that [Ca2+]i does not change uniformly in response to action potentials but forms 
hemispheric high-concentration domains (<50 nm in radius) around the open Ca2+ 
channels [35–37]. These domains, resulting from the entry of Ca2+ through single 
channels, are known as Ca2+ nanodomains [35, 38] (Fig. 4) and typically peak within 
1 ms of channel opening, with [Ca2+] as high as a few hundred micromolar at the 
center of the domain but dropping rapidly with distance from the channel [37, 38]. 
Clustering of Ca2+ channels can lead to the formation of larger Ca2+ microdomains 
[35, 38] (Fig. 4). However, the terms “nanodomain” and “microdomain” are not 
always consistently defined. For example, Neher and colleagues use the term 
“nanodomain” to refer to elevated [Ca2+]i in the immediate vicinity (10–100 nm) of 
a few Ca2+ channels, and “microdomain” to refer to elevated [Ca2+]i within 1 μm of 
active zones [39].

The concentration of Ca2+ in Ca2+ microdomains has been assessed by analyzing 
“hot spots,” which are putative Ca2+ microdomains, in Ca2+ imaging experiments. At 
the presynaptic terminal of the squid giant synapse, [Ca2+] in the Ca2+ microdomain 
is 200–300  μM [40], which is consistent with estimates made by analyzing the 
inhibitory effects of different Ca2+-chelating agents on neurotransmitter release 
[32]. In contrast, at the presynaptic terminal of goldfish retinal bipolar cells, the Ca2+ 
microdomain has an average concentration of ~2 μM and a peak concentration of 
~7 μM at its center [41]. In addition to Ca2+ imaging techniques, presynaptic BK 
channel activity has been used to measure local [Ca2+] resulting from Ca2+ entry 
through VGCCs. This approach takes advantage of the Ca2+-dependent property of 
the BK channel and the physical colocalization of the BK channel with VGCCs at 
the presynaptic terminal. Analyses have shown that local [Ca2+] can exceed 100 μM 
at the presynaptic terminal of cultured Xenopus NMJ preparation [42]. The Ca2+ 
concentrations determined using the Ca2+ imaging and BK channel sensor 
approaches are consistent with those required to trigger fast neurotransmitter release 
at these synapses.

Fig. 4 Ca2+ accumulates at the inner mouth of voltage-sensitive Ca2+ channels to form Ca2+ 
nanodomains and microdomains. A Ca2+ nanodomain results from the opening of one Ca2+ chan-
nel, whereas a Ca2+ microdomain results from the opening of a cluster of Ca2+ channels [35, 196]
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The properties of Ca2+ microdomains at presynaptic terminals have been ana-
lyzed using various imaging techniques. At the presynaptic terminal of the squid 
giant synapse, n-aequorin-J imaging reveals that a stable set of quantum emission 
domains (QEDs) develop in response to sustained 10 Hz stimulation. These QEDs 
are 0.25 to 0.6 μm2 in size and have an average lifetime of 200 ms [40]. However, the 
measured lifetime of QEDs is longer than expected for the transient Ca2+ signal in 
the microdomain. This is likely due to technical limitations [40].

At the presynaptic terminal of a cultured frog NMJ preparation, low-affinity Ca2+ 
indicator Oregon Green 488 confocal imaging shows that action potentials induce 
spot-like fluorescent transients. The fluorescent spot peaks within ~1 ms, decays 
with one rapid (τ1 = 1.7 ms) and two slow components (τ2 = 16 ms, τ3 = 78 ms), 
and is 0.6–3.0 μm in full width at maximum [43]. Total internal reflection fluores-
cence microscopy (TIRFM) has also been adapted to measure Ca2+ signals in Ca2+ 
nano- or microdomains. This technique provides excellent spatial and temporal 
resolutions as fluorescent excitation is restricted to a thin (~100 nm) layer at the 
refractive boundary between the microscope cover glass and the cell [44]. Using 
TIRFM, fluorescent “hot spots” are observed near the plasma membrane at the pre-
synaptic terminal of goldfish bipolar neurons in response to membrane depolariza-
tion [45]. The fluorescent hot spot has two components, including a fast component 
that rises and declines abruptly with membrane depolarization and repolarization, 
and a slow component that rises steadily during depolarization and declines rather 
slowly after repolarization. Interestingly, the slow component is also observed out-
side of the fluorescent hot spots, suggesting that it likely reflects global cytoplasmic 
[Ca2+] changes that are also observed using standard fluorescence microscopy [46–
48]. Another study using TIRFM shows that depolarization generates Ca2+ microdo-
mains that appear within 20–40  ms and disappear within 20–40  ms in goldfish 
retinal bipolar cells [41].

The distance between Ca2+ nano- or microdomains and the Ca2+ sensor for syn-
aptic vesicle exocytosis is a topic of interest in neuroscience research. Electron 
microscopy tomography of frog NMJs has revealed that VGCCs are located only 
10–20 nm away from synaptic vesicles [49]. Mathematical modeling of the calyx of 
Held presynaptic site has suggested that the distance between synaptic vesicles and 
clusters of VGCCs ranges from 30 to 300 nm, with an average of about 100 nm [50].

To estimate the distance between Ca2+ channels and the Ca2+ sensor for exocyto-
sis, researchers often compare the inhibitory effects of the Ca2+-chelating agents 
BAPTA and EGTA on neurotransmitter release. Although BAPTA and EGTA have 
similar equilibrium affinities for Ca2+, BAPTA binds Ca2+ several hundred times 
faster than EGTA because EGTA, but not BAPTA, is protonated at physiological 
pH, and the bound protons must dissociate from EGTA prior to Ca2+ binding [51]. 
If the Ca2+ domain is hundreds of nanometers away from the Ca2+ sensor, both 
BAPTA and EGTA would inhibit neurotransmitter release. However, if the Ca2+ 
domain is tens of nanometers away from the Ca2+ sensor, only BAPTA would inhibit 
release [52].

There are two primary methods for determining whether the release of synaptic 
vesicles is regulated by Ca2+ nano- or microdomains. The first method involves 
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analyzing the effects of BAPTA and EGTA on neurotransmitter release [35]. If only 
BAPTA can inhibit the release, it is likely that the release is controlled by Ca2+ 
nanodomains. If both BAPTA and EGTA can inhibit the release, it is likely that the 
release is controlled by Ca2+ microdomains. This analysis has suggested that the 
release at squid giant synapse [53], goldfish retinal bipolar synapse [54, 55], and 
mature calyx of Held synapses [56] is controlled by Ca2+ nanodomains. In contrast, 
the release at immature calyx of Held synapses [56, 57], cortical pyramidal neurons 
[58, 59], and cerebellar parallel fiber-Purkinje cell synapse [60] is controlled by 
Ca2+ microdomains.

The second approach involves analyzing the relationship between the release 
rate and the number of functional Ca2+ channels or Ca2+ influx [38, 61]. If there is a 
linear relationship between the two, it suggests that the release is triggered by Ca2+ 
nanodomains. If there is a supralinear relationship, it suggests that the release is 
triggered by Ca2+ microdomains. Using this method, it has been suggested that the 
release at the squid giant synapse and chick ciliary synapse is mediated by Ca2+ 
nanodomains, while the release at the calyx of Held synapse is triggered by Ca2+ 
microdomains [61]. Growing evidence suggests that nanodomain coupling may be 
more prevalent than microdomain coupling in mammalian central neurons [52, 62–
64]. Nanodomain coupling can improve the accuracy of synaptic transmission [52, 
62]. For more information on nanodomain coupling, two excellent review articles 
are available [38, 52].

5  Voltage-Gated Ca2+ Channels Are the Primary Source 
of Ca2+ for Neurotransmitter Release

Neuronal VGCCs generally consist of four subunits: α1, β, α2, and δ [65]. The α2 and 
δ subunits are also collectively called the α2δ subunit because they are formed from 
cleavage of a single translational product. The α1 subunit is a large (190–250 kDa) 
transmembrane protein consisting of four repeat domains. The membrane topology 
of each repeat domain resembles that of the α subunit of a typical voltage-gated K+ 
channel, with six membrane-spanning segments (S1–S6), a P (pore) loop between 
S5 and S6, cytoplasmic amino and carboxyl terminals, and positively charged resi-
dues in the S4 segment. The δ subunit is also a membrane-associated protein with a 
single membrane-spanning domain. The β and α2 subunits have no integral mem-
brane spanning domains. The β subunit interacts with the intracellular loop between 
the first and second repeat domain of the α1 subunit, whereas the α2 subunit associ-
ates with the δ subunit on the extracellular side through a disulfide linkage. In skel-
etal muscle and some other tissues, VGCCs may include an additional γ subunit, 
which is an integral membrane protein with four membrane-spanning domains. The 
structures of CaV1.1, CaV2.2, and CaV3.1 channels have been determined by single-
particle cryo-electron microscopy (cryo-EM) [66–71], which provide major insights 
into the molecular architecture underlying their biophysical properties. A schematic 
diagram of one α1 with various auxiliary subunits is shown in Fig. 5.
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Fig. 5 Schematic diagrams showing the membrane topology and organization of voltage-gated 
Ca2+ channel (VGCC) subunits. (a) Membrane topology of Ca2+ channel subunits. The α1 subunit 
consists of four repeat domains (I, II, III, and IV). Each repeat domain has six membrane-spanning 
segments (S1–S6) with a P (pore) loop between S5 and S6. The β subunit interacts with the α1 
subunit at the intracellular loop between the first and second repeating domains. The δ subunit has 
a single membrane-spanning segment. The α2 subunit associates with the δ subunit through a disul-
fide linkage on the extracellular side. The γ subunit has four putative membrane-spanning seg-
ments. (b) Overall structure of a VGCC, which includes the α1, β, δ, and α2 subunits. (Created with 
BioRender.com)

Ca2+ channels are encoded by multiple genes and have diverse functional and 
pharmacological properties. Several methods have been used to classify Ca2+ chan-
nels. They are classified into high voltage-activated (HVA) and low voltage- activated 
(LVA) channels according to the degree of membrane depolarization needed for 
activation. LVA channels activate at a threshold of approximately −70 mV, whereas 
HVA channels activate at a threshold of approximately −20 mV [65].

Ca2+ channels are classified into L-, N-, P/Q-, R-, and T-types according to bio-
physical/pharmacological properties and tissue distribution. The L-type channel 
was named for its relatively large single channel conductance and long open dura-
tion (slow inactivation). The T-type channel was named for its tiny conductance and 
transient opening. The N-type channel was named because it was first identified in 
neurons. The P-type was first described in Purkinje cells. The Q-type was named 
because it was blocked by the same toxin that blocks the P-type (omega-agatoxin 
IVA) but with a lower sensitivity to the toxin and distinct inactivation kinetics, and 
because the letter “Q” follows “P” in the English alphabet. P- and Q-type channels 
are often collectively called the P/Q-type. The R-type was named for being resistant 
to organic calcium channel antagonists available at the time [65, 72, 73].

With the molecular cloning of the different subunits of Ca2+ channels, a nomen-
clature system based on compositions of the α1 subunit was introduced in 1994 [74]. 
The α1 subunit of skeletal muscle Ca2+ channels was named as α1S, and subsequently 
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cloned α1 subunits as α1A through α1E. However, this nomenclature system cannot 
conveniently accommodate newly identified Ca2+ channels and does not reflect the 
evolutionary relationship among the different α1 subunits. As a result, a new nomen-
clature system based on amino acid sequence was adopted in 2000 [75]. Ca2+ chan-
nels are named CaVx.y, where Ca indicates the principal permeating ion, v indicates 
the principal physiological regulator (voltage), and x is a numerical identifier of the 
α1 subunit subfamily, and y is a number indicating the order of discovery of the α1 
subunit within that subfamily. In this new nomenclature system, primary sequences 
of α1 subunits are greater than 70% identical within the same subfamily, but less 
than 40% between different subfamilies. It is worth noting that the α1 subunits of 
P- and Q-type channels are encoded by the same gene. The distinct biophysical and 
pharmacological properties of P- and Q-type channels are caused by different splice 
forms of the α1 subunit and different β subunits [72]. Table 1 shows the relationships 
among the different nomenclatures, and commonly used blockers specific to the 
Ca2+ channels.

Many studies have been conducted to identify Ca2+ channels that trigger neu-
rotransmitter release at presynaptic nerve terminals. They are generally identified 
by analyzing the effects of specific Ca2+ channel blockers on the amplitude of 
evoked postsynaptic currents or potentials, or on the amplitude or slope of field 
excitatory postsynaptic potentials. These analyses have revealed that CaV2.1 (P/Q- -
type) and CaV2.2 (N-type) channels play prominent roles in neurotransmitter release 
at many synapses, such as excitatory synapses in the hippocampus [76–79], inhibi-
tory synapses in the cerebellum and spinal cord [78], and dopaminergic synapses in 
the striatum [80]. At some synapses, only one type of channel appears to be respon-
sible for Ca2+ influx at the presynaptic terminal. For example, neurotransmitter 

Table 1 Classification of voltage-gated Ca2+ channels (VGCCs)

Activation
voltage

Pharmacological and 
biophysical properties

α1 Subunit
composition

α1 Subunit 
sequence

Most commonly used 
blockers

HVA L-type α1S CaV1.1 Dihydropyridine 
antagonistsα1C CaV1.2

α1D CaV1.3
α1F CaV1.4

P/Q-type α1A CaV2.1 ω-Agatoxin IVA
N-type α1B CaV2.2 ω-Conotoxin GVIA
R-type α1E CaV2.3 SNX-482

LVA T-type α1G CaV3.1 Mibefradil
α1H CaV3.2
α1I CaV3.3

This table was based on papers by Lacinova [65] and Catteralls et al. [72]
VGCCs are classified into high voltage-activated (HVA) and low voltage-activated (LVA) channels 
according to the degree of membrane depolarization needed for activation, into L-, P/Q-, N-, R-, 
and T-type channels according to biophysical and pharmacological properties, and tissue distribu-
tion, into α1S, α1A-I channels  according to the α1 subunit composition, and into CaV1.1–1.4, 
CaV2.1–2.3, and CaV3.1–3.3 according to the primary sequence of the α1 subunit
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release at mature NMJs is triggered by Ca2+ influx through CaV2.1 alone [81–85]. At 
other synapses, such as the glutamatergic synapse between hippocampal CA1 and 
CA3 neurons, neurotransmitter release is triggered by Ca2+ influx through both 
CaV2.1 and CaV2.2 [76]. At still other synapses, such as the calyx of Held synapse, 
CaV2.3 (R-type) as well as CaV2.1 and CaV2.2 channels contribute to the release 
[86]. Thus, members of the CaV2 subfamily play important roles in triggering neu-
rotransmitter release, but their relative contributions may vary from synapse to 
synapse.

CaV1 (L-type) and CaV3 (T-type) channels are generally not involved in Ca2+ 
influx at the presynaptic nerve terminal, although some unusual examples have been 
reported. For instance, at the presynaptic terminal of rat retinal bipolar cells, both 
CaV1 and CaV3 channels contribute to neurotransmitter release [87]. At the presyn-
aptic terminal of goldfish retinal bipolar cells, CaV1 appears to be exclusively 
responsible for mediating neurotransmitter release [88]. It is still unclear why CaV2 
channels are more suited to control neurotransmitter release than CaV1 and CaV3 
channels. One clue comes from analyses of the effects of exogenously introduced 
α1 subunits in the superior cervical ganglion (SCG). In SCG neurons, acetylcholine 
release is typically mediated by CaV2.2. However, when different α1 subunits were 
expressed in these neurons, CaV2.1 and CaV2.3 were localized to nerve terminals 
and could mediate synaptic transmission, whereas CaV1.2 showed no presynaptic 
localization and no effect on synaptic transmission [89]. Similarly, C. elegans cho-
linergic motor neurons expresses both UNC-2 (CaV2) and EGL-19(CaV1), which 
are located at the center and lateral areas of presynaptic sites, respectively [90]. 
Only UNC-2 is required for evoked neurotransmitter release although both channels 
contribute to minis [90, 91]. These results suggest that trafficking and localiza-
tion  to proper sites in nerve terminals may be a factor in determining whether a 
particular Ca2+ channel can contribute to neurotransmitter release.

The types of Ca2+ channels that facilitate neurotransmitter release at the presyn-
aptic terminal are regulated during development and can change when the predomi-
nant channel is mutated. For instance, at thalamic and cerebellar inhibitory synapses, 
immature neurons predominantly use CaV2.2 for neurotransmitter release, whereas 
mature neurons use CaV2.1 [92]. At the rat calyx of Held synapse, neurotransmitter 
release is triggered by Ca2+ influx through CaV2.1, CaV2.2, and CaV2.3 during post-
natal day 4–9 [86, 93]. However, contributions from CaV2.2 and CaV2.3 gradually 
decrease after postnatal day 7, and by postnatal day 10, CaV2.1 almost exclusively 
mediates the release [93]. Wild-type mouse NMJ primarily relies on CaV2.1 for 
neurotransmitter release [94]. However, in CaV2.1 knockout mice, CaV2.2 and 
CaV2.3 are involved in mediating neurotransmitter release at the NMJ [94]. Similarly, 
at the NMJ of tottering mice, which carry a mutation in the α1 subunit of CaV2.1, 
the predominant Ca2+ channels that mediate neurotransmitter release are CaV2.2 
and/or CaV2.3 [95, 96].

The developmental switch from CaV2.2 to CaV2.1 is potentially of physiological 
significance. In CaV2.1 knockout mice, paired-pulse facilitation, which is typically 
observed in wild-type synapses, is often absent at the calyx of Held synapse [97] 
and NMJ [94]. Moreover, synaptic depression in response to high-frequency 
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(100 Hz) stimulation is more severe in the knockout mice than in the wild-type [98]. 
Therefore, the developmental switch from CaV2.2 to CaV2.1 could enhance synaptic 
efficacy.

6  Ryanodine Receptor-Mediated Ca2+ Release Contributes 
to Neurotransmitter Release

The ER is a complex network that extends throughout the neuron, including the 
soma, dendrites, axons, and presynaptic terminals [90, 99–106]. Due to the vast 
amount of ER present in neurons, it has been suggested that the ER functions as a 
neuron-within-a-neuron [7]. The ER is a crucial intracellular Ca2+ store, and Ca2+ 
release from the ER is facilitated by two types of ionotropic receptors on the ER 
membrane: inositol 1,4,5-triphosphate receptor (InsP3R) and ryanodine receptor 
(RyR). The ER Ca2+ store is refilled by sarco(endo)plasmic reticulum Ca2+ ATPase 
(SERCA) pumps [6]. Although the ER contains a significant amount of Ca2+, the 
concentration of free Ca2+ is maintained within the range of 100–500 μM due to 
buffering by Ca2+-binding proteins [107]. Ca2+ release from the ER plays an essen-
tial role in presynaptic functions, particularly in the process of neurotransmitter 
release. In this subsection, the focus is on the role of RyRs in neurotransmitter 
release.

The RyR channel plays a critical role in mediating intracellular Ca2+ release. 
Structurally, the channel is composed of four subunits, each of which contains mul-
tiple transmembrane domains that interact with the ER membrane. The amino- 
terminal domain of the RyR protein is particularly large and interacts with various 
regulators, including Ca2+, ATP, caffeine, calstabin1 (FKBP12), calstabin2 
(FKBP12.6), calmodulin, and VGCCs. Cryo-EM studies have revealed the binding 
sites for some of these regulators [108–121], shedding light on the molecular mech-
anisms of RyR gating. There are three isoforms of the RyR protein (RyR1, RyR2, 
and RyR3) encoded by separate genes, with each isoform exhibiting distinct expres-
sion patterns in different cell types. Dysregulation of RyR activity has been linked 
to numerous pathologies, including cardiac arrhythmias, malignant hyperthermia, 
and neurodegenerative diseases.

The RyR channel can be activated by two different mechanisms: Ca2+-induced 
Ca2+ release (CICR) and depolarization-induced Ca2+ release (DICR) (Fig. 6a). In 
skeletal and cardiac muscles, RyR1 and RyR2 are the predominant isoforms, 
respectively. Skeletal muscle cells contain RyR1 in the sarcoplasmic reticulum (SR) 
membrane, which interacts with the plasma membrane’s dihydropyridine receptor 
(DHPR), CaV1.1, at the location of transverse tubules. Specifically, one RyR1 chan-
nel’s cytosolic domain interacts with four DHPRs (a tetrad) (Fig. 6b). In contrast, 
RyR2  in the heart is activated by CICR, which depends on Ca2+ influx through 
CaV1.2. Skeletal muscles also express RyR3 at a lower level, which is also activated 
by CICR. The physical interactions occur specifically between CaV1.1 and RyR1 

Roles and Sources of Calcium in Synaptic Exocytosis



152

Fig. 6 Ryanodine receptors (RyRs) may be activated by two different mechanisms: Ca2+-induced 
Ca2+ release (CICR) and depolarization-induced Ca2+ release (DICR). (a) Diagram depicting CICR 
and DICR. (b) In CICR, Ca2+ entering the cell through voltage-gated Ca2+ channels (VGCCs) 
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[121–126]. The interactions are mediated by CaV1.1’s intracellular loop between the 
III and IV repeat domains and RyR1 cytosolic “feet” [121–126] (Fig. 6b). The acti-
vation of RyR1 is coupled to the depolarization-induced conformational changes of 
DHPRs rather than DHPR-mediated Ca2+ influx.

RyR channels, regardless of their isoform, can be activated by Ca2+-induced Ca2+ 
release (CICR) but their sensitivities to Ca2+ can vary. The effects of Ca2+ on RyR 
activity depend on its concentration, as it can either activate or inhibit the channels. 
RyRs are typically activated by lower concentrations of Ca2+, while higher concen-
trations tend to inhibit their activity. This is likely due to Ca2+ binding to different 
sites with varying affinities within the channels (Fig. 6b). Further detailed explana-
tions of the theories behind CICR and DICR are available in a review article by 
Eduardo Rios [127].

All three RyR isoforms are expressed in mammalian brains. Analysis of RyR 
expression in brain tissues from several mammalian species indicates that (1) RyRs 
are expressed in neurons throughout the brain; (2) the three different RyR isoforms 
are differentially expressed in brain tissues; (3) a specific brain area often expresses 
more than one RyR isoform; and (4) RyR2 is the predominant isoform in most brain 
areas [128–135] (see also https://mouse.brain- map.org/). For example, mRNAs of 
all three RyR isoforms are detected in the mouse hippocampus, with RyR2 being 
the most abundant [129, 135, 136].

Only a limited number of studies have examined the molecular mechanisms 
underlying RyR activation in neurons. While it is widely accepted that neuronal 
RyRs are activated via CICR [7, 137], there is also evidence to support the occur-
rence of DICR in neurons. For example, depolarization of mouse hypothalamic 
magnocellular neurons has been shown to increase the frequency of RyR-mediated 
Ca2+ syntillas (brief focal Ca2+ transients) at presynaptic terminals where RyR1 
expression is detected, even in the absence of extracellular Ca2+. This effect can be 
blocked by nifedipine, a DHPR antagonist, indicating that membrane depolariza-
tion may trigger RyR-mediated Ca2+ release from the ER through coupling between 
a VGCC and RyR1 [138]. Similarly, in the hypothalamic neurohypophysial system, 
depolarization has been found to induce ER Ca2+ release and neuropeptide secretion 
even in the absence of extracellular Ca2+, and these effects can be antagonized by 
nifedipine, ryanodine, or BAPTA-AM, suggesting that direct coupling between 
CaV1 and RyRs can trigger ER Ca2+ release [139]. In the rat hippocampus, CaV1.3 
and RyR2 colocalize and physically interact. Acute depolarization of hippocampal 
neurons by a high [K+]o (60 mM) led to RyR-dependent Ca2+ release even in the 
absence of Ca2+ in the extracellular solution [140]. Taken together, these findings 

Fig. 6 (continued) activate the RyR by binding to an activation module of the receptor. Adapted 
from reference [116]. The open probability (Popen) of RyRs consisting of RyR1, RyR2, or RyR3 all 
exhibit bidirectional responses to elevating Ca2+ concentrations but differ in their Ca2+ sensitivity. 
(c) In DICR, depolarization-induced conformational changes of VGCCs activate the RyR through 
physical interactions with the receptor. The intracellular loop between the II and III repeat domains 
of a VGCC physically interacts with the cytosolic domain of a RyR, and each RyR channel inter-
acts with 4 VGCCs. (Created with BioRender.com except the right panel in (b), which was adapted 
from reference [127])
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suggest that both DICR and CICR may occur in neurons, and that DICR is not 
exclusively mediated by coupling between CaV1.1 and RyR1, as concluded from 
studies with skeletal and cardiac muscles.

Presynaptic RyRs have been shown to play a role in regulating the frequency and 
amplitude of miniature postsynaptic currents (minis). For example, in the rat cere-
bellum, the frequency of inhibitory minis recorded from Purkinje cells was increased 
by 10 μM ryanodine but decreased by 100 μM ryanodine. The higher concentration 
of ryanodine also reduced the proportion of large-amplitude minis whereas the 
lower concentration of ryanodine showed no effect on the amplitude [141]. These 
opposite effects were attributed to activation and blockade of RyRs, respectively 
[141], because ryanodine can lock RyR in a sub-conductance state at submicromo-
lar or low micromolar concentrations but block it at high micromolar concentrations 
[142]. In the rat hippocampus, nicotine increased the frequency of glutamatergic 
minis and the fraction of large-amplitude events. These effects were mimicked by 
the RyR activator caffeine but blocked by 100 μM ryanodine [143]. At the C. ele-
gans NMJ, presynaptic RyRs were found to be important  for the occurrence of 
minis. Null mutants of unc-68, which encodes the only RyR of C. elegans, showed 
greatly reduced mini frequency and essentially no large-amplitude events, while 
postsynaptic receptor sensitivities to acetylcholine and GABA remained normal 
[144]. A more recent study suggested that minis at the C. elegans NMJ depend on 
two different VGCCs, UNC-2 (a CaV2) and EGL-19 (a CaV1), and that EGL-19 
functions through UNC-68 [90]. Taken together, these findings indicate that presyn-
aptic RyRs can increase the frequency of minis and promote the occurrence of 
large-amplitude events.

Minis are generally thought to result from sporadic exocytosis of individual syn-
aptic vesicles. The amplitude of minis could potentially be affected by a variety of 
factors. How might presynaptic RyRs increase the occurrence of large-amplitude 
minis? One hypothesis is that presynaptic RyRs may promote synchronized multi-
vesicular exocytosis. This hypothesis was mainly based on the results of two stud-
ies. In one study [141], large-amplitude minis were thought to be due to multivesicular 
release because their proportion could be reduced by prolonged exposure to a Ca2+-
free extracellular solution. In the other study [143], a similar conclusion was reached 
because a positive correlation was observed between the rise time and mean ampli-
tude of minis. It was reasoned that when multiple synaptic vesicles exocytose at the 
same time, a lack of absolute synchrony would result in an increased rise time. An 
alternative hypothesis is that presynaptic RyRs may increase the quantal size (the 
amount of neurotransmitter released from a vesicle in a single exocytotic event). 
This hypothesis was mainly based on analyses of synaptic transmission at the 
C. elegans NMJ, where large-amplitude minis are essentially eliminated by null 
mutations of the RyR gene unc-68 [144]. Several lines of evidence suggest that 
RyR-dependent large-amplitude minis at the C. elegans NMJ were not due to mul-
tivesicular release [144]. First, the proportion of large-amplitude events did not 
decrease in syntaxin or SNAP25 mutants, which are severely defective in synchro-
nizing synaptic vesicle exocytosis. Second, the rise time of minis was constant 
regardless of the amplitude. Third, the proportion of large-amplitude events did not 
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decrease when [Ca2+]o was changed from 5 mM to zero [144]. Given the existence 
of these two competing hypotheses, further studies are needed to determine whether 
RyR-mediated large-amplitude minis are mono- or multiquantal, and whether this 
property varies from synapse to synapse.

Presynaptic RyRs are important for evoked neurotransmitter release and synaptic 
plasticity. At the C. elegans NMJ, the amplitude of evoked postsynaptic currents 
decreased by 40–50% in unc-68 null mutants compared to wild-type, and this defect 
was rescued by expressing a wild-type unc-68 transgene in neurons but not muscle 
cells [144, 145]. At inhibitory synapses between cerebellar basket and Purkinje neu-
rons, the mean amplitude of evoked inhibitory postsynaptic currents decreased by 
~30% when RyRs were blocked with ryanodine, and this effect appeared to be pre-
synaptic because ryanodine also increased the paired-pulse ratio of the evoked 
responses [146]. In the presynaptic terminal of hippocampal pyramidal neurons, 
blocking RyRs with ryanodine inhibited paired-pulse facilitation of evoked EPSCs, 
suggesting a role for presynaptic RyRs in short-term synaptic plasticity [147]. At 
mossy fiber terminals in the hippocampus, blocking RyRs with the ryanodine recep-
tor blocker TMB-8 reduced presynaptic Ca2+ accumulation and short-term synaptic 
depression caused by repetitive nerve stimuli. Immunohistochemistry showed that 
RyR2 is preferentially localized to the axons of hippocampal mossy fibers. These 
findings suggest that axonal RyR2 enables use-dependent Ca2+ release to facilitate 
presynaptic forms of synaptic plasticity at the mossy fiber-CA3 synapse [148]. At 
excitatory synapses between hippocampal CA3 neurons, blocking RyRs with 
ryanodine during the induction period but not afterward abolished NMDA receptor- 
dependent long-term depression (LTD), suggesting that presynaptic RyR-sensitive 
stores are required for LTD induction but not expression [149]. At frog motor termi-
nals, conditioning nerve stimulation (10–20 Hz for 2–10 min) enhanced the ampli-
tude and quantal content of end-plate potentials, and this effect of stimulation can 
be prevented by blocking RyRs with ryanodine [150].

The function of RyRs in regulating presynaptic Ca2+ signaling has been investi-
gated through Ca2+ imaging in several studies. Using two-photon laser scanning 
fluorescence microscopy with Oregon Green-1, it was found that ryanodine 
(100 μM) inhibited AP-evoked Ca2+ transients by approximately 50% at the presyn-
aptic terminal of rat cerebellar basket cells [141]. Confocal laser scanning micros-
copy with Oregon Green 488 BAPTA-1 demonstrated that ryanodine (20  μM) 
inhibited paired-pulse facilitation of Ca2+ transients at presynaptic boutons of hip-
pocampal CA3 neurons [147]. Ca2+ imaging using fluo-3 and a signal mass approach 
showed that 10 μM ryanodine increased the frequency of syntillas, while 100 μM 
ryanodine decreased it at isolated mouse hypothalamic magnocellular nerve termi-
nals [151]. Additionally, Ca2+ imaging by expressing GCaMP6 in C. elegans motor 
neurons showed that knockdown of the RyR gene unc-68 reduced the frequency of 
Ca2+ transients [145]. These findings support the notion that presynaptic RyRs play 
a critical role in mobilizing Ca2+.

The importance of RyRs in regulating neurotransmitter release is also demon-
strated by the effects of mutations of proteins that regulate RyR function or expres-
sion. In mice, the conditional double knockout (cDKO) of presenilin 1 and presenilin 
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2, which are γ-secretases implicated in the generation of amyloid β peptides from an 
amyloid precursor protein, in presynaptic (CA3) but not postsynaptic (CA1) neu-
rons in the hippocampal Schaeffer collateral pathway inhibits short-term synaptic 
facilitation and glutamate release. Blockade of RyRs with ryanodine (100  μM) 
mimics the defect of presynaptic cDKO in synaptic facilitation [152]. The presyn-
aptic effects of cDKO are mainly due to reduced RyR protein expression [135]. 
Additionally, conditional knockout of ATG5, a protein essential to autophagy, aug-
ments evoked field excitatory postsynaptic potentials, caffeine-induced elevation of 
[Ca2+]i in axons and presynapses, an action potential train-induced exocytosis, and 
RyR protein level in hippocampal neurons. The effects of ATG5 knockout on exo-
cytosis can be eliminated by either dantrolene (an RyR antagonist) or RyR knock-
down. These results suggest that knockout of ATG5 augments neurotransmitter 
release by increasing RyR expression [153]. In C. elegans, a hypomorphic mutation 
of aipr-1, which encodes an ortholog of human aryl hydrocarbon receptor- interacting 
protein (AIP), causes great increases in the frequency and amplitude of minis and in 
the amplitude of evoked postsynaptic currents at the NMJ. The effects of the aipr-1 
mutation may be eliminated by targeted expression of wild-type AIPR-1 in neurons 
but not muscle cells and occluded by a null mutation of the RyR gene unc-68. These 
findings suggest that a physiological function of AIPR-1 is to restrict RyR-mediated 
Ca2+ release from the ER [145].

Despite the evidence presented above, the role of presynaptic RyRs in control-
ling neurotransmitter release remains unclear for several reasons. Firstly, certain 
studies have demonstrated that the blockage of RyRs has little to no impact on 
synaptic transmission [154–157]. Secondly, the effect of ryanodine on neurotrans-
mitter release often exhibits high variability even in studies claiming that presynap-
tic RyRs play a role in spontaneous or evoked release. For instance, in a study 
involving the application of ryanodine (10 μM), the frequency of inhibitory minis 
increased in only 4 out of 10 rat cerebellar Purkinje neurons [141] and 4 out of 12 
mouse cerebellar Purkinje neurons [154]. Additionally, ryanodine (100 μM) showed 
a highly variable and often weak effect on evoked neurotransmitter release from rat 
cerebellar basket cell terminals [146]. Thirdly, while the use of 100 μM ryanodine 
to inhibit RyRs reduced the proportion of large-amplitude minis at cerebellar inhibi-
tory synapses, the use of 10 μM ryanodine to activate RyRs did not demonstrate an 
opposite effect [141]. Finally, ryanodine has been used as a key pharmacological 
tool in the majority of previous studies. However, ryanodine is a bidirectional mod-
ulator of RyRs with poorly defined concentration boundaries for activation and inhi-
bition. For instance, 10–20 μM ryanodine has been used either to activate [141, 143, 
154] or to block [147, 150, 155, 158] RyRs. Thus, additional analyses involving 
more specific pharmacological agents or RyR mutants are necessary to better under-
stand the function of presynaptic RyRs in neurotransmitter release.

The function of presynaptic inositol 1,4,5-trisphosphate receptors (InsP3Rs) in 
neurotransmitter release is much less understood. The InsP3R is activated by InsP3, 
and its sensitivity to InsP3 is enhanced by Ca2+ [7]. In the rat barrel cortex, blockage 
of InsP3Rs using 2-aminoethoxydiphenylborane resulted in a reduced frequency of 
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minis recorded from layer II pyramidal neurons [158]. However, at the C. elegans 
NMJ, synaptic transmission appeared normal in a hypomorphic mutant of itr-1, 
which encodes the only InsP3R of C. elegans [144].

7  Presynaptic Mitochondria May Play a Role in Sustained 
Neurotransmitter Release

Mitochondria are highly concentrated at the presynaptic nerve terminal and serve at 
least two critical functions. First, they provide the energy needed by the presynaptic 
nerve terminal, which may account for up to 10% of the total energy required for 
neuronal signaling [159]. Second, they may regulate neurotransmitter release by 
modulating [Ca2+]i at the presynaptic nerve terminal.

The interior of the mitochondrion is approximately 200 mV more negative than 
the exterior, creating a significant driving force for Ca2+ influx. Ca2+ may enter the 
mitochondrion through undefined uniporters in the inner membrane and exit through 
Na+/Ca2+ and H+/Ca2+ antiporters [160]. During sustained high-frequency nerve 
stimulation, the concentration of Ca2+ inside the mitochondrion ([Ca2+]m) increases 
due to enhanced uptake activity. There is ongoing debate about the levels that 
[Ca2+]m can rise to, with estimates ranging from as low as a few micromolar to sev-
eral hundred micromolar [160]. Ca2+ uptake into the mitochondria may occur even 
when the cytoplasmic [Ca2+] is as low as a few hundred nanomolar [161, 162].

The role of presynaptic mitochondria in neurotransmitter release has been exam-
ined in various synapses using pharmacological agents that depolarize the mito-
chondrial membrane or inhibit the uniporter. These analyses suggest that presynaptic 
mitochondria serve several functions in synaptic transmission. Firstly, they may 
accelerate recovery from short-term presynaptic depression. At the rat calyx of Held 
synapse, a train of stimuli at 200  Hz leads to synaptic depression, indicated by 
diminishing amplitudes of EPSCs. Following a resting period of 500 ms, the ampli-
tude of EPSCs in response to a single stimulus recovered to ~80% of the first EPSC 
in the train. However, pharmacological agents that depolarize the mitochondria or 
inhibit the uniporter resulted in reduced EPSC amplitude recovery due to deficient 
mitochondrial Ca2+ sequestration [163]. Secondly, presynaptic mitochondria may 
alleviate synaptic depression in response to sustained nerve stimulation. At the liz-
ard NMJ, the amplitude of end-plate potentials gradually decreases in response to a 
train of 500 stimuli at 50 Hz. Treatments that depolarize the mitochondria aggra-
vated synaptic depression [164]. Thirdly, mitochondria may contribute to post-
tetanic potentiation. At the crayfish NMJ, tetanus stimulation of the motor axon for 
7–10 min at 20–33 Hz potentiated subsequent responses to nerve stimulation, which 
were blocked by pharmacological perturbation of mitochondrial Ca2+ handling 
[165]. These observations suggest that the regulation of Ca2+ by mitochondria may 
be essential in controlling neurotransmitter release during sustained nerve 
stimulation.
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8  Are Minis Ca2+-Dependent?

Traditionally, minis were considered as elementary events of action potential- 
evoked neurotransmitter release with no physiological significance, resulting from 
the full-collapse fusion of individual synaptic vesicles. However, over the past two 
decades, our understanding of minis has significantly progressed with several nota-
ble advances. First, minis may also occur through kiss-and-run exocytosis, where 
the release of neurotransmitters in the synaptic vesicle may be partial (Chapter 
“Multiple modes of fusion and retrieval at the calyx of Held synapse”). Second, 
minis may be essential for several important physiological functions, such as post-
synaptic receptor clustering [166], modulation of NMDA receptor subunit composi-
tion during development [167], regulation of dendritic protein synthesis [168, 169], 
maintenance of dendritic spines [170], and action potential firing [143, 171]. Third, 
minis appear to be different from evoked responses in various ways: minis and 
evoked responses could result from the release of distinct populations of synaptic 
vesicles [172]; they could depend on the function of different synaptotagmins, with 
synaptotagmins 1 and 2 being important for evoked neurotransmitter release [12, 
173, 174], and synaptotagmin 12, which does not bind Ca2+, being important for 
minis [175]; minis and evoked responses might be mediated by different Ca2+ chan-
nels in the plasma membrane [176–178]; and they are differentially affected by 
mutations of synaptobrevin [179], SNAP25 [144, 180], and synaptotagmins [173, 
174, 181]. At the C. elegans NMJ, with respect of VGCCs, evoked neurotransmitter 
release is mediated by Ca2+ entry through UNC-2, a Cav2 channel, while minis 
depend on Ca2+ entry through both UNC-2 and EGL-19, a Cav1 channel [91]. Time- 
resolved “flash-and-freeze” electron microscopy, fluorescence microscopy, and 
electrophysiology analyses indicate that UNC-2 and EGL-19 act on two spatially 
distinct pools of synaptic vesicles, including a central pool dependent on UNC-2 
and a lateral pool dependent on EGL-19 and RyRs [90].

Despite the physiological significance of minis and their utility in analyzing syn-
aptic transmission, it remains unclear whether the occurrence of minis is dependent 
on Ca2+. Scientific literature often refers to minis as “Ca2+-independent” events 
because they can occur in the presence of Ca2+-free or nominally Ca2+-free extracel-
lular solutions. However, it is important to note that a significant amount of Ca2+ 
may be present in the water used to create nominally Ca2+-free solutions, and RyR- 
mediated Ca2+ release from the ER may contribute to the generation of minis. 
Therefore, the term “Ca2+-independence” may be not an accurate description of 
minis. In fact, there is no compelling evidence to suggest that minis can occur in the 
complete absence of Ca2+, with the possible exceptions of minis induced by hyper-
tonic solutions [182] and α-latrotoxin [183, 184].

The roles of extracellular Ca2+ and RyRs in minis have been examined in several 
previous studies. Extracellular Ca2+ appears to play a varying role in minis across 
different synapses. For instance, reducing [Ca2+]o from 5 mM to zero in the presence 
of 5 mM EGTA resulted in an approximate 80% decrease in the frequency of minis 
at the C. elegans NMJ [144, 185]. Conversely, the application of ionomycin, a Ca2+ 
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ionophore, increased the frequencies of both excitatory and inhibitory minis in hip-
pocampal brain slices [184]. These observations suggest that Ca2+ influx may induce 
minis. However, in several synapses investigated, the application of the Ca2+ chan-
nel blocker cadmium or a Ca2+-free solution did not affect the frequency of minis 
[186–190], indicating that Ca2+ influx may not trigger minis. At the frog NMJ, 
changing [Ca2+]o showed varying effects on the frequency of minis [191].

Similarly, manipulating the function of RyRs produced varying effects on minis. 
Blocking RyRs with ryanodine (20–100  μM) decreased the frequency of minis 
recorded from rat barrel cortex layer II pyramidal neurons [158], cerebellar Purkinje 
neurons [141], and hippocampal CA3 neurons [143]. On the other hand, activating 
RyRs with caffeine or ryanodine (10 μM) increased the frequency of minis recorded 
from pyramidal [158] and Purkinje [141] neurons. These observations suggest that 
RyR-mediated Ca2+ release from the ER is significant to minis. However, blocking 
RyRs with ryanodine (30 or 100 μM) did not exhibit a significant effect on the fre-
quencies of glycinergic minis in rat auditory brainstem nuclei [156] and GABAergic 
minis in rat hippocampus [157], indicating that RyRs do not mediate minis at these 
synapses.

It is not clear why manipulations of [Ca2+]o and RyR function have different 
effects on minis at different synapses. The results presented above do not provide 
enough evidence to tell whether Ca2+ is necessary for minis because some minis 
persisted when either [Ca2+]o or RyR function was removed or blocked. One study 
has investigated the combined effects of a Ca2+-free extracellular solution and RyR 
dysfunction on synaptic transmission in C. elegans. The study found that a null 
mutation of the RyR gene unc-68 decreased the frequency of minis by more than 
75% at the NMJ in the presence of 5 mM [Ca2+]o, and applying a Ca2+-free extracel-
lular solution almost completely eliminated the remaining minis [144]. Another 
study showed that minis at the C. elegans NMJ are essentially abolished by com-
bined deficiencies of UNC-2 (CaV2) and EGL-19 (CaV1) even in the presence of 
extracellular Ca2+ (0.5 mM) [90]. These results suggest that Ca2+ may be necessary 
for minis, and that Ca2+ influx and RyR-mediated Ca2+ release are the only sources 
of Ca2+ that trigger synaptic exocytosis at the C. elegans NMJ.

If it is true that Ca2+ is required for the occurrence of minis, then the application 
of fast Ca2+ chelators such as BAPTA-AM might be able to eliminate all minis. 
However, in previous studies, BAPTA-AM had no effect on the frequency of minis 
at inhibitory synapses in rat auditory brainstem nuclei [156], excitatory synapses in 
cultured rat hippocampal neurons [192], and dorsolateral periaqueductal gray neu-
rons of rats [193]. At other synapses, such as the mouse calyx of Held synapse and 
NMJ and rat barrel cortex layer II pyramidal neurons, a Ca2+-free extracellular solu-
tion containing BAPTA-AM was able to significantly reduce the frequency of minis 
but not eliminate them [158, 174]. These observations suggest that either Ca2+ is not 
essential to minis at these synapses or that a very tight functional coupling exists 
between Ca2+ channels or RyRs and the Ca2+ sensor of synaptic exocytosis. 
Therefore, it may be useful to investigate the combined effects of a Ca2+-free extra-
cellular solution and RyR mutation on the frequency of minis in other systems to 
determine whether the findings from C. elegans are applicable to other synapses.
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Regulation of Presynaptic Calcium 
Channels

Pengyu Zong and Lixia Yue

Abstract Voltage-gated calcium channels (VGCCs), especially Cav2.1 and Cav2.2, 
are the major mediators of Ca2+ influx at the presynaptic membrane in response to 
neuron excitation, thereby exerting a predominant control on synaptic transmission. 
To guarantee the timely and precise release of neurotransmitters at synapses, the 
activity of presynaptic VGCCs is tightly regulated by a variety of factors, including 
auxiliary subunits, membrane potential, G protein-coupled receptors (GPCRs), 
calmodulin (CaM), Ca2+-binding proteins (CaBP), protein kinases, various interact-
ing proteins, alternative splicing events, and genetic variations.

Keywords Voltage-gated Ca2+ channel · Calmodulin · G protein-coupled receptor 
· GPCR · Phosphatidylinositol 4,5-bisphosphate · PIP2 · Ca2+-binding protein · 
CaBP · Protein kinase · Alternative splicing · Channelopathy

1  Introduction

Ca2+ influx through the presynaptic membrane is required for neurotransmitter 
release [1] and critical for strengthening presynaptic plasticity [2]. A variety of 
Ca2+-permeable ion channels have been identified in the presynaptic plasma mem-
brane, including N-methyl-D-aspartate (NMDA) glutamate receptors [3], kainate 
glutamate receptors [4], transient receptor potential (TRP) channels [5], and voltage- 
gated Ca2+ channels (VGCCs) [6]. Interestingly, in some primitive invertebrates, 
apparent sodium channels at presynaptic sites are actually permeable to Ca2+ [7]. 
Among all these Ca2+-permeable channels, Ca2+ influx mediated by VGCCs is indis-
pensable for the most fundamental and important function of the presynaptic 
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Fig. 1 VGCCs and synaptic transmission. There are three key steps for neurotransmitter release at 
presynaptic membrane. Step 1: The action potential following neuron excitation is transmitted to 
the presynaptic membrane by voltage-gate sodium channels. Step 2: The sodium influx depolarizes 
the presynaptic membrane, which leads to the activation of VGCCs and subsequent Ca2+ influx into 
the axon terminal. Step 3: Increase of intracellular Ca2+ triggers neurotransmitter release from the 
vesicles

membrane: release of neurotransmitters [1] (Fig. 1). The regulation of VGCCs at 
presynaptic membranes has been extensively studied. In this chapter, we focus on 
reviewing and discussing studies on the regulation of presynaptic VGCCs.

2  The Discovery History of VGCCs

The physiological function of Ca2+ was first discovered in 1883 by Ringer, who 
found that the Ca2+ ion in the blood was indispensable for cardiac contraction [8]. 
The crucial role of Ca2+ in mediating neurotransmitter release in the nervous system 
was first documented by Katz and Miledi [9] in 1967. In the same year, Reuter 
recorded Ca2+ currents in Purkinje cells from the heart [10]. The study of Ca2+ chan-
nels got a boost in 1970s thanks to the discovery and development of various Ca2+ 
channel blockers, most notably dihydropyridines (DHPs). In 1982, one century after 
the first discovery of the physiological role of Ca2+ in cellular functions, Fenwick 
succeeded in recording single-channel Ca2+ currents in bovine chromaffin cells, 
confirming the presence of Ca2+ channels [11]. The neuronal Ca2+ channels were 
demonstrated in 1984 when Carbone recorded low voltage-activated Ca2+ currents 
in the dorsal root ganglion cells (DRGs) of rats and chickens [12]. Ca2+ currents 
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recorded in DRGs were later classified into several types based on their biophysical 
and pharmacological characteristics.

In 1985, Fedulova found that there are two different types of Ca2+ currents in 
neonatal rat DRGs, one is large and long-lasting activated by strong depolarization 
and the other is tiny and transient activated by weak depolarization [13]. Thus, the 
former was named the L-type Ca2+ channel and the latter was named the T-type Ca2+ 
channel. In the same year, Nowycky demonstrated a third type of Ca2+ current in 
chicken DRGs, characterized by relief of inactivation at a lower (more negative) 
membrane potential compared to the L-type, but with activation by stronger depo-
larization compared to the T-type [14, 15]. The distinctive properties of this third 
type of Ca2+ channel led to the name of the N-type (neither L nor T) [14]. The 
N-type Ca2+ channel appears to be predominately expressed in neuronal cells (N) 
[16]. In 1987, ω-conotoxin GVIA, a toxin from the marine snail Conus geographus, 
was identified as a specific blocker for N-type Ca2+ channels [16, 17]. In 1989, 
Llinas observed a new type of Ca2+ current in cerebellar Purkinje cells, which could 
not be blocked by either DHPs or ω-conotoxin GVIA and was named the P-type 
because of its first discovery in the Purkinje cells. In 1992, a toxin from the American 
funnel web spider, ω-agatoxin IVA, was found to specifically block the P-type Ca2+ 
current [18]. In 1995, Pearson and Randfall observed another type of Ca2+ current in 
rat cerebellar granule cells, which could be inhibited by the P-type current blocker 
ω-agatoxin IVA, but its kinetics was different from that of the P-type [19, 20]. This 
new current was named the Q-type, although it was later found that the P-type and 
the Q-type are from two different isoforms of the same channel (Cav2.2) [21]. In the 
same study, Randfall also identified a novel type of Ca2+ current resistant to all the 
available Ca2+ channel blockers at that time, which was named the R-type [20]. 
Later, a toxin from the hair spider Hysterocrates gigas, SNX-482, was found to be 
a selective inhibitor of the R-type Ca2+ channel [22].

Based on the membrane potentials required for their activation, VGCCs are 
divided into two classes, high-voltage activated (HVA) and low-voltage activated 
(LVA) [23] channels (Fig. 2a). HVA channels, including the L-type, N-type, P/Q- -
type, and R-type, require strong depolarization for activation, whereas LVA chan-
nels, including only the T-type, can be activated at less depolarized membrane 
voltages [23]. The LVA channels typically have a small single-channel conductance 
(8–12 pS) [24, 25], whereas the HVA channels generally display larger single- 
channel conductance (15–25 pS) [26, 27]. In 2000, a nomenclature system for 
VGCCs was introduced based on the discovery times of the pore-forming subunit 
genes and sequence homology (see details below) [28]. The L-type VGCCs were 
named Cav1, the T-type VGCCs Cav3, and the non-L- and non-T-type VGCCs Cav2 
(Fig. 2a) [29].

L-type Ca2+ channels are well known for their roles in regulating muscle (skele-
tal, smooth, and cardiac) contraction, gene expression, and hormone secretion [30]. 
Some members of the L-type Ca2+ channels are also involved in tonic and slow 
neurotransmitter release from presynaptic sites in the auditory [31] and visual sys-
tems [32] and the release of catecholamine from chromaffin cells [33]. N-type and 
P/Q-type Ca2+ channels are critical to fast synaptic transmission and presynaptic 

Regulation of Presynaptic Calcium Channels



174

Fig. 2 Classification and compositions of VGCCs. (a) Classification and dendrogram of VGCCs 
based on the α1 subunits. VGCCs are divided into high-voltage activated (HVA) and low-voltage 
activated (LVA) groups. The former is further divided into two families (Cav1 and Cav2), whereas 
the latter has only one family (Cav3). The VGCCs were also given other names based on either their 
biophysical and pharmacological properties (L-type, P/Q-type, N-type, R-type, and T-type) or the 
tissues where they were first identified (S/skeletal; C/cardiac) and the order of their discoveries (A, 
B, D, E, F, G, H, I). (b) Diagram of VGCC subunit compositions. (c) Diagram of membrane 
topologies of VGCC subunits and interacting proteins. The α1 subunit consists of four repeat 
domains (I–IV) with each having six transmembrane helices (TM1–6). It contains several func-
tionally important domains and motifs, including an alpha interaction domain (AID) that binds to 
the guanylate kinase (GK) and Src homology 3 (SH3) domains of the β subunit, a synprint motif 
that may bind to a variety of active zone proteins and allow phosphorylation by protein kinas C 
(PKC) and Ca2+/calmodulin-dependent protein kinase II (CaMKII), an IQ motif and a CBD motif 
that bind to calmodulin. The δ subunit is anchored to the cell membrane by a glycosylphosphati-
dylinositol (GPI), whereas the α2 subunit associates with the membrane through four disulfate 
bonds with the δ subunit. The transmembrane γ subunit has four transmembrane helices and inter-
acts with domain IV of the α1 subunit of the Cav1.1 family

plasticity in the nervous system [34]. T-type Ca2+ channels regulate neuronal excit-
ability and are required for oscillatory activities in excitable cells, including neurons 
regulating the sleep cycle and cardiac cells serving as pacemakers [35]. Interestingly, 
some T-type Ca2+ channels are also critical to catecholamine release from chromaf-
fin cells [36] and neurotransmitter release from some specific cells in the retina [37], 
olfactory bulb [38], DRG, and hippocampus [39, 40].
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3  Classification of VGCCs

VGCCs translate membrane depolarization into Ca2+ entry, thereby influencing vir-
tually almost all aspects of cellular functions, including determining cellular excit-
ability and coupling cellular electrical activities to various fundamental cellular 
functions such as muscle contractions, neurotransmitter release and hormone secre-
tion, intracellular signaling pathways (e.g., the CaMKII signaling pathway), and 
gene expression regulation [41]. VGCCs play a critical role in the evolution of 
organisms [42]. There are 10 VGCCs in mammals, which form a structurally related 
ion channel superfamily (Fig.  2a). The pore-forming α1 subunits of VGCCs are 
composed of four homologous but non-identical repeating units (repeats I–IV) 
(Fig. 2b, c). Each unit resembles the subunit of a typical voltage-gated potassium 
channel, containing six transmembrane domains (S1–S6) with a P-loop, which con-
tains the selectivity filter between S5 and S6 [23]. An ancestral VGCC might have 
evolved from two rounds of duplication of either a voltage-gated potassium channel 
subunit [43, 44] or a bacterial voltage-gated sodium channel subunit [45], which 
resembles the subunits of mammalian voltage-gated potassium channels in mem-
brane topology, and function as tetramers. The α1 subunits are the primary determi-
nants of different types of VGCCs, and the ten different α1 subunits, including four 
L-type, three T-type, one P/Q-type, and one R-type [42], can be divided into three 
structurally and functionally related subfamilies (Fig. 2a).

The three subfamilies designated based on the gene-based novel nomenclature of 
VGCCs (e.g., Cav1.1, Cav2.2, Cav3.3) depict the discovery history of VGCCs. The 
purification of DHP binding receptors in the skeletal muscle in 1987 led to the dis-
coveries of several VGCC subunits [46]: α1, α2, β, γ, and δ, which were named based 
on their decreasing size in the PAGE gel. The α1 subunit was proposed to be the 
pore-forming subunit as it showed direct binding to DHPs, and the others were pro-
posed to be auxiliary subunits [46]. In 1988, the mRNA of the α1 subunit of the 
skeletal L-type VGCC (α1S) [47] was identified, which was followed by discoveries 
of the genes encoding the α1 subunits of the cardiac L-type VGCC (α1C) in 1989 
[48], the P/Q-type VGCC (α1A) in 1990, the N-type VGCC (α1B) in 1991, and the 
R-type (α1E) VGCC in 1993. In 1992 and 1998, two new L-type VGCCs genes were 
identified in the brain and named α1D [49] and α1F [50, 51]. Finally, the genes for 
three T-type VGCCs genes were cloned in 1998 and 1999 and named α1G [24], α1H 
[24, 52], and α1I [53] (Fig. 2a). Thus, except for the first two genes α1S and α1C, 
which were designated based on the organs where they were originally identified, 
the nomenclature of the other pore-forming α1 subunits was based on the time order 
of their discoveries.

In 2000, a new nomenclature system for VGCCs was introduced [28]. Because 
the gene encoding the skeletal muscle L-type VGCC, α1S, was first identified (1988) 
and the VGCCs encoded by α1C, α1D, and α1F share similar biophysical properties 
with α1S, L-type VGCCs were named the Cav1 family. Based on their discovery 
sequence, α1S, α1C, α1D, and α1F were named Cav1.1, Cav1.2, Cav1.3, and Cav1.4, 
respectively. Because the P/Q-type, N-type, and R-type VGCCs exhibit similar 
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biophysical properties, and their genes were found secondary to the L-type, they 
were named the Cav2 family, with α1A, α1B, and α1C named Cav2.1, Cav2.2, and 
Cav2.3, respectively. The genes for the T-type VGCCs were last identified (Cav3.1 in 
1998) and were given the name the Cav3 family, with α1G, α1H, and α1I called 
Cav3.1, Cav3.2, and Cav3.3, respectively (Fig. 2a).

The phylogenetic tree of Ca2+ channels in vertebrates is not well understood as 
those of voltage-gated potassium channels and sodium channels [43]. The divisions 
of VGCCs into three families must be very ancient events because orthologs of 
Cav1, Cav2, and Cav3 genes also exist in the nematode Caenorhabditis elegans. 
Amino acid sequences of vertebrate VGCCs share greater than 70% similarities 
within each family but less than 40% similarities between families [28] (Fig. 2a). 
This can explain the distinct similarities and differences in biophysical properties 
among the VGCCs of the different families. Moreover, Cav1 and Cav2 share more 
similarities with each other than with Cav3, which has led to the hypothesis that 
Cav1 and Cav2 may have evolved from a common ancestral HVA Ca2+ channel.

In neurons, Cav1 channels are mainly expressed at cell bodies and dendrites, and 
their activation is required for activity-induced gene expression, which is critical to 
many brain functions, including learning and memory [30, 54]. Cav1.3 and Cav1.4 
are also expressed in the presynaptic membrane of cochlear hair cells and photore-
ceptor cells, respectively, where they support the tonic release of transmitters [31, 
32]. Cav2 channels are mainly expressed at the presynaptic membrane and regulate 
synaptic transmission and presynaptic plasticity [34]. Cav3 channels are generally 
expressed at cell bodies and dendrites, although Cav3.2 and Cav3.3 may also regu-
late presynaptic transmitter release [36–40, 55]. Due to their unique LVA property, 
presynaptic Cav3 might serve to regulate neuronal excitability and oscillatory activi-
ties [35].

4  Molecular Structure of VGCCs

4.1  Pore-Forming Subunit

VGCCs, voltage-gated Na+ channels, and voltage-gated K+ channels share a largely 
conserved pore domain, which determines ion selectivity. Compared to K+ chan-
nels, the prominent feature of voltage-gated Na+ channels and VGCCs is a single 
190 kDa α1 pore-forming subunit containing four homologous repeat domains (I–
IV), and each domain has six transmembrane helices (S1–S6) [56] (Fig. 2b, c). In 
contrast, voltage-gated K+ channels have four separate pore-forming α subunits, and 
each subunit has six transmembrane helices [42]. The S4 helix is highly positively 
charged by lysine (K) and arginine (R) residues in typical voltage-gated ion chan-
nels [56]. When the positive charges beneath the cell membrane increase (usually 
caused by sodium influx), the S4 helix in all the four domains will be lifted, which 
leads to the opening of the channel pore [57]. The four P-loops between S5 and S6 
of VGCCs contain the selectivity filter for Ca2+ ions (Fig.  2b, c). The central 
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component of the selectivity filter for Ca2+ is four negatively charged amino acid 
residues (glutamate/E or aspartate/D) [7]. The four residues for Cav1 and Cav2 are 
EEEE, while those for Cav3 are EEDD. In comparison, the most common selectivity 
motifs for K+ and Na+ channels are GYGD [58] (G/glycine, Y/tyrosine) and DEKA 
[59] (A/alanine), respectively. The C-tail of VGCCs is located intracellularly and is 
exceptionally long (>600 amino acid residues) [56], making it an ideal binding tar-
get for a variety of interacting proteins including CaM (Fig. 2b, c).

The transmembrane domain is highly conserved between Cav1, Cav2, and Cav3, 
while the intracellular cytoplasmic linkers and the carboxyl tail exhibit remarkable 
diversity [23]. There are significant structural differences between HVA (Cav1 and 
Cav2) and LVA (Cav3) channels. Firstly, the domain I–II linker of HVA channels 
bears an alpha interaction domain (AID), which is required for the association with 
the β subunit [56, 57] (Fig. 2b, c), whereas the domain I–II linker of LVA channels 
does not have it [7]. Secondly, the C-terminal tail of HVA channels has isoleucine- 
glutamate (IQ) and calmodulin (CaM) binding (CBD) motifs. Both IQ and CBD 
motifs are required for the regulation by CaM, but they are absent in LVA channels 
[60] (Fig. 2b, c).

4.2  Auxiliary Subunits

Besides the pore-forming α1 subunit, VGCCs also have four classical auxiliary sub-
units, including a 170 kDa extracellular α2δ subunit, a 55 kDa intracellular β sub-
unit, and a 33 kDa transmembrane γ subunit [46] (Fig. 2b, c). The α2δ and β subunits 
are encoded by four genes, and there are eight genes (γ1–8) encoding γ subunit-like 
proteins [61]. Interestingly, only one of the γ subunit-like proteins, the γ1 subunit, 
associates with a specific VGCC, the Cav1.1 in skeletal muscle [46, 62–65]. In con-
trast, CaM binds to all the members in Cav1 and Cav2 subfamilies, making it a fac-
tual fifth subunit [60, 61, 66–68].

The α2 and δ subunits are encoded by the same gene. They are translated as a 
single polypeptide and undergo a posttranslational cleavage. The two cleaved poly-
peptides α2 and δ connect to each other by four disulfide bonds to form the α2δ 
subunit [69, 70]. A von Willebrand factor domain A (VWA) and two cache domains 
in α2δ associate with extracellular loops of the domain I of the α1 subunit [56]. 
Moreover, the δ subunit is tethered to the cell membrane by a glycophosphatidylino-
sitol (GPI) anchor [57]. Interestingly, gabapentin, an agonist originally designed for 
the GABA receptor, can serve as a specific ligand for the α2δ subunit in VGCCs [71] 
(Fig. 2b, c).

The β subunit contains two major structural domains, a Src homology 3 (SH3) 
domain and a guanylate kinase (GK) domain [62] (Fig. 2c). Kinase function of the 
GK domain is lost due to several mutations in the catalytic motif, but the GK domain 
directly interacts with the AID domain in the domain I–II linker of the α1 subunit, 
which is also in the vicinity of the S4 helix of domain II in the α1 subunit [56]. The 
γ subunit contains four transmembrane helices and binds to the S4 helix of domain 
IV in the α1 subunit [56] (Fig. 2b, c).
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5  Regulation of Presynaptic VGCCs

The main presynaptic Cav channels involved in transmitter release in the central and 
peripheral nervous systems are Cav2.1, Cav2.2, and Cav2.3, whereas Cav1.3 and 
Cav1.4 are key to the functioning of the specialized ribbon synapses of the cochlea 
and retina. T-type VGCCs including Cav3.2 and Cav3.3 were also found to be pres-
ent at the presynaptic sites in entorhinal cortical layer III neurons [40] and mitral 
cells [55]. To fulfill the remarkably diverse functions of synapses, the activity 
of presynaptic VGCCs is precisely controlled by a wide range of regulators (Fig. 4).

5.1  Voltage-Dependent Activation and Voltage-Dependent 
Inactivation (VDI)

Because VGCCs are voltage-gated channels, any factor influencing either the rest-
ing membrane potential or membrane depolarization (e.g., sodium channels, potas-
sium channels) may alter their activities (Fig. 3a, b). Compared to those of the HVA 
group, VGCCs of the LVA group (Cav3) are more prone to be influenced by changes 
in the resting membrane potential because they are easier to be activated or inacti-
vated by small changes in the resting membrane potential [72]. The hyperpolarization- 
activated cyclic nucleotide-gated (HCN) channels were found to colocalize with the 
Cav3.2 channel in pyramidal neurons and inhibit the activation of Cav3.2, thereby 
suppressing neurotransmitter release [40]. This inhibitory effect is likely caused by 
HCN-induced hyperpolarization. Moreover, in mitral cells, Cav3.3 was also shown 
to be important for maintaining the basal intracellular Ca2+ concentration at the 
presynaptic membrane, which is important for the asynchronous transmitter release 
required for smelling [55].

Ca2+ is an important intracellular signaling molecule and can be cytotoxic if 
intracellular Ca2+ concentration is too high [41]. Therefore, timely tight control of 
Ca2+ influx is critical for the precise regulation of signaling activation and preven-
tion of Ca2+ overload. Similar to some voltage-gated Na+ and K+ channels, VGCCs 
undergo inactivation following their activation by membrane depolarization [34]. 
This phenomenon is referred to as voltage-dependent inactivation (VDI) (Fig. 3a, 
b). VDI is an intrinsic property of all the ten α1 subunits, although different α1 sub-
units exhibit different inactivation kinetics. The “ball and chain” and “hinged-lid” 
mechanisms have been confirmed to underlie the VDI of voltage-gated Na+ chan-
nels [73, 74], while the mechanisms causing VDI of VGCCs are not well understood.

Inhibition of VDI was observed in Cav2.1 with the mutation of a Gβγ binding site 
from QXXER to QXXEE [75] (“X” stands for any residue), Cav2.1 with either 
V714A or I1819A mutation [76], Cav2.3 with R378Q mutation [77], and Cav1.2 
with substitution of Ile 829 to a residue with a hydrophobic side chain (e.g., I829A, 
I829G, or I829V) [78, 79]. Enhanced VDI was demonstrated in Cav2.1 with T666M 
mutation [76], Cav1.2 with substitution of position 823 to residues with smaller side 
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Fig. 3 Voltage-dependent activation and inactivation (VDA/VDI) and Ca2+-dependent inactivation 
and facilitation (CDI/CDF). (a) Voltage-dependent activation (VDA, solid line) and voltage- 
dependent inactivation (VDI, dash line) of L-type (green) and T-type (pink) Cav channels. (b) 
Window currents shown in (a) at each voltage were replotted as percentage of mamimal window 
currents. The window current of VGCC originates from the region of overlap between the activa-
tion and inactivation curves [221]. (c) Ca2+-dependent inactivation of Cav channels. Note the much 
faster time-dependent inactivation of Cav channel when the permeate cations are Ca2+ ions in com-
parison with Ba2+ ions. (d). Ca2+-dependent facilitation. At higher frequency, Ca2+ currents are noti-
cablely bigger than Ba2+ currents. ((a, b) were adapted from Dolphin [72] and (c, d) were adapted 
from Zühlke et al. [83])

chains (e.g., F829A, F829F, or F829V) [78], and substitution of Cav1.2 sequence in 
domain II or III with that of Cav2.3 [79–81]. It is noticeable that all these mutations 
or substitutions are located in either the S6 transmembrane domain or the domain 
I–II linker region, highlighting the importance of these two areas in mediating the 
VDI of VGCCs. It has been proposed that membrane depolarization changes the S6 
conformation and exposes a docking site for the I–II linker, leading to subsequent 
docking of the I–II linker onto the bottom of the channel pore, thereby causing the 
VDI of VGCCs [34].

5.2  Ca2+-Dependent Inactivation (CDI) and Ca2+-Dependent 
Facilitation (CDF)

Besides the precise and rapid regulation of Ca2+ influx by VDI, VGCCs are also 
subjected to Ca2+-dependent inactivation (CDI), another important negative feed-
back mechanism for controlling Ca2+ influx (Fig. 3c). CDI of VGCCs is mediated 
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by association with calmodulin (CaM) [82, 83]. Adding a competitive inhibitor-
like distal carboxyl tail to Cav1.3 and Cav1.4 prevents the binding of CaM, thereby 
inhibiting CDI [84]. The CDI of different α1 subunits shows different inhibitory 
kinetics, which may result from different CaM binding affinities caused by their 
structural differences [60]. As mentioned earlier, the binding of CaM to VGCCs 
requires both the IQ and CBD motifs in the C-tail of the α1 subunit, which are 
absent in the T-type VGCCs [68, 84]. Thus, CDI is an inactivation mechanism for 
Cav1 and Cav2 [34].

The CDI in Cav1 and Cav2 is different in kinetics and requirement of Ca2+. A 
local increase of Ca2+ near the channel pore is enough to trigger a rapid CDI of 
Cav1 [60, 85], whereas the CDI of Cav2 is slow and requires a global increase 
of intracellular Ca2+ [86, 87]. This can be explained by a different involvement 
of high-affinity or low-affinity lobes of CaM. The N-lobe of CaM has low Ca2+ 
affinity, whereas the C-lobe of CaM has high Ca2+ affinity [60, 88, 89]. Both 
the N- and C-lobes are involved in the modulation of fast CDI of Cav1. However, 
only N-lobe is involved in CDI in Cav2.2 and Cav2.3, whereas the C-lobe causes 
rapid facilitation in Ca2.1, which counteracts the CDI induced by the N-lobe 
[34, 60].

The presence of the CaM binding domain in VGCCs does not guarantee the 
CDI. Cav1.3 and Cav1.4 are not regulated by CDI, albeit they have the CaM binding 
domain [90, 91]. The CDI of Cav1.3 was observed in in vitro overexpression sys-
tems but not detected in the native auditory hair cells [91] due to the presence of 
endogenous Ca2+-binding protein 4 (CaBP4), a CaM analog that can compete with 
CaM in binding to the IQ and CBD motifs [91–93]. The lack of CDI in Cav1.4 is 
caused by an autoinhibitory domain [94, 95] in the distal portion of the C-tail, which 
competes with CaM for the binding to CBD [84]. The attenuation of self-activation 
by CDI may be necessary for the tonic transmitter release in photoreceptor cells and 
hair cells [95].

Ca2+-dependent facilitation (CDF) observed in native Cav2.1 [83, 96] refers to a 
phenomenon that an increase of intracellular Ca2+ enhances the activation and accel-
erates the recovery of VGCCs (Fig. 3d) [82]. Mutation of the first two residues of 
the IQ motif in Cav2.1 to alanine abolishes the CaM-dependent CDF without influ-
encing the CDI, indicating the importance of the IQ motif for CDF [82]. Substitution 
of the only isoleucine in the IQ motif of Cav1 eliminates the CDI but induces the 
CDF [83]. Unlike CDI, which only needs Ca2+ binding to the N-lobe [82], the CaM- 
dependent CDF requires Ca2+ binding to both the N- and C-lobes. It is interesting 
that CaM can have opposite effects on the same molecule. The likely explanation 
for this compulsive phenomenon is that Ca2+ binds to the N-lobe and the C-lobe of 
pre-associated CaM sequentially. Since the IQ-interacting C-lobe has a higher affin-
ity to Ca2+, it can respond to the initial local influx of Ca2+ to trigger the CDF. With 
a global rise of cytosolic Ca2+, the CBD-interacting low-affinity N-lobe will begin 
to induce the CDI [82].
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5.3  Regulation by Auxiliary Subunits

5.3.1  Cavβ

The auxiliary β subunits are required for plasma membrane expression and proper 
gating of Cav1 and Cav2 channels [97] and are crucial for the modulation of HVA 
channels by various regulators such as G-proteins, kinases, and Ras-related RGK 
GTPases [98]. All the transcripts of the four β subunits undergo alternative splicing 
[99]. Different β subunits and even different alternative splicing isoforms of the 
same subunit could differ substantially in regulatory efficiency [99]. Moreover, 
posttranslational modifications, such as palmitoylation, can influence the effects of 
β subunits on the kinetics of VDI [100, 101]. Therefore, the regulation of VGCCs by 
β subunits exhibits significant diversity [99]. The binding of the GK domain in the 
β subunits to the AID domain in the α1 subunits not only changes their gating prop-
erties (e.g., negatively shifted voltage-dependent activation, increased rates of VDI 
and CDI) but also increases their surface expression [102]. This  β subunit- 
induced enhance of HVA surface expression results from increased channel folding 
and reduced proteolytic degradation as well as masking of an ER retention signal 
[103–105].

5.3.2  Cavα2δ

The four different α2δ subunits (α2δ-1-4) are all abundantly expressed in the brain, 
and α2δ-4 has the highest expression level in the retina [106]. Similar to the β sub-
units, different α2δ subunits have different regulatory efficacy, which is also influ-
enced by alternative splicing [62]. Inside the VWA domain of the α2 subunit exists a 
metal-ion-dependent adhesion site (MIDAS), and the regulation of α2δ subunits on 
the α1 subunits depends on the binding of Ca2+ to the MIDAS [56, 107]. By binding 
to the extracellular loop of domain I in the α1 subunits, α2δ subunits significantly 
enhance the surface expression of HVA channels [56, 62]. Compared to the β sub-
units, the influence of α2δ subunits on gating properties is much smaller, although 
the coexpression of α2δ subunits with β subunits can produce an additional increase 
in current intensity [62, 108]. Interestingly, α2δ subunits are not considered auxil-
iary subunits for Cav3.1, but the coexpression of α2δ subunits with α1G markedly 
enhances the current density and increases the surface expression of α1G [109–111]. 
Moreover, α2δ subunits may serve as receptors for thrombospondin, an extracellular 
protein, and may play an important role in synaptogenesis [112].

5.3.3  Cavγ

As described previously, γ subunits only associate with the Cav1.1 in the skeletal 
muscle. Although some γ subunit-like proteins show regulation on current gating 
properties in in  vitro overexpression systems [113], and many isoforms of γ 
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subunit- like proteins are present in the brain, none of them shows association with 
VGCCs [61, 63–65]. Therefore, nowadays γ subunits tend to be excluded from the 
auxiliary subunits of VGCCs. Interestingly, the γ2 subunit may associate with the 
AMPA glutamate receptor and regulate its gating properties and surface trafficking 
[114, 115].

5.4  Regulation by G Protein-Coupled Receptors (GPCRs)

VGCCs can be regulated directly by GPCRs or indirectly by various factors that 
influence the activation of GPCRs. In this session, we mainly focus on the direct 
regulation of presynaptic VGCCs by GPCRs.

5.4.1  Voltage-Dependent Regulation

Inhibition of Cav2 by GPCRs (Go/Gi), such as GABA-B receptor, opioid receptor, 
(endocannabinoid-1) CB1 receptor, dopamine receptor, and metabotropic gluta-
mate receptors [116–121], is a critical negative regulatory mechanism of neu-
rotransmitter release. Since this inhibition can be completely reversed by 
depolarization, it is referred to as the voltage-dependent regulation by GPCRs 
[23]. Injection of purified Gβγ subunit into presynaptic SCG neurons reduces syn-
aptic transmission, whereas injection of Gα transducin, which may sequester 
endogenous free Gβγ, inhibits the GPCR-induced transmission suppression [122, 
123]. When activated, the Gβγ subunit released by Go/Gi can directly bind to Cav2 
and inhibit its activation, thereby suppressing synaptic transmission. The GPCRs 
need to be colocalized with Cav2 to allow a rapid binding of the released Gβγ sub-
unit to Cav2 [124].

All the three subtypes in the Cav2 family can be inhibited by Gβγ, although the 
inhibitory efficacy is not the same due to the different binding affinity with Gβγ 
[125]. The binding of Gβγ to Cav2 did not change their single-channel conductance, 
but positively shifted the activation curve and slowed down the activation rate [126–
128]. Interestingly, Gβγ binding causes a significant change in the gating current, 
indicating that the voltage-sensing of Cav2 is also influenced [129, 130]. Gβγ mainly 
binds to the QXXER motif of the α1 subunit, which is located in the AID domain, 
the same interacting area for the β subunit [131]. As a result, Gβγ-mediated inhibi-
tion is strongly influenced by β subunits, and the reversal of Gβγ-mediated inhibition 
by depolarization depends on the binding of β subunit to the AID domain [132, 
133]. The molecular mechanism of Gβγ-induced Cav2 inhibition at structural level, 
however, remains unclear [125].

P. Zong and L. Yue



183

5.4.2  Voltage-Independent Regulation

GPCRs can also regulate VGCCs by directly associating with VGCCs or indirectly 
activating intracellular signaling cascades, which is called the voltage-independent 
regulation of GPCRs [23]. Compared to the instantaneous voltage-dependent regu-
lation, this regulation is slower and cannot be reversed by depolarization.

Regulation by Physical Interaction with GPCRs

Metabotropic glutamate receptors were the first GPCR shown to physically associ-
ate with Cav2 [134]. Nociception receptor (NOP) was also found to bind to Cav2.2 
and to regulate channel function in the absence of ligands. Although the underlying 
mechanisms were unclear at the time, it was the first study reporting the regulation 
of VGCCs by GPCRs through direct physical interaction [135]. Similar regulation 
was also discovered with several opioid receptors [136, 137]. NOP was later found 
to promote the internalization of Cav2.2 through direct physical association [138, 
139]. Similarly, the D1 and D2 dopamine receptors may influence the surface traf-
ficking and internalization of Cav2.2 [121, 140].

Regulation by Presynaptic Phosphatidylinositol 4,5-Bisphosphate (PIP2)

PIP2, a phospholipid in  the inner leaflet of the plasma membrane, is critical for 
maintaining the opening state of many channels, including Cav2 [141–143]. 
Interestingly, PIP2 has dual regulatory effects on Cav2. The regulation of Cav2 by 
PIP2 was first confirmed by the observation that a rundown of Cav2.1 and Cav2.2 
activities in excised patches was reversed by the application of PIP2 and was accel-
erated by a PIP2 antibody [144, 145]. Interestingly, PIP2 also inhibits the activation 
of Cav2  in a voltage-dependent manner, and this inhibition can be prevented by 
PKA-mediated phosphorylation of Cav2 [144]. The underlying mechanisms for the 
dual regulation of PIP2 on Cav2 remain elusive, but the physiological significance of 
the positive regulation has been observed in several studies. Activation of musca-
rinic M1 receptor, a Gq-coupled GPCR, inhibits the activation of Cav2.1 in neostria-
tal projection neurons, and this effect can be reversed by inhibition of phospholipase 
C (PLC) or supplement of PIP2 intracellularly [146]. It was later shown that Gq- 
coupled GPCRs facilitate Cav2.1 inactivation in neurons by PLC-mediated PIP2 
hydrolysis [145]. The regulation of Cav2 by PIP2 suggests that PIP2 may influence 
synaptic transmission. A recent study showed that generation of PIP2 in chromaffin 
cells by photo-uncaging promoted exocytosis [147], whereas depletion of PIP2 at 
the presynaptic membrane by intraterminal loading of anti-PIP2 antibody sup-
pressed neurotransmitter release from presynaptic terminals at the calyx of Held 
synapse [148].

Regulation of Presynaptic Calcium Channels



184

5.5  Regulation by Kinases

VGCCs, especially presynaptic Cav2, can be phosphorylated by many kinases, 
including protein kinase C (PKC), Ca2+/calmodulin-dependent protein kinase 
(CaMKII), and cyclin-dependent-like kinase 5 (CDK5).

PKC phosphorylates Cav2 at multiple sites, including the Gβγ binding site in the 
I–II linker and the SNAP receptor (SNARE) protein binding site in the II–III linker 
[149–151]. This phosphorylation can prevent the bindings of Gβγ and SNARE pro-
teins to Cav2, thereby abolishing their regulation on Cav2. PKC activator can sup-
press the Gβγ-mediated inhibition of Cav2.2 in cultured sympathetic neurons, leading 
to facilitation of synaptic transmission [152, 153]. SNARE proteins bind to the II–
III linker (also known as the “synprint site”) and inhibit Cav2 activation (see details 
below). Thus, the inhibition of SNARE proteins on Cav2 can be prevented by PKC 
phosphorylation [149].

CaMKII plays a critical role in regulating gene expression in neurons in response 
to increased postsynaptic activities [154]. Whether presynaptic CaMKII can induce 
gene expression in either nuclei or mitochondria remains unclear due to difficulties 
in distinguishing between presynaptic and postsynaptic CaMKII-induced responses. 
Similar to PKC, CaMKII is also expressed at the presynaptic plasma membrane and 
can phosphorylate the synprint site on Cav2, which prevents SNARE proteins from 
binding to the synprint site and relieves their inhibition on Cav2 [149, 155, 156].

In comparison to PKC and CaMKII, the regulatory effects of CDK5 on Cav2 are 
controversial. CDK5 can phosphorylate the synprint site in the II–III linker of Cav2 
and prevent the binding of SNARE proteins [157, 158]. Inhibition of CDK5 using a 
dominant-negative CDK5 construct enhances Cav2.2 currents and facilitates synap-
tic transmission [159]. However, roscovitine, an inhibitor of CDK5, inhibits Cav2.1 
currents and neurotransmitter release [158], which might be due to a non-specific 
antagonizing effect of roscovitine on Cav2.1 [158]. Furthermore, another study 
showed that CDK5 inhibits the presynaptic Cav2.2 activation and suppresses the 
vesicular release [160].

5.6  Regulation by Ca2+-Binding Proteins (CaBPs)

As described earlier, CaM binds to the IQ and CBD motifs in Cav2 and induces CDI 
and CDF. Besides CaM, presynaptic VGCCs are also regulated by many other Ca2+-
binding proteins (CaBPs), and their regulation on VGCCs is Ca2+ dependent [161]. 
Like CaM, CaBPs have four EF-hands [162]. There are eight members in the CaBP 
family (CaBP1-8) [162], among which CaBP1, CaBP4, and CaBP5 have been 
shown to regulate VGCCs. Moreover, bioinformatic analyses have uncovered many 
CaBP variants, which can further diversify their regulatory effects on VGCCs [163].

CaBP1 is widely expressed in the central nervous system, including the retina 
and inner ear [164]. A direct binding of CaBP1 to the CBD of Cav2.1 not only 

P. Zong and L. Yue



185

inhibits channel activation but also prevents the CaM-mediated CDF [165]. Different 
from the inhibitory effects on Cav2.1, CaBP1 can produce a positive regulatory 
effect on Cav1.3 and Cav1.4, which could be important for their tonic activation at 
presynaptic membrane. CaBP1 is densely expressed in the hair cells (presynaptic) 
of the ribbon synapses in the ear and can counteract the CaM-meditated inhibition 
on Cav1.3 [91, 166]. Similarly, CaBP1 was found to be critical for Cav1.4-mediated 
presynaptic transmitter release in the retina [167]. Visinin-like protein 2 (VILIP-2), 
a CaBP1-related protein, binds to both the IQ and CBD motifs in Cav2.1 [168], 
producing an opposite effect compared to CaBP1, which is characterized by inhib-
ited channel inactivation [168].

Similar to CaBP1, CaBP4 binds to the CBD and inhibits the CDI of presynaptic 
Cav1.3  in hair cells, although this regulation is much weaker than that of CaBP1 
[166]. CaBP4 is also expressed at the presynaptic terminal of photoreceptor cells 
and is required for the development of synapses in the retina [167, 169]. By binding 
to the CBD of Cav1.4, CaBP4 negatively shifts the activation curve to promote chan-
nel activation, and this effect may be further enhanced by PKC phosphorylation of 
CaBP4 [167, 169]. CaBP4 also colocalizes with Cav1.2 in the retina and suppresses 
its CDI. Moreover, knockout of CaBP5 results in reduced synaptic transmission in 
the retina [170]. Thus, different CaBPs can have different regulatory  effects 
on VGCCs.

5.7  Regulation by Active Zone Proteins

In the active zone where neurotransmitters are released, the presynaptic VGCCs 
Cav2.1, Cav2.2, and Cav2.3 form signaling complexes with various proteins to trig-
ger transmitter release upon neuronal firing.

5.7.1  Presynaptic Ca2+ Signaling Complex

Cav2.1 and Cav2.2 physically interact with SNARE proteins and synaptotagmin, 
which is required for an almost instantaneous (<200 μs) release of neurotransmitters 
in response to Ca2+ influx at the presynaptic membrane [171]. Syntaxin-1A, 
SNAP-25, and synaptotagmin can all bind to the synprint site in the domain I–II 
linker in the α1 subunits of different Cav2 isoforms but with varied affinities [155, 
172–176]. The binding of different proteins to the synprint site is regulated by 
kinases and Ca2+ concentrations. The binding of syntaxin-1A and SNAP-25 to the 
synprint site of VGCCs can be inhibited by PKC or CaMKII phosphorylation of the 
synprint site [149–151]. While Ca2+-dependent binding of syntaxin-1A to Cav2 is 
maximal at 20 μM Ca2+ with decreased binding at both lower and higher Ca2+ con-
centrations [177], the binding of synaptotagmin to the synprint site increases with 
increasing Ca2+ concentrations. Therefore, syntaxin-1A and synaptotagmin com-
pete for the synprint binding site in such a dynamic way that higher Ca2+ 
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concentrations favors the binding of synaptotagmin, whereas lower Ca2+ concentra-
tions favors the binding of syntaxin-1A [177].

Not only the association of SNARE proteins with Cav2 channels is regulated by 
Ca2+ concentrations, the interacting SNARE proteins can also in turn directly regu-
late the function of Cav2 [6]. Coexpression of syntaxin-1A or SNAP-25 with Cav2 
inhibits channel activity and enhances the channel’s VDI [178–180]. The inhibitory 
effects of syntaxin-1A and SNAP-25 on Cav2 can be abolished by coexpressing 
SNAP-25 and synaptotagmin in Xenopus oocytes, suggesting that assembly of the 
SNARE complex might inhibit the binding of syntaxin-1A and SNAP-25 to Cav2 
[178–180]. This negative regulatory effects of SNARE proteins on Cav2 could be an 
important negative feedback mechanism to ensure precise control of neurotransmit-
ter release [6].

5.7.2  Other Presynaptic Proteins

The unique long and coiled C-tail of the α1 subunit can interact with many proteins, 
as indicated by proteomic screening [181]. Rab-interacting molecule (RIM), a pre-
synaptic protein important for exocytosis, was shown to interact with the synprint 
site [182]. In contrast to the inhibitory effects of SNARE proteins and synaptotag-
min, an association of RIM with Cav2 increases the channel activity and promotes 
synaptic transmission [183]. Moreover, RIM can bind to the β subunit and enhance 
its positive regulation of the channel function [184]. Different from RIM, the bind-
ing of another active zone protein, CAST/ERC2, to Cav2 serves to inhibit channel 
function [185]. Moreover, Mint-1 and CASK form a tri-complex with Cav2, which 
increases its surface trafficking, thereby enhancing exocytosis [186].

CaMKII is one of the proteins that can physically associate with the C-tail of α1 
subunits. Interaction of CaMKII with Cav2 results in increased channel activities, 
which is a function independent of its kinase activity [156]. In addition, as described 
earlier, phosphorylation of the synprint site at the domain II–III linker by CaMKII 
inhibits the binding of SNARE proteins to Cav2, which prevents the inhibition of 
Cav2 by SNARE proteins. Thus, CaMKII can regulate Cav2-mediated transmitter 
release by at least two different mechanisms.

Munc13 is a presynaptic protein that interacts with several active zone proteins, 
including Cav2 [187]. Loss of Munc13 results in reduced presynaptic Ca2+ influx 
[187]. The physical association between Munc13 and Cav2 is essential to the proper 
physiological function of Cav2  in transmitter release [187]. Another presynaptic 
Cav2 associating protein is collapsin response mediator protein-2 (CRMP-2), an 
adopter protein, which is important in neuronal development [188]. The physical 
association of CRMP-2 with Cav2 potentiates Cav2 activity and transmitter release 
[189, 190], whereas disrupting the Cav2-CRMP-2 interaction in vivo by a disrupting 
peptide inhibits the enhanced pathological neurotransmitter release during chronic 
pain [191].
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5.8  Regulation of Presynaptic VGCCs by Alternative Splicing 
and RNA Editing

5.8.1  Regulation by Alternative Splicing

Alternative splicing occurs to both the α1 and β subunits of VGCCs, which confer 
VGCCs with diverse functional properties [192]. Therefore, the expression of vari-
ous splicing isoforms needs to be precisely regulated to furnish VGCCs with proper 
functional properties at both the temporal and spatial (cell-specific) levels [193]. 
The alternative splicing of VGCC gene transcripts enables extraordinarily precise 
control over Ca2+ influx at the presynaptic membrane. Here we mainly focus on the 
alternative splicing of Cav1.3, Cav1.4, Cav2.1, and Cav2.2, as the role of the Cav3 
family in presynaptic Ca2+ influx is not well understood, and it is difficult to selec-
tively determine the expression of Cav3 variants at presynaptic membrane due to its 
predominant expression at cell bodies and dendrites.

The alternative splicing variants of Cav1.3 produced by removal of a distal and a 
proximal regulatory domain in the C-tail exhibit a negative shift of the activation 
curve and an enhanced CDI [194], whereas the splicing variant with removal of the 
distal regulatory domain alone shows enhanced channel activity but with a less pro-
nounced effect on CDI [194]. The human retina expresses at least 19 splicing vari-
ants of Cav1.4 [195], and one variant with a C-tail deletion exhibits increased 
channel activity but enhanced CDI [195].

The Cav2 subfamily undergoes more extensive splicing in comparison with Cav1. 
Strikingly, in brain tissue from mouse, rat, and human, alternative splicing of Cav2.1 
occurs in an age- and sex-dependent manner [196]. Insertion of several residues into 
the domain I–II linker and the C-tail of Cav2.1 results in an inhibition of the VDI 
[197]. In another study, a splicing variant produced by combined inclusion and 
exclusion of exons 43 and 44 in Cav2.1 exhibits an enhanced CDI [198]. CDF of 
Cav2.1 can also be significantly influenced by concerted splicing at an EF-hand-like 
domain at the C-tail [199]. Some Cav2.1 splicing variants with changes in the syn-
print site are no longer sensitive to regulation by SNARE proteins [200]. Moreover, 
the binding affinity of Cav2 for the β subunit can be influenced by alternative splic-
ing in the domain I–II linker [201]. In Cav2.2, alternative splicing in the S3-S4 
regions of domains III and IV not only influences channel properties but also deter-
mines the tissue-specific distribution of Cav2.2 due to tissue-specific alternative 
splicing patterns [202, 203]. As expected, alternative splicing in the domain II–III 
linker influences the regulation of Cav2.2 by SNARE proteins as it contains the 
synprint site [204, 205]. Furthermore, the splicing of exon 37 can produce a series 
of effects on Cav2.2, including changing channel gating properties and altering 
channel regulation by GPCR [193]. With the advancement of next-generation 
sequencing technology, many new splicing variants will likely be identified in 
the future.
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5.8.2  Regulation by RNA Editing

Different from alternative splicing, RNA editing does not delete or insert nucleo-
tides in the mRNA. It usually causes changes in a single nucleotide. The mRNA of 
Cav1.3 is edited by adenosine deaminase, leading to a modification of the IQ motif, 
which consequently enhances the CDI and inhibits channel function in neurons of 
the suprachiasmatic nucleus [206, 207]. Since studies of VGCC RNA editing are 
still in their infancy, future investigations may provide more insights into  RNA 
editing- related regulations on VGCCs.

5.9  Presynaptic VGCCs Channelopathies

Dysregulation of presynaptic VGCCs caused by genetic variations is associated 
with a variety of neuronal disorders in humans. Gain-of-function mutations of 
Cav2.1, R192Q, and S218L are associated with familial hemiplegic migraine 
type I (FHM1). The R192Q and S218L mutations cause an increase in the open 
probability of Cav2.1 and a negative shift in the voltage-dependent activation 
[208]. Knock-in mice carrying these mutations exhibit increased Ca2+ influx 
during action potential, leading to enhanced glutamate release at cortical pyra-
midal neuron synapses. Interestingly, at the calyx Held, S218L-knockin mice 
show reduced Ca2+ influx during action potential due to the reduced peak current 
of Cav2.1, but increased Ca2+ influx at resting membrane potential caused by a 
negative shift (~10 mV) of the half-maximal activation voltage [209–211]. 
These gain-of-function mutations also increase the susceptibility of cortical 
neurons to the spreading of depolarizations and seizures in mice subjected to 
traumatic brain injuries [212].

A large genome-wide analysis of schizophrenia has identified that genes 
encoding α1C, α1I, β2, and Cav-interacting proteins such as RIMs are among the 
disease- associated loci [213]. However, it remains to be determined whether 
mutations of these genes are related to neuropsychiatric disorders. Moreover, 
two mutations of the Rab3-interacting molecule 3 (RIM3) gene identified in 
autism patients, E176A and M259V, partially cancel the suppressing effect of 
RIM3 on VDI of Cav2.1 in transfected HEK293 cells [214]. At ribbon synapses 
in the retina, a mutation of the interacting protein CaBP4 (R216X) makes the 
protein less effective in enhancing the VDA of long Cav1.4 variants [167, 215], 
resulting in stationary night blindness type-2-related visual impairment [216]. 
Similarly, a loss-of-function mutation of CaBP2 (F164X) results in dysfunction 
of Cav1.3, thereby causing an autosomal recessive hearing impairment [217]. 
Future studies on genetic variations caused dysregulation of VGCCs will further 
shed light on the link between presynaptic Cav channels and nervous system 
disorders in humans.
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6  Perspective

Since the first single-channel current of VGCCs was recorded 40 years ago, our 
knowledge on the regulation of VGCCs has advanced extensively. Auxiliary sub-
units, membrane potentials, CaM, GPCRs, protein kinases, active zone proteins, 
and alternative splicing all contribute to the precise and tight regulation of presyn-
aptic VGCCs (as summarized in Fig. 4). Recently developed techniques and tech-
nologies have allowed us to embrace the new knowledge such as the atomic structure 
of VGCCs including Cav1.1 and Cav3.1 [56, 57, 218] obtained by cyro-EM, the 

Fig. 4 Summary of regulators for presynaptic VGCCs. All the regulators can be divided into two 
groups based on their either positive (blue/left side) or negative (red/right side) effects on channel 
functions. GPCR can have dual regulatory effects. Gi/o activation leads to the release of Gβγ sub-
unit, which can directly inhibit channel activation. Gq activation further activates phospholipase C, 
which hydrolyzes the phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 is needed for channel 
opening, but can also inhibit channel activation after membrane depolarization. Some active zone 
proteins can enhance the activation and surface expression of VGCCs, while other active zone 
proteins can produce an opposite effect. Some alternative splicing variants of VGCCs exhibit 
enhanced channel function, while some other variants have reduced function. Membrane depolar-
ization can directly activate VGCCs, but can also cause VDI. CaM binding inactivates VGCCs, 
which is the major mechanism of CDI. Generally, most of CaBPs inhibit channel function. PKC 
and CaMKII phosphorylate the binding site on VGCCs for SNARE proteins and prevent their 
binding, thereby indirectly promoting channel activation. α2δ and β subunits not only enhance 
channel activation but also markedly increase the surface expression of VGCCs

Regulation of Presynaptic Calcium Channels
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cell-type specific targeting of GPCRs by DART (drugs acutely restricted tethering) 
[219], and spatial mapping of multiplexed proteins by immune-SABER (immunos-
taining with signal amplification by exchange reaction) [220]. These advanced tech-
niques and the continuously evolving new technologies will further shape our 
understanding and shed light on critical questions such as how the organization and 
regulation of Cav channels impact synaptic plasticity in healthy and diseased states.
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Functional Roles of UNC-13/Munc13 
and UNC-18/Munc18 in Neurotransmission

Frédéric A. Meunier and Zhitao Hu

Abstract Neurotransmitters are released from synaptic and secretory vesicles follow-
ing calcium-triggered fusion with the plasma membrane. These exocytotic events are 
driven by assembly of a ternary SNARE complex between the vesicle SNARE synap-
tobrevin and the plasma membrane-associated SNAREs syntaxin and SNAP-25. 
Proteins that affect SNARE complex assembly are therefore important regulators of 
synaptic strength. In this chapter, we review our current understanding of the roles 
played by two SNARE interacting proteins: UNC-13/Munc13 and UNC-18/Munc18. 
We discuss results from both invertebrate and vertebrate model systems, highlighting 
recent advances, focusing on the current consensus on molecular mechanisms of action 
and nanoscale organization, and pointing out some unresolved aspects of their functions.

Keywords Munc13 · Munc18 · Exocytosis · Priming · Docking · SNARE 
complex · Syntaxin · SNAP-25 · Synaptobrevin · Synaptic transmission

1  Introduction

Neurotransmitter release from synaptic terminals is mediated by the fusion of 
neurotransmitter- filled vesicles with the plasma membrane [1, 2]. Synaptic vesicle 
fusion is triggered by depolarization-induced calcium influx on a microsecond 

F. A. Meunier (*) 
Clem Jones Centre for Ageing Dementia Research (CJCADR), Queensland Brain Institute, 
The University of Queensland, Brisbane, QLD, Australia 

School of Biomedical Sciences, The University of Queensland, Brisbane, QLD, Australia 
e-mail: f.meunier@uq.edu.au

Z. Hu (*) 
Clem Jones Centre for Ageing Dementia Research (CJCADR), Queensland Brain Institute, 
The University of Queensland, Brisbane, QLD, Australia
e-mail: z.hu1@uq.edu.au

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
Z.-W. Wang (ed.), Molecular Mechanisms of Neurotransmitter Release,  
Advances in Neurobiology 33, https://doi.org/10.1007/978-3-031-34229-5_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34229-5_8&domain=pdf
mailto:f.meunier@uq.edu.au
mailto:z.hu1@uq.edu.au
https://doi.org/10.1007/978-3-031-34229-5_8


204

time- scale [3]. This rapidity suggests that a pool of synaptic vesicles is competent 
or “primed” to undergo membrane fusion immediately upon calcium entry. Vesicle 
priming and fusion require the function of members of the conserved SNARE (sol-
uble NSF attachment protein receptor; NSF, N-ethylmaleimide-sensitive factor) 
protein superfamily (Fig. 1a) [4–8].

SNAREs are small membrane-associated proteins that contain a conserved 
SNARE domain (also known as SNARE motif) [9]. Syntaxin and SNAP-25 are 
plasma membrane-associated SNAREs (t-SNAREs, “t” for “target”), whereas syn-
aptobrevin is a vesicle membrane-associated SNARE (v-SNARE, “v” for “vesicle”). 
t-SNAREs and v-SNAREs are also known as “Q-SNAREs” and “R-SNAREs”, 
respectively, based on whether an amino acid residue at the center of the SNARE 
domain is glutamine or arginine (see chapter “SNARE Proteins in Synaptic Vesicle 
Fusion” for details). Single SNARE domains of syntaxin and synaptobrevin interact 
with two SNARE domains in SNAP-25 to form a parallel four alpha-helical bundle 
termed the SNARE complex. SNARE complexes may be assembled either in trans 
from t- and v-SNAREs located on different membranes (plasma membrane and 
vesicle membrane) or in cis from t- and v-SNAREs located on the same membrane. 
SNARE complex assembly in trans is predicted to bring the vesicle membrane into 
close apposition with the plasma membrane [6, 10, 11]—a prerequisite for mem-
brane fusion. In fact, loss of syntaxin function results in a decrease in the number of 
synaptic vesicles contacting the plasma membrane near presynaptic dense 

Fig. 1 SNARE complexes mediate synaptic vesicle priming and fusion. (a) Vesicle-associated 
SNARE synaptobrevin (blue), and plasma membrane-associated SNAREs syntaxin (red) and 
SNAP-25 (green) assemble into a four-helix bundle, which bridges the gap between the two mem-
branes to promote priming and fusion. Syntaxin is in the open conformation where the Habc 
domain is not folded back against the SNARE domain. (b) Domain structure of syntaxin-
 1A. (Figure adapted from Sutton et al. [10])
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projections [12, 13], suggesting that some of the synaptic vesicles represent the 
morphological equivalent of functionally primed vesicles [12, 14].

Syntaxin contains four α-helical domains, Ha, Hb, Hc, and H3 (Fig. 1b). The H3 
domain is the SNARE domain that binds to the SNARE domains of synaptobrevin 
and SNAP-25. In solution, syntaxin adopts a default “closed” confirmation in which 
its N-terminus, containing the Habc alpha helices, folds over and occludes its 
C-terminal SNARE domain [15]. Syntaxin must adopt an “open” configuration to 
expose its SNARE domain in order for SNARE complex assembly to proceed 
(Fig. 1). Some proteins that bind syntaxin may therefore regulate vesicle priming by 
modulating SNARE interactions. Both UNC-13/Munc13 [16, 17] and 
UNC-18/Munc18 [18, 19] bind syntaxin and are implicated in the regulation of 
synaptic vesicle priming. Here we review the evidence implicating these proteins in 
vesicle priming and fusion, discuss the interaction between them and the SNAREs, 
and outline current models for how these proteins function in this critical process.

2  UNC-13/Munc13

2.1  Identification

The unc-13 gene was first identified in 1974 in a genetic screen for Caenorhabditis 
elegans mutants showing uncoordinated (unc) movements by the Nobel Laureate 
Sydney Brenner, with the aim of identifying genes required for synaptic transmis-
sion at neuromuscular junctions (NMJs) [20]. Subsequently, homologous genes 
were identified in other species, including Munc13 in mammals and Dunc13  in 
Drosophila. It appears that UNC-13 homologs only exist in organisms that have 
nervous systems. UNC-13 and its homologs have multiple isoforms (Fig. 2). In both 
C. elegans and Drosophila, a single gene produces two different isoforms of pro-
teins from alternative splicing [21, 22]. In mouse, four different genes (Munc13-1  
to -4) give rise to five Munc13 isoforms, including Munc13-1, ubMunc13-2, 
bMunc13-2, Munc13-3, and Munc13-4 [23, 24].

2.2  Expression

All the UNC-13 isoforms in C. elegans and Drosophila are expressed pan- 
neuronally, and are highly enriched at presynaptic terminals but they show differen-
tial distributions at presynaptic sites. At the C. elegans NMJ, the long isoform 
UNC-13L exhibits colocalization with the active zone protein UNC-10/RIM, a Ca2+ 
channel recruiter, whereas the short isoform UNC-13S displays a relatively diffuse 
distribution and is located further away from the site of Ca2+ entry [25]. At the 
Drosophila NMJ, UNC13A is localized only 70  nm away from Ca2+ channels, 
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Fig. 2 UNC-13/Munc13 isoforms in different species. Domain structures of UNC-13/Munc13 
from C. elegans, Drosophila, and rat are shown. The blue box represents the calmodulin-binding 
domain. The other major domains are identified by their binding partners indicated in C. elegans- 
UNC- 13L. (Domain structure is predicted by Pfam.xfam.org)

whereas UNC13B is localized 120 nm away [26]. In rodent brains, Munc13-1, -2, 
and -3 are all expressed in the nervous system, but they exhibit tissue and temporal 
expression specificity [24, 27–29], with Munc13-1 being the prominent isoform in 
many central synapses and highly concentrated at active zones, bMunc13-2 having 
a lower expression level and displaying more diffuse expression relative to active 
zone proteins [30], and Munc13-3 being primarily expressed in the cerebellum [28, 
29, 31]. Recent studies show that Munc13-3 is also expressed in perforant path ter-
minals targeting the dendrites of granule cells in the hippocampus [32], and in calyx 
of Held synapses [30]. In contrast, Munc13-4 is barely detectable in brain tissues 
but broadly expressed in other tissues [33].

2.3  Structure

UNC-13/Munc13 are large (1500–2000 amino acid) multi-domain proteins. In gen-
eral, UNC-13/Munc13 isoforms are grouped into two classes based on the presence 
or absence of an extended amino terminus (Fig. 2). In C. elegans and mouse, the 
N-termini of UNC-13L, Munc13-1, and ubMunc13-2 contain a C2A domain and a 
calmodulin-binding domain, whereas the other isoforms lack these domains. The 
C2A domain exhibits a highly conserved interaction with the active zone protein 
UNC-10/RIM, thereby localizing the proteins close to Ca2+ entry sites [34–37]. The 
Ntermini of the UNC-13/Munc13 isoforms without a C2A domain may also have 
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distinct binding partners. For example, the coiled-coil motif in the N-terminal of 
bMunc13-2 binds to the active zone protein ELKS1, and this interaction is critical 
for proper localization of bMunc13-2 [38]. In Drosophila, neither UNC13A nor 
UNC13B contains a C2A domain, but UNC13A possesses a calmodulin-binding 
domain in its N-terminus [39]. Despite the differences in their N-termini, all 
UNC-13/Munc13 isoforms have a highly conserved C-terminal region, consisting 
of a diacylglycerol (DAG)-binding C1 domain [40], a Ca2+ and phospholipid- 
binding C2B domain [41], a SNARE-binding MUN domain [17], and a phospholipid- 
binding C-terminus which includes a C2C domain [42, 43].

2.4  Function

2.4.1  Overall Function

The functional importance of UNC-13/Munc13 has been investigated in both verte-
brates and invertebrates. Mutants lacking unc-13 or its homologs exhibit a nearly 
complete loss of neurotransmitter release from presynaptic nerve terminals, as indi-
cated by the absence of both spontaneous and evoked neurotransmitter release. This 
is associated with a severe reduction in the size of the readily releasable pool (RRP) 
of synaptic vesicles [39, 44, 45], demonstrating that UNC-13/Munc13 is required 
for vesicle priming. Consistent with this notion, overexpression of Munc13-1  in 
chromaffin cells increases the pool of readily releasable dense-core vesicles [46]. 
The priming function of UNC-13/Munc13 is also supported by its synaptic localiza-
tion near electron-dense presynaptic specializations (termed dense projections) 
[14], which are thought to be presynaptic organizers for many of the proteins 
required for neurotransmitter release, such as voltage-gated calcium channels, lip-
rin, bassoon, piccolo, CAST, and RIM [47]. UNC-13/Munc13 localization to sites 
near dense projections may ensure that vesicle priming occurs at appropriate sites 
near calcium channels [14]. Ultrastructural analysis of the synaptic morphology by 
high-pressure freezing electron microscopy has revealed that the number of plasma 
membrane-contacting vesicles is significantly reduced in unc-13/Munc13 knockout 
mutants, indicating that UNC-13/Munc13 is also required for vesicle docking [12, 
13, 48]. Despite the striking phenotype in synaptic transmission, unc-13/Munc13 
knockout mutants display normal nervous system architecture [44, 49].

2.4.2  Functions of UNC-13/Munc13 Isoforms

Multiple UNC-13/Munc13 isoforms coexist in many synapse types, such as NMJs 
in worms and flies, the calyx of Held synapse in the mouse auditory system, and the 
glutamatergic synapses in the mouse hippocampus. In general, the isoforms that 
localize close to Ca2+ entry sites (i.e., UNC-13L, UNC13A, and Munc13-1) play 
dominant roles in synaptic transmission, with knockout of these isoforms leading to 
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a ~90% reduction in evoked neurotransmitter release (Fig. 3) [25, 26, 49]. In con-
trast, knockout of the isoforms that are further away from Ca2+ entry sites (i.e., 
UNC-13S, UNC13B, and bMunc13-2) either does not produce any change or leads 
to only a minor decrease in evoked neurotransmitter release [25, 26, 49] (Fig. 3). In 
some synapse types, Munc13 isoforms appear to have redundant functions. For 
example, evoked GABA release is not affected by the knockout of either Munc13-1 
or Munc13-2 in hippocampal GABAergic neurons, but is abolished in Munc13-1/2 
double-knockout neurons [49]. Expression of either the C2A-containing or the 
C2A-lacking UNC-13/Munc13 isoforms in unc-13/Munc13 null mutants is suffi-
cient to restore the RRP in worms and mice, suggesting that they are all able to 
prime synaptic vesicles [25, 49].

2.4.3  Functions in Release Kinetics

In addition to their roles in vesicle docking, priming, and fusion, UNC-13/Munc13 
isoforms are also involved in regulating the kinetics of neurotransmitter release. At 
the C. elegans NMJ, evoked EPSCs in unc-13 null mutants rescued by UNC-13L 
and UNC-13S independently exhibit significantly faster and slower kinetics, 

Fig. 3 The function of UNC-13/Munc13 in synaptic transmission in vertebrates and invertebrates. 
Miniature excitatory postsynaptic currents (mEPSCs), stimulus-evoked EPSCs, and hypertonic 
sucrose-evoked responses recorded at the C. elegans NMJ (a–c) and the Drosophila NMJ (d–g), 
and in cultured mouse hippocampal neurons (h–j). In C. elegans, both UNC-13 isoforms are elimi-
nated in the s69 null mutants, whereas only the long isoform (UNC-13L) is present in the e1091 
mutants. Synaptic transmission is nearly abolished in unc-13/Munc13 null mutants in all species. 
UNC-13L in worm, Unc13A in fly, and Munc13-1 in mice are the primary isoforms that account 
for the majority of neurotransmitter release in the indicated synapse types, whereas other isoforms 
play minor roles in those synapses. (This figure was adapted from Aravamudan et al. [39], Augustin 
et al. [45], Richmond et al. [44], Varoqueaux et al. [49], and Bohme et al. [26])
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respectively, than those observed in wild type [25, 50] (Fig. 4a, b). Interestingly, 
UNC-13L colocalizes with UNC-10/RIM, which physically binds to voltage-gated 
Ca2+ channels [51], whereas UNC-13S has a more diffuse distribution and is located 
further away from UNC-10/RIM (Fig.  4c). The apparent inverse relationship 
between the effects of these two UNC-13 isoforms on the rise rate of evoked EPSCs, 
and their relative distances from UNC-13/RIM, suggests that the fast and slow 
kinetics of vesicle fusion are due to tight and loose couplings, respectively, between 
synaptic vesicles and the Ca2+ entry site. Studies in fly and mouse also show that 
distinct UNC13/Munc13 isoforms localize at different synaptic regions relative to 
Ca2+ entry, thereby triggering release with different kinetics, likely by mediating 
synaptic vesicles from different pools [26, 30].

Fig. 4 Fast and slow neurotransmitter release at the C. elegans neuromuscular junction are medi-
ated by UNC-13L and UNC-13S, respectively. (a) Stimulus-evoked excitatory postsynaptic cur-
rents were recorded from body wall muscle cells of wild-type worms and unc-13(s69) mutant 
worms rescued by either UNC-13L (red) or UNC-13S (blue). The dashed curves represent EPSCs 
normalized to wild-type EPSC amplitude. (b) The normalized cumulative charge transfer shows 
the overall release kinetics of the EPSCs. (c) Localization of UNC-13L and UNC-13LΔC2A rela-
tive to the active zone marker UNC-10/RIM. The C2A domain is critical to positioning UNC-13 at 
the release sites close to points of Ca2+ entry. (Figure adapted from Hu et  al. [25] and Zhou 
et al. [50])

Functional Roles of UNC-13/Munc13 and UNC-18/Munc18 in Neurotransmission



210

2.4.4  Functions of Different Domains

As a synaptic hub protein, the function of UNC-13/Munc13 is determined by its 
various functional domains, which have different binding partners. Although it is 
still unclear how different domains are coordinated, the function of each individual 
domain has been investigated in different model organisms.

The MUN Domain
To define the region of UNC-13/Munc13 required for vesicle priming, attempts to 
identify a minimal UNC-13/Munc13 rescuing fragment have been made in different 
species. In cultured neurons from Munc13-1/2 double-knockout mice, overexpres-
sion of the MUN domain (amino acids 859-1531) partially restores evoked gluta-
mate and GABA release, accompanied by a partial recovery of the RRP in excitatory 
hippocampal neurons and a full recovery of the RRP in inhibitory hippocampal 
neurons [52], demonstrating the function of the MUN domain in vesicle priming. 
Consistent with this finding, studies in chromaffin cells and the C. elegans NMJ 
have revealed that MUNC2C is the minimal fragment required for priming, and any 
fragment lacking the MUN domain fails to restore the RRP [16, 53], highlighting 
the MUN domain of UNC-13/Munc13 as the primary regulator of priming activity.

A study using the C-terminal region of Munc13-1 (amino acids 1181-1736) as 
bait in a yeast two-hybrid screen identified syntaxin-1B as a binding partner [17]. 
The clones isolated in this screen encoded the first two alpha helices (Ha and Hb) of 
syntaxin, suggesting that the role of UNC-13/Munc13 in vesicle priming is through 
its interaction with the syntaxin N-terminus. This notion is supported by the obser-
vations that mutations disrupting syntaxin binding to the MUN domain abolish 
Munc13-1-dependent dense-core vesicle priming [53], and that mutations in the 
C. elegans UNC-13S MUN domain (K1000A/K1002A) that disrupt syntaxin bind-
ing also reduce evoked neurotransmitter release [16]. Recent crystal structure stud-
ies of the MUN domain have also identified two highly conserved residues that 
mediate the interaction of MUN and syntaxin (N1128 and F1131  in Munc13-1). 
Substitution of these two residues by alanine in Munc13-1 abolishes the stimulatory 
effect of the MUN domain on SNARE complex assembly, and mutations of the cor-
responding amino acid residues in C. elegans UNC-13S reduces synaptic transmis-
sion [54]. Together, these experiments indicate that UNC-13/Munc13 promotes 
synaptic vesicle priming and exocytosis through interacting with syntaxin.

The observed interaction between the MUN domain and syntaxin has led to the 
speculation that UNC-13/Munc13 may facilitate vesicle priming by promoting or 
stabilizing the open conformation of syntaxin [55]. In C. elegans unc-13 mutants, 
introduction of a constitutively open UNC-64/syntaxin-1A (caused by L166A and 
E167A mutations), partially restored synaptic vesicle priming, suggesting that 
UNC-13 is involved in the transition of syntaxin from its closed to open configura-
tion [16, 56]. This was further supported by NMR and fluorescence spectroscopy 
showing that the Munc13-1 MUN domain dramatically accelerates the transition of 
syntaxin-1 from being a molecular complex with Munc18-1, which keeps syntaxin 
in the closed state, to the assembled SNARE complex [57].
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The incomplete rescuing effect of open UNC-64/syntaxin-1A on unc-13 mutant 
synaptic phenotypes [56, 58] suggests that UNC-13 may play additional roles in 
exocytosis [58, 59]. Indeed, recent studies have revealed that the MUN domain also 
promotes the proper arrangement of the SNARE domains within the SNARE com-
plex [60, 61]. In the SNARE complex, all the four α-helices are arranged with their 
amino and carboxyl terminal ends in the same direction [10]. When the ternary 
SNARE complex is assembled in vitro starting from a syntaxin/SNAP25 assembled 
docking platform, the MUN domain promotes the proper N- to C-terminal parallel 
configuration between syntaxin and synaptobrevin [60]. This function of the MUN 
domain significantly improves the efficiency of Ca2+-triggered single-vesicle fusion, 
emphasizing its indirect role in Ca2+-mediated vesicle fusion. In addition to this 
function, the MUN domain also cooperates with Munc18 to mediate the proper 
syntaxin and SNAP-25 configuration within the SNARE complex such that the two 
SNARE domains of SNAP-25 orient along syntaxin in the N to C direction. These 
recent findings have expanded our understanding that the MUN domain is not only 
required at the initial step but also throughout the process of SNARE assembly.

The C1 Domain
The C1 domain in UNC-13/Munc13 was originally found to bind to phorbol ester 
(PE) and diacylglycerol (DAG) [62], and this interaction promotes recruitment of 
Munc13 to the plasma membrane in human embryonic kidney cells (HEK293) [63]. 
In calyx of Held and hippocampal synapses, PE treatment strongly enhances synap-
tic potentiation, which is occluded by a point mutation in Munc-13-1 (H567K) that 
blocks C1 binding to PE [59, 64, 65]. Studies in C. elegans have shown that muta-
tion of the corresponding amino acid residue (H173K) in UNC-13S eliminates a 
PE-induced hypersensitivity of animals to the acetylcholinesterase inhibitor aldi-
carb, which reflects enhanced cholinergic synaptic transmission [66]. In addition, 
the H567K mutation significantly increases synaptic transmission without altering 
the RRP, indicating a higher release probability. The mutation is therefore consid-
ered a gain-of-function mutation in UNC-13/Munc13. This notion is supported by 
the fact that synaptic transmission in Munc13-1H567K synapses is similar to that in 
PE-potentiated wild-type synapses. These observations have led to the hypothesis 
that the C1 domain may serve as an autoinhibitory domain to inhibit UNC-13 func-
tion in neurotransmitter release [65, 67–69]. This hypothesis is supported by the 
recent observation that a complete deletion of the C1 domain enhances neurotrans-
mitter release [70–72].

Recent studies in Drosophila have revealed that the UNC-13 C1 domain is also 
a target of ethanol. Flies with reduced activity of UNC13 exhibit significantly higher 
preference for ethanol in comparison to wild type [73], and this phenotype is res-
cued by expression of rat Munc13-1, demonstrating that Munc13-1 is a conserved 
presynaptic regulator of ethanol-related behaviors. The C1 domain of Munc13 
appears to be the target site for ethanol binding in vitro because mutation of G582 
within it reduces ethanol binding. The Munc13-1 C1 domain also shows higher 
conformational stability in the presence of ethanol [74]. Intoxicating levels of etha-
nol exposure do not impact either Ca2+ influx or membrane depolarization, but 
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dramatically inhibits synaptic vesicle fusion in fly olfactory sensory neurons [75]. 
Ethanol binding to the C1 domain at concentrations comparable with binge expo-
sure reduces binding of DAG, which might reduce neuronal activity by interfering 
with DAG-mediated localization of Munc13 to the synaptic membrane [75]. These 
studies highlight the importance of the Munc-13 C1 domain in alcohol-induced 
changes in neuronal activity and cognitive functions.

The C2B Domain
The C2B domain of Munc13 is known as a Ca2+ and phospholipid-binding motif. 
The crystal structure of the C2B domain in the presence or absence of Ca2+ consists 
of a typical C2 domain β-sandwich fold with top loops containing Ca2+ binding sites 
[41, 76].. It should be noted that Ca2+-dependent phospholipid binding of Munc13 
C2B occurs at relatively high concentrations of phosphatidylinositol 4-phosphate 
(PIP) and phosphatidylinositol 4,5-bisphosphate (PIP2) in comparison to other C2 
domains (e.g., the C2B domain in synaptotagmin-1). This unusual biochemical 
property of the Munc13 C2B domain has been partially attributed to its Ca2+-binding 
loop 3 which uniquely contains a protruding α-helix. A point mutation in loop 1 that 
renders the phospholipid-binding properties of the Munc13-2 C2B domain similar 
to those of synaptotagmin-1 significantly increases neurotransmitter release proba-
bility [41]. Replacement of two aspartate residues (D629 and D635) in loop 1 by 
asparagine abolishes Ca2+ binding and Ca2+-dependent phospholipid binding to the 
C2B domain. This impairs synaptic facilitation induced by action potential trains 
but not evoked neurotransmitter release caused by single action potentials in mouse 
neuronal cultures, suggesting that the C2B domain acts as a Ca2+-dependent regula-
tor of short-term synaptic plasticity. A recent study showed that the binding of the 
Munc13-1 C2B domain  to Ca2+ and phospholipid fine-tunes the rate of synaptic 
vesicle replenishment following a train stimulus [77].

In C. elegans, deleting the  C2B domain in either UNC-13L or UNC-13S 
enhances Ca2+-dependent neurotransmitter release and causes an increased sensi-
tivity to aldicarb, which inhibits worm locomotion by inhibiting the breakdown 
of acetylcholine to cause sustained muscle contraction [78]. These results sug-
gest that the C2B domain may have an autoinhibitory function in UNC-13, simi-
lar to that of the C1 domain [70–72]. The aldicarb hypersensitivity is not observed 
in worms expressing a mutated isoform of UNC-13L, in which its C2B domain 
is replaced by that of rat Munc13-1, suggesting that the function of the C2B 
domain is conserved. The similar autoinhibitory functions of the C1 and C2B 
domains suggest that they might function cooperatively as a module. Consistently, 
in the crystal structure of the C1C2BMUN fragment, the Ca2+-binding loops of 
the C2B domain lie in close proximity to the DAG/PE-binding region of the C1 
domain [67]. This arrangement is expected to promote cooperation between the 
C1 and C2B domains in membrane binding, providing a structural basis for syn-
ergy between increases in DAG and Ca2+ to enhance the release probability in 
response to repetitive stimulation. The inhibitory effects of C1 and C2B domains 
on spontaneous release are more robust in the absence of Ca2+ than in the pres-
ence of Ca2+, suggesting that Ca2+ may antagonize the autoinhibitory effects [70, 
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71]. The Ca2+-dependent disinhibition of UNC-13 allows synaptic vesicles to 
move into a superpriming state in which the vesicles are more fusogenic, likely 
resulting from function of the MUN domain. This notion is supported by the 
recent findings in C. elegans that deleting either the C1 and C2B domains in 
UNC-13S, or the C1, C2B, and the linker domain between C2A and C1  in 
UNC-13L (also called sUNC-13), produces hyperactive UNC-13 proteins that 
dramatically increase Ca2+ sensitivity and release probability but decrease synap-
tic depression [70, 71]. Moreover, the hypersecretion induced by sUNC-13 is 
partially due to a more efficient function of the MUN domain in promoting the 
open syntaxin conformation. These recent studies suggest that the C1 and C2B 
domains act in concert to stabilize an inactive state of UNC-13/Munc13 in the 
absence of membrane recruitment signals such as Ca2+, PIPs, and DAG.

The C2C Domain
All UNC-13/Munc13 isoforms contain a highly conserved C-terminal sequence 
with a C2C domain. Several studies have shown that perturbing the C-terminal 
end of UNC-13/Munc13 has deleterious functional consequences at the syn-
apse. UNC-13/Munc13 lacking the C-terminal region is unable to prime synap-
tic vesicles in C. elegans and hippocampal neurons [16, 43], and dense-core 
vesicles in chromaffin cells [53]. Studies in C. elegans have revealed that one or 
two alpha helices in the MUN domain that precedes the C2C domain and a pre-
dicted alpha helix of the last 60 residues (MCT) fold together into a stable 
membrane-binding protein domain in vitro [42]. Deletion of either C2C or MCT 
impairs synaptic transmission, decreases synaptic vesicle priming, and disrupts 
nervous system function [42], providing further evidence that the C-terminal 
sequence is indispensable for UNC-13/Munc13 function. Despite these 
advances, it remains unclear how the C-terminal region in UNC-13/Munc13 
mediates vesicle priming and fusion due to a lack of structural information. In 
the crystal structure of the C1C2BMUN fragment, the MUN domain has a long 
rod-like shape with the C1 and C2B domains packed on one end [67] (Fig. 5a, 
b). This structure has led to a bridge model, in which the C1 and C2B domains 
bind to the plasma membrane, whereas the C-terminal region binds to synaptic 
vesicle membranes (Fig. 5c). Two experimental results support this model. First, 
mutations in C2C that disrupt liposome binding strongly impair in vitro lipo-
some fusion as well as in vivo synaptic vesicle docking, priming, and fusion 
[43]. Second, a deficiency in aldicarb sensitivity, which reflects reduced synap-
tic transmission, caused by a loss of the C-terminal region is significantly 
restored by artificially tethering the UNC-13 C-terminus to synaptic vesicles but 
not the plasma membrane [42]. These findings indicate that the C-terminal 
region serves as an attachment site for synaptic vesicles, and that this associa-
tion is required for efficient docking and priming.

The C2A Domain
The C2A domain, present in C. elegans UNC-13L as well as mammalian Munc13-1 
and ubMunc13-2, was first found to bind to the zinc finger domain (ZF) of RIM to 
form a heterodimer [37]. Crystal structure of the C2A domain has revealed that the 
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Fig. 5 Crystal structure of Munc13-1 C1C2BMUN domains and the model of UNC-13/Munc13 
in promoting vesicle fusion. (a) Domain structure of rat Munc13-1. The major domains include 
C2A, CaMb (calmodulin-binding domain), C1, C2B, MUN (subdomains A–D), and C2C. (b) 
Structure of C1-C2B-MUN (color coded similar to panel A with helices labeled). Zn2+ bound to the 
C1 domain is shown as yellow spheres. (c) The bridge model of UNC-13/Munc13 function. In this 
model, the C1 and the C2B domains interact with the plasma membrane, and the C-terminal end 
sequence including the C2C domain binds to the vesicle membrane, allowing the MUN domain to 
promote the transition from the syntaxin-Munc18-1 complex to the SNARE complex. (Adapted 
from Xu et al. [67])

Munc13-1 C2A domain forms a tight homodimer, and that the configuration of 
the C2A/C2A homodimer competes with that of a C2A/RIM heterodimer [36, 79]. 
Studies have been conducted with mice and C. elegans to understand how interac-
tions between Munc13-1 and RIM couples synaptic vesicle priming to presynaptic 
plasticity. In cultured hippocampal neurons, the Munc13-1 C2A/C2A homodimer 
locks Munc13-1 in an autoinhibitory state, which inhibits synaptic vesicle priming; 
formation of the C2A/ZF heterodimer between Munc13-1 and RIM switches on the 
priming function of Munc13-1 [35]. Ultrastructural analyses of synaptic morphol-
ogy by electron microscopy indicate that the heterodimer of Munc13-1 C2A and 
RIM also regulates synaptic vesicle docking [48]. In C. elegans, UNC-13L can also 
form C2A/C2A homodimers and C2A/RIM heterodimers, demonstrating that the 
homo- and hetero-interactions are conserved across species. Disrupting UNC-13L 
homodimerization does not lead to changes in synaptic transmission, whereas 
blocking C2A/RIM heterodimerization decreases the probability of neurotransmit-
ter release. It should be noted that the priming of synaptic vesicles in C. elegans 
requires neither the heterodimerization of UNC-13 C2A/RIM nor the C2A domain 
of UNC-13, as animals lacking the C2A domain of UNC-13L exhibit primed vesi-
cle levels similar to those of wild-type animals [34]. Moreover, the monomeric C2A 
domain still supports tonic release, and evoked release still occurs albeit at a reduced 
level in the absence of C2A/RIM heterodimerization [34]. The different results from 
the mouse and worm studies suggest that the priming mechanism is not entirely 
identical between these two species.

Other N-Terminal Domains
Although some UNC-13/Munc13 isoforms do not have a C2A domain, their 
N-terminal sequences also play important regulatory roles in synaptic transmission. 
It has been shown that the coiled-coil motif in the N-terminus of bMunc13-2 binds 
to the active zone protein ELKS1, and this interaction is critical to the proper 
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localization of bMunc13-2 and is required for synaptic vesicle priming in hippo-
campal synapses [38]. At Drosophila olfactory synapses, UNC13A and UNC13B 
isoforms are clustered at different positions in the release site by the active zone 
protein Bruchpilot (Brp, mammalian ELKS1 ortholog) and Syd-1, respectively, 
likely through interactions with their N-terminal sequences [80]. At the C. elegans 
NMJ, an N-terminal M domain in UNC-13S (1-259aa) inhibits the probability of 
neurotransmitter release by interacting with the C1 and C2B domains. Moreover, 
the M domain may enhance the release probability when it is fused to the MUNC2C 
fragment, suggesting that this domain also has intrinsic facilitatory functions [70]. 
However, it remains to be determined whether the M domain is regulated by other 
proteins for its function. These studies reveal various mechanisms by which the 
N-terminal sequences in C2A-lacking UNC-13/Munc13s regulate protein localiza-
tion and function.

The Calmodulin-Binding Domain
A calmodulin-binding domain (CaMb) exists in all C2A-containing 
UNC-13/Munc13 isoforms of C. elegans and mice, as well as in the UNC13A 
isoform of Drosophila. This domain consists of several amino acid residues that 
are highly conserved across species. Calmodulin binds to the CaMb domain in 
a Ca2+-dependent manner [81, 82]. Unlike the Munc13 C2B domain, which is 
directly activated by Ca2+ influx during action potentials, the CaMb domain is 
stimulated only after the synthesis of PIPs in response to accumulating residual 
Ca2+. In mice, arginine substitution of a conserved tryptophan residue in the 
CaM-binding motif of either Munc13-1(W464R) or ubMunc13-2(W387R) 
completely abolishes CaM binding [81]. In autaptic cultures of hippocampal 
neurons expressing these mutated Munc13 isoforms, evoked synaptic transmis-
sion and vesicle priming are normal, indicating that basal priming and release 
do not require CaM binding to Munc13. However, disruption of Munc13 bind-
ing to CaM causes great changes in synaptic plasticity. Specifically, a high- 
frequency stimulation-induced synaptic depression associated with wild-type 
Munc13-1 becomes more pronounced in the presence of Munc13-1(W464R), 
and the moderate augmentation normally observed following a stimulation train 
is reduced, suggesting a deficiency in refilling the primed pool of vesicles. 
Similarly, the calyx of Held synapse in Munc13-1(W464R) knockin mice exhib-
its a slower rate of synaptic vesicle replenishment, aberrant short-term depres-
sion, and reduced recovery from synaptic depression after high-frequency 
stimulation [69]. In C. elegans, rescue of an unc-13 null mutant (s69) with a 
chimeric UNC-13 protein containing the predicted CaM-binding domain fused 
with the R domain (UNC-13 region containing the C1, C2B, MUN, and C2C 
domains) results in evoked responses with significantly faster activation kinetics 
and more EGTA-resistance than that with UNC13R [25]. This shows that the 
CaM-binding domain expedites release kinetics and reinforces Ca2+ coupling. 
These studies place Ca2+-CaM-Munc13-1 as a core complex in facilitating short-
term plasticity.
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3  UNC-18/Munc18

3.1  Identification

Like UNC-13, UNC-18 was first implicated in the regulation of synaptic transmis-
sion as a result of forward genetic screens conducted by the Nobel Laureate Sydney 
Brenner [20]. Based on the premise that mutations disrupting genes required for 
synaptic transmission would result in  locomotory defects in the soil nematode 
C. elegans, Brenner identified and named the 18th isolated uncoordinated mutant 
unc-18. Null mutations in the unc-18 locus result in almost complete paralysis of 
C. elegans. UNC-18 is a ~67  kDa cytosolic protein [83], and is a member of a 
molecularly and structurally conserved protein family. Most organisms contain 
between 4 and 7 genes encoding UNC-18-related proteins (4 in yeast and flies, 6 in 
worms, and 7 in humans and mice). Although all of them perform conserved func-
tions in vesicle trafficking and fusion, they may play such roles in different intracel-
lular compartments (see review by Toonen and Verhage [84]). The closest homologs 
of UNC-18 are Sec1p in yeast [85], and Munc18-1/n-sec-1/rbsec1, Munc18-2, and 
Munc18c (encoded by three different genes) in mice [84, 86], which has led to the 
general name SM (Sec/Munc18) proteins for this family of proteins. In Drosophila, 
the homolog is Rop [87]. UNC-18, Munc18-1, and Rop are all enriched in neurons, 
whereas Munc18-2 is largely expressed in epithelial cells and Munc18c is ubiquitous.

3.2  Structure

UNC-18/Munc18 proteins contain three domains within the broadly conserved 
Sec1 homology region, named domains 1–3 (Fig. 6a). The crystal structure of rat 
Munc18-1 (also known as neuronal Sec1/nSec1) reveals a horseshoe-shaped mole-
cule with a central cavity (~15 A wide) lined by amino residues of domains 1 and 3 
[88] (Fig.  6b). Crystal structures solved for several other SM family members, 
including squid Sec-1 [89], yeast Sly1p [90], and mouse Munc18c [91], exhibit a 
similar horseshoe structure with conserved binding pockets (Fig.  6b), indicating 
that SM proteins have conserved structural features.

3.3  Function

Mutant analyses indicate that various SM proteins play a conserved role in mem-
brane fusion by acting at distinct intracellular locations [84, 92–94]. For SM pro-
teins acting at presynaptic sites, disruption of their functions invariably leads to 
severe release defects, as exemplified by C. elegans unc-18 null mutants (Fig. 6c) 
[95]. In Drosophila Rop null mutants, which cannot be directly analyzed for 
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synaptic transmission at the NMJ due to an embryonic lethality phenotype, indirect 
assessment of neurotransmission in temperature-sensitive Rop mutants by electro-
retinogram suggests an absence of neurotransmission at non-permissive tempera-
tures [87]. In neonates of Munc18-1 knockout mice, all synaptic activities are absent 
in spite of apparently normal synaptogenesis [96]. In chromaffin cells from the 
Munc18-1 null mice, the release of catecholamines is severely impaired [97]. These 
defects of synaptic transmission and chromaffin cell function have been attributed 
to a reduction in the readily releasable vesicle pool (RRP) based on a reduced num-
ber of synaptic vesicles contacting the presynaptic plasma membrane and reduced 
postsynaptic current response to hypertonic sucrose solutions (an assay for assess-
ing the size of the RRP) in Munc18/unc-18 mutant worms and mice [95, 97, 98] 
(Fig. 6c, d).

SM proteins are one of several protein classes implicated in vesicle docking. 
However, molecular events and functional consequences of the docking process are 
not fully understood, which is partly because docked vesicles are identified based 
on variable morphological criteria, and their numbers differ depending on the imag-
ing techniques used [12, 14, 99, 100]. It is also likely that docking measured by 
stationary analysis (i.e., fixed tissues) does not capture the true vesicle docking 
status [101]. Live cell imaging by total internal reflection fluorescence microscopy 
(TIRFM) suggests that the Munc18-1-dependent docking defect represents changes 
in several kinetically distinct vesicle docking states. In wild-type chromaffin cells, 
vesicle docking can be described as three states based on the dwell time: transiently 

Fig. 6 The crystal structure and function of UNC-18/Munc18. (a) Domain architecture of nSec1/
Munc18-1. (b) The crystal structure of rat Munc18-1 reveals that the Sec1 homology region forms 
a horseshoe-shaped topography with a central cavity lined by domains 1 and 3. (c) unc-18(e234) 
mutant of C. elegans exhibits dramatic decreases in the amplitude of evoked excitatory postsynap-
tic currents (EPSC), the frequency of miniature EPSC (mEPSC), and the postsynaptic currents 
induced by a hypertonic sucrose solution at the neuromuscular junction. (d) Consistent with a 
decrease in primed vesicles, fewer vesicles contact the plasma membrane at the NMJ in unc-18 
mutants than wild type. White arrowheads indicate docked SVs. (Figure adapted from Weimer 
et al. [95] and Misura et al. [88])
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visiting (<1 s), short-retained (1–10 s), and long-retained (>10 s). Incidents of both 
visiting and long-retained events are significantly reduced in the Munc18-1 mutant 
compared with the wild type, which accounts for the reduced number of docked 
vesicles observed by conventional EM [102]. In the absence of Munc18-1, vesicle 
docking appears to be hindered by a thickening of the submembrane actin cytoma-
trix, as actin depolymerization by latrunculin restores morphological docking in 
Munc18-1 mutant cells. However, the docked vesicles restored by latrunculin treat-
ment remain fusion-incompetent and exhibit weaker tethering forces than wild-type 
docked vesicles, as measured by an autocorrelation analysis [102]. These results 
suggest that strong vesicle tethering likely correlates with the primed state. 
Consistent with this notion, some vesicle-tethering events in wild-type chromaffin 
cells display unusually long dwell times under conditions that promote vesicle 
priming [101]. Because cleavage of either syntaxin-1A or SNAP-25 in chromaffin 
cells by clostridial neurotoxin C also reduces strong tethering of vesicles [102] and 
results in reduced morphological docking [103], it appears that strongly tethered 
docked vesicles represent the morphological correlates of functionally primed ves-
icles [101, 102]. Consistently, the number of docked vesicles in synapses of C. ele-
gans prepared by high-pressure freezing fixation is greatly decreased in 
priming-defective unc-64/syntaxin-1A and unc-13 mutants compared with wild 
type [12, 14]. This effect of unc-64 and unc-13 mutations on synaptic vesicle dock-
ing was not detected in previous studies using a conventional chemical fixation 
method [7, 44, 104–106], which exemplifies the well-known superiority of high- 
pressure freezing over conventional chemical fixation in preserving synaptic 
structures.

Together these observations indicate that Munc18-1 is required in at least two 
distinct processes: regulating submembrane actin cytomatrix to permit vesicle 
delivery to the plasma membrane, which is a prerequisite for weak tethering, and 
rendering vesicles strongly tethered and fusion-competent. Precise molecular mech-
anisms by which Munc18 performs these functions remain to be fully elucidated, 
but the similar phenotypes of Munc18-1 and syntaxin-1A mutants suggest that they 
may interact to promote fusion competence of vesicles.

3.4  Interaction with Syntaxin

Although all SM proteins interact with their cognate syntaxin partners, there is con-
siderable heterogeneity in binding modes, which have thwarted efforts to identify a 
unifying mechanism of SM protein function [84, 92, 99]. These modes include SM 
interactions with closed syntaxin (Fig. 7a), with assembled cis- or trans-SNARE 
complex (Fig. 7b, c), and with an N-terminal syntaxin peptide (Fig. 7d).

The difficulty in assigning a conserved function to SM proteins partially stems 
from the existence of a neuron-specific and high-affinity interaction between 
Munc18-1 and monomeric syntaxin-1A, in which the cavity formed by the 
Munc18-1 horseshoe envelopes syntaxin, locking it in a closed configuration 
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incompatible with SNARE complex formation [15, 107]. This binding mode is thus 
predicted to negatively regulate exocytosis. This hypothesis is supported by impaired 
secretion observed upon overexpression of Drosophila Rop [108, 109] and squid 
Sec1 [110], but is disputed by enhanced release observed upon Munc18-1 overex-
pression in chromaffin cells [97] and mammalian neurons [98]. Heterologous 
expression studies suggest that complexes of Munc18-1 with closed syntaxin-1A 
are predominantly localized to intracellular compartments rather than the plasma 
membrane, leading to the speculation that Munc18-1 binding to closed syntaxin-1A 
may perform a chaperone function to prevent nonspecific SNARE complex assem-
bly en route to the plasma membrane and/or stabilize syntaxin-1A during the transit 
[111]. This latter possibility is supported by observed reductions in syntaxin-1A 
levels in Munc18-1 and UNC-18 null mutants [95, 96]. The Munc-18 and closed 
syntaxin-1A interaction may also be important for vesicle docking because a 
mutated Munc18-1 with reduced affinity for closed syntaxin-1A cannot rescue ves-
icle docking in Munc18-1 null chromaffin cells as effectively as wild-type Munc-18 
[112]. This docking defect may represent a specific loss in weakly tethered vesicles 
(discussed earlier) since vesicle priming is still well supported by this mutated form 
of Munc18-1. Thus, binding of Munc18-1 to closed syntaxin appears to stimulate a 
vesicle-tethering step that is distinct from the involvement of Munc18-1 in the prim-
ing process [112]. Munc18-2 can also support vesicle docking in Munc18-1 null 
mutants, but it is less effective in priming vesicles, likely because it is adapted to 
function with syntaxin-3. Interestingly, Munc18-2 can compete with wild-type 
Munc18-1 for binding to closed syntaxin-1A and inhibit progression to the priming 
step when it is overexpressed in chromaffin cells [112]. This experiment implies 
that there are two sequential binding modes between Munc18-1 and syntaxin-1A; a 
monomeric interaction between Munc18-1 and closed syntaxin-1A that is required 
for tethering, and a subsequent interacting mode that regulates vesicles priming.

The binding between Munc18-1 and the N-terminus of open syntaxin-1A may 
serve this priming function [111, 113]. This N-peptide binding mode is a feature 

Fig. 7 The binding modes of SM proteins to syntaxin. Several configurations of SM protein inter-
actions with syntaxin have been proposed, including SM interactions with closed syntaxin (a), 
with assembled cis-SNARE complex (b) or trans-SNARE complex (c), and with an N-terminal 
syntaxin peptide (d). The red-colored molecule represents syntaxin with several major domains, 
including an N-terminal domain (N), a Habc domain of 3 α-helices, a SNARE domain (H3), and a 
membrane spanning domain. The teal-colored molecules represent SM proteins from three differ-
ent species, including Munc18-1 of mouse, Sec1p of yeast, and Sly1 of Drosophila. (Figure 
adapted from Toonen et al. [84])
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confirmed with many SM proteins and syntaxin [90, 91, 114, 115], which requires 
a conserved short peptide sequence at the syntaxin N-terminus to fit into a con-
served hydrophobic pocket on the external side of the SM horseshoe structure in 
domain 1 [90, 91]. Heterologous expression studies suggest that the binding between 
Munc18-1 and  the syntaxin N-peptide occurs preferentially at the plasma mem-
brane and appears to be important in promoting SNARE complex assembly once 
syntaxin has adopted its open conformation [111]. Specifically, heterodimers of 
open syntaxin and Munc18-1 can readily form complexes with SNAP-25 either 
alone or together with synaptobrevin, whereas open syntaxin lacking the N-peptide 
does not bind to Munc18-1 in vitro and cannot assemble into SNARE complexes 
[111]. These observations suggest that Munc18-1 can remain associated with syn-
taxin during sequential stages of SNARE complex formation [116]. This associa-
tion is however unlikely to be physiologically relevant in neurosecretory cells [117] 
and neurons [118] because interfering with the hydrophobic pocket underpinning 
this association has no significant effect on neuroexocytosis in these two models. 
However, an inhibition of mast cell degranulation by mutations altering the hydro-
phobic pocket [119] suggests that this interaction could play a role in the 
immune system.

In recent years, the focus has shifted toward a major priming function of 
Munc18-1 domain 3a, which can transit to a conformation incompatible with bind-
ing to closed syntaxin-1 [120]. The hinge loop of domain 3a physically interacts 
with syntaxin-1 to promote its open conformation [121, 122]. Interestingly, the size 
of the hinge loop seems to matter more than its amino acid composition in the pro-
moting effects of domain 3a on syntaxin-1 opening and subsequent SNARE com-
plex formation. Either deletion [122] or insertion [121] in the hinge loop negatively 
impacts exocytosis and SNARE complex assembly. However, a mutation at the start 
of the loop (P335A) was found to facilitate the extended α-helical conformation 
(Fig. 8) and accelerate fusion in a liposome mixing assay [123] and in neurosecre-
tory cells [124]. It has been proposed that domain 3a may serve as a molecular 
switch that can be turned on upon binding to VAMP2, and that the interaction 
between VAMP2 and Munc18-1 may play a key role in operating the switch. A 
mutation of residue A297 to bulky histidine in Munc18-1 prevents this interaction 
and blocks exocytosis, suggesting that interfering with VAMP2 binding can prevent 
domain 3a function in priming [125]. Domain 3a therefore holds the key to control-
ling the molecular switch that underpins vesicular priming, via opening of syntaxin-
 1 and ensuing SNARE complex assembly culminating in the fusion pore opening.

3.5  Nanoscale Environment

The cortical actin network plays a critical role in providing the nanoscale forces to 
move secretory vesicles to their docking sites at the plasma membrane in neurose-
cretory cells where they undergo priming and Ca2+-dependent fusion [122, 126]. 
Specifically, Myosin VI recruits secretory vesicles to the plasma membrane, and 

F. A. Meunier and Z. Hu



221

Myosin II promotes a relaxation of the cortical actin network leading to synchro-
nized translocation of secretory vesicles to the plasma membrane [122, 127]. At the 
plasma membrane, Munc18-1 controls the docking and priming of vesicles. 
Munc18-1 molecules detected in the vicinity of the plasma membrane exist in two 
major states, mobile and immobile, based on their diffusion coefficients. An increase 
of the mobile population in neurosecretory cells in response to secretagogue stimu-
lation suggests that Munc18-1 has to exit the confinement of the release sites to 
allow the occurrence of vesicle fusion [127, 128], and that this process is likely 
driven by a displacement of Munc18-1 from syntaxin-SNAP-25 dimers induced by 
synaptobrevin. This may promote SNARE complex assembly by generating a pro-
ductive syntaxin-SNAP-25 acceptor complex for synaptobrevin [129]. αSNAP may 
also facilitate the switch of Munc18-1 function in controlling syntaxin opening 
thereby ensuring the fidelity of SNARE complex formation [130]. In vitro liposome 
fusion assays indicate that Munc18-1 facilitates vesicle fusion by promoting 
SNARE complex assembly via a syntaxin-1A N-peptide interaction. Furthermore, 
the ability of Munc18-1 to promote liposome fusion is successful only when cog-
nate SNAREs are present [131]. This suggests that one of the functions of Munc18-1, 
and perhaps other SM proteins as well, is to ensure the specificity of the SNARE 
assembly reaction in each trafficking compartment.

Munc18-1 therefore participates in two distinct and sequential steps of the vesi-
cle cycle. It first interacts with closed syntaxin-1A to promote syntaxin-1A traffick-
ing to the plasma membrane, and then interacts with VAMP2 to promote syntaxin-1 
opening to ensure the fidelity of SNARE complex assembly [111, 113, 131, 132]. 
The SM-SNARE complex binding mode has now been established for several SMs 
involved in various cellular trafficking events including regulated exocytosis 

Fig. 8 Munc18-1 domain 3a structures. At least two different modes of interaction between 
Munc18-1 and syntaxin-1A have been identified. The left panel shows the closed structure of 
Munc18-1 in complex with the soluble region of syntaxin-1A, as solved by X-ray crystallography. 
The right panel shows the open conformation of Munc18-1. (Figure adapted from Hu et al. [120] 
and Burkhardt et al. [143])
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(Munc18-1), constitutive secretion (Sec1p), endocytosis (Vps45), and ER to Golgi 
trafficking (Sly1p), suggesting that this interaction underlies a conserved vesicle 
trafficking function [133–137].

4  Interactions Between UNC-13/Munc13 
and UNC-18/Munc18

The fact that C. elegans unc-18 and unc-13 mutants are similarly paralyzed with 
reduced evoked release and fewer docked/primed vesicles suggests that UNC-18 
and UNC-13 likely act in the same pathway. This possibility is further supported by 
their mutual interactions with the N-terminus of syntaxin [17]. Furthermore, the 
observation that an UNC-13 protein fragment can interact directly with UNC-18 
and displace UNC-18 from syntaxin in vitro suggests that the binding of UNC-18 
and UNC-13 to syntaxin may be convergent or sequential events [18]. The notion 
that Munc13 and Munc18 act in the same process is further supported by the recent 
observation that DAG and phorbol ester-induced synaptic potentiation requires both 
Munc13-1 activation and PKC-dependent phosphorylation of Munc18-1 [138]. 
Specifically, binding of phorbol ester to the C1 domain of Munc13-1 potentiates 
release only if phorbol ester-mediated PKC-dependent phosphorylation of 
Munc18-1 precedes it [138, 139].

Mechanistically, it is still unclear what sequence of events underlies the actions 
of Munc13 and Munc18 in either basal or potentiated synaptic transmission. An 
essential role of UNC-13/Munc13 appears to be to promote the availability of open 
syntaxin, possibly through a direct interaction with the syntaxin N-terminus [12, 16, 
53, 56, 59]. If this model is correct, at what point does UNC-18 become involved? 
Is Munc13 involved in promoting a change in Munc18-1 domain 3A conformation 
[122] leading to syntaxin-1A opening? Accumulating evidence indicates that all SM 
proteins may interact with assembled SNARE complexes [116, 117, 140], suggest-
ing that this is the key event underlying their conserved permissive role. If so, 
UNC-18 binding to the SNARE complex must occur after UNC-13 has rendered the 
syntaxin SNARE domain accessible for SNARE complex assembly. There are 
results suggesting that the MUN domain of Munc13-1 works together with 
Munc18-1 to initiate SNARE assembly by stabilizing an intermediate complex con-
taining Munc18-1, syntaxin-1A, and VAMP2 [132, 141]. Precisely how the interac-
tion between Munc18-1 and the SNARE complex may promote fusion is yet to be 
determined.

This hypothetical model does not adequately address the fact that Munc18-1 also 
binds to the closed conformation of syntaxin-1A. One possibility is that the action 
of UNC-13/Munc13 in promoting the opening of syntaxin causes a conformational 
rearrangement that disrupts the high-affinity Munc18-1/syntaxin dimer to allow 
syntaxin to open. However, this model fails to incorporate other roles of UNC-13/
Munc13-1 in the regulation of exocytosis that are independent of the MUN domain, 

F. A. Meunier and Z. Hu



223

such as vesicle targeting via RIM/Rab interactions [14, 36], synaptic potentiation 
via the C1 and C2B domains, as well as regulations involving interactions with 
Doc2, a C2 domain protein that binds Ca2+ [142]. Furthermore, this model does not 
address other known roles of UNC-18/Munc18-1 in the transport or stabilization of 
syntaxin, vesicle delivery, and PKC-dependent synaptic potentiation. Both Munc13 
and Munc18 are multi-domain proteins capable of interacting with several other 
proteins, which may provide mechanisms to regulate their central roles in exocyto-
sis to meet various physiological demands.

5  Summary

The consensus from recent studies is that UNC-18/Munc18 and UNC-13/Munc13 
act in concert to allow vesicle priming by promoting SNARE complex assembly. 
These events lead to the stable association of vesicles with the plasma membrane 
and drive the vesicles to acquire a fusion-competent state. However, many details 
remain to be elucidated regarding the temporal sequence, mechanics, and modula-
tion by regulatory proteins in the execution of neurotransmission.
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The Role of Tomosyn in the Regulation 
of Neurotransmitter Release

Chun Hin Chow, Mengjia Huang, and Shuzo Sugita

Abstract Soluble NSF attachment protein receptor (SNARE) proteins play a cen-
tral role in synaptic vesicle (SV) exocytosis. These proteins include the vesicle- 
associated SNARE protein (v-SNARE) synaptobrevin and the target 
membrane-associated SNARE proteins (t-SNAREs) syntaxin and SNAP-25. 
Together, these proteins drive membrane fusion between synaptic vesicles (SV) and 
the presynaptic plasma membrane to generate SV exocytosis. In the presynaptic 
active zone, various proteins may either enhance or inhibit SV exocytosis by acting 
on the SNAREs. Among the inhibitory proteins, tomosyn, a syntaxin-binding pro-
tein, is of particular importance because it plays a critical and evolutionarily con-
served role in controlling synaptic transmission. In this chapter, we describe how 
tomosyn was discovered, how it interacts with SNAREs and other presynaptic regu-
latory proteins to regulate SV exocytosis and synaptic plasticity, and how its various 
domains contribute to its synaptic functions.

Keywords Tomosyn · Exocytosis · Synaptic vesicles · SNARE proteins · UNC-18 
· Munc18 · Syntaxin

1  Discovery

Tomosyn was first discovered as a syntaxin-1 binding protein. At that time, 
Munc18-1 was known as a protein associated with syntaxin-1 [1–3]. The binding of 
Munc18-1 to syntaxin-1 appeared to be dynamic rather than stable. However, it was 
unclear how Munc18-1 dissociates from syntaxin-1, which prompted efforts of 
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searching for a novel binding partner of either syntaxin-1 or Munc18-1 that regu-
lates their interaction [4]. From extracted rat cerebral cytosol, a novel protein of 
130 kDa coimmunoprecipitated with syntaxin-1A, and was named tomosyn, which 
was coined from “tomo” (meaning a friend in Japanese) and “syn” (a binding part-
ner of syntaxin-1). The mammalian tomosyn identified is a protein of approximately 
1000 amino acid residues in length (depending on species) and contains several 
identified domains (Fig. 1). Tomosyn binds to syntaxin-1 [4], but not syntaxin-2, 3, 
and 4. This property of tomosyn differs from those of the Munc18 isoforms, namely, 
Munc18-1, 2, and 3, which can bind to different syntaxin isoforms [5–10].

Interestingly, the binding location of tomosyn on syntaxin-1 largely overlaps 
with that of the v-SNARE synaptobrevin-2 (also called vesicle associated mem-
brane protein 2, VAMP2) [4]. Since synaptobrevin plays a pivotal role in SV exocy-
tosis, the binding of tomosyn to a similar region in syntaxin-1 provoked further 
research on tomosyn. Yeast two-hybrid assays indicated that a predicted coiled-coil 
domain in the C-terminus of tomosyn mediates its binding to syntaxin-1. The puta-
tive coiled-coil domain of tomosyn has high sequence homology with the SNARE 
motif (an amphipathic α-helix) of the v-SNARE proteins synaptobrevin-1, 2, and 4 
[11]. Because the SNARE motif of v-SNAREs interacts with those of the t-SNAREs 

Fig. 1 Domain structure and alternative splicing of mouse tomosyn. (a) Tomosyn-1 contains an 
N-terminal WD40 repeat domain, 3 loops (loops 1–3), a tail domain, and a C-terminal VAMP-like 
domain (VLD). The alternatively spliced sites lie in the region of loop 2, which is also termed the 
highly variable region (HVR). There are three alternatively spliced isoforms of tomosyn-1: 
m-tomosyn-1 (1116 amino acids (AA)), b-tomosyn-1 (big) (1152 AA), and s-tomosyn-1 (small) 
(1099 AA). (b) Tomosyn-2 is highly similar to tomosyn-1, containing the WD40 domain, 3 loops, 
a tail domain, and the VLD. There are four alternatively spliced forms of tomosyn-2, and similar 
to tomosyn-1, loop2 is where the splice sites are located
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(syntaxin and SNAP-25) to form the SNARE complex, the similar binding location 
of tomosyn and synaptobrevin-2  in syntaxin led to the speculation that tomosyn 
might be able to substitute synaptobrevin-2 in the SNARE complex. As expected, 
Fujita et  al. demonstrated a novel complex formed by tomosyn, syntaxin-1, and 
SNAP-25 [4]. The binding of tomosyn to the t-SNAREs (syntaxin-1 and SNAP-25) 
can prevent synaptobrevin-2 from binding to the t-SNAREs, forming the tomosyn- 
SNARE complex [12].

Tomosyn’s ability to block the synaptobrevin-SNARE formation led to the 
hypothesis that tomosyn inhibits vesicles exocytosis. This hypothesis subse-
quently gained support by evidence from multiple systems and organisms. For 
example, overexpression of tomosyn inhibits Ca2+-dependent release of growth 
hormone from PC12 cells [4]. Tomosyn inhibits insulin secretion and glucose 
transporter type 4 (GLUT4) cell surface expression in pancreatic beta cells [13–
15]. Knockout of tomosyn in Caenorhabditis elegans, Drosophila, and mice aug-
ments evoked excitatory postsynaptic currents [16–22]. To understand tomosyn’s 
inhibitory roles in exocytosis, we begin by describing its biochemical and bio-
physical properties.

2  Structure and Domains

Since the discovery of tomosyn, a top priority was to characterize its structure. The 
first crystal structure of tomosyn was obtained with the yeast homolog of tomosyn, 
Sro7 [23]. This structure was later used as a template to build the structures of tomo-
syns in other species, including mice and Drosophila [18, 24]. Major structural 
domains of tomosyn include N-terminal WD40 repeats, a C-terminal VAMP-like 
domain (VLD), and a tail region before the VLD (Fig. 1).

Mammals have two isoforms of tomosyn encoded by two different genes, 
tomosyn- 1 and tomosyn-2 [25] (Fig. 1). The two genes have very similar gene 
structures with conserved N-terminal WD40 and C-terminal VLD domains [25]. 
Tomosyn-1 encodes three alternatively spliced isoforms that vary in the protein 
sequence length, including m-tomosyn-1 (“m” for “medium”), b-tomosyn-1 
(“b” for “big,” 36 amino acid residues longer than m-tomosyn-1), and s-tomo-
syn-1 (“s” for “small,” 17 amino acid residues shorter than m-tomosyn-1) [4, 
26]. The different splice isoforms display distinct expression patterns and syn-
taxin-binding specificities. m-tomosyn-1 and s-tomosyn-1 are specifically 
expressed in the brain and exclusively interact with syntaxin-1, whereas b-tomo-
syn-1 is expressed in various tissues, and can bind to both syntaxin-4 and syn-
taxin-1 [15, 26]. Tomosyn-2 encodes four alternatively spliced isoforms [25] 
(Fig. 1). Tomosyn-2 expression is restricted to the brain, especially in the hip-
pocampus and cerebellum [25]. The major structural difference between tomo-
syn-1 and tomosyn-2 lies within a highly variable region (HVR) where a loop 
structure of variable length exists [24, 25].

The Role of Tomosyn in the Regulation of Neurotransmitter Release



236

Mammalian tomosyns undergo various posttranslational modifications. For 
example, the HVR is a target for SUMOylation [24], which is a process of attaching 
the small ubiquitin-like modifier (SUMO) to a protein by the sequential actions of 
an E1 SUMO activating enzyme, an E2 SUMO conjugating enzyme, and a SUMO 
E3 ligase [27]. The C-terminal of tomosyn-1 is responsible for interacting with 
PIASγ, an E3 ligase used in the SUMOylation process [28]. In addition, tomosyn-1 
is phosphorylated at multiple sites. Protein kinase A (PKA) phosphorylates Serine 
724 located in the linker region between the WD40 domain and the VLD [29]. 
Tomosyn-1 is also a phosphorylation target of Cdk5 [22]. These posttranslational 
modifications may contribute to tomosyn’s inhibitory effects on exocytosis and syn-
aptic transmission.

2.1  Conservation of Tomosyn in Lower Organisms

Tomosyn is highly conserved across various species as a syntaxin interacting pro-
tein. As stated above, Sro7 is the yeast homolog of tomosyn. Structurally, Sro7 
contains WD40 domains at the N-terminal and an alpha-helix at the C-terminal 
domain (CTD) [23]. The α-helical CTD domain of Sro7 enables its binding to both 
Sec9, a yeast homolog of SNAP-25, and Sso1, a yeast homolog of syntaxin [23, 30]. 
Sro7 interacts with Sec9 and Sso1 to inhibit SNARE complex formation and vesicle 
exocytosis [23]. Therefore, Sro7 CTD exhibits functional similarity to the VLD 
motif of tomosyn.

In other organisms including humans, mice, zebrafish, Drosophila, and C. ele-
gans, the defining VLD motif of tomosyn is conserved [16, 18]. A highly conserved 
arginine (R) residue located in the center of the SNARE motif of synaptobrevin-2 
plays a key role in the formation of the SNARE complex. It interacts with three 
glutamine (Q) residues located in the centers of the SNARE motifs of syntaxin-1 
and SNAP-25 (Fig. 2a, b). This R residue as well as a glutamate (E) residue before 
it and an aspartate (D) residue following it are conserved in synaptobrevins of vari-
ous species. Although the tomosyn VLD motif is highly similar to the synapto-
brevin- 2 SNARE domain, tomosyn often has a different amino acid at the third 
position and is variable across species [16, 18] (Fig. 2a). Despite the variation in the 
VLD sequence, the ability of tomosyn to bind to syntaxin in the lower organisms 
C. elegans and Drosophila is unaltered [16, 18]. Similar to mammalian tomosyn, 
alternative splicing of tomosyn occurs in the lower organisms. In Drosophila, tomo-
syn is encoded by one gene and alternatively spliced at exon 13, generating distinct 
isoforms with variations in the WD40 domain [18]. In C. elegans, tomosyn is 
encoded by the gene tom-1, and spliced into 3 isoforms, tom-1A/B/C. TOM-1B dif-
fers from the other two splice variants in that it is shorter and lacks the N-terminal 
WD40 domain [16]. In spite of some protein sequence differences among various 
tomosyn isoforms, the VLD domain is highly conserved, suggesting that it plays 
critical roles in tomosyn’s functions.
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Fig. 2 Tomosyn VAMP-like domain (VLD). (a) Sequence alignment of the tomosyn-1-VLD at 
the C-terminal end and the synaptobervin-2 C-terminal SNARE domain of Mus musculus (mouse). 
The dark blue color represents sequence identity, and the light blue color represents similarity. (b) 
Structure of the rat tomosyn-SNARE.  The quadrable α-helical structure is similar to the 
synaptobrevin- 2-mediated SNARE complex. The arginine (R) of tomosyn (pink) interacting with 
syntaxin-1 (Qa, yellow) and SNAP-25 (Qbc, cyan) is highlighted in the box. (c) Interaction of 
R1076 of tomosyn with glutamine (Q) 226 of syntaxin-1, Q53 of SNAP25 Qb and Q174 of SNAP25 
Qc. (d) Similar interaction of R56 of synaptobrevin-2 (R, SNB-2, red) with the Q-SNAREs. 
Hydrogen bonds are shown in green

2.2  Biochemical Interactions

Sequence alignment showed that the C-terminus of tomosyn is highly similar to the 
coiled-coil SNARE domain of synaptobrevin proteins, which is the region respon-
sible for interacting with t-SNAREs [11, 18, 31, 32]. This suggests that the tomosyn 
C-terminal VLD is indispensable for tomosyn interaction with syntaxin. Multiple 
in vitro studies confirmed this notion by demonstrating that the tomosyn C-terminal 
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domain alone can bind to syntaxin-1 [12, 26, 33–35]. In addition, the C-terminal of 
tomosyn is solely capable of forming a heat-resistant complex with syntaxin-1 and 
SNAP-25 in a 1:1:1 ratio, termed the tomosyn-SNARE [12, 36]. The structure of the 
tomosyn-SNARE contains a quadruple α-helical structure. This structure is similar 
to the SNARE complex formed by synaptobrevin-2, syntaxin-1, and SNAP-25 [37] 
(Fig.  2b). The formation of the tomosyn-SNARE is likely initiated by a binary 
tomosyn-syntaxin-1 interaction since tomosyn cannot bind to SNAP25 directly 
[34]. Moreover, the dissociation of the tomosyn-SNARE utilizes a similar pathway 
to the synaptobrevin-2-SNARE complex. The synaptobrevin-2-SNARE complex is 
dissociated by α-NSF (N-ethylmaleimide-sensitive factor), SNAP (soluble NSF 
attachment protein), and ATP [38, 39]. Similarly, tomosyn-SNARE is dissociated 
by the same three components [12, 40]. In summary, the tomosyn’s VLD domain 
makes it the ideal candidate to replace synaptobrevin-2 in t-SNAREs binding.

Beyond t-SNAREs, tomosyn interplays with other SNARE-mediated fusion regu-
latory proteins in the active zone. For example, the tomosyn N-terminal WD40 domain 
can interact with synaptotagmin-1 in a Ca2+-dependent manner [41]. Synaptotagmin-1 
is a Ca2+ sensor that promotes SNARE-mediated membrane fusion [42–45]. Upon 
Ca2+ entry, the tomosyn N-terminal WD40 domain binds to synaptotagmin-1 to inhibit 
the promoting effect of synaptotagmin-1 on SV fusion. The tomosyn-synatotagmin-1 
interaction also promotes the formation of the inhibitory tomosyn-SNARE complex 
[41]. On the other hand, although tomosyn-SNARE and synaptobrevin-2-SNARE are 
similar in structure, they differ in interactions with complexin. Specifically, complexin 
binds to the latter but not the former [18, 37]. Complexin acts on the synaptobrevin-
2-SNARE complex via a grappling mechanism to produce dual effects: promoting 
Ca2+-dependent synchronized release and inhibiting spontaneous SV fusion [46]. The 
absence of an interaction between tomosyn-SNARE and complexin is in agreement 
with the notion of tomosyn being an inhibitor of SV fusion because the tomosyn-
SNARE complex does not participate in SV exocytosis.

3  Inhibitory Roles of Tomosyn in Neurotransmitter Release

3.1  Tomosyn Presynaptic Localization

Given tomosyn’s ability to form of the inhibitory tomosyn-SNARE complex, its 
primary function in neurons is blocking neurotransmitter release. Tomosyn is highly 
expressed in presynaptic neurons [4, 17, 19, 47]. In mice, tomosyn-1 was detected 
in various parts of the brain, including in the CA1, CA2, and CA3 regions, mossy 
fibers, and the dentate gyrus in the hippocampus [4, 20, 25, 47]. Double immunos-
taining using antibodies against tomosyn-1 and vesicular glutamate transporter 1 
(VGLUT1) indicated that these two proteins colocalize at presynaptic sites in excit-
atory neurons. On the contrary, tomosyn-1 is not present in vesicular GABA trans-
porter (VGAT) positive inhibitory neurons [47]. Therefore, tomosyn-1 localizes 
specifically to presynaptic excitatory neurons in mammals.
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Tomosyn expression is mainly detected at presynaptic regions in neurons. 
Tomosyn-1 immunostaining revealed a punctate pattern in the mossy fiber stra-
tum lucidum but weak staining in dendrites and cell bodies in the dentate gyrus 
region, which is consistent with the predominantly presynaptic expression of 
tomosyn-1 [47]. Moreover, live imaging of fluorescently tagged tomosyn-1 
puncta and SVs in cultured mammalian hippocampal neurons demonstrated a 
direct association of tomosyn-1 with SVs [48]. Tomosyns of other species also 
showed predominantly presynaptic expression in neurons. For example, tomo-
syn displays a punctate expression pattern in the axons of C. elegans ventral 
nerve cord motor neurons, and the puncta of tomosyn colocalize with those of 
the presynaptic marker synaptobrevin (SNB-1) [16, 17, 49, 50]. Similarly, in 
Drosophila, tomosyn is localized at presynaptic sites in motor neurons [19]. 
Therefore, multiple lines of evidence indicated tomosyn’s presynaptic localiza-
tion, which is consistent with its role in regulating presynaptic release of excit-
atory neurotransmitters.

3.2  Inhibition on Basal Synaptic Transmission

Tomosyn’s functional roles in neuronal transmission were studied through knockout 
(KO), knockdown (KD), and loss-of-function (lf) mutant models. In the tomosyn-1 
global knockout mouse model, stimulation of the mossy fibers causes a larger 
evoked excitatory postsynaptic potential (EPSC) amplitude in postsynaptic neurons 
compared with the wild type, indicating that the absence of tomosyn-1 enhances 
synaptic transmission [20]. Moreover, in Drosophila, tomosyn KD and loss-of- 
function mutant models displayed enhanced evoked release amplitude and total 
charge transfer compared with the wild type, indicating potentiated synaptic trans-
mission [18, 19].

The in vivo functions of tomosyn can be studied by using tom-1 mutants of 
C. elegans. A commonly used method to assess neurotransmission in C. elegans 
is to quantify the percentage of worms paralyzed over time in the presence of 
aldicarb, which is a cholinesterase inhibitor. Application of aldicarb causes ace-
tylcholine accumulation at the neuromuscular junction, which eventually leads to 
spastic paralysis of animals [51]. Therefore, mutant worms with enhanced acetyl-
choline release become paralyzed faster than wild-type worms, and vice versa. 
tom-1(lf) mutants become paralyzed faster than the wild type in the aldicarb sen-
sitivity assay, suggesting that acetylcholine release might be increased in the 
mutants [16, 17, 49, 50].

Electrophysiological recordings show that the decay rate of EPSCs at the 
C. elegans neuromuscular junction is greatly slowed, which is associated with a 
much increased charge transfer (current integral) and often accompanied by an 
increased EPSC peak amplitude in tom-1(lf) mutants compared with wild type 
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[16, 17, 52, 53]. On the contrary, overexpressing tomosyn reduced evoked EPSC 
current integral [52]. The peak amplitude and decay rate of EPSCs reflect the fast 
synchronous component and the slow asynchronous component of EPSCs, respec-
tively. To distinguish the contribution of tomosyn to the specific component, 
EGTA, a slow Ca2+ ion chelator, was used in C. elegans EPSC recording. EGTA 
addition rescued the long decay time of evoked EPSC in tom-1(lf) mutants back 
to the wild-type level [53]. Therefore, tomosyn appears to be important to regulat-
ing the slow asynchronous component of evoked EPSCs. Collectively, the behav-
ioral and electrophysiological data as well as the presynaptic localization of 
tomosyn in neurons suggest that tomosyn plays an inhibitory role in neurotrans-
mitter release.

There are various ways to modulate presynaptic neurotransmitter release, 
including changing the active zone arrangement and regulating the SV pool size. 
As demonstrated in the C. elegans tom-1(lf) mutant, there was no gross change in 
active zone protein arrangement [16, 17]. Hence, the augmented SV exocytosis in 
tom- 1(lf) mutants is not due to altered presynaptic structures. In contrast, multiple 
lines of evidence pointed to tomosyn’s function in regulating SV pool sizes [16, 
17, 22, 54]. In cultured rodent hippocampal cultures, tomosyn-1 KD increases the 
sizes of the readily releasable pool (RRP) and the recycling pool (RP), whereas 
tomosyn- 1overexpression tends to have opposite effects [22]. Phosphorylation of 
tomosyn-1 by Cdk5 enhances its ability to reduce the RRP and RP sizes, via inter-
actions of tomosyn-1 with Rab3A and synapsin [22]. The size of the RRP is also 
increased in motor neurons of C. elegans tom-1(lf) mutants, as assessed by com-
paring postsynaptic currents evoked by a hyperosmotic sucrose solution between 
the mutants and wild type [16, 17]. Further analyses of the presynaptic function 
of tomosyn suggested that it also regulates SV trafficking. Electron microscopy of 
C. elegans tom-1 mutants showed increased primed/docked, and tethered SVs in 
presynaptic neurons [16, 54]. Therefore, tomosyn, by inhibiting SV priming and 
docking, negatively regulates RRP size, ultimately causing a reduction in synaptic 
transmission.

In addition, tomosyn may regulate synaptic transmission in a retrograde pathway 
involving neurexin and neuroligin. In C. elegans, inactivation of a muscle micro- 
RNA, miR-1, leads to the creation of a retrograde signal that suppresses acetylcho-
line release. Neurexin and neuroligin act downstream of miR-1 to increase tomosyn 
presynaptic expression. Therefore, miR-1 retrogradely inhibits the evoked release 
by elevating the presynaptic tomosyn level [55].

3.3  Interaction with Munc18-1/UNC-18 and Munc13/UNC-13

Tomosyn functionally interacts with Munc13/UNC-13 and Munc18-1/UNC-18, 
which interact with SNAREs to promote SV fusion and regulate SV docking and 
priming [56–58]. In C. elegans, unc-13(s69), a null mutant, has much fewer SVs in 
contact with the presynaptic plasma membrane than wild type, and essentially no 
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EPSCs and hyperosmotic sucrose-evoked postsynaptic currents at the NMJ [16, 17, 
59]. Some of these phenotypes of the unc-13 mutant are opposite to those of tom-
1(lf) mutants and can be partially rescued by combing the mutant with tom- 1(ok285), 
a putative null mutant, suggesting that tomosyn works antagonistically with UNC-13 
in vesicles priming [16, 17]. An early study suggested that UNC-13 plays a role in 
promoting the transition of syntaxin from a closed conformation to an open confir-
mation that is required for SNARE complex assembly [59]. However, knockin of 
open syntaxin (L166A/E167A) hardly rescued the unc-13 null mutant, suggesting 
that UNC-13 plays a minor role in altering syntaxin conformation [60]. Hence, 
subsequent studies turned to investigating other functions of UNC-13 and potential 
interplays between UNC-13 and tomosyn.

UNC-13 has two isoforms: UNC-13L (long isoform) and UNC-13S (short iso-
form), which are responsible for the fast and slow components of evoked EPSCs, 
respectively [53]. In C. elegans, lack of tomosyn leads to the accumulation of 
UNC-13S (short isoform) at synapses [17]. To understand the interaction between 
tomosyn and UNC-13S, unc-13(e51) and unc-13(e1091), which encode truncated 
forms of UNC-13L but intact UNC-13S, were studied alongside the tom-1 mutant. 
In the double mutant tom-1(ok285)unc-13(e1091 or e51), observed defects of 
unc- 13(e1091/e51) in the evoked release, RRP, and locomotion are partially res-
cued. Moreover, inactivating tomosyn in animals expressing only UNC-13S signifi-
cantly increases the quantal content of evoked EPSCs at the NMJ [53]. These results 
suggest that tomosyn specifically inhibits the UNC-13S-mediated slow component 
of evoked release. This conclusion is also in agreement with the aforementioned 
slow EPSC decay phenotype of tom-1(lf) mutants. Thus, tomosyn and UNC-13S 
appear to act together to regulate the slow component of evoked release. It has been 
shown that an M-domain of UNC-13S can inhibit the release probability of cholin-
ergic neurons [61]. Although the specific molecular pathway involved in the synap-
tic functions of tomosyn and UNC-13 remains unclear, tomosyn and the M-domain 
of UNC-13 might interact to suppress presynaptic release.

Other functions of UNC-13 include chaperone activity for the SNARE complex 
and promotion of vesicle priming in coordination with UNC-18 [62–64]. Therefore, 
analyses of genetic interactions among unc-13, unc-18, and tom-1 mutants may 
provide insights into tomosyn function (Fig. 3). UNC-18 and its mammalian homo-
log Munc18-1 regulate vesicles priming and serve as chaperones of syntaxin-1 to 
promote its trafficking [41, 66–69]. An UNC-18(P334A)/Munc18-1(P335A) muta-
tion makes domain-3a of the protein to adopt an unfurled and extended conforma-
tion, which increases synaptic exocytosis [50, 70, 71]. Knockin of the 
UNC-18(P334A) mutation into the genetic background of unc-13(s69) causes 
slightly increases in motility and aldicarb sensitivity, which provide further evi-
dence for the gain-of-function nature of the UNC-18(P334A) mutation. The rescu-
ing effects of unc-18(P334A) and tom-1(ok285) on the neurotransmitter release 
defect of unc-13(s69) are comparable [50, 60]. A triple mutant of tom-1(ok285), 
unc-13(s69), and unc-18(P334A) has been generated and used to further understand 
the interplay among the three proteins. Compared with the unc-13(s69) mutant, the 
triple mutant is significantly improved in thrashing ability and restored to the 
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Fig. 3 Model of the interaction among tomosyn, UNC-18/Munc18, and UNC-13/Munc13 in reg-
ulating presynaptic synaptic vesicles (SV) release. In wild-type (WT) condition, when tomosyn 
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wild- type level in aldicarb sensitivity [50]. The synergistic effects of UNC-18 gain-
of- function and tomosyn loss-of-function suggest that tomosyn and UNC-18 act 
downstream of UNC-13 to antagonistically control neurotransmitter release (Fig. 3). 
This model is consistent with the biochemical template model of Munc18/UNC-18 
function in which Munc18/UNC-18 favors the formation of active SNARE com-
plexes containing synaptobrevin over the inhibitory tomosyn-SNARE complex by 
simultaneously binding to syntaxin and synaptobrevin via domain 3 [72].

3.4  Synaptic Plasticity

Beyond its role in controlling neurotransmitter release, tomosyn contributes to vari-
ous forms of synaptic plasticity. Several studies have used paired-pulse stimulation 
to demonstrate a role of tomosyn in short-term synaptic plasticity. In the mamma-
lian hippocampus, tomosyn-1 KD or KO led to weaker paired-pulse facilitation 
(PPF) and enhanced paired-pulse depression (PPD) [20–22, 73]. Similarly, at the 
Drosophila NMJ, tomosyn KD increased PPD [19]. An increase in neurotransmitter 
release probability generally causes a larger initial peak response but a smaller sec-
ond peak response in paired-pulse stimulation, both the weakened PPF and strength-
ened PPD indicate increased presynaptic release probability (Pr). Thus, a reduction 
of tomosyn’s presynaptic function increases the release probability of the neurons. 
Tomosyn-1 global KO mice also show a higher susceptibility to dentate gyrus kin-
dling stimulation than wild-type mice, suggesting enhanced glutamate release from 
the excitatory neurons [74].

The presence of tomosyn defines the overall Pr of motor neurons in Drosophila, 
which, in turn, modulate the synaptic plasticity [18]. There are two types of motor 
neurons in Drosophila. The first is Ib, which has tonic sustained release with low 

Fig. 3 (continued) binds to syntaxin-1 and SNAP-25, it forms the inhibitory tomosyn-SNARE to 
inhibit SV fusion. In contrast, Munc18-1 displaces SNAP-25 to form the binary complex with 
syntaxin-1 in closed formation. With the aid of Munc13, it leads to SNARE complex formation and 
fusion of SV [65] (WT). When tomosyn is removed, inhibitory tomosyn-SNARE is absent, which 
favors active synaptobrevin-2-containing SNARE formation (shown by a larger size) (-tomosyn). 
However, without Munc13, the binary interaction formed by Munc18-1 and syntaxin-1 is not effi-
ciently transitioned to active SNARE. Therefore, in the absence of Munc13, tomosyn-SNARE 
formation is favored, inhibiting neurotransmitter release (-MUNC13). When tomosyn is removed 
in the background of losing Munc13, the removal of inhibition by tomosyn again favors active 
SNARE formation, even without Munc13. Yet, this rescue in active SNARE formation is minimal 
(small size of active SNARE) (-tomosyn, -MUNC13). Munc18-1 (P335A) (UNC-18 (P334A)) is 
the unfurled form of Munc18-1, facilitating active SNARE complex formation (M18 (P335A)). In 
the absence of tomosyn, SV fusion is further enhanced (-tomosyn, M18 (P335A)). However, with-
out Munc13, Munc18-1 (P335A) cannot efficiently promote the formation of active SNARE com-
plex, hence favoring tomosyn-SNARE (-MUNC13, M18 (P335A)). Finally, Munc18-1 (P335A) 
can strongly rescue the deficit of Munc13 in the absence of inhibitory tomosyn. Neurotransmitter 
release is closed to wild-type level (-tomosyn, -MUNC13, M18 (P335A))
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release probability, and the other is Is, which has phasic rapid depression with high 
release probability. Tomosyn is highly expressed in Ib neurons but not expressed in 
Is neurons. Electrophysiological analyses of evoked release at the NMJ indicate that 
null mutation of the tomosyn gene enhances the Pr at Ib but not Is synapses, sug-
gesting that tomosyn functions exclusively in Ib motor neurons to maintain a low Pr. 
The low Pr of Ib neurons is critical to the generation of presynaptic homeostatic 
potentiation (PHP), which is a compensation mechanism for postsynaptic deficits to 
maintain proper synaptic transmission. A loss of tomosyn at the Ib synapses would 
maximize the Pr (depleting the RRP), and prevent PHP generation [18]. 
Consequently, the regulation of Pr is key to tomosyn’s role in controlling synaptic 
communication.

Furthermore, tomosyn contributes to the generation of long-term plasticity 
(LTP) primarily via a presynaptic mechanism. At hippocampal mossy fiber to 
CA3 pyramidal cell synapses, LTP induced by either tetanic stimulation or for-
skolin is weaker in tomosyn-1 KO and KD mice than wild type [20, 21]. Forskolin 
activates adenylyl cyclase to increase intracellular levels of cAMP, which, in turn, 
activates PKA to phosphorylate various proteins, including tomosyn-1 [29]. It has 
been shown that PKA phosphorylation of tomosyn promotes synchronous SV 
release, which might be the basis for tomosyn’s roles in regulating LTP [29]. On 
the other hand, post- tetanic potentiation caused by mossy fiber stimulation is 
driven mainly by increased presynaptic release [75]. It is augmented in mice defi-
cient in tomosyn-1 due to the increased presynaptic Pr [21]. Therefore, a physio-
logical function of tomosyn appears to be modulating short-term and long-term 
plasticity by inhibiting the Pr.

Since tomosyn-1 plays a role in generating LTP, it is also important in learning 
and memory processes. The CA3 network in the mammalian hippocampus is impor-
tant to spatial memories [76]. Mice overexpressing tomosyn-1 in the dentate gyrus 
(presynaptic neuron projecting the mossy fiber) show mild deficits and impaired 
learning in the Morris water maze test, which is used to assess spatial memory [73]. 
However, LTP at the mossy fibers and CA3 pyramidal neuron synapses are 
unchanged in these mice [20, 21, 73], suggesting that tomosyn-1 does not alter ani-
mals’ spatial learning and memory via LTP modulation.

3.5  Potential Postsynaptic Functions

The above studies suggest that tomosyn is important to presynaptic function. 
However, tomosyn-1 is also detected at dendrites and somata of hippocampal 
neurons [47, 77, 78], and tomosyn-1 KD is associated with reduced dendritic 
complexity and spine density in hippocampal neurons [77, 78], suggesting that 
postsynaptic tomosyn-1 might regulate dendritic development. In addition, 
postsynaptic tomosyn- 1 might regulate postsynaptic receptor expression, as 
suggested by a reduced frequency of AMPA receptor-mediated miniature excit-
atory postsynaptic currents (mEPSCs) accompanied by lower AMPA receptor 
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surface expression in tomosyn-1 KD mice [78]. However, the role of tomosyn in 
postsynaptic receptor surface expression remains uncertain because most stud-
ies with rat hippocampal neurons, Drosophila, and C. elegans have been unable 
to demonstrate an effect of tomosyn deficiency on the frequency of mEPSCs 
[17, 19, 22].

Efforts have been made to provide a mechanistic view of tomosyn-1 function in 
AMPA receptor trafficking. The prevailing model is that the WD40 domain of 
tomosyn promotes dendritic stability by inhibiting a RhoA signaling pathway, 
resulting in enhanced AMPA receptor insertion into the dendritic plasma membrane 
[78]. The tomosyn-1-RhoA pathway has also been implicated in regulating overall 
neurite outgrowth. Specifically, a Rho-associated serine/threonine kinase (ROCK) 
phosphorylates syntaxin-1 to promote tomosyn-SNARE formation, which inhibits 
vesicle transport that is necessary for neurite outgrowth [79]. On the contrary, 
another signaling pathway, involving the ubiquitination of tomosyn-1 by HRD1 (an 
E3 ligase), promotes tomosyn-1 degradation to facilitate dendritic development 
[77]. Thus, tomosyn-1 might play important roles in postsynaptic dendritic mor-
phology and development.

3.6  Regulation on Dense-Core Vesicles Release

Along with regulating synaptic vesicle release, tomosyn takes part in regulating 
the release of dense-core vesicles (DCV), which contain a variety of neurotrans-
mitters, including neuropeptides and biogenic amines [48, 80–82]. Mammalian 
tomosyn-1 associates with DCVs and inhibits Ca2+-dependent DCV release of 
catecholamines [48, 82]. Gracheva et  al. have studied the role of tomosyn in 
regulating DCV release in  vivo by investigating genetic interactions between 
tomosyn and UNC-31 in C. elegans [80, 81]. UNC-31, an ortholog of mamma-
lian Ca2+-dependent activator protein for secretion (CAPS), mediates DCV teth-
ering, docking, and priming for neuropeptide release [83]. tom-1 loss-of-function 
mutants have a reduction of DCVs in ventral nerve cord motor neurons due to an 
increase in DCV exocytosis, while overexpression of tomosyn increased the 
number of DCVs at the synapses. These data highlight tomosyn’s role in neuro-
peptide release inhibition [81]. unc-31(lf) mutants show defective locomotion, 
accumulation of DCVs in neurons, and reduced amplitude and charge transfer of 
evoked EPSCs, reflecting the consequences of DCV release impairment. In a 
double mutant of tom-1(lf);unc-31(lf), all the above- mentioned defects of the 
unc-31(lf) are partially mitigated [81], tomosyn is proposed to inhibit UNC-31 
dependent DCVs fusion in a similar manner to inhibiting SV fusion. By forming 
the tomosyn-SNARE, SNARE complex formation between v-SANRE on DCVs 
and t-SNAREs on the plasma membrane is blocked. Thus, tomosyn appears to 
control both the release of both SVs (small clear vesicles) containing fast neu-
rotransmitters and DCVs containing neuropeptides.
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3.7  Mammalian Tomosyn-2 Function

In contrast to tomosyn-1, the major expression sites for tomosyn-2 are the pyrami-
dal cell layer of the hippocampal CA2 region and the cerebellum [25, 47]. Tomosyn-2 
is mainly localized at dendrites and dendritic spines, suggesting that it might have a 
postsynaptic function [47]. Global knockout of tomosyn-2 in mice impairs senso-
rimotor and motor performances [84]. The tomosyn-2 KO mice display a higher 
frequency of spontaneous end-plate potentials, and a decrease of paired-pulse facili-
tation at the NMJ, suggesting that removing tomosyn-2 increases neurotransmitter 
Pr [84]. Therefore, although tomosyn-2 is localized at postsynaptic regions, it may 
inhibit presynaptic release retrogradely at the NMJ. Interestingly, tomosyn-2 global 
KO did not alter synaptic transmission in hippocampal neuronal cultures, despite its 
prominent and strong expression in the hippocampus [84]. Nevertheless, live imag-
ing of EYFP-tagged tomosyn-2 shows co-migration with SVs and DCVs, similar to 
tomosyn-1 [48]. Additionally, tomosyn-1 and -2 are similar in their abilities to 
inhibit exocytosis in PC12 cells [85]. So far, the function of tomosyn-2 in the central 
nervous system remains unclear.

4  Functions of Tomosyn Domains

4.1  C-Terminal VAMP-Like Domain: Formation 
of Tomosyn-SNARE

The C-terminal VLD was first proposed as the major component accounting for the 
inhibitory function of tomosyn. Using the in vitro FRET liposome system, tomosyn 
VLD blocked the usual synaptobrevin-2 interaction with t-SNAREs for liposome 
fusion [40]. The VLD inhibits normal SNARE formation by accelerating the forma-
tion of a tomosyn-SNARE complex. Consistent with the inhibitory role of tomosyn, 
overexpression of the VLD motif alone inhibited Ca2+-dependent evoked release of 
dopamine in a PC12 cell system [12]. Nevertheless, the VLD alone is significantly 
weaker than full-length tomosyn in binding with syntaxin-1 [26, 33]. Consistent 
with the weaker binding, overexpression of the tomosyn VLD motif in the more 
physiological adrenal chromaffin cell culture did not affect exocytosis of DCVs 
[33]. Additionally, in both C. elegans and Drosophila, the C-terminal VLD of tomo-
syn does not have the same ability of inhibiting neurotransmitter release as the full- 
length tomosyn [18, 52]. Hence, although the VLD of tomosyn is necessary for 
binding to syntaxin, other parts of tomosyn also contribute to the inhibitory function 
of tomosyn on SNARE complex formation.

Although tomosyn is generally regarded as an inhibitor in the SNARE complex 
formation, there is evidence suggesting that its VLD also has an additional function 
of accelerating the SNARE complex formation. Upon forming the tomosyn-SNARE 
complex, tomosyn VLD accelerates the fusion of the N-terminal of the t-SNARE 
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[36]. In other words, the tomosyn-SNARE may also promote membrane fusion by 
acting as a template for subsequent binding of synaptobrevin-2 to t-SANREs. 
Therefore, the pre-binding of t-SNARE with tomosyn’s VLD may lower the energy 
barrier in SNARE complex formation.

4.2  N-Terminal WD40 Domain

The N-terminal of tomosyn contains WD-40 repeats, which are repeating units end-
ing with tryptophan and aspartate (WD). The WD40 domain has a diverse set of 
functions, including signal transduction, gene regulation, and vesicle trafficking 
[86]. The N-terminal WD40 domain of tomosyn cannot interact with syntaxin-1 
independently to form a complex with t-SNAREs [12]. Thus, the WD40 domain 
unlikely participates in syntaxin-1 binding directly. In adrenal chromaffin cell cul-
tures, deletion of the N-terminus WD-40 domain eliminates the inhibitory effect of 
tomosyn on exocytosis. However, expression of the N-terminus domain alone does 
not affect exocytosis, indicating the N-terminal is necessary but not sufficient for 
release inhibition [33]. Interestingly, the WD-40 domain facilitates the oligomeriza-
tion of SNAREs, which makes the SNAREs non-functional [20]. Moreover, in con-
trast to the results described above, it has been shown that fragments of the WD-40 
domain can inhibit evoked excitatory postsynaptic potential (EPSP) to a similar 
level as VLD alone in cultured mouse superior cervical ganglion cells [20]. Thus, 
the N-terminal WD-40 domain could induce oligomerization of the SNARE pro-
teins to inhibit SV fusion.

Besides the direct inhibitory effect on SNARE complex formation, the WD40 
repeats can interact with Synaptotagmin-1 to control Ca2+-dependent exocytosis 
[41]. For example, overexpression of tomosyn inhibits Ca2+-dependent release of 
catecholamine from adrenal chromaffin cells and reduces Ca2+ sensitivity without 
changing the degree of Ca2+ cooperativity [12, 82]. However, in  vivo data of 
Drosophila suggest that tomosyn inhibits SV exocytosis in a synaptotagmin-1- 
independent manner. Specifically, addition of a tomosyn lf mutation to a synapto-
tagmin- 1 null mutant enhances evoked EPSC amplitude [18]. Therefore, the role of 
tomosyn in synaptotagmin-1-dependent exocytosis remains uncertain.

Another reported function of the WD40 domain is to localize tomosyn to synap-
tic vesicles. In a tomosyn lf mutant of Drosophila, expressing the tomosyn WD40 
domain results in a similar degree of synaptic vesicle localization as expressing the 
full-length tomosyn [18]. This function of the WD40 domain appears to be con-
served in mammals because deletion of the VLD domain does not impair tomosyn 
binding to SVs in cultured mammalian neurons [48]. Thus, it is the WD40 domain 
that mediates the localization of tomosyn to SVs. Notably, in both cell cultures and 
in vivo systems, neither the WD-40 domain, nor the VLD, nor a synthetic peptide of 
the WD-40 domain fused to the C-terminus can inhibit SV exocytosis to the same 
degree as the full-length tomosyn [18, 33, 52, 79], suggesting that other regions in 
tomosyn also contribute to tomosyn function.
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4.3  Other Supporting Regions

As neither the N-terminal WD-40 domain nor the C-terminal VLD domain alone 
can fully recapitulate the inhibitory effect of the full-length tomosyn on SV exocy-
tosis, the region between these two domains must have important functions. As 
shown in Fig. 1, a tail domain is located immediately upstream of the VLD domain 
in the C-terminal. In electrophysiological analyses of SGC neurons, a synthetic pep-
tide containing both the tail domain and the VLD domain is significantly less effec-
tive in inhibiting evoked EPSCs than a peptide of the VLD domain alone [87], 
suggesting that the tail domain counteracts against VLD domain’s inhibitory effect 
on neurotransmitter release. Similarly, in liposome fusion assays between t-SNARE 
vesicles and v-SNARE vesicles, application of both the tail domain and the VLD 
domain is less effective on vesicles fusion than application of only the VLD domain 
in inhibiting vesicle fusion [88]. Although it does not bind to syntaxin-1, the tail 
domain can directly interact with both the C-terminal domain and the WD-40 
domain [87, 88]. When the tail domain binds to the WD-40 domain, the VLD can 
participate in the inhibition of active SNARE formation. On the contrary, when it 
interacts with the VLD, it frees the WD40 domain and inhibits VLD binding to 
t-SNAREs to form the tomosyn-SNARE [88]. Thus, the tail domain is thought to be 
an intramolecular switch in tomosyn function.

In addition to the aforementioned domains, mouse tomosyn-1 contains three 
loop structures, located between the N-terminal WD40 repeats and the tail domain 
[24]. Williams et al. express mouse tomosyn-1  in PC12 cells to study the loops’ 
functions in high K+-induced human growth hormone exocytosis [24]. Deletion of 
loop1 and loop3, but not loop2, causes a decreased inhibition of PC12 cell exocyto-
sis. However, none of the deletions affect the ability of tomosyn to bind to syntaxin. 
Also, deletion of neither loop1 nor loop3 affects SV localization of tomosyn-1 [24, 
34]. Therefore, loop1 and loop3 likely participate in the exocytosis inhibition, inde-
pendent of syntaxin binding. Although loop1 and loop3 are not important to syn-
taxin binding, deleting either of them causes a significant reduction in the interaction 
of tomosyn with SNAP-25 in the tomosyn-SNARE complex [34]. Loop1 and loop3 
therefore contribute to the overall inhibitory function by associating with SNAP25 in 
the tomosyn-SNARE. These loops might also explain why early studies expressing 
mammalian tomosyn VLD fragments did not reveal an inhibitory effect on exocyto-
sis. Without the loops, the tomosyn VLD domain would not be able to form the 
tomosyn-SNARE complex efficiently, reducing its inhibitory activity.

5  Conclusion

Upon the first discovery of tomosyn as a syntaxin-binding protein, the “friend” of 
syntaxin is now regarded as one of the important inhibitors in neurotransmitter 
release. With its defining feature of the VLD domain, tomosyn inhibits active 
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SNARE complex formation. This domain is well conserved across many species, 
signifying the importance of tomosyn in regulating SNAREs interaction. With its 
ability to interact with t-SNAREs, tomosyn localizes in presynaptic neurons and 
associates with SVs and DCVs. When tomosyn binds to syntaxin, it leads to forma-
tion of the tomosyn-SNARE complex to inhibit SV fusion. At the synaptic level, 
tomosyn regulates vesicle pool size and, ultimately, SV release of neurotransmit-
ters. Moreover, tomosyn’s SNARE regulation allows its control over the docking of 
vesicles, therefore controlling the probability of release at the presynaptic sites. 
Hence, tomosyn is central to the regulation of synaptic plasticity and contributes to 
the generation of LTP. Although the functions of tomosyn at presynaptic sites are 
well documented by studies with mammals, Drosophila, and C. elegans, recent evi-
dence from mammals suggests a potential postsynaptic role of tomosyn in regulat-
ing dendritic complexity. In conclusion, tomosyn, through its interaction with 
syntaxin, establishes itself as a critical regulator of neuronal communication.
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Complexins: Ubiquitously Expressed 
Presynaptic Regulators 
of SNARE- Mediated Synaptic Vesicle 
Fusion

Francisco José López-Murcia, Kerstin Reim, and Holger Taschenberger

Abstract Neurotransmitter release is a spatially and temporally tightly regulated 
process, which requires assembly and disassembly of SNARE complexes to enable 
the exocytosis of transmitter-loaded synaptic vesicles (SVs) at presynaptic active 
zones (AZs). While the requirement for the core SNARE machinery is shared by 
most membrane fusion processes, SNARE-mediated fusion at AZs is uniquely regu-
lated to allow very rapid Ca2+-triggered SV exocytosis following action potential 
(AP) arrival. To enable a sub-millisecond time course of AP-triggered SV fusion, 
synapse-specific accessory SNARE-binding proteins are required in addition to the 
core fusion machinery. Among the known SNARE regulators specific for Ca2+-
triggered SV fusion are complexins, which are almost ubiquitously expressed in 
neurons. This chapter summarizes the structural features of complexins, models for 
their molecular interactions with SNAREs, and their roles in SV fusion.
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Abbreviations

AA Amino Acids
AH Accessory Helix
AP Action potential
AZ Active zone
[Ca2+] Ca2+ concentration
CAPS Calcium-dependent Activator Protein for Secretion
CH Central Helix
CTD C-Terminal Domain
CNS Central nervous system
Cplx Complexin protein
DKD Double-knockdown
DKO Double-knockout
dm Drosophila melanogaster
eEPSC Evoked excitatory postsynaptic current
eIPSC Evoked inhibitory postsynaptic current
IPL Inner plexiform layer
KD Equilibrium dissociation constant
KD Knockdown
KO Knockout
koff Dissociation rate constant
kon Association rate constant
mEPSC Miniature excitatory postsynaptic current
MNTB Medial Nucleus of the Trapezoid Body
MW Molecular Weight
NTD  N-Terminal Domain
NMJ Neuromuscular junction
OPL Outer plexiform layer
PD Parkinson’s disease
RRP Readily releasable pool
shRNA Short hairpin RNA
SNAP25 Synaptosomal-associated protein, 25 kDa
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SNP Single nucleotide polymorphism
Stx Syntaxin
SV Synaptic vesicle
Syb Synaptobrevin
Syt Synaptotagmin
TKO Triple-knockout
UTR Untranslated region
VAMP Vesicle-Associated Membrane Protein
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Exocytosis of synaptic vesicles (SVs) at presynaptic active zones (AZs) typically 
occurs within less than a millisecond after action potential (AP) arrival. To ensure 
such rapid exocytosis of SVs, they have to be in a fusion-ready state prior to AP 
arrival. This requires SVs to dock to the presynaptic membrane, which involves 
their translocation toward the AZ to be placed at molecularly defined release sites 
where the SV fusion apparatus is assembled [1, 2]. The core of the fusion apparatus 
is formed by the membrane-bridging SNARE complex consisting at central syn-
apses of the three proteins syntaxin (Stx) 1, synaptobrevin (Syb) 2 (also referred to 
as VAMP2), and SNAP25 [3–6]. Stx and SNAP25 are anchored in the plasma mem-
brane, while Syb is anchored in the SV membrane. This trimeric protein complex, 
known as the SNARE complex, forms a bundle of four α-helices (Stx and Syb each 
contribute one, and SNAP25 contributes two bundles), which brings SVs into close 
apposition with the presynaptic plasma membrane when the helices progressively 
associate with each other (“SNARE bundle zippering”). Assembly of the SNARE 
complex is an exoergic (energy-releasing) process, and the released energy is 
thought to overcome the energy barrier for membrane fusion. The function of the 
SNARE complex is controlled by a set of accessory proteins, some of which regu-
late its assembly, such as Munc18, Munc13, and CAPS [7–9], whereas others regu-
late the speed, temporal precision, and efficacy of the SNARE-mediated 
Ca2+-dependent fusion process, such as the Ca2+ sensor protein synaptotagmin (Syt) 
[10, 11] and the regulatory protein complexin (Cplx) [12–14].

Docked SVs need to undergo a reversible priming process [15], likely by transi-
tioning through several discriminable and molecularly defined states [16], to become 
fusion competent. For SVs in the fully primed and fusion-competent state, SNARE 
complexes are partially assembled. The “zippering-up” of the four-helix SNARE 
bundles pulls vesicle and plasma membranes together until opposing forces acting 
on the membrane anchors of Syb and Stx prevent further assembly. Alternatively or 
additionally, a complete assembly of the SNARE complex may be prevented by one 
or more regulatory factors acting as “fusion clamp” which lowers the probability of 
SV fusion with the plasma membrane at resting cytosolic Ca2+ concentration 
([Ca2+]). The putative “fusion clamp” is presumed to be released upon an increase 
in cytosolic [Ca2+] at the SV fusion site.

At most mammalian central nervous system (CNS) synapses, AZ proteins of the 
Munc13 and CAPS families mediate the SV priming reaction, most likely by regu-
lating the conformation of Stx1 and its availability for SNARE complex formation 
[1, 17, 18]. It has been suggested that Cplxs operate at a post-priming step either by 
stabilizing SNARE complexes to maintain SVs in a highly fusogenic state [12, 19] 
or by acting as the proclaimed “fusion clamp” that arrests SNARE complex assem-
bly to prevent premature fusion prior to the activation of Syt by Ca2+ [20–23]. Both 
of these postulated functions of Cplx are not necessarily mutually exclusive.

Cplxs are a family of evolutionarily conserved, small (MW = 15–18 kDa) cyto-
solic α-helical proteins consisting of 134 to 160 amino acid residues. Cplxs are 
highly charged (~40% charged residues) and bind tightly and in a 1:1 stoichiometry 
to assembled SNARE complexes [13, 24–26] (Fig. 1). Kinetic analyses show that 
Cplx1 and Cplx2 associate with SNARE complexes rapidly, within less than a 
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Fig. 1 Cplx binding to the synaptic SNARE complex. (a) FRET measurements indicate that Cplx 
is aligned antiparallel to the α-helices of the SNARE complex. Relative orientation of the labeling 
positions (black balls) for Stx and for Cplx as implied by the FRET measurements. The α-helical  
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Fig. 1 (continued) region of Cplx (residues 29–86) is drawn as a tube, the structure of the synaptic 
SNARE complex is depicted as a ribbon diagram. SN1, first helix of SNAP-25; SN2, second helix 
of SNAP-25; N, NH2 terminus; C, COOH terminus. (b) Space filling model of the Cplx/SNARE 
complex. Coloring code: yellow, Stx; red, Syb; blue, SNAP-25 N-terminal SNARE motif; green, 
SNAP-25 C-terminal SNARE motif; pink, Cplx. (c) Mapping of the binding domain of Cplx by 
deletion mutagenesis. Truncated GST-Cplx2 fusion proteins were immobilized to glutathione-
Sepharose beads and incubated with purified minimal core complex. After washing of the beads, 
bead-bound material was analyzed by SDS-PAGE and Coomassie Blue staining. All Cplx2 frag-
ments bound to the minimal core complex except for the two fragments 1–69 and 70–134. 
(Modified from [24, 26])

Table 1 Four complexin paralogs encoded on different chromosomes are expressed in mammals

Protein name Gene name Chromosome location Protein length (aa)
Mouse Rat Human

Complexin-1
(Synaphin-2)

Cplx1 5 14 4 134

Complexin-2
(Synaphin-1)

Cplx2 13 17 5 134

Complexin-3 Cplx3 9 8 15 158
Complexin-4 Cplx4 18 18 18 160

second, and with high affinity. Estimates for the association rate constant (kon) and 
the steady-state affinity (KD) range from 4 × 106 to 6 × 107 M−1 s−1 and from ten to 
several hundreds of nM, respectively. The estimated dissociation rate constant (koff) 
is 0.3–0.4  s−1 [25]. These binding properties were obtained by experiments with 
full-length Cplx1 and Cplx2 in the presence of the transmembrane domains of Syb 
and Stx [25, 27–29]. The estimated half-life time for mammalian Cplx is about 2 to 
5 days in cultured neurons [30–32] and about 10 days in vivo [33].

Four Cplxs paralogs (Cplx1, -2, -3, and -4) are encoded by four separate genes of 
the complexin/synaphin gene family in mammals (Table 1). Mammalian Cplx1 and 
Cplx2 are highly homologous (~80% amino acid identity) as are Cplx3 and Cplx4 
(~60% amino acid identity), while homology between the two subfamilies (Cplx1/2 
versus Cplx3/4) is limited (<30% amino acid identity) [34, 35]. Cplx2 is completely 
conserved across several mammalian species, and Cplx1 protein sequences differ 
only marginally between mice and humans (97% identity) [13, 34]. Cplx orthologs 
have been identified throughout the animal kingdom. For example, Cplx from 
Nematostella vectensis, a cnidarian sea anemone far separated from mammals in 
metazoan evolution, is able to functionally replace mouse Cplx in promoting Ca2+-
triggered exocytosis [36].

Cplx isoforms described for non-mammalian species, such as Caenorhabditis 
elegans, Drosophila melanogaster and Xenopus laevis, share a high level of amino 
acid sequence identity with mammalian Cplx1/2 [34]. Drosophila melanogaster 
Cplx (dmCplx) is encoded by a single gene on chromosome 3R with several iso-
forms generated by alternative splicing [37]. Some dmCplx isoforms contain 
C-terminal extensions with a CAAX box, which is a farnesylation consensus motif 
that is also found in mammalian Cplx3/4. The CAAX box may mediate membrane 
targeting [34, 38, 39]. Other dmCplx isoforms lack a C-terminal CAAX box, similar 
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Fig. 2 Cplx expression in rat and mouse is restricted to brain and retina and developmentally regu-
lated. (a, b) Homogenates from the indicated rat organs (a) or rat brain regions (b) were analyzed 
by Western blotting using specific antibodies to the indicated proteins (arrows). Cplx protein is 
highly and selectively expressed in retina and brain. Cplx1 and Cplx2 are co-expressed in many 
brain regions, while Cplx3 is predominantly and Cplx4 is exclusively expressed in retina. (c) 
Western blot analysis of brain homogenates from mice of different ages. Cplx1-, Cplx2-, and 
Cplx3-protein expression during mouse brain development is first detectable at P6 and increases to 
reach a plateau at around 20 days after birth. (Modified from [34])

to mammalian Cplx1/2. Thus, even though Drosophila dmCplxs are encoded by a 
single gene, alternative splicing generates functional protein variants that either 
contain or lack a CAAX box, similar to the mammalian Cplxs which, however, are 
encoded by four different genes [37].
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1  Tissue Expression of Mammalian Complexins

In mammals, both Cplx1 and Cplx2 are expressed in the CNS, while Cplx2 mRNA 
and protein were also detected—at much lower level—in non-neuronal tissues [13] 
(Fig. 2a). Within the brain, Cplx1 and Cplx2 expression is not clearly segregated to 
particular neurotransmitter systems. In situ hybridization studies revealed that 
mRNA expression of Cplx1 overlaps with that of Cplx2 in many brain regions of 
mice which was confirmed by immunostaining [40] and Western blot analysis [34, 
41, 42] (Fig. 2b). Many neuron types express both Cplx1 and Cplx 2, possibly at 
different levels, while some neurons express only one of them [12, 34, 40, 43–45].

Expression of Cplx protein in the mouse brain is developmentally regulated. It is 
first detectable at postnatal day 6 and increases to reach a plateau at around 20 days 
after birth [34] (Fig. 2c). Despite the fact that Cplx1 and Cplx2 were discovered 
more than two decades ago, their relative abundance, subcellular localization, 
respective synaptic functions, and developmental regulation in many neuronal pop-
ulations are still unknown. Based on in situ hybridization, immunostaining, Western 
blot analysis, and functional assays, it is assumed that Cplx1 and Cplx2 are co- 
expressed in some cortical, hippocampal, and cerebellar synapses [12, 13, 35, 40–
42, 46, 47]. In Cplx1/2 co-expressing synapses, genetic deletion of one of them does 
not cause obvious functional deficits, indicating redundancy in synaptic function 
[12, 47].

In contrast to Cplx1 and Cplx2, Cplx3 is only weakly expressed in some brain 
regions such as cerebral cortex and hippocampus, and Western blot analyses failed 
to detect Cplx4 in most brain regions. Instead, Cplx3 and Cplx4 were shown to be 
the predominant Cplx isoforms in the mammalian retina (Fig. 2b). While Cplx3 was 
found in several neuron types of the retina, Cplx4 is specifically expressed at retinal 
ribbon synapses [34, 48]. Cplx3 and Cplx4 are present in both synaptic layers of the 
retina, the outer plexiform layer (OPL) and the inner plexiform layer (IPL), where 
they colocalize with VGLUT1, the vesicular glutamate transporter. Cplx3/4 are dif-
ferentially expressed in photoreceptors. Specifically, rod spherules contain only 
Cplx4, whereas cone pedicles contain both Cplx3 and Cplx4. In the IPL, Cplx3 is 
present in ribbon synapses of rod bipolar cell terminals as well as in conventional 
synapses of different neuron types (e.g., amacrine cell processes) [34, 49]. In con-
trast, Cplx4 is found exclusively in ribbon synapses of photoreceptors and bipolar 
cells of the retina. Interestingly, ribbon synapses of inner ear hair cells lack Cplx 
expression altogether [44, 50].

2  Domain Structure of Mammalian Complexins

Cplx proteins consist of four domains (Table 2). The functions of these domains 
have been studied in vitro, using reconstituted liposome fusion assays, and in situ, 
using neurons expressing truncated or mutated Cplx variants, or Cplx chimeras. 
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Table 2 Domain structure of murine Cplx1 and functional deficits observed after mutations

Domain
aa 
sequence Impact of deletions Impact of point mutations

N-terminal 
domain (NTD)

1–32 Spontaneous release ↓ 
[38, 64]
Evoked release ↓ [19, 
38, 52, 64]

Spontaneous release ↓ [19]
Evoked release ↓ [52]

Accessory helix 
(AH)

33–48 Evoked release ↑ [38, 
52]

Evoked release ↑ [38, 52]
Evoked release ↓ [65]
Evoked release ― [53]
Spontaneous release ↓ [65]
Spontaneous release ↑ [53, 65]

Central helix 
(CH)

49–70 Complete loss of SNARE binding 
(loss of function) [24, 36, 52, 64]

C-terminal 
domain (CTD)

71–134 Spontaneous release ↑ 
[66]
Spontaneous release 
― [67, 68]
Evoked release ↓ [66, 
68]
Mislocalization of Cplx 
protein [67]

Spontaneous release ↑ [66]

The symbols ↓, ↑, and ― indicate “decrease,” “increase,” and “no change,” respectively

Despite low amino acid sequence identity between the members of the two subfami-
lies (Cplx1/2 and Cplx3/4), all Cplx isoforms share an evolutionarily highly con-
served α-helix. This structure can be subdivided into two small α-helical subdomains: 
a central α-helix (CH) and an accessory α-helix (AH). The CH corresponds to the 
SNARE complex-binding domain and is required for all known Cplx functions. 
These two α-helices are flanked by the N- and C-terminal domains, which in mouse 
Cplx1/2 cover amino acid residues 1–32 (NTD) and 71–134 (CTD), respectively. 
Biochemical studies have shown that the CH binds to partially assembled SNARE 
complexes [24] and helps to assemble the trans-SNARE complex further. Crystal 
structures showed that Cplx binding occurs at the central polar layer of the ternary 
SNARE complex in an antiparallel fashion at the groove between Stx1 and Syb2 
SNARE motifs [26, 51] (Fig. 1a, b). Cplx variants carrying CH point mutations or 
CH deletions are binding-deficient and no longer modify spontaneous or evoked 
fusion when expressed in Cplx-deficient neurons [52].

Cplx’s AH is less conserved than its CH. The AH contains negatively charged 
amino acid residues, which presumably interact with the plasma membrane, without 
making contact with the SNARE complex [26, 51]. In structure-function studies 
using cultured neurons, increasing and decreasing negatively charged residues in 
the AH inhibited and stimulated release, respectively, suggesting the AH inhibits 
release through electrostatic repulsion by acting between the SV and plasma mem-
branes [53]. During SNARE complex assembly, the AH replaces the C terminus of 
the Syb2 SNARE motif in the four-helix bundle, thereby preventing further 
C-terminal assembly of the SNARE bundles [52, 54]. Based on the impact of AH 
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mutations and chimeras on Cplx function in nematodes, an alternative model of AH 
function has been proposed. In this model, the AH operates by stabilizing the sec-
ondary structure of the CH rather than through protein or lipid interactions [55].

Cplx’s N terminus can form an amphipathic α-helix to project toward the C termi-
nus of the partially assembled trans-SNARE complex to facilitate SV fusion [19, 56]. 
The sequence in this region is relatively conserved across Cplx paralogs and ortho-
logs, and the potential to form an amphipathic α-helix is conserved in all of them [19]. 
For mammalian synapses, binding of the Cplx N terminus might stabilize the SNARE 
complex C terminus, and promote full zippering of the SNARE bundle, which helps 
the SNAREs to exert mechanical force on the membranes to induce fusion. It may 
also help to remove the inhibition caused by the accessory α-helix [19]. At the nema-
tode neuromuscular junction (NMJ), the Cplx N terminus appears to play an inhibi-
tory role in neurotransmitter release because presynaptic expression of a Cplx variant 
with an N terminus deletion can enhance spontaneous and evoked release [57].

Cplx’s C terminus is the least conserved domain of Cplx. The C termini of mam-
malian Cplx3 and Cplx4 contain CAAX motifs, a substrate for posttranslational mod-
ification by farnesylation [58], which targets Cplx3 and Cplx4 to membranes [34]. 
Both positive and negative roles of the CTD in membrane fusion have been observed 
depending on the preparation studied. For example, at the nematode NMJ, the C ter-
minus is essential for Cplx’s inhibitory function, and CTD-membrane interactions 
mediated by a helical conformation of a C-terminal motif were highly sensitive to 
membrane curvature. Mutations that disrupt helix formation without disrupting mem-
brane binding compromise Cplx’s inhibitory function in nematodes in vivo [59]. In 
reconstituted fusion assays, a stimulatory effect of mammalian Cpx1 on SNARE 
assembly and on fusion of high-curvature liposomes is lost when the C terminus is 
deleted or mutated [60]. Charged amino acid residues in the Cplx C terminus region 
bind to Syt1 which may help recruiting Syt1 to the SNARE complex [61]. Two serine 
residues of the mammalian Cplx2 C terminus may be phosphorylated in situ [62, 63] 
but functional consequences of Cplx2 phosphorylation are presently unknown.

3  Interaction of Complexin with the SNARE Complex

Mammalian Cplx1 and Cplx2 were discovered in a Stx co-immunoprecipitation 
assay of the synaptic SNARE complex using rat brain homogenate, and were shown 
to bind to the SNARE complex with nanomolar affinity [13]. Cplx does not bind 
Ca2+ and the Cplx-SNARE complex interaction is Ca2+-independent. Further studies 
using proteoliposomes demonstrated that the central α-helix of Cplx1 and Cplx2 
preferentially bind the central polar layer of preassembled ternary SNARE com-
plexes with a stoichiometry of 1:1 without introducing major structural changes to 
the core SNARE complex [24, 26–28]. Using PC12 cells expressing Cplx and trun-
cated versions of SNARE components, it was demonstrated that Cplx is able to bind 
to mutant versions of the SNARE complex mimicking partially assembled stages. 
The affinity of Cplx for the SNARE complex was positively correlated with the 
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extent of the SNARE complex preassembled. These results suggest that Cplx can 
bind to the SNARE complex before its complete formation [69]. At least four posi-
tively charged residues and one hydrophobic residue of the central α-helix of Cplx1 
are essential to bind the SNARE complex at a groove formed by the SNARE motifs 
of Stx and Syb [24, 26, 52] (Fig. 1b).

The “fusion-clamp” model postulates that Cplx hinders SV fusion at resting con-
ditions and Syt1 is required to relief the clamping activity during Ca2+-triggered SV 
fusion [22]. This model is supported by two experimental findings: (1) Syt1 and 
Cplx compete for SNARE binding in in vitro experiments, in which Syt1 dislodged 
Cplx from SNARE complexes [22], and (2) increasing the local concentration of 
Cplx by expressing Cplx fused to Syb2 mimicked the loss-of-function phenotype of 
Syt1 KO neurons, suggesting that Syt1 can be displaced from the SNARE complex 
by an excess availability of Cplx [22]. However, several observations are inconsis-
tent with a Cplx-Syt1-displacement model: Cplx and Syt1 have been demonstrated 
to concurrently bind SNAREs in vitro [70, 71] and Ca2+-bound Syt1 does not appear 
to displace Cplx from SNARE complexes [71]. Furthermore, a more than tenfold 
overexpression of Cplx1 in wildtype neurons did not change synaptic function [52] 
suggesting that Cplx failed to compete with Syt1. Moreover, if Cplx1 acts as a 
“fusion clamp” that may be removed by Syt1, then SVs should be arrested and inca-
pable of fusing in Syt1-lacking synapses. However, Syt1-deficient synapses actually 
show increased spontaneous in addition to diminished AP-evoked release [72, 73]. 
The C2B domain of Syt1 has been postulated to function as a molecular clamp 
arresting SVs prior to Ca2+-triggered fusion, and it was proposed that C2B-mediated 
clamping of SV fusion operates independently of Cplx [74].

Even though Cplx1 and Syt1 do not seem to bind to SNARE complexes sequen-
tially and do not compete for SNARE binding, this does not rule out a cooperative 
action of the two molecules. A revised model of Cplx interaction with the SNARE 
complex postulates that Cplx and Syt1 can bind in a coordinated fashion to the 
SNARE complex at the same time and thereby clamp fusion [75]. When cytosolic 
[Ca2+] rises, Ca2+ binds to the C2B domain of Syt1 causing it to move closer to the 
SV membrane, while an inhibitory domain of Cplx is shifted away from the fusion 
pore, allowing Syt1 to bridge the two membranes without displacing Cplx from the 
SNARE complex [75]. Recently, crystal structures of a SNARE-Cplx-Syt1 complex 
were determined showing that Cpx and Syt1 bind to the SNARE complex at a 
shared interface to form a tripartite complex, suggesting Syt1 and Cplx may form a 
single regulatory unit. This tripartite complex has to be unlocked for Ca2+-triggered 
fusion to start [70, 76].

4  The Role of Complexin in Neurotransmission

The role of Cplx in neurotransmission has been studied primarily in three model 
organisms—nematodes, fruit flies, and mice. Experimental approaches included 
antibody- and peptide-induced perturbations of Cplx function, overexpression of 
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Cplx, RNAi-mediated knockdown (KD) of Cplx expression, and genetic knockout 
(KO) of Cplx [77]. Supported by an overwhelming body of experimental evidence, 
there is a general consensus that Cplx promotes fast, synchronous AP-triggered 
transmitter release. Tampering with Cplx’s function commonly weakens stimulus- 
evoked neurotransmission. On the other hand, despite more than two decades of 
intense research, the role of Cplx in spontaneous neurotransmitter release has 
remained surprisingly controversial, because, depending on the cell type, model 
organism or experimental approach used, Cplxs appear to exert either facilitatory or 
inhibitory effects on SV fusion [for review see 77–79].

Fig. 3 Functional consequences of genetic Cplx removal in cultured synapses of the mouse brain. 
(a) AP-evoked synaptic transmission is strongly reduced in cultured murine Cplx1/2-DKO and 
Cplx1/2/3-TKO neurons. Representative traces of eEPSCs of cultured hippocampal glutamatergic 
synapses (top) and eIPSCs of cultured striatal GABAergic synapses (bottom). (b) Normalized 
amplitudes of eEPSCs (left) and eIPSCs (right) were plotted against external [Ca2+] and fitted with 
a standard Hill equation. Genetic loss of Cplx results in a right-shifted dose-response curve indi-
cating a lower apparent Ca2+-sensitivity of evoked transmitter release. (c) Spontaneous neurotrans-
mitter release in cultured murine Cplx1/2-DKO and Cplx1/2/3-TKO neurons. Normalized mEPSC 
frequencies are reduced, while normalized mIPSC frequencies are nearly unchanged. (d) 
AP-evoked synaptic transmission in cultured murine hippocampal (top) and striatal (bottom) 
Cplx3-KO and Cplx2/3-DKO neurons is unaltered. (Modified from [47])
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4.1  Analysis of Complexin Function in Cultured 
Mammalian Synapses

The availability of mouse lines constitutively lacking expression of individual Cplx 
paralogs has greatly facilitated research on Cplx’s function at mammalian synapses 
[12, 47, 48] (Fig. 3). More recently, conditional Cplx1 KO mice also became avail-
able [32]. RNA interference (RNAi)-mediated KD represents an alternative strategy 
employed in many studies in order to lower presynaptic Cplx expression levels [64, 
65, 68, 70, 80]. In the following, experimental results obtained with both genetic 
strategies (KO and KD) will be compared and discussed.

Homozygous Cplx2 KO, Cplx3 KO and Cplx4 KO mice, and Cplx2/3 double-
 KO (DKO) mice are viable and fertile [12, 47, 48]. In contrast, Cplx1 KO mice 
show the earliest known onset of severe ataxia and tremor and eventually die at 
around 2–4 months of age [81, 82]. This indicates that some functions of Cplx1 can-
not be taken over by its paralogs and/or that certain neuron populations, which regu-
late vital functions and are thus critical for survival, exclusively express Cplx1. 
Homozygous Cplx1/2 DKOs and Cplx1/2/3 triple-KO (TKO) mice die at birth [12, 
47]. The perinatal lethality of mice lacking both Cplx1 and Cplx2 indicates that the 
remaining neurotransmitter release at Cplx1/2 DKO synapses is insufficient to sus-
tain vital systemic functions. Morphological characterization of brains from homo-
zygous adult Cplx1 KO and Cplx2 KO mice as well as newborn Cplx1/2 DKO mice 
did not reveal any alterations, and no changes in expression levels of presynaptic 
proteins were reported [12].

Because Cplx1 and Cplx2 are redundantly expressed in many brain regions and 
Cplx1/2 DKO and Cplx1/2/3 TKO mice die perinatally, Cplx’s function at mam-
malian synapses has mainly been studied using neuronal culture systems. Among 
these, autaptic cultures (also called micro-island or microdot cultures) have been 
especially instrumental as they allow assaying functional properties of single neu-
rons grown in isolation on a micro-island of an astrocytic feeder layer. These single 
neurons establish synaptic contacts with themselves thereby forming so-called 
autapses [83–85]. Cultured glutamatergic hippocampal and GABAergic striatal 
Cplx1/2 DKO autapses show normal synapse density, and electron micrographs 
illustrated that presynaptic morphological characteristics such as cytoplasmic SV 
density, number of docked SVs, and AZ lengths are unaltered [12]. Structural integ-
rity of Cplx-lacking synapses was later confirmed also in electron micrographs 
obtained from organotypic hippocampal slice cultures established from postnatal 
day 0 Cplx1/2/3 TKO mouse pups and cultured for at least 3 weeks [86].

Cultured mammalian synapses lacking Cplx expression show dramatically 
altered synaptic function: In cultures prepared from Cplx1/2 DKO or Cplx1/2/3 
TKO mice, AP-evoked excitatory and inhibitory postsynaptic currents (eEPSCs and 
eIPSCs) recorded at hippocampal and striatal autapses, respectively, were reduced 
by ≥65% compared to wildtype autapses (Fig. 3a). Further, the frequency of minia-
ture EPSCs (mEPSCs), representing spontaneous SV fusion events in the absence 
of AP firing, was decreased by ≥40% without changes in mEPSC amplitude or 
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kinetics [12, 32, 47] (Fig. 3c). Finally, genetic Cplx loss shifted the balance between 
synchronous and delayed asynchronous transmitter release in cultured hippocampal 
autapses by attenuating the synchronous release component more strongly [12, 32].

Can reduced synaptic strength after genetic Cplx removal be caused by a 
decreased availability of primed and fusion-competent SVs forming the readily 
releasable pool (RRP)? In Cplx-lacking cultured autapses [12, 32, 47, 52], this does 
not seem to be the case because the responses to a brief hyperosmotic stimulus, 
which is often used to assess the size of the RRP, remain unaltered. Because of the 
absence of changes in the number of docked SVs at AZs in Cplx-lacking autapses 
and because of their generally similar RRP size, it was concluded that Cplxs operate 
at a post-priming step in SV fusion and their loss causes reduced release probability 
presumably by increasing the energy barrier for initiating membrane fusion [12, 
87]. Consisted with this idea is the observation that normal synaptic strength can be 
restored in cultured Cplx-lacking synapses by increasing the extracellular Ca2+ con-
centration. In homozygous mutant Cplx1/2 DKO and Cplx1/2/3 TKO autapses, the 
dose-response relationship constructed from synaptic responses measured at vari-
ous extracellular Ca2+ concentrations was shifted to the right, indicating that lack of 
Cplxs causes a reduced apparent Ca2+ sensitivity of the release machinery [12, 47] 
(Fig. 3b). A reduced fusogenicity of SVs in Cplx-lacking synapses is in line with a 
lower rate of spontaneous SV fusion events. Because none of the abovementioned 
functional deficits were observed in excitatory hippocampal and inhibitory striatal 
neurons prepared from homozygous Cplx1 single KO, Cplx2 single KO mice, or 
Cplx2/3 DKO mice, it can be concluded that expression of one of the two Cplx 

Fig. 4 Functional consequences of overexpression mouse and fly Cplx in hippocampal wildtype 
synapses of the mouse brain. Hippocampal wildtype neurons overexpressing mouse Cplx1 (blue) 
or dmCplx (red) together with EGFP were compared to wildtype neurons expressing EGFP alone 
(black). (a) AP-evoked synaptic transmission is virtually unaffected in autaptic murine hippocam-
pal neurons overexpressing mouse Cplx1 but strongly reduced in neurons overexpressing dmCplx. 
The arrows represent stimulation onset. (b) Normalized amplitudes of synaptic responses were 
plotted against external [Ca2+] and fitted with a standard Hill equation. Overexpression of dmCplx 
results in a right-shifted dose-response curve indicating a lower apparent Ca2+-sensitivity of evoked 
transmitter release. Overexpression of mouse Cplx1 does not alter the apparent Ca2+-sensitivity. (c) 
Representative traces of mEPSCs. Spontaneous neurotransmitter release is unaltered in cultured 
neurons overexpressing mouse Cplx1. Overexpression of dmCplx results in a strong reduction in 
mEPSC frequencies. (Modified from [38])
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paralogs Cplx1 and Cplx2 is sufficient to maintain normal synaptic function 
(Fig. 3d). Overexpression of Cplx1 in cultured hippocampal neurons prepared from 
wildtype mice did not noticeably change synaptic transmission (Fig. 4) [38].

Experiments analyzing the effects of short hairpin RNA (shRNA)-mediated KD 
on neurotransmitter release in high-density cultures of mammalian neurons have 
yielded results that are not in complete agreement with those from Cplx KO mouse 
neuron cultures. While KD studies generally support a facilitatory role of Cplx on 
AP-evoked synchronous neurotransmitter release, they, however, suggest that Cplxs 
inhibit rather than promote spontaneous SV fusion, lending support for a Cplx 
“fusion-clamp” model in mammalian neurons [64, 65, 80]. However, further analy-
ses revealed that Cplx1/2 double knockdown (DKD)-mediated enhancement of the 
mEPSC rate occurs not only in Cplx1 expressing cortical and olfactory bulb syn-
apses but also at synapses prepared from Cplx1/2 DKO mice, suggesting that the 
effect of Cplx1/2 DKD on mEPSC rate was independent of Cplx1 and Cplx2 [68]. 
Because DKD but not DKO of Cplx1 and Cplx2 was accompanied by upregulation 
of Cplx3 and Cplx4, it was suggested that a secondary effect of the Cplx3 and Cplx4 
upregulation may have interfered with spontaneous release [for review see 78]. 
Consistently, overexpression of Cplx3  in cultured wildtype cortical neurons 
enhanced the mEPSC rate very similarly to shRNA-mediated Cplx1/2 DKD [68]. A 
recent study, which used a different shRNA sequence to achieve Cplx1/2 DKD in 
cultured cortical neurons, reported a reduction in AP-triggered eIPSCs amplitudes 
by half, whereas no significant effect was observed on the mIPSCs frequency [74]. 
In summary, similar consequences were observed in mammalian neurons after 
either Cplx KO or Cplx KD with respect to AP-evoked synchronous release. 
However, while Cplx KO generally decreases the rate of spontaneous release in 
cultured mammalian synapses, Cplx KD sometimes produced enhanced spontane-
ous released rates. That latter result may, however, be confounded by concomitant 
secondary effects of the KD strategy [78].

One possibility is that the reduced rate of spontaneous release observed in cul-
tured neurons from constitutive Cplx KO mice might reflect a compensatory or 
homeostatic mechanism aimed at readjusting the balance between evoked and spon-
taneous neurotransmitter release. If this were true, one would expect to observe a 
transient upregulation of mEPSC frequencies following acute genetic Cplx removal 
due to the “unclamping” of spontaneous release. Such transient enhancement of 
spontaneous release would then be followed by a developmental downregulation. 
This possibility was addressed in autapses prepared from Cplx1floxed-Cplx2/3 DKO 
mice [32] (Fig.  5). Cplx1-expressing hippocampal Cplx1floxed-Cplx2/3 DKO 

Fig. 5 (continued) represents the average Cre eEPSC superimposed onto the Ctrl eEPSCs for 
comparison. Right: The RRP size was probed by rapid application of hyperosmotic solution in the 
same Cre (red) and Ctrl (black) neurons as shown in the left panel. RRP size was unaltered after 
acute Cplx loss. (e) Summary data comparing release rate estimates for spontaneous, asynchro-
nous, delayed, and evoked glutamate release in Ctrl (black) and Cre (red) neurons in hippocampal 
micro-island cultures. Cre neurons consistently showed lower release rates compared with Ctrl 
neurons under all experimental conditions. Fractions given in red represent rateCre/rateCtrl ratios. 
(Modified from [32])
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Fig. 5 Acute Cplx loss causes progressive attenuation of spontaneous, asynchronous, delayed, 
and AP-evoked transmitter release in cultured hippocampal synapses without affecting the readily 
releasable pool of SVs. (a) Experimental paradigm: P0–P1 hippocampal neurons from conditional 
Cplx TKO mice were maintained in culture and at div 7; the neurons were infected with either RFP 
(Ctrl) or Cre-RFP (Cre). Functional properties were assayed between day 3 and day 16 (left panel). 
Progressive loss of Cplx1 expression was assayed by Western blotting at various time points after 
infection. Virtually complete loss of Cplx1 protein in Cre-infected cultures was observed at day ≥8 
(right panel). (b, c) Spontaneous release is reduced after acute Cplx loss. Sample traces and aver-
age waveforms of mEPSCs (B) and mIPSCs (C) recorded in a Ctrl (black) and a Cre (red and blue) 
neuron at day 10, when Cplx1 expression was completely abolished in Cre neurons. (d) Left: 
AP-evoked EPSCs in day 3–16 hippocampal autaptic neurons are strongly reduced in Cre neurons. 
Light-colored traces represent 15 consecutive eEPSCs recorded in a Ctrl (day 9, top) and a Cre 
(day 11, bottom) neuron. Average eEPSCs are superimposed in dark color. The dotted red trace  
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neurons were infected with Cre recombinase-encoding lentivirus at a time when 
most synapses had already been established. Viral infection led to progressive 
decline of Cplx expression (Fig.  5a) which eventually caused a reduction in 
AP-evoked release by ~90%, and a reduction in spontaneous glutamate release by 
over 60% (Fig. 5b, d). No transient upregulation of mEPSC frequency was observed 
in these experiments. In fact, for all modes of neurotransmitter release tested, 
including spontaneous release, asynchronous release, delayed release after 10-Hz 
and 40-Hz stimulus trains, and AP-evoked synchronous release, the release rate was 
consistently lower by at least a factor of about two in neurons infected with Cre 
recombinase-encoding lentivirus (Fig. 5e). These findings reinforce the notion that 
in mammalian synapses Cplx serves as a release promoting factor for both synchro-
nous and asynchronous (spontaneous and delayed) release regardless of whether 
Cplx expression is removed constitutively or acutely.

4.2  Analysis of Complexin Function in Acute Brains Slices

In contrast to the wealth of data from cultured neurons, functional studies on the 
role of Cplx in neurotransmission in situ are sparse, which is largely due to the fact 
that many synapses of the mammalian brain co-express Cplx1 and Cplx2. In case of 
ablation of one of these Cplxs, the remaining Cplx isoform can at least partially 
compensate for the missing one as it was observed in experiments using Cplx1 and 
Cplx2 single KO mice. However, in constitutive Cplx1/2 DKO mice compensation 
is not possible, which consequently causes the death of such animals shortly 
after birth.

Intriguingly, some mammalian neurons only express a single Cplx paralog. For 
example, only Cplx1 is expressed at mature calyx [45] and endbulb of Held syn-
apses [44], and the mouse NMJ [88]. Using constitutive Cplx1 KO mice [12], func-
tional consequences of genetic Cplx ablation were studied in these solely 
Cplx1-expressing synapses in situ. Consistent with the earlier findings with cultured 
neurons, Cplx1-deficient synapses in these in situ preparations display strong 
decreases in the amplitude of AP-evoked synchronous neurotransmitter release and 
the rate of spontaneous SV release [44, 45, 88] (Fig. 6). Interestingly, immature 
mouse calyx of Held terminals contain both Cplx1 and Cplx2. The latter paralog is 
developmentally downregulated such that from about postnatal day 16 on, the calyx 
can essentially be regarded as an exclusively Cplx1- expressing terminal. During 
this period of postnatal development, functional deficits increasingly aggravated in 
Cplx1 KO calyx synapses. This is consistent with the idea that Cplx2 can function-
ally substitute for the missing Cplx1 at an early stage of synapse development. 
Later, when Cplx2 expression is absent or falls below a critical level, the functional 
deficits of Cplx1 KO become penetrant [45]. In addition, at both calyx of Held syn-
apses and the NMJ of Cplx1 KO mice, wider eEPSCs were observed. Because the 
kinetics of mEPSCs remained essentially unchanged, the slower eEPSC time course 
indicates a tendency toward a desynchronization of AP-evoked transmitter release 
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Fig. 6 Cplx-deficient mouse calyx of Held synapses show reduced synaptic strength, altered 
short-term plasticity and enhanced delayed release causing aberrant AP firing. (a) Representative 
100 Hz trains consisting of 35 EPSCs evoked by afferent-fiber stimulation in a wildtype (black) 
and a Cplx1-deficient (red) calyx synapse. Lack of Cplx causes reduced initial eEPSC size and 
converts short-term depression typically observed at wildtype synapses to short-term facilitation. 
(b) Ten consecutive traces of 200 Hz trains consisting of 35 EPSCs evoked by afferent-fiber stimu-
lation and recorded in a P20 wildtype (black) and a P20 Cplx-deficient (red) calyx synapse are 
shown superimposed. Amplitudes of AP-evoked synchronous EPSCs are truncated. Delayed asyn-
chronous release is strongly enhanced during the first 500 ms following the stimulus trains in the 
Cplx-deficient synapse. (c) 200 Hz (top) and 300 Hz (bottom) postsynaptic AP trains elicited by 
afferent-fiber stimulation and recorded in current-clamp mode in postsynaptic MNTB principal 
neurons of a wildtype (black) and Cplx-deficient (red) calyx synapse. Whereas wildtype synapses 
follow presynaptic stimulation faithfully, Cplx-deficient neurons generate numerous aberrant 
spikes during and especially following the stimulus trains. (Modified from [45])

in synapses completely lacking Cplxs. This was also shown to occur in cultured 
hippocampal neurons, where wider eEPSCs were observed following genetic Cplx1 
removal from Cplx2/3 DKO synapses [32]. Thus, in addition to promoting 
AP-evoked SV fusion, Cplx1 expression is also needed for synchronizing 
AP-triggered SV fusion, at least in some synapses.
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As in cultured synapses lacking Cplx expression [12, 32, 47], short-term plastic-
ity in situ in endbulb and calyx of Held synapses as well as in the NMJ of Cplx1 KO 
mice is characterized by smaller eEPSCs, attenuated eEPSCs depression and 
enhanced synaptic facilitation during AP trains, which is consistent with a reduced 
release probability. The decreased release probability lowers the consumption of 
SVs per AP and thereby reduces the relative synaptic depression at steady-state 
transmission during AP trains (Fig. 6a). At the mouse calyx of Held synapse, pre-
synaptic AP waveforms and presynaptic Ca2+ currents are unchanged in Cplx1 KO 
mice [45]. This is in line with the notion that reduced release probability in Cplx-
lacking terminals is caused by mechanisms downstream of Ca2+ influx, that is, by a 
lower apparent Ca2+-sensitivity of SV fusion.

Intriguingly, Cplx-lacking calyx of Held synapses show very prominent delayed 
asynchronous release following high-frequency AP trains, which is in sharp contrast 
to only minimally occurring asynchronous release at wildtype calyces [45, 89] 
(Fig. 6b). Such elevated delayed release was also observed at endbulb of Held syn-
apses of Cplx1 KO mice [44, 45]. In both calyx and endbulb Cplx1 KO synapses, 
the delayed transmitter release triggered numerous aberrant postsynaptic spikes, 
which distorted auditory information processing [44, 45] (Fig. 6c). It is tempting to 
speculate that a desynchronization of neurotransmitter release during and following 
repetitive AP firing may distort the temporal fidelity of information flow in neural 
circuits and contributes to the behavioral deficits described for Cplx1 KO mice.

Tonically operating ribbon synapses in the mouse retina and inner ear cochlea 
differ markedly from conventional synapses with respect to the role of Cplx for 
spontaneous release [90]. At synapses between rod bipolar and AII amacrine cells 
in the mouse retina, genetic removal of Cplx3 strongly attenuates fast, phasic neu-
rotransmitter release in response to presynaptic depolarizations but augments spon-
taneous mEPSC frequencies. At light offset, the increased asynchronous release in 
the Cplx3 KO mice may distort light-dependent signaling at these synapses [91]. 
Besides expressing different Cplx paralogs, tonically operating retinal ribbon syn-
apses might differ from conventional brain synapses in their resting values for cyto-
solic [Ca2+] at presynaptic endings. It is interesting to note in this context that mouse 
chromaffin cells of Cplx2 KO mice also show an enhanced tonic release which is 
evident only at elevated levels of cytosolic [Ca2+] (≥500 nM) [92].

In mouse ribbon synapses, Cplx3/4 seem to play an additional role in organizing 
SVs around presynaptic ribbons. Cpx3 promotes SV tethering to ribbons of rod 
bipolar cells, as indicated by a reduced number of SVs around the ribbons in Cplx3 
KO mice [93]. In photoreceptor ribbon synapses, the number of SVs associated with 
the ribbon base close to the plasma membrane is lower in light than in dark condi-
tions in wildtype mice but remains unchanged in Cplx3/4 DKO mice [94]. In the 
retina of adult Cplx3/4 DKO mice, about 25% of photoreceptor terminals contain 
spherical free-floating ribbons, possibly representing breakdown products of 
anchored ribbons, which are rarely observed in wildtype retinae [48].

Molecular and physiological characterization of afferent inner hair cell synapses 
of the mouse cochlea indicates that they operate without Cplx [44, 50]. Since vesic-
ular glutamate release rates at these sensory cells are tightly controlled even in the 
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absence of Cplx expression, a SV “fusion clamp” may not be required at inner hair 
cell synapses. Possibly, SV exocytosis at inner hair cell synapses is executed by 
mechanisms that differ from SNARE-mediated membrane fusion at conventional 
synapses or, alternatively, yet to be identified proteins act in the context of synaptic 
transmission at hair cell synapses. Both scenarios are conceivable and supported by 
the finding, that these synapses also lack neuronal SNAREs and Syt [90].

4.3  Analysis of Complexin Function in Invertebrate Synapses

Knowledge about invertebrate Cplxs has come mainly from studies of their func-
tions at the NMJs of Caenorhabditis elegans and larvae of Drosophila melanogas-
ter. Unlike mammals, these two invertebrate model organisms have only two or one 
Cplx-encoding gene(s): The two Cplx paralogs of Caenorhabditis elegans are 
encoded by two genes located on chromosome I (CPX-1) and chromosome X 
(CPX-2). CPX-1 and CPX-2 are differentially distributed, with a predominant 
expression of CPX-1 in all ventral cord motor neurons [57]. Drosophila melanogas-
ter, on the other hand, has a single Cplx-encoding gene, which generates multiple 
dmCplx isoforms by alternative splicing [95]. The predominant dmCplx isoform 
dmCplx7A contains a CAAX box which is absent in dmCplx7B but also found in 
mammalian Cplx3 and Cplx4. Prenylation of dmCplx7A may tether it to mem-
branes, increasing its local concentration at release sites and allowing it to bind to 
more SNARE complexes per SV. At the level of confocal microscopy, dmCplx7A, 
which contains the prenylation motif, and dmCplx7B, which lacks it, showed simi-
lar localization at the larval NMJ. This indicates that the dissimilar C-terminal 
sequences of dmCplx7A and dmCplx7B do not cause significant differences in traf-
ficking to synapses [37].

The apparent effects of Cplx deficiencies on synaptic transmission differ between 
invertebrates (nematodes and flies) and mammals. While Cplx deficiencies in mam-
mals inhibit both evoked synaptic responses and spontaneous SV fusion, Cplx loss 
in flies and nematodes causes a substantially increased spontaneous fusion rate but 
greatly decreases evoked responses [20, 38, 57, 93, 96, 97] (Fig. 7a). These experi-
mental findings strongly support the notion that invertebrate Cplxs act as a “fusion 
clamp” for spontaneous SV fusion. In both nematodes and flies, the augmenting 
effect of Cplx deficiencies on spontaneous SV fusion may be observed whether or 
not the extracellular solution contains Ca2+ [20, 57].

Cplx-deficient fruit flies also exhibit a marked decrease in evoked EPSC ampli-
tudes at their NMJs, as well as slowed eEPSC rise and decay times [95]. The impair-
ment of evoked release likely reflects a true defect in SV exocytosis rather than a 
secondary effect of potential SV depletion resulting from the high rate of spontane-
ous fusion [38]. In addition, mutant flies have approximately 60% more AZs than 
wildtype at the NMJ, which is, however, insufficient to explain the >20-fold increase 
in spontaneous release. The morphological changes in Cplx-deficient fly NMJs may 
be a consequence of the dysregulated spontaneous SV fusion [20]. Fly NMJs of 
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Fig. 7 CPXSH1 fly mutants show a marked increase in mEPSC frequency at larval NMJs which can 
be rescued by expression of fly or mouse Cplx protein. (a) Sample traces containing spontaneously 
occurring mEPSCs (arrows) in control, CPXSH1, and rescue larvae. The CPXSH1 mutation results in 
a complete loss of Cplx protein expression and behaves like a Cplx null mutant. (b) Quantification 
of average mEPSC frequencies in control, CPXSH1, CPXSH1 over CPX-deficient (Df), and rescue 
flies in 0.2  mM extracellular [Ca2+]. The frequency of spontaneous release in CPXSH1 mutants 
remained strongly elevated even in 0  mM extracellular [Ca2+]. (c) Sample traces of evoked 
responses in control, CPXSH1, and rescue larvae at 0.2 mM extracellular [Ca2+]. In high extracel-
lular [Ca2+], evoked responses in CPXSH1 mutants were significantly reduced compared with con-
trols, whereas no difference was observed in low extracellular [Ca2+]. (d) Sample traces containing 
mEPSC in control, CPXSH1, and rescue fly strains expressing either dmCplx or the indicated mouse 
Cplx paralogs. The aberrant mEPSC frequency observed in CPXSH1 mutant fly larvae could be 
rescued fully by expression of dmCplx and partially by expression of either mouse Cplx1, Cplx2, 
Cplx3, or Cplx4. (Modified from [20, 39])

dmCplx mutants carrying a C-terminal truncation, which is predicted to disrupt 
prenylation and membrane targeting of dmCplx, exhibited normal evoked transmis-
sion but increased mEPSC frequency, suggesting that membrane interaction of 
dmCplx is required for regulating the spontaneous SV fusion rate but not evoked 
transmission [95].

Genetic removal of dmCplx does not change the number of SVs at AZs, indicat-
ing that dmCplx loss does not uncouple the processes required for morphological 
docking of SVs at AZs [96]. However, a more recent study reported fewer than 
normal tethered SVs when analyzing their number in concentric shells surrounding 
T-bars in dmCplx-deficient fly NMJs and concluded that dmCplx promotes SV 
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recruitment to the AZ [93]. That study identifies an interaction of dmCplx with the 
C-terminal region of Bruchpilot, an essential protein of the cytomatrix at the fly 
NMJ AZ. This interaction is lost in mutant dmCplx carrying a C-terminal trunca-
tion, which interferes with its synaptic localization and confers enhanced short-term 
depression during high-frequency stimulation of the fly NMJ [37, 93].

The seemingly opposite functional consequences of genetic Cplx removal on 
spontaneous SV fusion in fruit fly [20] and mouse [88] NMJs could be due to two 
possible causes. A first possibility is that fly and mouse Cplx orthologs inherently 
inhibit and promote the SV release machinery, respectively. A second possibility is 
that the actual functional consequences of Cplx deficiency are determined by the 
protein environment which likely differs between presynaptic endings of inverte-
brates and vertebrates [98]. To address this question, experiments were conducted in 
which murine Cplx was expressed in dmCplx null mutant fruit fly larvae. One study 
found that murine Cplx failed to reverse the increased spontaneous mEPSC rate at 
the dmCplx null mutant fly NMJ, suggesting that mouse and fly Cplx intrinsically 
differ in their functions [38]. However, another study reported that all four murine 
Cpx proteins function as “fusion clamps” when expressed in dmCplx null mutant 
flies, though their clamping abilities vary among isoforms [39] (Fig. 7d). In addi-
tion, expression of murine Cplx1, Cplx 2, or Cplx 3 enhanced evoked release even 
more strongly than expression of dmCplx in dmCplx null mutant flies [39]. In con-
trast, expression of dmCplx in cultured hippocampal neurons from Cplx1/2/3 TKO 
mice is unable to rescue AP-evoke release [38]. Moreover, overexpression of mam-
malian Cplx1 in cultured hippocampal neurons from wildtype mice did not interfere 
with AP-evoked synaptic transmission while that of dmCplx had a strong dominant 
negative effect [38] (Fig. 4). Thus, it remains controversial whether the differential 
effects of Cplx deficiencies on spontaneous and evoked SV fusion between fruit 
flies and mice are due to differences of Cplx intrinsic properties.

In nematodes, the rates of spontaneous SV fusion at the NMJ are similar between 
wildtype and Cplx mutant at extracellular [Ca2+] ≥1 mM. Lowering extracellular 
[Ca2+] strongly decreased the mEPSC frequency in wildtype synapses but did much 
less so in mutants. In addition, Cplx expression appeared to be necessary to main-
tain the pool of docked SVs since it was reduced by 70% in Cplx mutants [57]. 
Thus, Cplx may be required at the nematode NMJ to maintain a stable pool of 
docked SVs. In its absence, SVs may fuse or undock from the plasma membrane 
which largely accounts for the almost complete loss of evoked responses.

Cplx-deficient fruit flies and nematodes show different phenotypes at the behav-
ioral level. The majority of Cplx mutant flies die before maturating to adulthood. 
The rare survivors are infertile, and show severe motor and visual defects [20, 37]. 
In contrast, both single and double mutants of C. elegans cpx-1 and cpx-2 are viable 
and can develop into fertile adults. Single mutants of cpx-1 but not cpx-2 show 
severe locomotion deficits. cpx-1 mutants are also hypersensitive to aldicarb, an 
inhibitor of acetylcholinesterase. Inhibition of this enzyme results in a buildup of 
acetylcholine at the NMJ and other cholinergic synapses, resulting in spastic paraly-
sis of the worm. Mutant animals secreting higher levels of acetylcholine become 
paralyzed faster than wildtype nematodes upon exposure to aldicarb [99, 100]. The 
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increased sensitivity of cpx-1 mutant to aldicarb suggests increased acetylcholine 
release, which is consistent with the increased rate of mEPSC frequency 
described above.

5  Some Variants of the Human Cplx Gene Loci Are 
Disease-Associated

Synaptic function is sustained by repeated cycles of SV exo- and endocytosis, which 
requires a tightly regulated process of assembly and dissociation of the SNARE- 
mediated SV fusion machinery. Unsurprisingly, pathogenic variants in human gene 
loci encoding SNAREs and their regulatory and auxiliary proteins can result in a 
spectrum of clinically relevant deficits of brain function, leading to neurodevelop-
mental, neuromuscular, and neurodegenerative disorders which collectively have 
been termed SNAREopathies [101].

Cplx1 is prominently expressed in many brain regions including cortex, thala-
mus, hippocampus, and deep cerebellar nuclei, while Cplx2 is predominantly found 
in the cortex, basal ganglia, hippocampus, and cerebellar cortex. Altered expression 
of these two Cplx isoforms has been linked to several brain diseases [101–103]. 
Important neural circuits involved in social behavior are located in some of the 
Cplx-expressing brain regions, and both Cplx paralogs are dysregulated in some 
forms of neuropsychiatric disorders such as schizophrenia, major depression, and 
bipolar disorders [103].

Recent studies performing whole-exome sequencing (WES) to explore genetic 
backgrounds associated with intellectual disability (ID) identified various variants 
in genes encoding synaptic proteins. Among these were also homozygous mutations 
in the human gene for CPLX1 [104, 105]. Individuals carrying these pathologically 
relevant variants of the CPLX1 gene exhibited early infantile epileptic encephalopa-
thy. Two affected siblings were reported to suffer from malignant migrating epi-
lepsy and cortical atrophy. Magnetic resonance imaging (MRI) of one of the patients 
showed a small cleft in the cerebellum. Two other siblings showed severe epilepsy, 
global developmental delay, and intellectual disability. Finally, an individual with a 
missense mutation suffered from persistent generalized seizures and developmental 
delay. Interestingly, all of the identified mutations affected the C-terminal domain of 
Cplx1 which is thought to mediate membrane interactions [59] and/or to bind to 
Syt1 [61]. Because it is incompletely understood how the C terminus of mammalian 
Cplxs influences their function, the exact link between the identified gene defects 
and the observed brain disorders remains elusive.

Some of the human patients identified in the abovementioned studies exhibited 
severe motor problems, which are also characteristic for Cplx1-deficient mice. 
Motor coordination and locomotion deficits of Cplx1 KO mice include abnormal 
gait, inability to run or swim, impaired rotarod performance, dystonia, strong 
tremor, and sporadic seizures [81, 82]. The Cplx1 KO mouse line is of special 
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interest because some of its characteristic deficits, such as the strong cerebellar 
dysfunction, reduced novelty seeking, shuffled walking, dystonia as well as resting 
tremor [81], are similar to typical symptoms of human patients suffering from 
Parkinson’s disease (PD). Genome-wide association studies (GWAS), which were 
conducted to search genetic variants predisposing to multifactorial PD, identified 
two loci on human chromosome 4 (CPLX1/GAK/TMEM175/DGKQ and SNCA) 
to be correlated with PD risk [106, 107]. A comprehensive sequence analysis identi-
fied two single nucleotide polymorphisms (SNPs) (rs76444973 and rs 34006598) 
within intron 1 of the human CPLX1 gene. Because the protein coding sequence 
starts in exon 2, the allelic variants are positioned upstream of the first ATG which 
makes a prediction about their effect on Cplx protein expression and/or function 
difficult. In a complementary approach, another SNP (rs10794536) associated with 
PD risk was found [108]. In contrast to the SNPs described earlier, this allelic varia-
tion is located in the 3′ untranslated region (UTR) of the CPLX1 gene, which might 
lead to the generation of Cplx1 mRNA with different stability. Altered Cplx1 levels 
in PD patients support this notion. Moreover, patients with α-synuclein gene dupli-
cation (PARK4 mutation) showed a downregulation of Cplx1 mRNA, which was 
experimentally confirmed to occur also in α-synuclein-overexpressing human neu-
roblastoma cells [108]. These findings are in line with a previously observed co-
regulation of Cplx1 and α-synuclein protein expression in some mutant mice 
[108–111]. Although the molecular mechanisms mediating such an interplay are 
incompletely understood, these findings are significant because of two reasons: (i) 
They demonstrate that Cplx1 is a member of a larger group of presynaptic proteins 
which collectively and interdependently maintain and regulate SV fusion. 
Dysregulation of one or few individual constituents of this finely tuned molecular 
network may lead to synaptic dysfunction such as observed in PD pathology. (ii) In 
a number of studies, post-mortem tissue of PD patients and patients with other psy-
chiatric and neurological diseases was used to estimate Cplx mRNA or protein lev-
els. While it is disputable whether dysregulation of Cplxs can be reliably detected in 
such material, the use of CPLX1 mRNA levels in human blood probably as a poten-
tial disease biomarker holds promise [108].

SNP variants were found in the human genome not only for CPLX1 but also for 
CPLX2 [112]. Because changed expression levels of Cplx2 can be associated with 
cognitive deficits in schizophrenia and possibly also play a role in the development 
of other neuropsychiatric disorders, a phenotype-based genetic association study 
(PGAS) was initiated by the Göttingen Research Association for Schizophrenia 
(GRAS). Six cognition-relevant SNPs were identified to be distributed over the 
entire CPLX2 gene. All genetic variants reside outside of the protein coding region, 
but one of them, rs3822674, which is located in the 3’UTR of the human CPLX2 
mRNA within a micro-RNA (has-miR-498) binding site, was of special interest. 
Expression studies in N2a cells showed, that this SNP potentially influences the 
posttranscriptional regulation of CPLX2 expression. Thus, the binding of a specific 
micro-RNA to the 3’UTR of CPLX2 mRNA may represent a mechanism to pre-
cisely regulate the Cplx2 expression level [112].
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In summary, recent studies analyzing the disease relevance of both Cplx1 and 
Cplx2 provide evidence that not only expression per se but also tightly regulated 
levels of protein expression are required for normal neuronal function. While neu-
rons obviously possess mechanisms to cope with temporary aberrations in presyn-
aptic protein expression, persistent changes in Cplx expression, especially when 
occurring on the background of other molecular disturbances, may promote pro-
gressive functional decline. However, further research is necessary to clarify 
whether altered Cplx expression as it occurs in psychiatric and neurological disor-
ders is disease cause or consequence [103].

6  Conclusions

Cplxs are regulatory proteins of the neurotransmitter release apparatus which, 
together with members of the Ca2+-sensing Syt protein family, control Ca2+-triggered 
SV fusion. It has been difficult to integrate experimental data on Cplx function into 
a coherent model. Hence, a consensus about the synaptic function of Cplxs has not 
been reached, which underscores the challenge in deriving models of molecular 
interactions based mainly on data obtained by perturbing synaptic proteins [113].

One undebated role of Cplxs is their function as facilitators of fast AP-evoked 
synchronous neurotransmitter release. This role of Cplxs appears to be evolution-
arily conserved since elimination of Cplx expression greatly inhibits evoked trans-
mitter release in all species examined, including Caenorhabditis elegans, Drosophila 
melanogaster, and mice. The notable exception of mammalian inner ear hair cell 
synapses, where Cplx KO does not alter evoked responses, presents no challenge 
because those cells do not express Cplx [44, 50].

A further consequence of genetic Cplx removal—primarily observed at inverte-
brate synapses but also at Cplx3/4-expressing ribbon synapses of the mammalian 
retina—is a prominent augmentation of asynchronous and spontaneous neurotrans-
mitter release. The scientific literature is not unanimous regarding the mechanisms 
generating this enhancement and why it is seen at some but not at other Cplx-lacking 
synapses. It is attributed to an inhibitory and “fusion-clamp” like action exerted by 
Cplx in the absence of elevated cytosolic [Ca2+]. The ability of Cplx to “clamp” 
asynchronous SV fusion may differ between different species [78]. In addition, 
other presynaptic proteins may assist Cplx in “clamping” asynchronous SV fusion 
in some synapses such that a loss of Cplx alone does not necessarily induce synaptic 
deficits.

Alternatively, Cplx may serve as an adaptor molecule governing the molecular 
composition of the SV fusion machinery [98]. Functional consequences of Cplx 
removal will then be determined by alternative SNARE-binding partners expressed 
in a given cell type, which may become part of an erroneously assembled fusion 
machinery in the absence of Cplx and which may confer anomalous functional 
properties to Cplx-lacking synapses. In such model, functional consequences of 
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substituting wildtype Cplx with a mutated variant will depend on how well the latter 
executes its role as an adaptor molecule.
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Regulation of Ryanodine 
Receptor- Dependent Neurotransmitter 
Release by AIP, Calstabins, and Presenilins

Zhao-Wen Wang, Longgang Niu, and Sadaf Riaz

Abstract Ryanodine receptors (RyRs) are Ca2+ release channels located in the 
endoplasmic reticulum membrane. Presynaptic RyRs play important roles in neu-
rotransmitter release and synaptic plasticity. Recent studies suggest that the proper 
function of presynaptic RyRs relies on several regulatory proteins, including aryl 
hydrocarbon receptor-interacting protein, calstabins, and presenilins. Dysfunctions 
of these regulatory proteins can greatly impact neurotransmitter release and synap-
tic plasticity by altering the function or expression of RyRs. This chapter aims to 
describe the interaction between these proteins and RyRs, elucidating their crucial 
role in regulating synaptic function.
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ER Endoplasmic reticulum
FIPA Familial isolated pituitary adenoma
HSP Heat shock protein
IP3R Inositol 1,4,5-trisphosphate receptor
NMJ Neuromuscular junction
PPIase Peptidylprolyl isomerase
PS1 Presenilin-1
PS2 Presenilin-2
RRP Readily releasable pool
RyR Ryanodine receptor
SERCA Sarco(endo)plasmic reticulum Ca2+-ATPase
TPR Tetratricopeptide repeat
VGCC Voltage-gated Ca2+ channel

1  Introduction

Ca2+ plays a critical role in both spontaneous and evoked neurotransmitter release 
(Chapter “Roles and Sources of Calcium in Synaptic Exocytosis”). It triggers syn-
aptic vesicle exocytosis by binding to specific Ca2+ sensors located in the synaptic 
vesicle membrane (Chapter “Calcium Sensors of Neurotransmitter Release”). The 
sources of Ca2+ triggering synaptic vesicle exocytosis include Ca2+ influx through 
voltage-gated Ca2+ channels (VGCCs) in the presynaptic plasma membrane and 
ryanodine receptor (RyR)-mediated Ca2+ release from the endoplasmic reticulum 
(ER) (Chapter “Roles and Sources of Calcium in Synaptic Exocytosis”). Humans 
and mice each have three RyRs (RyR1, RyR2, and RyR3) encoded by three differ-
ent genes. The expression of all three RyRs may be detected in the brain [1–9] (see 
also https://mouse.brain- map.org/). In contrast, the nematode Caenorhabditis ele-
gans has only one gene encoding RyRs, ryr-1 (also known as unc-68). The impor-
tance of RyR-mediated Ca2+ mobilization in neurotransmitter release has been 
demonstrated by many studies (Chapter “Roles and Sources of Calcium in Synaptic 
Exocytosis”).

RyRs are activated by VGCCs in the plasma membrane, which perform this 
function either through physical interactions with RyRs or by Ca2+-induced Ca2+ 
release, depending on the types of RYRs and VGCCs involved ([10] and Chapter 
“Roles and Sources of Calcium in Synaptic Exocytosis”). RyRs are also regulated 
by other proteins [11, 12]. In recent years, several proteins have emerged as potent 
regulators of synaptic transmission that act on RyRs, including aryl hydrocarbon 
receptor-interacting protein (AIP), calstabins, and presenilins. Deficiencies in these 
proteins can cause significant changes in neurotransmitter release and/or synaptic 
plasticity. In this chapter, we describe their roles in synaptic function and their 
mechanisms of action.

Z.-W. Wang et al.
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2  Regulation of Neurotransmitter Release by AIRP-1/AIP

2.1  Structure and Function of Human AIP

AIP is a member of the tetratricopeptide repeat (TPR) family of proteins. It contains 
a peptidylprolyl isomerase (PPIase)-like domain, a TPR domain, and a carboxyl 
(C)-terminus α-helix, also known as the α-7 helix [13] (Fig.  1a, b). PPIases are 
enzymes that catalyze the cis-trans isomerization of a peptide bond between a pro-
line residue and a preceding amino acid residue in folded proteins, but the PPIase 
domain of AIP lacks this enzymatic activity [13, 14]. TPR domains are present in 
various proteins and typically contain three or more TPR motifs in tandem [15, 16]. 
Each TPR motif is a 34-amino acid peptide that exhibits strong conservation in 
amino acid size, hydrophobicity, spacing, and tertiary structure, despite variability 
in amino acid sequence [17]. The TPR domain of human AIP consists of three TPR 
motifs, with each TPR motif having a helix-loop-helix conformation and connect-
ing to the next via a short loop. The α-7 helix is situated near the second α-helix of 
the third TPR motif, as depicted in the crystal structure of AIP [18] (Fig. 1b). This 
structure closely resembles that of AIP-like 1 in humans [19].

Fig. 1 Structures of human aryl hydrocarbon receptor-interacting protein (AIP). (a) Domain 
structure of AIP. (Adapted from Ref. [13]). (b) Ribbon diagram of the tetratricopeptide repeat 
(TPR) domain of AIP in complex with the carboxyl termini of HSP90 (PDB 4AIF, red) and 
TOMM20 (PDF 4APO, blue)
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AIP is expressed widely throughout the human body, as noted on the NCBI Gene 
database (https://www.ncbi.nlm.nih.gov/gene/9049). In the brain, AIP is expressed 
in numerous regions, as reported on the Allen Brain Atlas website (https://mouse.
brain- map.org/gene/show/11419). AIP is primarily known to interact with various 
molecular chaperones via its TPR domains to ensure proper folding of client (sub-
strate) proteins [20]. Among the molecular chaperones that AIP may bind to are 
HSP90 (heat shock protein 90), HSP70, and TOMM20 [13]. While these proteins 
share a conserved motif at the extreme C-terminus (EEVD in HSP90 and HSP70, 
and DDVE in TOMM20), the amino acid sequence upstream of the conserved motif 
varies substantially among them, contributing to protein binding specificity [21]. It 
is worth noting that the EEVD and DDVE motifs are critical to TPR domain bind-
ing. Recent crystal structures of the TPR domain of human AIP in complex with a 
C-terminus peptide of HSP90 and TOMM20 have revealed that the conserved 
C-terminus motif EEVD or DDVE binds to a groove formed by the TPR domain 
(see Fig. 1b).

AIP also plays a crucial role in interacting with the aryl hydrocarbon receptor 
(AHR), a ligand-activated transcription factor, to regulate the transcription of xeno-
biotic metabolizing enzymes [22]. Some of the identified ligands of AHR include 
xenobiotics, which are foreign chemicals found within an organism (such as 
2,3,7,8-tetrachlorodibenzo-p-dioxin/TCDD and polyaromatic hydrocarbons), as 
well as non-xenobiotic (endogenous) ligands, including indole derivatives, trypto-
phan metabolites, bilirubin, prostaglandin E2, and leukotriene B4 [22–24].

In humans, germline mutations of the AIP gene strongly predispose individuals 
to familial isolated pituitary adenomas (FIPA). Identified mutations in FIPA patients 
include nonsense and missense mutations, splice site mutations, insertion, and dele-
tion. Although mutations may occur in various regions of AIP, the majority of them 
are located in the TPR domain [25]. FIPA patients are typically heterozygous for the 
mutation, but the tumor tissue may have a loss of heterozygosity due to a somatic 
mutation of the wild-type allele [26, 27]. Similarly, AIP+/− mice are susceptible to 
pituitary adenomas and exhibit a complete loss of AIP in the tumor tissue [28]. 
However, it remains unclear how AIP deficiency may promote tumorigenesis [25].

2.2  AIP Regulates Neurotransmitter Release by Acting 
on the RyR

The SLO-1 channel in C. elegans is a high-conductance K+ channel gated by mem-
brane voltage and cytosolic Ca2+. Similar to the vertebrate Slo1 channel, SLO-1 
downregulates neurotransmitter release at presynaptic sites [29–31] (Chapter 
“Regulation of Neurotransmitter Release by K+Channels”). In C. elegans, slo-1 
loss-of-function and gain-of-function mutations increase and decrease neurotrans-
mitter release, respectively, as evidenced by changes in the frequency of miniature 
postsynaptic currents (minis) and the amplitude of evoked postsynaptic currents 
(ePSCs) at the neuromuscular junction (NMJ) [32–39].
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During a genetic screen for suppressors of a sluggish phenotype caused by a 
hyperactive SLO-1, we identified a mutant of the aipr-1 gene, which is the C. ele-
gans ortholog of human AIP. The apir-1 mutant, zw86, exhibits large increases in 
the amplitudes of both minis and ePSCs, as well as the frequency of minis, com-
pared to the wild type (Fig. 2a, b). These mutant phenotypes can be rescued by 
expressing wild-type AIPR-1 in neurons under the control of a panneuronal pro-
moter, but not in muscle cells under the control of a muscle-specific promoter [40]. 
This suggests that the mutant phenotypes result from presynaptic deficiency of 
AIPR-1 and that a physiological function of AIPR-1 is to limit neurotransmitter 
release [40]. Consistent with this notion, AIPR-1 is enriched at presynaptic sites in 
C. elegans motor neurons [40].

In apir-1(zw86), a single G-to-A nucleotide mutation at the splice acceptor site 
before the last exon, causes a frameshift of the coding sequence and disrupts the 
third TPR motif and the downstream α-7 helix of AIPR-1 [40]. It is presumably a 
hypomorphic mutant because its synaptic phenotypes can be rescued by expressing 
wild-type AIPR-1 in neurons, and null mutants of aipr-1 arrest at early larval 
stages [40].

Remarkably, the aipr-1(zw86) mutant shows much stronger augmenting effects 
on synaptic transmission at the C. elegans NMJ than null mutations of any other 
known inhibitory regulators of presynaptic release, including tomosyn [41, 42] and 
complexins [43, 44]. Tomosyn inhibits neurotransmitter release by competing with 
synaptobrevin in binding to syntaxin and SNAP25 in the SNARE complex (Chapter 
“The Role of Tomosyn in the Regulation of Neurotransmitter Release”), which is a 

Fig. 2 AIPR-1 regulates synaptic transmission through ryanodine receptors at the C. elegans neu-
romuscular junction. (a) Sample traces and the amplitude of evoked postsynaptic currents (ePSCs). 
(b) Sample traces and the frequency and amplitude of miniature postsynaptic currents (minis). The 
mutants used were aipr-1(zw86) and ryr-1(e540), a putative null. ryr-1(e540) occludes the aug-
menting effects of aipr-1(zw86) mutation on synaptic transmission. The asterisks indicate statisti-
cally significant differences (*p < 0.05, p < 0.01, and p < 0.001) compared with wild type (wt). 
(Adapted from Ref. [40])
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four-α-helix bundle formed by the SNARE proteins synaptobrevin, syntaxin, and 
SNAP25 (Chapter “SNARE Proteins in Synaptic Vesicle Fusion”). Complexins 
interact with the SNARE proteins to clamp them in a half-zippered state (Chapters 
“SNARE Proteins in Synaptic Vesicle Fusion” and “Complexins: Ubiquitously 
Expressed Presynaptic Regulators of SNARE- Mediated Synaptic Vesicle Fusion”). 
Null mutations of C. elegans tomosyn gene tom-1 cause a larger sucrose-evoked 
postsynaptic current, a slower decay time of ePSCs, and an increased number of 
docked synaptic vesicles at the NMJ compared with wild type but do not alter either 
the frequency and amplitude of minis or the amplitude of ePSCs [41, 42]. Null 
mutations of C. elegans complexin gene cpx-1 increase the frequency of minis in a 
[Ca2+]o-dependent manner, essentially eliminate ePSCs, and reduce the numbers of 
total and docked synaptic vesicles at presynaptic sites of motor neurons [43, 44]. 
The much stronger augmenting effects of the aipr-1 mutation on minis and ePSCs 
than those of tom-1 and cpx-1 mutations indicate that AIPR-1/AIP is an exception-
ally powerful inhibitory regulator of neurotransmitter release.

How does AIPR-1 regulate the release of neurotransmitters? The PPIase-like 
domain of AIP/AIPR-1 resembles the domains found in FKBP-binding proteins, 
such as FKPB12 (calstabin1) and FKBP12.6 (calstabin2), although it lacks the 
PPIase activity associated with calstabins. Calstabins are known to inhibit the 
release of Ca2+ from the ER through RyRs [45–48]. A previous study by our group 
demonstrated that null mutations of the sole RyR-encoding gene, ryr-1, in C. ele-
gans caused a significant reduction in the amplitudes of minis and ePSCs, as well as 
a great decrease in the frequency of minis at the NMJ when compared with wild 
type [49]. Interestingly, the phenotypes of ryr-1 mutants were opposite to those of 
the aipr-1 mutant. Given the inhibitory role of calstabins in RyR-mediated Ca2+ 
release from the ER and the opposite synaptic phenotypes of aipr-1 and ryr-1 
mutants, we hypothesized that AIPR-1 might function through RyRs to restrict neu-
rotransmitter release. To test this hypothesis, we compared minis and ePSCs 
between ryr-1(e540), a putative null mutant resulting from a premature stop codon 
[50], and a ryr-1(e540);aipr-1(zw86) double mutant. As previously reported [49], 
the ryr-1 single mutant showed significant decreases in the amplitude of ePSCs 
(Fig. 2a), as well as in the amplitude and frequency of minis (Fig. 2b). However, the 
aipr-1;ryr-1 double mutant was indistinguishable from the ryr-1 single mutant 
(Fig. 2a, b), suggesting that the augmenting effects of aipr-1 mutation on minis and 
ePSCs are occluded by the ryr-1 mutation [40]. These observations indicate that 
AIPR-1 might act like calstabins to restrict RyR-mediated Ca2+ release from the 
ER. Consistently, the genetically encoded Ca2+ sensor GCaMP6 showed that the 
knockdown of aipr-1 specifically in motor neurons caused a significant increase in 
the frequency of Ca2+ transients in these neurons, whereas the knockdown of ryr-1 
had the opposite effect. Moreover, the augmenting effect of aipr-1 knockdown on 
Ca2+ transients was occluded by the knockdown of ryr-1 [40] (Fig. 3). Biomolecular 
fluorescence complementation assays confirmed that AIPR-1 and RYR-1 are physi-
cally very close in motor neurons in vivo [40]. Collectively, these results suggest 
that AIPR-1 acts on RyRs to restrict Ca2+ release from the ER.
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Fig. 3 AIPR-1 regulates Ca2+ bursts in motor neurons through ryanodine receptors. (a) Sample 
traces of Ca2+ transients of cholinergic motor neurons of wild type (wt), and wt worms with cholin-
ergic motor neuron-targeted knockdown (RNAi) of either aipr-1, ryr-1, or both. (b) Comparison of 
the frequency of Ca2+ transients among the different groups. The augmenting effect of aipr-1 RNAi 
is occluded by ryr-1 RNAi in the double RNAi strain. The asterisks indicate statistically significant 
differences (*p < 0.05; ***p < 0.001) compared with wt. (Adapted from Ref. [40])

2.3  AIP Regulates RRP Size and Synaptic Vesicle Number 
Through a RyR-Independent Mechanism

The size of the readily releasable pool (RRP) of synaptic vesicles can be determined 
by measuring the integral of postsynaptic currents caused by a hypertonic sucrose 
solution, which induces the release of all primed synaptic vesicles in a Ca2+-
independent manner [51]. When a hypertonic sucrose solution was applied to the 
C. elegans ventral nerve cord containing motor neuron axons, aipr-1(zw86) showed 
a significantly larger postsynaptic current in the postsynaptic muscle cell than wild 
type [40] (Fig. 4a), indicating an increased RRP size. Furthermore, the number of 
synaptic vesicles in motor neurons was greater in aipr-1(zw86) than in wild type 
[40] (Fig. 4b). These findings suggest that AIPR-1 can modulate RRP size and syn-
aptic vesicle number. However, even in the presence of a ryr-1 null mutation, the 
effects of the aipr-1 mutation on RRP size and synaptic vesicle number persisted 
(Fig.  4a, b), indicating that AIPR-1 regulates these processes through RyR- 
independent mechanisms. The enhanced sucrose response in the aipr-1 mutant was 
completely abolished by a mutation of UNC-13/Munc-13 [40], a key player in syn-
aptic vesicle priming [52, 53] (Chapter “Functional Roles of UNC- 13/Munc13 and 
UNC- 18/Munc18  in Neurotransmission”), suggesting that the increase in primed 
vesicles does not bypass the normal mechanisms for synaptic vesicle docking and 
priming.
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Fig. 4 AIPR-1 regulates the readily releasable pool (RRP) size and synaptic vesicle number 
through a ryanodine receptor-independent mechanism(s). (a) Sample traces and statistical com-
parison of postsynaptic currents (PSCs) in body-wall muscle cells evoked by a hyperosmotic solu-
tion. The horizontal gray lines above the sample traces mark the times of the hyperosmotic solution 
application. (b) Sample electron micrographs of the presynaptic site of C. elegans motor neurons 
and statistical comparison of synaptic vesicle numbers. aipr-1(zw86) but not ryr-1(e540) augments 
the evoked PSCs and synaptic vesicle number, and the effects of aipr-1(zw86) are not prevented by 
ryr-1(e540) in the double mutant. The asterisk (***p < 0.001) and pound symbols (#p < 0.05; 
###p < 0.001) indicate significant differences compared with wild type (wt) and ryr-1, respec-
tively. (Adapted from Ref. [40])

How might AIP regulate RRP size and synaptic vesicle number? As described 
earlier, AIP may serve as a co-chaperone for molecular chaperones such as HSP70, 
HSP90, and TOMM20, and function together with AHR. Because the molecular 
chaperones may perform quality control for many client proteins [54–56] and AHR 
may regulate the transcription of diverse target genes [57], AIP might function 
through one or more of the client proteins or target genes to regulate RRP size and 
synaptic vesicle number.

Although many AIP-interacting proteins had been identified [13, 25], RyRs were 
not among them and AIP had not been implicated in regulating neurotransmitter 
release prior to our study. The discovery of AIPR-1 as a potent inhibitory regulator 
of presynaptic release has raised some intriguing questions. For example, (1) Are 
the presynaptic functions of AIP conserved in mammals? (2) How are AIP’s presyn-
aptic functions regulated? (3) Are Ca2+ mishandling and abnormal neurotransmitter 
release involved in neurological disorders of individuals with AIP mutations?

Regarding question 1, we found that neuronal expression of human AIP in C. ele-
gans can rescue the mini and ePSC phenotypes of aipr-1(zw86) [40], indicating that 
human AIP can substitute worm AIPR-1 in presynaptic functions. However, it 
remains to be determined whether mammalian AIP plays similar roles in native 
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neurons. With respect to question 2, it remains to be determined whether and how 
the presynaptic functions of AIP are regulated by synaptic activities and its presyn-
aptic interacting partners. With respect to question 3, AIP mutations have not yet 
been linked to any neurological disorders in the Human Gene Mutation Database 
(https://www.hgmd.cf.ac.uk/ac/index.php). Because null mutations of AIP cause 
embryonic lethality in both mice [58] and worms [40], the vast majority of humans 
with AIP mutations are likely heterozygous. The lack of association between AIP 
mutations and human neurological disorders might be due to  individuals with 
homozygous AIP mutations being unable to develop to a stage where neurological 
disorders  are manifested, while those with heterozygous AIP mutations lack a 
detectable phenotype.

3  Regulation of Synaptic Transmission by Calstabins

FKBP12 and FKBP12.6 are members of the FK506-binding protein (FKBP) family, 
which are immunophilins that can bind to the immunosuppressant FK506 [59, 60]. 
These proteins are also known as calstabin1 and calstabin2, respectively, because 
they play a role in stabilizing the closed state of RyRs. Both human calstabins con-
sist of 108 amino acids, with only 18 amino acid residues being different between 
them. Calstabins have a single domain, which is the FK506-binding domain and 
also serves as the PPIase domain [59, 60].

Calstabins bind to RyRs and regulate their function. Calstabins serve as stabiliz-
ers of RyR Ca2+ release channels by interacting with the cytosolic domain of RyR; 
reduced binding of calstabins causes leaky RyRs [61, 62]. Much of our current 
understanding of RyR regulation by calstabins has come from studies of skeletal 
and cardiac muscle cells. Calstabin1 and calstabin2 bind to RyR1 in skeletal muscle 
cells and RyR2 in cardiomyocytes, respectively, to modulate their functions [62–64].

Emerging evidence suggests that neuronal RyRs are regulated by calstabins. One 
study showed that chronic stress in mice can cause the dissociation of calstabin2 
from the RyR2 channel complex through a signaling pathway that involves the stim-
ulation of β-adrenergic receptors by catecholamine, activation of protein kinase A, 
and phosphorylation of RyR2 at serine 2808 by protein kinase A. The dissociation 
of calstabin2 from RyR2 leads to increased RyR single-channel open probability 
and calcium leakage in hippocampal neurons, increased latency in Morris Water 
Maze tests, and greatly subdued long-term potentiation in the hippocampal CA1 
region [46]. These phenotypes caused by chronic stress can be prevented or rescued 
by either mutating serine 2808 to alanine in RyR2 or administering S107 orally, a 
compound that stabilizes the RyR2-calstabin2 interaction [46]. Another study 
showed that calstabin2 knockout in mice increases the firing rate of action poten-
tials, augments ER Ca2+ release caused by caffeine (a RyR agonist), and suppresses 
long-term potentiation in hippocampal neurons [65]. However, neither of these 
studies investigated the specific function of presynaptic RyRs. Additionally, there 
are no other reports on presynaptic functions of calstabins to our knowledge. Since 
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presynaptic RyRs play crucial roles in both spontaneous and evoked neurotransmit-
ter release (Chapter “Roles and Sources of Calcium in Synaptic Exocytosis”), it is 
conceivable that deficiencies of calstabins may cause increased neurotransmitter 
release. However, experiments are necessary to confirm this possibility.

4  Regulation of Neurotransmitter Release by Presenilins

Presenilins are a family of multi-pass transmembrane proteins, with two members 
in humans: presenilin-1 (PS1) and presenilin-2 (PS2). They are mainly known for 
their roles in the pathogenesis of Alzheimer’s disease (AD). Approximately 90% of 
early-onset familial AD cases are linked to mutations of presenilins [66]. The accu-
mulation of amyloid β (Aβ) plaques in brain tissues is one of the major pathological 
hallmarks and possibly a cause of AD [67]. Aβ is produced from an amyloid precur-
sor protein (APP) through two sequential cleavage steps. APP is a single-pass trans-
membrane protein with a large extracellular domain. It is first cleaved by a 
β-secretase, BACE1 (beta-site APP cleaving enzyme 1), to remove its large extra-
cellular domain, resulting in a membrane-bound C-terminal fragment (CTF) of 99 
amino acid residues [68]. The CTF is then cleaved several times by a γ-secretase in 
a stepwise manner until free Aβ peptides of 37 to 43 amino acid residues are released 
from the membrane [69] (Fig. 5). Among the Aβ peptides, the larger ones, Aβ42 and 
Aβ43, are the pathogenic species in AD [69]. PS1 and PS2 serve as the catalytic 
subunit of the γ-secretase in a hetero-tetrameric protein complex that includes pre-
senilin (PS1 or PS2), APH-1 (anterior pharynx defective-1), PEN-2 (presenilin 
enhancer 2), and nicastrin [69]. The γ-secretase complex containing PS1 is targeted 
to the plasma membrane, whereas that containing PS2 is targeted to the trans-Golgi 
network, endosomes, and lysosomes [70]. In a high-resolution cryo-electron micros-
copy structure of human PS1-containing γ-secretase in complex with an APP trans-
membrane fragment, the transmembrane domain of APP interacts with five 
surrounding transmembrane domains of PS1, with many of the mutations of APP 
and PS1 identified in AD patients mapped to the APP-PS1 interface [71]. Cleavage 
of the CTF by γ-secretase may produce Aβ of various lengths. Longer Aβ peptides, 
such as Aβ42 and Aβ43, which tend to self-aggregate, are strong predisposing fac-
tors for AD [69, 72–74], whereas shorter Aβ peptides, such as Aβ40, actually inhibit 
amyloid deposition [75]. However, an increased ratio of longer over shorter Aβ 
peptides (e.g., Aβ42/Aβ40) may be more important in the pathogenesis of AD than 
the absolute amount of longer Aβ peptides [76].

Presenilins, in addition to their function as γ-secretases, play a crucial role in 
maintaining Ca2+ homeostasis through various possible mechanisms. These include 
forming Ca2+ leak channels in the ER membrane [77, 78], regulating the activities 
of the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) in the ER membrane 
[79], VGCCs in the plasma membrane [80], capacitive Ca2+ entry through the 
plasma membrane [81, 82], and RyR- and inositol 1,4,5-trisphosphate receptor 
(IP3R)-mediated Ca2+ release from the ER [8, 83–88]. Mutations in presenilins 
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Fig. 5 Amyloidogenic pathway of amyloid precursor protein (APP). APP is cleaved sequentially 
by membrane-bound β-secretase (BACE1) and γ-secretase. BACE1 cleaves APP to generate a 
soluble APPβ (sAPPβ) and a membrane-bound APP C99 fragment. The C99 fragment is further 
cleaved by the γ-secretase to produce amyloid β peptides (Aβ). (Figure was created using 
BioRender (www.biorender.com))

causing Ca2+ dysregulation have been associated with Aβ generation and the patho-
genesis of AD [66, 89, 90].

The interactions between presenilins and RyRs have been linked to synaptic 
function and neurotransmitter release. In the hippocampal Schaeffer-collateral path-
way, conditional double knockout (cDKO) of PS1 and PS2 in CA3 neurons (presyn-
aptic) but not CA1 neurons (postsynaptic) has been shown to inhibit paired-pulse 
facilitation, short-term synaptic facilitation, and theta burst-induced long-term 
potentiation [84] (Fig.  6a–c). Quantification of the decline rate of NMDAR- 
mediated excitatory postsynaptic currents resulting from low-frequency stimulation 
in the presence of the N-methyl-D-aspartate (NMDA) receptor open channel blocker 
MK-801 indicates a reduced glutamate release probability in the cDKO mice [84] 
(Fig. 6d). The inhibitory effect of the cDKO on short-term synaptic facilitation in 
hippocampal neurons can be mimicked and occluded by either depletion of ER Ca2+ 
stores using thapsigargin, an irreversible inhibitor of SERCA, or inhibition of RyR- 
mediated ER Ca2+ release with 100 μM ryanodine [84]. Additionally, depolarization- 
induced increases in cytosolic [Ca2+] in cultured hippocampal neurons are blunted 
by inhibiting RyRs with ryanodine (100 μM), but not IP3Rs with xestospongin C 
[84]. Taken together, the findings of this study indicate that cDKO of PS1 and PS2 
reduces RyR-mediated Ca2+ release from the ER, leading to the inhibition of neu-
rotransmitter release.

Presenilins are involved in increasing the level of RyR protein expression, which 
may be a physiological function of presenilins. The mRNAs of all three RyR 
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Fig. 6 Conditional double knockout (cDKO) of presynaptic presenilin-1 and presenilin-2  in 
mouse hippocampus impairs synaptic potentiation and reduces glutamate release. (a) Paired-pulse 
facilitation (PPF) is impaired in CA3 (presynaptic) cDKO mice compared with control mice. (b, c) 
Short- and long-synaptic potentiation is impaired in CA3 but not CA1 (postsynaptic) cDKO. (d) 
The decline rate of NMDAR-mediated excitatory postsynaptic currents evoked by low-frequency 
stimulation in the presence of MK-801 (NMDAR open channel blocker) is reduced in CA3 cDKO 
compared with the control. For simplicity, many data points in the original published figures are 
omitted in panels c and d. (Adapted from Ref. [84])

isoforms are expressed in the hippocampus, with RyR2 being the predominant iso-
form, and all three isoforms are expressed at similar levels in wild type and PS 
cDKO as indicated by quantitative RT-PCR [8]. However, western blots using a 
non-selective RyR antibody and a RyR2-specific antibody show that both total RyR 
proteins and specific RyR2 protein are reduced by more than 50% in the hippocam-
pus of PS cDKO compared to wild type. In cultured hippocampal neurons of PS 
cDKO, Ca2+ release induced by caffeine is significantly reduced compared to wild 
type, and dantrolene, a specific RyR inhibitor, can inhibit caffeine-induced synaptic 
potentiation in hippocampal CA3 neurons of wild type but not PS cDKO [8]. These 
results suggest that presenilins play a regulatory role in increasing the level of RyR 
protein expression. However, it is still unknown whether the effect of presenilins on 
RyR protein level is due to increased translation or protein stability, and the mecha-
nisms by which presenilins interact with other proteins to carry out this regulatory 
function are still not understood.

In addition to regulating RyR protein levels, presenilins may also play a role in 
regulating RyR function. Research has shown that the expression of an N-terminal 
fragment of PS1, but not PS2, in SH-SY5Y cells, a neuroblastoma cell line, can 
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inhibit RyR-mediated Ca2+ release. The effect of the N-terminal fragment depends 
on the presence of four cysteine residues [91].

In summary, emerging evidence suggests that AIP, calstabins, and presenilins 
may regulate RyR-mediated Ca2+ release from the ER, potentially impacting neu-
rotransmitter release. However, there are still important questions to be answered. 
For instance, does AIP also regulate neurotransmitter release through RyRs in mam-
malian neurons? How does AIP regulate RRP size and synaptic vesicle number? Do 
deficiencies of presynaptic calstabins enhance neurotransmitter release? How do 
presenilins regulate RyR protein levels? Additionally, it is crucial to understand 
whether and how the functions of presynaptic AIP, calstabins, and presenilins are 
regulated by physiological conditions. Since RyR-mediated Ca2+ release plays a 
significant role in triggering synaptic vesicle exocytosis, answers to these questions 
could significantly advance our understanding of the regulatory mechanisms of neu-
rotransmitter release.
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Regulation of Neurotransmitter Release 
by K+ Channels

Zhao-Wen Wang, Laurence O. Trussell, and Kiranmayi Vedantham

Abstract K+ channels play potent roles in the process of neurotransmitter release 
by influencing the action potential waveform and modulating neuronal excitability 
and release probability. These diverse effects of K+ channel activation are ensured 
by the wide variety of K+ channel genes and their differential expression in different 
cell types. Accordingly, a variety of K+ channels have been implicated in regulating 
neurotransmitter release, including the Ca2+- and voltage-gated K+ channel Slo1 
(also known as BK channel), voltage-gated K+ channels of the Kv3 (Shaw-type), 
Kv1 (Shaker-type), and Kv7 (KCNQ) families, G-protein-gated inwardly rectifying 
K+ (GIRK) channels, and SLO-2 (a Ca2+-. Cl−, and voltage-gated K+ channel in 
C. elegans). These channels vary in their expression patterns, subcellular localiza-
tion, and biophysical properties. Their roles in neurotransmitter release may also 
vary depending on the synapse and physiological or experimental conditions. This 
chapter summarizes key findings about the roles of K+ channels in regulating neu-
rotransmitter release.
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Abbreviations

4-AP 4-Aminopyridine
AP Action potential
BDS-I Blood-depressing substance-I
EPSC Excitatory postsynaptic current
EPSP Excitatory postsynaptic potential
IPSC Inhibitory postsynaptic current
NMJ Neuromuscular junction
PPR Paired-pulse ratio
TEA Tetraethylammonium
VGCC Voltage-gated Ca2+ channel

1  Introduction

Ca2+ entry into presynaptic nerve terminals via voltage-gated Ca2+ channels is 
required for exocytosis of neurotransmitter [1–4]. Because both Ca2+-channel gating 
and Ca2+ influx are voltage-dependent, the size and shape of presynaptic action 
potentials (APs) can control the level of transmitter release. In this chapter, we show 
that K+ channels play a key role in this process in multiple ways. For example, K+ 
current provides the repolarizing drive that sets the duration of the AP in nerve ter-
minals. Thus, when K+ channel activation is delayed or diminished, APs are broad-
ened, and Ca2+ entry is thereby extended [5–8]. However, beyond spike shape, K+ 
channels contribute to the resting potential, and changes in resting potential can 
impact the probability of transmitter release [9, 10]. These effects depend on the 
biophysical properties of K+ channels, such as their sensitivity to membrane poten-
tial or to intracellular ligands that activate the channel, properties that vary widely 
depending on channel subunits. The human and mouse genomes contain approxi-
mately 80 genes each for the pore-forming subunits of K+ channels, and the K+ 
channels formed by the diverse subunits differ in structural and functional proper-
ties [11–15]. Moreover, the subtypes of K+ channels that regulate neurotransmitter 
release can vary from neuron to neuron, from synapse to synapse, or vary in subcel-
lular location. Valuable mechanistic insight into the dynamics of neural processing 
can come from an understanding of how these channels are activated during trans-
mitter release and how they are regulated in health and disease.

A variety of electrophysiological, optical, genetic, and immunohistological/
ultrastructural methods are required to reveal the role of K+ channels in synaptic 
transmission. Electrophysiological or optical measurement of transmitter release in 
animals with genetic knockout or mutation of specific K+ channels is a powerful 
approach, as is the assessment of release before and after pharmacological block of 
specific K+ channels. It should be appreciated that while these approaches can reveal 
the importance of a given K+ channel subtype, they do not speak to the location of 
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such channels. “Presynaptic” as an anatomical term may refer to a location within a 
nerve terminal or en passant bouton. However, because the voltage changes that 
drive release arise both in the presynaptic structure and in the adjoining axonal 
membrane, “presynaptic K+ channels” could from the standpoint of function also 
refer to axonal ion channels. Besides the spatial distribution of channels, the time 
dependence of K+ channel activation and inactivation and its interaction with short- 
term plasticity of exocytosis (which is also time-dependent) have important impli-
cations for experimental design and interpretation. Such plasticity is often assayed 
by using two sequential presynaptic stimuli, measuring the change in the amplitude 
of the second response relative to the first. This paired-pulse ratio (PPR) changes 
inversely with release probability, and thus AP broadening following K+ channel 
inhibition would be expected to elevate presynaptic Ca2+ and decrease 
PPR.  Interestingly, as PPR depends on the inter-spike interval, regulation of K+ 
channels that determine AP frequency during endogenous activity in neurons may 
affect the degree of short-term plasticity. Thus, even non-presynaptic K+ channels 
can impact the strength of synaptic transmission! This chapter, however, will focus 
mainly on the diversity of K+ channels that are found at or near nerve terminals and 
how their particular properties are important determinants of synaptic function.

2  Slo1 (BK Channel)

Slo1, also known as the BK channel, is a member of the Slo family of K+ channels, 
which consists of four members in mammals: Slo1, Slo2.1 (Slick), Slo2.2 (Slack), 
and Slo3. Slo1 was the first member of this family discovered, and was initially 
named Slo because it is encoded by the Drosophila slowpoke locus [16–18]. The 
name Slo1 was later adopted following the identification of other Slo-like channels. 
All members of the Slo family share a similar structure, consisting of an amino 
terminal region with membrane-spanning domains and the channel pore domain, 
and a large carboxyl terminal region that forms a gating ring [19–24]. Each channel 
is a tetramer made up of four Slo subunits. The various Slo channels share the func-
tional property of having large single-channel conductance (60–270 pS) and being 
gated by both membrane voltage and specific cytosolic ions (Ca2+ for Slo1, Na+ and 
Cl− for Slo2, and pH/H+ for Slo3) [19].

The central components of a Slo1 channel consist of four α-subunits, each of 
which is comprised of the core and tail domains. The core consists of seven trans-
membrane segments with a pore domain, while the tail has two RCK (regulator of 
conductance of K+) domains (Fig. 1a). Slo1 is activated by both membrane depolar-
ization and Ca2+ binding on the cytosolic side (Fig. 1b, c), with the core and tail 
domains conferring voltage and Ca2+ sensitivity, respectively [22, 23, 25, 26]. 
Auxiliary subunits, such as β-subunits, γ-subunits, and BKIP-1, can also associate 
with Slo1 and modulate its properties, including Ca2+ sensitivity [27–29], activation 
and inactivation rates [29–32], and surface expression [29] (reviews [33, 34]). 
Cryogenic electron microscopy has been used to resolve the 3-D structures of 
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Fig. 1 Slo1 is activated by membrane depolarization and cytosolic Ca2+. (a) Schematic diagram of 
a Slo1 α-subunit. (Created with BioRender.com). (b) Single-channel activities of an inside-out 
patch containing one Slo1 channel at three different membrane voltages in the presence of a con-
stant Ca2+ concentration. (c) Single-channel activities of an inside-out patch containing two Slo1 
channels at three different Ca2+ concentrations and a constant holding voltage. The inside-out 
patches were obtained from Xenopus oocytes that expressed mouse Slo1, and recorded in the pres-
ence of symmetric [K+]. The Arabic numerals mark the closed (0) and open (1 or 2 channels) states
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Aplysia californica Slo1 [23, 35] and human Slo1 [24, 36], providing insights into 
important biophysical properties of the channel, such as its dependence on Ca2+ and 
membrane voltage, large single-channel conductance, and the interference of scor-
pion toxin binding to the channel by β-subunits.

Slo1 is widely expressed in the brain and is particularly enriched at the presyn-
aptic terminals of neurons [37]. Electrophysiological analyses have identified Slo1 
currents at motor nerve terminals of mice [38], frogs [39–41], lizards [42, 43], and 
crayfish [44], at cochlear efferent nerve terminals of gerbils [45], at the calyx of 
Held presynaptic terminals of rats [46] and mice [47], at glutamatergic terminals in 
rat hippocampi [7, 48], at calyceal nerve terminals in chick ciliary ganglia [49], and 
in a rat synaptosomal preparation [50].

The use of double-label immunogold electron microscopy and double-label 
immunocytochemistry and immunohistochemistry techniques has provided further 
insights into the localization of Slo1 at presynaptic sites in various species. For 
instance, the use of antibodies against Slo1 and NMDA receptors showed that Slo1 
is localized to the presynaptic membrane facing postsynaptic NMDA receptors in 
the rat hippocampus [48]. Antibodies against Slo1 and a presynaptic marker (synap-
sin I or vGlut1/vesicular glutamate transporter 1) revealed that Slo1 is localized at 
presynaptic sites in cultured mouse and rat hippocampal pyramidal neurons [51, 52] 
and at mouse calyx of Held presynaptic terminals [47].

At the frog neuromuscular junction (NMJ), biotin-conjugated charybdotoxin (a 
Slo1 blocker) labeling showed a banding pattern of Slo1 distribution that mirrored 
the distribution pattern of α-bungarotoxin-labeled postsynaptic acetylcholine recep-
tors, and disappearance of the Slo1 banding pattern after denervation [53]. 
Immunohistochemistry at the Drosophila NMJ showed that Slo1 colocalizes with 
14–3-3, a protein highly enriched in synaptic boutons [54]. At the C. elegans NMJ, 
GFP-tagged SLO-1 colocalizes with fRFP-tagged ELKS-1 and mCherry-tagged 
RAB-3, which are active zone and synaptic vesicle markers, respectively [55, 56]. 
Taken together, these findings provide compelling evidence of Slo1’s presynaptic 
localization.

Slo1 is known to colocalize and associate with voltage-gated Ca2+ channels 
(VGCCs) in neurons. At the frog NMJ, Slo1 (labeled by charybdotoxin-biotin) was 
observed in the area of the nerve terminal that faces clusters of postsynaptic acetyl-
choline receptors (labeled by α-bungarotoxin-BODIPY), suggesting its colocaliza-
tion with VGCCs at the active zone [53]. At the C. elegans NMJ, mStrawberry-tagged 
SLO-1 colocalized with GFP-tagged UNC-2 [57], a presynaptic CaV2 channel that 
plays a crucial role in neurotransmitter release [58, 59]. In nerve-muscle prepara-
tions of frogs and rats, the activity of presynaptic Slo1 was dependent on VGCCs 
[60, 61], suggesting their close apposition. In plasma membrane-enriched protein 
fractions prepared from rat brains, Slo1 was found with CaV1.2 (L-type), CaV2.1 
(P/Q-type), and CaV2.2 (N-type) in macromolecular complexes, with CaV2.1 being 
the most abundant [62]. In frog saccular hair cells, Slo1 currents were detected at 
fluorescence hotspots of fluo3 (an intracellular Ca2+ indicator) during depolarization 
[63]. Electrophysiological recordings and ensemble-variance analyses of current 
fluctuations suggested that on average, each hair cell has about 20 clusters of 
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VGCCs and Ca2+-activated K+ channels, with each cluster containing approximately 
90 VGCCs and 40 Ca2+-activated K+ channels [64]. The colocalization and associa-
tion of Slo1 with VGCCs enables its activation by Ca2+ microdomains or nanodo-
mains resulting from Ca2+ entry via neighboring VGCCs. Slo1 activity has been 
used to assess Ca2+ concentration at presynaptic terminals during AP activity [60, 
64, 65].

Slo1’s voltage- and Ca2+-sensitivity, coupled with its proximity to presynaptic 
VGCCs, makes it an excellent candidate for limiting the magnitude and duration of 
neurotransmitter release, and this role is strongly supported by experimental evi-
dence. For example, inhibition of Slo1 using iberiotoxin or charybdotoxin at the 
frog NMJ resulted in increased amplitudes of muscle end-plate potentials, which 
are equivalent to excitatory postsynaptic potentials (EPSPs) in neurons [53]. 
Similarly, in organotypic rat hippocampal slice culture, iberiotoxin enhanced the 
amplitude of the first excitatory postsynaptic current (EPSC) while reducing the 
PPR of EPSCs at synapses between CA3 pyramidal neurons [66]. At the C. elegans 
NMJ, loss-of-function mutations of slo-1 led to an increase in evoked postsynaptic 
current amplitude and mini frequency when compared to wild-type, while gain-of- 
function mutations of slo-1 had the opposite effect [29, 57, 67–70] (Fig.  2a, b). 
Furthermore, the amplitude of exogenous neurotransmitter-induced muscle whole- 
cell current and the mean amplitude of minis were unaffected by slo-1 mutations 
(Fig. 2a, c), suggesting that the sensitivity of postsynaptic membrane to neurotrans-
mitter remain unchanged in slo-1 mutants [57, 70]. Interestingly, although the 
C. elegans genome harbors at least 80 K+ channel genes [71, 72], slo-1 was the only 
K+ channel gene with mutants obtained in an unbiased genetic screen aimed at iden-
tifying inhibitory regulators of neurotransmitter release [67]. This observation 
implies that SLO-1 is a particularly important, if not unique, inhibitory regulator of 
neurotransmitter release in C. elegans.

In layer 5 pyramidal neurons, a single spike-evoked rise in Ca2+ resulted in the 
shortening of the duration of a second subsequent spike. When Slo1 is blocked with 
iberiotoxin, the second spike was widened to a larger degree than the first, and the 
amplitude of the EPSP evoked by the second spike was increased [73]. These find-
ings suggest that during repetitive firing, Ca2+-dependent activation of Slo1 by pre-
ceding spikes can fine-tune neurotransmitter release by limiting excessive spike 
broadening.

However, at other synapses, the exact role of Slo1 in regulating neurotransmitter 
release is not clear. For instance, in acute brain slices of rats, iberiotoxin increased 
the amplitude of the first EPSC and decreased the PPR of EPSCs at synapses 
between Schafer collaterals and CA1 pyramidal neurons only in the presence of 
4-aminopyridine, which blocks various voltage-gated K+ channels but not Slo1 [48]. 
This finding suggested that Slo1 may not have a significant role in regulating neu-
rotransmitter release in these synapses [48]. Moreover, in acute hippocampal slices 
of rats, under basal conditions, Slo1 at mossy fiber synaptic boutons did not activate 
in response to presynaptic APs, and only after blockade of Kv3 channels did the 
blockade of Slo1 prolong the duration of mossy fiber bouton APs [7]. Additionally, 
at the calyx of Held presynaptic terminal in rats, depolarization voltage steps may 
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Fig. 2 Inhibitory effects of SLO-1 on neurotransmitter release the C. elegans neuromuscular junc-
tion depend on presynaptic localization by dystrobrevin (DYB-1). (a) Loss-of-function (lf) muta-
tions of slo-1 and dyb-1 augment the amplitude of evoked postsynaptic current (EPSC) and the 
frequency of miniature postsynaptic current (mPSC), and the mutant effects are non-additive in 
slo-1(lf);dyb-1(lf) double mutant. [Ca2+]o was 0.5  mM. (b) The amplitude of EPSC is greatly 
decreased in a strain expressing SLO-1(E350Q), a gain-of-function (gf) isoform, in neurons and 
muscle cells, and this phenotype is suppressed by dyb-1(lf). [Ca2+]o was 5.0  mM. (c) Muscle 
responses to exogenous acetylcholine (ACh, 100 μM) and γ-aminobutyric acid (GABA, 100 μM) 
are normal in slo-1(lf) and dyb-1(lf). (d) The density of GFP-tagged SLO-1 (SLO-1::GFP) but not 
RIM (a presynaptic protein) in the dorsal nerve cord is significantly decreased in dyb-1(lf) com-
pared with wild type. The asterisk (*) indicates a statistically significant difference (p < 0.05). The 
mutant strains used were slo-1(md1745) and dyb-1(zw11). (Adapted from Ref. [57])

evoke an iberiotoxin-sensitive outward current, but this current constitutes only a 
small fraction (~12% at +20 mV) of the total terminal K+ current [46]. These studies 
suggest either that Slo1 channels are expressed but perhaps not at sufficiently high 
numbers to impact exocytosis, or that they are recruited under as-yet-unknown 
physiological conditions.
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Paradoxical effects of Slo1 inhibition have also been reported. For example, a 
Drosophila Slo1 mutation reportedly led to a puzzling decrease in neurotransmitter 
release at the NMJ [74]. Additionally, the blockade of Slo1 reduced the amplitude 
of EPSCs evoked by light at salamander rod photoreceptor synapses [75] and by 
direct nerve stimulation in frog nerve-muscle coculture [76]. These results suggest 
that presynaptic Slo1 may facilitate neurotransmitter release, perhaps due to some 
unusual synaptic properties. The rod photoreceptor synapse of salamander may 
have special structural properties to allow Slo1 to enhance Ca2+ entry and neu-
rotransmitter release by increasing extracellular K+ concentration in the synaptic 
cleft, as speculated by the authors [75]. Additionally, it was suggested that in the 
cultured frog NMJ, when Slo1 is blocked, the resulting broadened presynaptic AP 
reduces the driving force for Ca2, leading to reduced Ca2+ and exocytosis [76].

The mechanisms and significance of Slo1 presynaptic localization are becoming 
better understood. In rats, a conditional knockout of RIM-binding proteins (RBPs) 
1 and 2 in presynaptic neurons at the calyx of Held synapse led to reduced Slo1 cur-
rents and expression at the terminal. The RBPs bind to Slo1 and presynaptic pro-
teins (RIMs and VGCCs) through their FN3 and SH3 domains, respectively, to 
facilitate Slo1 presynaptic localization [47]. In C. elegans, SLO-1 presynaptic local-
ization relies on both dystrobrevin (DYB-1) and α-catulin (CTN-1). Mutations in 
either dyb-1 (Fig. 2d) or ctn-1 disrupt SLO-1 presynaptic localization and produce 
synaptic phenotypes similar to those of slo-1 mutants [57, 77] (Fig. 2a). It has been 
suggested that a hierarchical organization of α-catulin and dystrobrevin is necessary 
for SLO-1 presynaptic localization [56]. Although mammalian dystrobrevin and 
α-catulin also interact physically [78], their roles in the presynaptic localization of 
Slo1 are not known.

3  Kv3 Channels

The Kv3 family of voltage-gated K+ channels comprises four members: Kv3.1, 
Kv3.2, Kv3.3, and Kv3.4. Like most other K+ channels, Kv3 channels are tetramers 
that can be either homomeric or heteromeric. They are primarily found in fast- 
spiking neurons and have unusually fast activation and deactivation kinetics, allow-
ing them to rapidly repolarize APs during high-frequency activity. In contrast to 
Kv1 channels, Kv3 channels are “high-threshold” voltage-gated K+ channels (i.e., 
activated at membrane potentials more positive than ~ −10 mV) [79–81].

In heterologous expression systems, homomeric Kv3.1 or Kv3.2 channels exhibit 
minimal inactivation when subjected to depolarizing voltage steps of less than 
1 second, while Kv3.3 or Kv3.4 channels display rapid inactivation (Fig. 3a). The 
inactivation of Kv3 channels occurs through a ball-and-chain mechanism, which 
involves charged amino acid residues in the amino termini of Kv3.3 and Kv3.4 [80, 
81]. Despite the significant differences in inactivation rate among Kv3 channels, 
their normalized conductance versus voltage relationships remain quite similar 
(Fig. 3b).
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Fig. 3 Biophysical properties of Kv3 channels. (a) Typical current traces of Kv3 channels heter-
ologously expressed in Chinese hamster ovary cells. (b) Normalized conductance (g) and voltage 
(V) relationships of different Kv3 channels. (Adapted from Refs. [80, 81])

Kv3 channels are broadly expressed in the brain, as described in [81] and evident 
in the Allen Brain Atlas (https://mouse.brain- map.org/). Neuronal Kv3 expression is 
observed in the soma, axon, and presynaptic terminals. Immunohistochemistry and 
immunoelectron microscopy studies show that all four Kv3 channels can be detected 
in presynaptic terminals to varying degrees [46, 82–84]. Given the localization of 
Kv3 channels to presynaptic boutons and their unusual biophysical properties, they 
are well-suited for modulating presynaptic APs and neurotransmitter release. In 

Regulation of Neurotransmitter Release by K+ Channels

https://mouse.brain-map.org/


314

rodent brain slice preparations, specific K+ channel blockers such as blood- 
depressing substance-I (BDS-I), tetraethylammonium (TEA), and 4-aminopyridine 
(4-AP) have revealed the important role of Kv3 channels in regulating neurotrans-
mitter release. BDS-I, a toxin from sea anemones, slows Kv3 channel activation 
kinetics and shifts the voltage range for channel activation to more positive voltages 
[85, 86]. TEA and 4-AP are capable of blocking both Kv3 and Kv1 channels, but at 
low concentrations, TEA preferentially blocks Kv3 channels due to its much lower 
half-maximal inhibitory concentration (IC50) for Kv3 channels (0.1–0.2 mM) com-
pared to Kv1 channels (0.5 – >10 mM) [87].

In the rat calyx of Held nerve terminal, TEA (1 mM) inhibited the outward K+ 
current, prolonged the duration of presynaptic APs, and increased the amplitude of 
EPSCs. The TEA-sensitive outward current had fast activation kinetics and required 
a high voltage for activation [46], consistent with Kv3. Similarly, at the mouse calyx 
of Held synapse, TEA (1 mM) inhibited a high voltage-activated outward current, 
prolonged APs at the calyceal terminal (Fig. 4a, b), and augmented the amplitude of 
EPSCs. Knockout of Kv3.3, but not Kv3.1, produced similar effects and occluded 
the augmenting effect of TEA on EPSC amplitude (Fig. 4c, d) [83]. These results 
indicate that the physiological function of Kv3 channels at calyceal terminals is to 

Fig. 4 Kv3 current facilitates AP repolarization in the presynaptic terminal and inhibits excitatory 
postsynaptic current (EPSC) at the calyx of Held synapse. (a) A diagram showing voltage-clamp 
recording of the calyceal terminal. (Created with BioRender.com) and a plot of the current and 
voltage relationship of wild-type (WT) mouse calyceal terminal in the absence and presence of 
1 mM tetraethylammonium (TEA). (b, c) Effects of TEA, Kv3.3 knockout (KO), and Kv3.1 KO 
on AP half-width and EPSC amplitude. (d) Effect of TEA on EPSC amplitude in WT and knockout 
mice. (Adapted from Ref. [83])
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restrict neurotransmitter release by accelerating AP repolarization. This conclusion 
is supported by the presence of Kv3.3 in mouse calyceal presynaptic terminals [83] 
and Kv3.1b and Kv3.4 in rat calyceal presynaptic terminals [46, 82].

In the mouse barrel cortex, which is a region of the primary somatosensory cor-
tex, TEA (1 mM) has been shown to have effects on inhibitory neurotransmission 
[88]. Specifically, it increased the amplitude and reduced the PPR of evoked inhibi-
tory postsynaptic current (IPSC) in synapses between fast-spiking neurons. TEA 
also enhanced AP-evoked Ca2+ transients in synaptic terminals of these neurons. 
Notably, the effect of TEA on evoked IPSC amplitude was not present in Kv3.1/Kv3.2 
double knockout mice, suggesting that Kv3 channels are responsible for this effect. 
These findings suggest that Kv3 channels at presynaptic terminals of fast-spiking 
neurons inhibit neurotransmitter release by limiting Ca2+ influx. This conclusion is 
consistent with the reported expression of Kv3.1 and Kv3.2  in fast-spiking 
GABAergic interneurons, and their prominent localization in presynaptic terminals 
[84, 89].

In the hippocampus of rats, BDS-I has been shown to inhibit outward current and 
prolong the duration of APs at mossy fiber boutons. Additionally, the application of 
4-AP was found to increase the amplitude but reduce the PPR of EPSCs recorded 
from CA3 pyramidal neurons in the hippocampus, indicating enhanced glutamate 
release from mossy fibers [7]. These results suggest that Kv3 channels at mossy 
fiber boutons play a physiological role in limiting neurotransmitter release.

In mouse cerebellar stellate cells, which are GABAergic inhibitory neurons, 
BDS-I or TEA (500 μM) increased the duration of presynaptic bouton APs (imaged 
by a voltage-sensitive dye) and increased the amplitude of evoked IPSCs. The 
blockade of Kv3 with BDS-I also prolonged the duration of APs at presynaptic 
boutons but not at the axon initial segment (AIS) or axon shaft [6, 90]. These results 
suggest that the physiological function of Kv3 is to inhibit neurotransmitter release 
by accelerating AP repolarization at presynaptic boutons. Interestingly, the width of 
APs varied between presynaptic boutons in the same axonal branch of stellate cells, 
and this difference was eliminated by TEA (500 μM). Furthermore, bouton-targeted 
two-photon laser uncaging of RuBi-4AP, a photolyzable 4-AP, could either prolong 
the duration of APs or have no effect in different boutons of the same axon branch, 
and the effect of RuBi-4AP uncaging on bouton AP duration was occluded by TEA 
but not the Kv1 blocker dendrotoxin-I [6]. These results suggest that the variability 
of spike duration between presynaptic boutons was mainly due to differences in 
Kv3 function, and that the effect of RuBi-4AP uncaging on AP width resulted from 
Kv3 blockade but not Kv1 blockade. In a more recent study, it was found that sub-
threshold somatic depolarization increased the width of bouton APs and the ampli-
tude of evoked autaptic IPSCs but decreased the PPR of evoked IPSCs in stellate 
cells. Knockout of Kv3.4 but not Kv3.1 slowed the inactivation rate of K+ currents 
in presynaptic boutons and eliminated the effects of somatic subthreshold depolar-
ization on IPSC amplitude and PPR [91]. These results suggest that subthreshold 
depolarization may alter IPSC amplitude and PPR by inactivating channels contain-
ing Kv3.4.
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4  Kv1 Channels

The family of Kv1 voltage-gated K+ channels consists of seven members: Kv1.1 
through Kv1.7 [92]. These channels, like Kv3 channels, are homomeric or hetero-
meric tetramers. However, they differ from Kv3 channels in that they begin to acti-
vate at membrane voltages near the resting membrane potential. This feature makes 
them low-threshold voltage-gated K+ channels.

Kv1 channels are expressed in various brain regions and detected in neuronal 
somata, dendrites, axons, and nerve terminals [93–98]. Several toxins that specifi-
cally block Kv1 channels are often used to study the physiological functions of 
Kv1, including α-dendrotoxin (Kv1.1, Kv1.2, Kv1.6), dendrotoxin-I (Kv1.1 and 
Kv1.2), dendrotoxin-K (Kv1.1) [99], tityustoxin-Kα (kv1.2) [100], and margatoxin 
(Kv1.3, Kv1.2, and Kv1.1) [101]. Although 4-AP is also used to block Kv1 chan-
nels, it blocks Kv3 channels as well [87]. Kv1 channels are involved in regulating 
AP firing rate [46, 97, 102, 103] and repolarizing presynaptic APs [46]. They have 
also been implicated in regulating neurotransmitter release.

At the calyx of Held synapse in rats, Kv1.1 and Kv1.2 are located approximately 
20 μm away from the terminal but are excluded from it, while Kv3.1 is localized at 
the presynaptic terminal [103]. Both low-threshold K+ current, which is sensitive to 
margatoxin, dendrotoxin-I, and tityustoxin-Kα, and high-threshold K+ current, 
which is sensitive to 1 mM TEA, are detected at the calyceal terminal (Fig. 5a–c). 
The high-threshold K+ current activates faster than the low-threshold K+ current, 
suggesting that they result from the functions of Kv3 and Kv1 channels, respec-
tively. Treatment with TEA (1 mM) alone prolonged presynaptic APs and increased 
the amplitude of EPSCs at this synapse. In contrast, margatoxin may produce such 
effects only in the presence of TEA (Fig. 5d). The differential effects of TEA and 
margatoxin are thought to be due to the different activation kinetics of Kv1 and Kv3 
channels. Under basal conditions, Kv3 channels can facilitate the repolarization of 
presynaptic APs due to their fast activation kinetics, while Kv1 channels can only 
do so under conditions with longer AP durations because of their slower activation 
kinetics [46]. An alternative interpretation is that Kv3 may exceed Kv1 in current 
amplitude, and thus more potently determine the decay of fast spikes [104].

Basket cells in the cerebellum are the primary source of inhibitory synaptic 
inputs to Purkinje cells, and they innervate these cells through a unique nerve termi-
nal structure called the pinceaux [105]. Immunohistochemistry studies have shown 
that Kv1.1 and Kv1.2 are expressed in the basket cell pinceaux [93, 106, 107]. 
Patch-clamp recordings of basket cell nerve terminals have revealed an 
α-dendrotoxin-sensitive low-threshold K+ current, in addition to an α-dendrotoxin- 
insensitive but TEA (1 mM)-sensitive high-threshold K+ current [108]. Treatment 
with α-dendrotoxin has been shown to increase the frequency and amplitude of 
spontaneous IPSCs recorded from Purkinje cells [109]. These findings collectively 
suggest that Kv1 channels regulate neurotransmitter release at basket cell terminals, 
although it is not clear in those studies if the effects of α-dendrotoxin reflected block 
of K+ channels in the pinceaux or the axon.
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Fig. 5 Margatoxin (MgTX) increases the duration of presynaptic terminal APs and the amplitude 
of excitatory postsynaptic current (EPSC) at the rat calyx of Held synapse in the presence but not 
absence of tetraethylammonium (TEA). (a) Sample traces of TEA (1 mM)-sensitive K+ current and 
current-voltage relationships of the indicated conditions. (b) Sample traces of MgTX (10 nM)-
sensitive K+ current and current-voltage relationships for the indicated conditions. (c) Conductance 
(G)–voltage relationships derived from the total K+ current, TEA-sensitive K+ current, and MgTX- 
sensitive K+ current in the calyceal terminal. (d) Effects of TEA, MgTX alone, and MgTX in the 
presence of TEA on the half-width of presynaptic APs and the amplitude of EPSCs. (Adapted from 
Ref. [46])

In rat cortical layer 5 pyramidal neurons, Kv1 channels are enriched at the axon 
initial segment, where dendrotoxin-I can prolong the AP duration. Paired recordings 
between synaptically connected layer 5 pyramidal neurons have shown that sub-
threshold depolarization of the presynaptic neuron increases the amplitude but 
reduces the PPR of EPSPs [110]. The effect of presynaptic subthreshold depolariza-
tion on EPSP amplitude was eliminated by dendrotoxin-I. The interpretation was 
that subthreshold depolarization caused inactivation of axonal Kv1 channels, and 
APs driven during the period of depolarization were therefore broadened. These 
findings suggest that one physiological function of the Kv1 channels is to mediate 
regulation of neurotransmitter release by subthreshold signaling in axons [110].

Optical recording of APs using a voltage-sensitive dye in cerebellar SC interneu-
rons has shown that dendrotoxin-I prolongs AP duration at the axon initial segment 
but not at presynaptic boutons, whereas BDS-I prolongs AP duration at presynaptic 
boutons but not at the axon initial segment. Consistent with these findings, TEA 
enhances AP-evoked IPSCs, but dendrotoxin-I does not have such an effect. Taken 
together, these results suggest that, unlike the situation in cortical pyramidal cells, 
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Kv1 channels in cerebellar SC interneurons do not impact presynaptic AP repolar-
ization and neurotransmitter release [90].

In the rat brain, nitric oxide facilitates the release of GABA from neurons in the 
paraventricular nucleus [111]. Conversely, a μ-opioid receptor agonist inhibits 
GABA release from neurons in the basolateral amygdala [112]. The facilitatory 
effect of nitric oxide and the inhibitory effect of μ-opioid receptor activation on 
GABA release can both be prevented by inhibitors of Kv1.1 and Kv1.2 channels, 
such as 4-AP, α-dendrotoxin, dendrotoxin-K, and tityustoxin-Kα, indicating that 
these channels play a role in modulating GABA release [111, 112].

5  KCNQ Channels

The KCNQ family of voltage-gated K+ channels consists of five members, 
KCNQ1/Kv7.1 through KCNQ5/Kv7.5, all of which are expressed in the mamma-
lian nervous system. KCNQ channels exist as homomeric or heteromeric tetramers. 
The typical activation threshold for KCNQ channels is positive to −60 mV [113–
115]. KCNQ channels are localized to axon initial segments where they effectively 
temper excitability; accordingly pharmacological blockade of KCNQ leads to 
hyperexcitability, and mutations in KCNQ subunits lead to epileptic seizure [116].

The KCNQ family of voltage-gated K+ channels can have diverse effects on neu-
rotransmitter release, depending on the synapse. At the presynaptic terminal of the 
rat calyx of Held, KCNQ channels are active at or near the resting membrane poten-
tial, as evidenced by the sensitivity of the resting membrane potential to pharmaco-
logical modulators. Prior research showed that small changes in resting potential 
modulate the probability of transmitter release at the calyx terminal by regulation of 
VGCC [10]. Given the role of KCNQ channels in determining resting potential, 
these channels could therefore play a role in controlling synaptic strength [117].

To explore this possibility further, presynaptic KCNQ was activated by slow 
voltage ramps applied to the presynaptic terminal; the resulting current was substan-
tially inhibited by the KCNQ blockers XE991 (Fig. 6a) or linopirdine, while the 
KCNQ openers flupirtine and retigabine enhanced the current. Consistently, XE991- 
sensitive current at the calyceal terminal started to activate when the membrane 
potential reaches approximately −85  mV (Fig.  6b), which is significantly more 
hyperpolarized than the typical voltage threshold for KCNQ current activation 
(approximately −60 mV). During paired presynaptic stimulus experiments, XE991 
increased the amplitude of the first EPSC but reduced the PPR (Fig. 6c), while flu-
pirtine produced opposite effects. Furthermore, immunohistochemical experiments 
showed KCNQ5, but not KCNQ2, KCNQ3, or KCNQ4, in the calyceal terminal. 
The collective results suggest that KCNQ channels, likely KCNQ5, downregulate 
neurotransmitter release by modulating the resting membrane potential at the calyx 
of Held synapse [117]. Interestingly, the expression of KCNQ5 at this and related 
auditory nerve terminals was dependent on the presence of auditory signaling, as 
manipulations that lead to deafness eliminated KCNQ5 labeling [118].
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Fig. 6 XE991-sensitive current in the rat calyx of Held terminal regulates the amplitude and 
paired-pulse ratio of excitatory postsynaptic current (EPSC). (a) Outward current in response to a 
slow voltage ramp is greatly inhibited by the KCNQ channel blocker XE991 (10 μM). Left, Current 
in the absence and presence of XE991. Right, XE99-sensitive current obtained by subtracting the 
gray trace from the black trace in the left panel. (b) The initial portion of the XE991-sensitive cur-
rent in the middle panel displayed at expanded scales. (c) EPSCs evoked by paired-pulse stimuli at 
20-ms interval. Shown are sample traces of control and XE991 (left), EPSC1 amplitude in the 
presence of XE991 normalized by that of the control (middle), and comparison of the paired-pulse 
ration between Control and XE991 (right). *p < 0.05; ***p < 0.001. (Adapted from Ref. [117])

A recent related study has shown that blockade of KCNQ channels in the rat 
calyceal terminal disrupts the homeostasis of AP amplitude and waveform during 
high-frequency stimulation. Normally, the AP waveform is stable during trains of 
high-frequency stimulation, but becomes increasingly small and wider in the pres-
ence of XE991. This suggests that KCNQ channels may accumulate in an open state 
during high-frequency spiking activity to facilitate reliable synaptic signaling [119].

In the rat hippocampal CA1 region, both KCNQ2 and KCNQ3 are expressed. 
The KCNQ blocker XE991 reduced the amplitude of presynaptic compound APs, 
whereas the KCNQ opener retigabine increased it, at 11.5  mM but not 2.5  mM 
[K+]o. At the higher [K+]o, XE991 also reduced the slope of evoked field EPSPs and 
the amplitude of evoked EPSPs, whereas retigabine had the opposite effects. 
Somatic recordings with hippocampal CA3 pyramidal neurons revealed that the 
resting membrane potential depolarized by approximately 15  mV when [K+]o 
increased from 3.5 to 11.5 mM. Based on these results and computational modeling, 
it was suggested that M-current mediated by KCNQ channels enhance neurotrans-
mitter release by reducing Na+ channel inactivation [120]. However, this effect of 
KCNQ channels arises only in the context of a prior depolarization by elevated 
[K+]o, such as it may occur under conditions of enhanced electrical activity.
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6  GIRK Channels

Inwardly rectifying K+ (Kir) channels preferentially conduct inward K+ current over 
outward K+ current. Each channel is made up of four subunits, each with two trans-
membrane domains and a pore domain in between. Kir channels are classified into 
seven subfamilies (Kir1 through Kir7), with one or more members in each subfam-
ily. Kir2 is the classic Kir channel subfamily, Kir3 is the subfamily of G protein- 
gated channels (also known as GIRK channels), Kir6 is the subfamily of 
ATP-sensitive channels, and the remaining subfamilies (Kir1, 4, 5, and 7) are K+ 
transporters. There are four GIRK channels found in humans: GIRK1/Kir3.1, 
GIRK2/Kir3.2, GIRK3/Kir3.3, and GIRK4/Kir3.4. The activation of GIRK chan-
nels is mediated by the Gβγ subunit that is released from G proteins upon agonist 
binding to specific G protein-coupled receptors. Emerging evidence suggests that 
GIRK channels may have a role in regulating neurotransmitter release.

In the frog NMJ, inhibiting GIRK channels with nanomolar tertiapin-Q has been 
shown to cause significant decreases in the frequency of miniature end-plate poten-
tials, the quantal content of end-plate potentials, and the magnitude of presynaptic 
Ca2+ transients. Blocking L-type, but not N- or P/Q-type, VGCCs may prevent the 
inhibitory effect of tertiapin-Q on end-plate potentials. These observations led to the 
suggestion that one physiological function of GIRK channels at motor neuron ter-
minals is to enhance synaptic vesicle exocytosis by enhancing L-type VGCCs; the 
authors suggest that either GIRK-mediated hyperpolarization re-primes VGCC or 
there may be a direct coupling between the two channels [121].

In the rat striatum, which is innervated by histaminergic fibers and expresses 
histamine H3 receptors (H3R), activation of the H3R by the agonist immepip reduces 
the amplitude of EPSCs but increases PPR. This indicates decreased neurotransmit-
ter release. The effects of immepip are prevented by the GIRK channel blocker 
tertiapin-Q, suggesting that immepip reduces neurotransmitter release by activating 
presynaptic Kir3 channels. Kir3 channels have been found in corticostriatal termi-
nals, which is consistent with these findings [122].

7  Slo2 K+ Channels

The Slo2 subfamily of K+ channels in mammals includes Slo2.1/Slick (sequence 
resembling an intermediate conductance K+ channel) and Slo2.2/Slack (sequence 
resembling a calcium-activated K+ channel). These high-conductance K+ channels 
are activated by both membrane voltage and cytosolic Na+ and Cl− [19, 123, 124]. 
They are expressed in various brain regions [125, 126]. Slo2.2 is a significant con-
tributor to delayed outward currents in many types of neurons [127–129]. Mutations 
in Kcnt1, which encodes Slo2.2, have a strong association with epileptic disorders 
and intellectual disability [130–134]. Knockout of Kcnt1 in mice results in neuronal 
hyperexcitability, heightened pain and itch responses, and cognitive impairment 
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[129]. However, it is unclear whether Slo2 channels modulate neurotransmitter 
release in mammalian neurons.

C. elegans has only one Slo2 gene, slo-2. Like mammalian Slo2, C. elegans 
SLO-2 is gated by voltage, cytosolic Cl−, and a cytosolic cation [135]. However, 
in contrast to mammals, SLO-2 is activated by Ca2+ instead of Na+ in C. elegans. 
This difference in cation dependence may have arisen due to the distinct roles of 
Na+ and Ca2+ in neuronal activation. While voltage-gated Na+ channels play a 
crucial role in neuronal functions in mammals, C. elegans lacks an obvious gene 
encoding voltage- gated Na+ channels and relies on Ca2+ to mediate membrane 
depolarization [72, 136–139]. Although a small number of C. elegans neurons can 
fire APs [137, 139], the majority of them, including motor neurons [140], generate 
graded membrane voltage changes to perform their physiological functions. These 
“graded” neurons control postsynaptic cells by producing bursts of postsynaptic 
currents (PSC bursts) [141, 142], allowing for the assessment of neurotransmitter 
release by analyzing PSC burst properties. In C. elegans motor neurons, SLO-2 is 
the main conductor of delayed outward currents, and its function is coupled to 
Ca2+ entry through EGL-19, a CaV1 (L-type) VGCC. In slo-2(lf) mutants, the rest-
ing membrane potential of motor neurons is highly depolarized, and the duration 
and charge transfer rate of PSC bursts at the NMJ are significantly increased com-
pared with wild type (Fig. 7a), while muscle cell responses to exogenous neu-
rotransmitters (acetylcholine and GABA) remain normal (Fig.  7b, c). This 
suggests that one of the physiological functions of SLO-2 is to limit neurotrans-
mitter release [143].

8  Summary

In this chapter, we have provided an overview of the K+ channels that have been 
implicated in regulating neurotransmitter release. However, the number of K+ chan-
nels and the variety of synapses that have been analyzed to date are limited. Only a 
small number of K+ channels have been implicated, with relatively stronger evi-
dence supporting the roles of Slo1 and Kv3 channels. Since K+ channels are diverse 
in terms of their biophysical properties, expression patterns, and subcellular local-
izations, the identities of K+ channels involved in regulating neurotransmitter release 
may differ significantly from synapse to synapse. Additionally, there may be other 
K+ channels with unrecognized roles in regulating neurotransmitter release.

To evaluate the roles of K+ channels in neurotransmitter release regulation, most 
previous studies have relied on analyzing the effects of channel blockers on EPSCs 
evoked by single or paired pulses. However, the significance of a K+ channel in 
regulating neurotransmitter release may vary under different physiological condi-
tions, and the results with blockers may be complicated by their non-specific effects. 
For instance, increased presynaptic firing can alter the activities of Slo1 and voltage- 
gated K+ channels due to Ca2+ accumulation and channel inactivation, respectively. 
Moreover, some K+ channel blockers used in prior studies also have blocking effects 
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Fig. 7 Loss-of-function mutation of slo-2 augments postsynaptic current (PSC) bursts without 
altering muscle cell responses to neurotransmitters at the C. elegans neuromuscular junction. (a) 
Sample traces of spontaneous postsynaptic currents showing PSC bursts (marked by horizontal 
lines) of wild type (wt), slo-2(nf101), slo-2(nf101) expressing GFP-tagged wild-type SLO-2 pan-
neuronally using rab-3 promoter (Rescue), and comparisons of PSC burst frequency, duration, and 
mean charge transfer rate. *p < 0.05. (b, c) Sample traces and amplitudes of body-wall muscle 
whole-cell current induced by puffing 100 μM exogenous acetylcholine (b) or GABA (c)

on other channels, such as dendrotoxin-I on Slo1 [144], BDS-I on voltage-gated Na+ 
channels [145], and δ-dendrotoxin on Kir1.1a (ROMK1) [146]. Thus, a more com-
prehensive understanding of neurotransmitter release regulation by K+ channels can 
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be achieved by analyzing additional synapses, employing diverse experimental con-
ditions, and utilizing a combination of genetic (e.g., knockout or knockdown) and 
pharmacological approaches.
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Regulation of Presynaptic Release 
Machinery by Cell Adhesion Molecules

Motokazu Uchigashima, Yasunori Hayashi, and Kensuke Futai

Abstract The synapse is a highly specialized asymmetric structure that trans-
mits and stores information in the brain. The size of pre- and postsynaptic struc-
tures and function is well coordinated at the individual synapse level. For 
example, large postsynaptic dendritic spines have a larger postsynaptic density 
with higher α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor 
(AMPAR) number on their surface, while juxtaposing presynaptic terminals have 
a larger active zone and higher release probability. This indicates that pre- and 
postsynaptic domains bidirectionally communicate to coordinate assembly of 
specific molecules on both sides of the synaptic cleft. Cell adhesion molecules 
(CAMs) that localize at synapses form transsynaptic protein interactions across 
the synaptic cleft and play important roles in synapse formation and regulation. 
The extracellular domain of CAMs is essential for specific synapse formation 
and function. In contrast, the intracellular domain is necessary for binding with 
synaptic molecules and signal transduction. Therefore, CAMs play an essential 
role on synapse function and structure. In fact, ample evidence indicates that 
transsynaptic CAMs instruct and modulate functions at presynaptic sites. This 
chapter focuses on transsynaptic protein interactions that regulate presynaptic 
functions emphasizing the role of neuronal CAMs and the intracellular mecha-
nism of their regulation.
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1  Introduction

The synapse is a highly specialized asymmetric structure that transmits and stores 
information in the brain. The majority of synapses in the central nervous system 
(CNS) are chemical synapses, which are physically separated into pre- and 
postsynaptic structures by the synaptic cleft. Although these structures are discrete 
sites with specific molecular machinery, their functions are well coordinated at the 
individual synapse level. For example, in excitatory synapses on hippocampal and 
cortical neurons, large postsynaptic dendritic spines have a larger postsynaptic 
density with a greater number of α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid receptors (AMPARs) on the surface. At the same time, juxtaposing 
presynaptic terminals have a larger active zone, more docked vesicles, and higher 
release probability. Intuitively, these observations suggest that larger synapses 
contribute to high-fidelity synaptic transmission [1–7]. During long-term 
potentiation (LTP) of synaptic transmission, a persistent expansion of postsynaptic 
dendritic spines [8, 9] is accompanied by an enlargement of presynaptic structures 
[10] indicating that pre- and postsynaptic sites coordinate with one another to bring 
about structural changes. Such coordination of pre- and postsynaptic structure and 
function ensures more efficient transmission.

Modifications to synaptic elements are not limited in the anterograde direction 
in which the presynaptic side instructs postsynaptic structure and function. Rather, 
recent mounting evidence indicates that postsynaptic sites can also retrogradely 
instruct presynaptic changes. For example, it has been described in cortical and 
hippocampal circuits that postsynaptic neurons retrogradely regulate presynaptic 
release probability [11–19]. Hippocampal CA3 neurons project Schaffer collat-
eral fibers and form excitatory synapses with both CA1 pyramidal neurons and 
inhibitory interneurons. Importantly, the same Schaffer collateral excitatory 
inputs have different release probabilities depending on the type of postsynaptic 
neurons they synapse with, indicating that there are target neuron-specific retro-
grade signals that dictate presynaptic function [12, 14]. Diffusible molecules such 
as endocannabinoids are considered target cell-specific retrograde messengers 
(reviews are available from other groups [20, 21]). In addition, recent studies have 
revealed that CAM- mediated protein complexes also regulate target cell-specific 
presynaptic function.

During CNS development, CAMs play vital roles in synapse specification 
and formation by establishing transsynaptic interactions between axonal and 
dendritic segments [22]. In matured synapses, CAMs are essential for synapse 
function, plasticity, and maintenance [23–25]. Numerous CAMs, such as cad-
herin, neuroligin, neurexin, extracellular leucine-rich repeat fibronectin type 
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III domain-containing protein (Elfn), ephrin, SynCAM, delta glutamate (GluD) 
receptor, and neuronal pentraxin molecules, generate a vast array of possible 
combinations between pre- and postsynaptic CAMs [22, 23]. In addition to 
canonical interactions between pre- and postsynaptic CAMs, non-canonical 
interactions between presynaptic G-protein-coupled receptors (GPCRs) and 
postsynaptic CAMs have also been identified [22]. Although some specific 
transsynaptic interactions of CAMs have been reported to underlie distinct syn-
aptic properties [26–28], elucidating synaptic CAM complexes that dictate 
synapse identity and function remains a major challenge. Recent multidisci-
plinary studies integrating electrophysiology, imaging, and mouse genetics 
have revealed that two CAM-mediated canonical and CAM- and receptor-
mediated non-canonical transsynaptic interactions regulate presynaptic func-
tions [22, 23].

Long-term potentiation (LTP) is a phenomenon in which a transient burst of 
synaptic input causes a long-lasting increase in subsequent synaptic transmission 
[29]. It is well established that LTP induction requires postsynaptic depolarization 
combined with the activation of N-methyl-D-aspartate receptors (NMDARs), and 
resultant influx of calcium (Ca2+). This triggers a series of biochemical processes 
including the activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII). 
Expression of LTP is achieved by increasing the number of AMPA receptors 
(AMPARs) at the synapse through activity-dependent change in AMPAR trafficking 
and persistent expansion of synaptic structures, which is known as structural LTP 
(sLTP) [9, 30, 31]. This indicates that structural elements, including CAMs on both 
sides of the synaptic cleft, coordinate the assembly of synaptic proteins for activity- 
dependent structural changes.

In this chapter, we first describe CAMs that regulate presynaptic release machin-
ery. Next, we discuss possible mechanisms underlying CAM-mediated regulation 
of synapse function and structure during plasticity. Finally, we discuss the possibil-
ity of an activity-dependent mechanism that sub-synaptically segregates differ-
ent CAMs.

2  Roles of Transsynaptic Adhesion Molecules 
in Presynaptic Functions

Presynaptic cell adhesion molecules (CAMs) directly regulate the presynaptic neu-
rotransmitter release via direct interaction with the active zone proteins. Postsynaptic 
CAMs can retrogradely modulate presynaptic neurotransmitter release through 
interacting with presynaptic CAMs and GPCRs, which regulate the presynaptic 
neurotransmitter release via direct or indirect interaction with the transmitter release 
machinery. This section summarizes the basic properties of several CAMs such as 
Neurexin, Cadherin, Elfn, and Ephrin, and their functional roles in the neurotrans-
mitter release.

Regulation of Presynaptic Release Machinery by Cell Adhesion Molecules
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2.1  Neurexin-Mediated Transsynaptic Signaling

Neurexins (Nrxns) were isolated as a family of brain membrane surface proteins 
that bind α-latrotoxin, a neurotoxin from black widow spider (Latrodectus mactans) 
that functions as a potent trigger for neurotransmitter release [32]. Nrxns are 
encoded by three genes (Nrxn1–3) and transcribed into longer α (αNrxn1, αNrxn2, 
αNrxn3), shorter β (βNrxn1, βNrxn2, βNrxn3), and Nrxn1-specific γ (γNrxn1) 
isoforms each under different promoter [33, 34]. Nrxns are a single transmembrane 
molecule composed of an extracellular domain carrying an isoform-specific 
N-terminus and conserved transmembrane and intracellular domains. Extracellularly, 
Nrxns have various number of LNS (laminin, neurexin, sex-hormone-binding 
protein) and EGF (epidermal growth factor)-like domains due to extensive alternative 
splicing, which can generate thousands of Nrxn isoforms [35–39]. Through these 
domains, Nrxns can bind to specific postsynaptic binding partners [40–42]. 
Neuroligins (Nlgns) [43, 44], LRRTMs (leucine-rich repeat transmembrane 
neuronal proteins) [45, 46], GABAA receptors [47], cerebellins [48, 49], C1q-like 
(C1ql) proteins [50], SPARCL1 (secreted protein acidic and rich in cysteines 1, also 
referred to as Hevin) [51], and latrophilins [52] can bind to the sixth LNS domain 
present in both αNrxns and βNrxns. Interestingly, a variety of molecules critical for 
synaptogenesis have been reported to bind to specific Nrxn isoforms. For example, 
neurexophilins [53] and dystroglycan [54] bind to the second LNS domain specific 
to αNrxns. lgSF21 can promote presynaptic differentiation of inhibitory synapses 
through the first LNS domain of αNrxn2 [55]. C1ql2/3 can interact with the fifth 
splicing site of α/βNrxn3, and recruit kainate receptors to synaptic sites [50]. The 
extracellular domain of αNrxns may further interact with presynaptic α2δ-1 
auxiliary subunit of P/Q-type Ca2+ channels (Cav2.1) in a cis-configuration, limiting 
the mobility of a2δ-1 subunits on the cell surface rather than forming a stable 
complex with α2δ-1 subunits [56]. Intracellularly, Nrxns bind to CASK (mLin-2) 
and Mint through a PDZ domain-binding motif [57] and also interact with 4.1 
protein characterized by FERM (F for 4.1 protein, E for ezrin, R for radixin, and M 
for moesin) domain proteins [58]. Importantly, CASK, in turn, interacts with Mint, 
syntenin, and synaptotagmin. Thus, Nrxn is eventually linked to the presynaptic 
vesicle release machinery.

Nrxns mediate many regulatory functions [24]. One of the most notable func-
tions of Nrxns is the regulation of presynaptic release. Knockout (KO) of all three 
Nrxn genes causes a decrease in evoked excitatory postsynaptic current (EPSC) 
amplitude and an increase in paired-pulse ratio at calyx of Held and cerebellar 
climbing fiber excitatory synapses or cortical somatostatin-positive (Sst+) inhibi-
tory synapses, suggesting a decrease in presynaptic release probability [59, 60]. 
shRNA-mediated knockdown (KD) of all Nrxn genes in hippocampal primary cul-
tures also lowers synaptic vesicle exocytosis monitored by a genetically encoded 
exocytosis sensor synapto-pHluorin [61]. Single KO of Nrxn2 gene reduces sponta-
neous neurotransmitter release at cortical excitatory synapses without changing 
synapse density [62]. Specific deletion of α isoform of Nrxn3 gene shows a selective 
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decrease in miniature inhibitory postsynaptic potential (mIPSP) frequency and 
evoked inhibitory postsynaptic current (IPSC) amplitude and increase in IPSC 
paired-pulse ratio in cultured mitral/tufted cells of olfactory bulb, indicating a 
decrease in presynaptic release probability [63]. Ca2+ channel dysfunction in the 
presynaptic active zone is noted as a major mechanism underlying functional 
impairment of presynaptic release in Nrxn loss-of-function models. KO of all three 
Nrxn genes disrupts the spatial coupling of Ca2+ channels with synaptic vesicles, 
and removes P/Q-type Ca2+ channels from the active zone at calyx synapses [60]. 
Furthermore, KO of all three Nrxn genes reduces the function of Ca2+-activated BK 
potassium channels, whose activation depends on their tight association with pre-
synaptic Ca2+ channels [60].

αNrxns and βNrxns may distinctly regulate presynaptic release functions through 
different molecular mechanisms. αNrxn-specific KO impairs Ca2+-dependent 
neurotransmitter release mediated by P/Q- or N-type Ca2+ channels in the brain 
stem, which can be rescued by αNrxn1 but not βNrxn1 [64, 65]. These findings are 
supported by a unique cis interaction between αNrxns and the α2δ-1 auxiliary 
subunit of P/Q-type Ca2+ channels [56]. βNrxn-specific KO also impairs action 
potential-induced Ca2+ influx into presynaptic terminals at excitatory synapses in 
cortical primary cultures and hippocampal acute slices [66]. However, this 
impairment is caused partly by an increase in the postsynaptic production of 
endocannabinoids, which retrogradely inhibit neurotransmitter release via the 
activation of cannabinoid CB1 receptor [66]. On the other hand, the presynaptic 
phenotype in Nrxn loss-of-function animals depends on the type of synapses 
deficient in Nrxns. In pan-Nrxn KO mice, presynaptic release probability is not 
altered at cortical parvalbumin (Pv)+ inhibitory synapses [59]. Nrxn3 KO does not 
change presynaptic release probability at hippocampal excitatory and inhibitory 
synapses and olfactory excitatory synapses [63]. These presynaptic phenotypes vary 
among brain regions, synapse types, and Nrxn loss-of-function model examined, 
which can be partly due to the diversity in expression patterns of Nrxn genes and 
complicated developmental compensatory effects of Nrxns or their binding partners.

Presynaptic functions of Nrxns are also mediated by transsynaptic interac-
tions with postsynaptic binding partners such as Nlgns. Nlgns are encoded by 
four and five different genes in rodents and humans, respectively. They have one 
transmembrane region and an extracellular domain that is homologous to ace-
tylcholinesterase but is catalytically inactive. The extracellular domain is cru-
cial for generating an interface for Nrxn binding, which can be regulated by the 
presence or absence of the insertion at one or two alternative splicing sites for 
each Nlgn [67]. The corresponding binding interface of Nrxns depends on dis-
tinct Nrxn splice variants [24]. Thus, different pairs of Nrxn-Nlgn variants dif-
fer in their binding affinities [40, 41]. Intracellularly, Nlgns have a PDZ 
domain-binding motif that binds to major postsynaptic scaffold proteins, includ-
ing PSD-95, SAP102, Shank, SSCAM, PICK1 (protein interacting with 
C-kinase-1), SPAR, and GOPC [68]. Through these interactions, Nrxns and 
Nlgns bridge the presynaptic release machinery and postsynaptic receptor com-
plex. In an in vitro co-culture assay with neuronal and non-neuronal cells, Nlgns 
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can induce presynaptic differentiation to recruit presynaptic proteins [69]. 
Triple KO of Nlgn1–3 reduces the frequencies of both miniature excitatory 
postsynaptic currents (mEPSCs) and miniature inhibitory postsynaptic currents 
(mIPSCs). Since synaptic density is normal in triple KO compared to wild-type 
mice, the decreased frequencies of mEPSCs and mIPSCs reflect reduced pre-
synaptic release probability [70]. In organotypic hippocampal slice cultures, 
manipulating postsynaptic expression levels of different Nlgns alters presynap-
tic release probability at specific synapses [27, 71–74]. Simultaneous manipula-
tion of pre- and postsynaptic molecules in organotypic slice cultures is useful to 
examine functional roles of specific transsynaptic interactions at a given syn-
apse [75, 76]. This approach clarified that Nlgn-mediated alteration of presyn-
aptic release probability is achieved by its Nlgn isoform-specific interactions 
with presynaptic Nrxns [27, 71, 72]. For example, (i) βNrxn1-AS4 (without the 
insertion of an exon at the alternative splicing site 4) and Nlgn1+AB (with the 
insertion of an exon at the alternative splicing sites A and B) pair at hippocam-
pal CA3–CA3 excitatory synapses (Fig. 1a), (ii) αNrxn1-AS4 and Nlgn2+A pair 
at hippocampal CA1 inhibitory synapses (Fig. 1b), and (iii) αNrxn1+AS4 and 
Nlgn3Δ (without any exon insertions at any of the alternative splicing sites) pair 
at hippocampal CA1 inhibitory synapses expressing cholecystokinin, CB1, and 
vesicular glutamate transporter type 3 (VGluT3) (Fig.  1c) [27, 71, 72]. Such 
isoform-specific interactions between Nrxns and Nlgn are critical for regulating 
presynaptic release probability at given synapses. These findings raise the notion 
that specific Nrxn–Nlgn transsynaptic interactions are responsible for input cell 
type-dependent molecular mechanisms that control presynaptic release func-
tion. Importantly, this view is supported by the distinct expression patterns of 
Nrxns and Nlgns at individual synapses based on diverse expression patterns of 
Nrxns in presynaptic neurons across different brain regions and cell types [35, 
78, 79] and postsynaptic Nlgn expression that depends on transsynaptic regula-
tion from distinct input cell types [80–85].

Other postsynaptic molecules that bind to Nrxns can be involved in the retro-
grade modulation of presynaptic release functions via interacting with Nrxns at dif-
ferent synapses. For instance, the deletion of postsynaptic IgSF21, which can bind 
to αNrxn2, reduces the frequency of mIPSCs and the number of docked synaptic 
vesicles at hippocampal inhibitory synapses without altering synapse density, 
suggesting a decrease in presynaptic release probability (Fig. 1d) [55]. Therefore, 
transsynaptic interactions between αNrxn2 and IgSF21 may contribute to the 
diversification of presynaptic release function. It has been reported that extracellular 
C1ql proteins (C1ql2 and C1ql3) and cerebellin1 precursor protein (Cbln1) bridge 
postsynaptic kainate and delta glutamate (GluD) receptors with presynaptic Nrxns 
in hippocampal mossy fiber CA3 and cerebellar parallel fiber Purkinje cell synapses, 
respectively (Fig. 1e, f) [48–50]. Interestingly, reduced release probability has been 
reported in GluD2 KO mice, which strongly suggests that transsynaptic Nrxn–
Cbln1–GluD2 complexes (Fig. 1f) are important for presynaptic structure and/or 
function [86, 87].
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Fig. 1 Schematic diagrams of presynaptic regulation by Nrxn-mediated cis- and transsynaptic 
protein interactions in the hippocampus. (a) Presynaptic βNrxn1-AS4 (βNeurexin1-AS4) and 
postsynaptic Nlgn1+AB (Neuroligin1+AB) regulate excitatory synaptic transmission in the 
hippocampal CA3 associational circuit. Nlgn1 forms complexes with AMPARs through PSD-95 
and AMPAR auxiliary subunit Stg (stargazin). (b) The interaction between presynaptic αNrxn1-AS4 
and postsynaptic Nlgn2+A regulates synaptic release at hippocampal CA1 inhibitory synapses. 
Nlgn2 forms protein complexes with GABAARs through gephyrin. αNrxn1 regulates P/Q-type 
Ca2+ channel function through cis interactions. (c) Postsynaptic Nlgn3Δ regulates presynaptic 
release through its interaction with presynaptic αNrxn1+AS4 at CA1 Cck/CB1/VGluT3+ 
inhibitory synapses. (d) Postsynaptic IgSF21 regulates inhibitory synaptic function through its 
interaction with presynaptic αNrxn2  in the hippocampal CA1 region. (e) Extracellular C1ql2/3 
bridges postsynaptic kainate 2/4 receptors and presynaptic α/βNrxn3+AS525b at hippocampal 
mossy fiber CA3 synapses to regulate excitatory synaptic transmission. (f) Extracellular Cbln1 
bridges postsynaptic GluD2 receptors and presynaptic α/βNrxn1+AS4 at cerebellar parallel fiber 
Purkinje cell synapses to regulate excitatory synaptic transmission. (Modified from Uchigashima 
et al. [77])

2.2  Cadherin-Catenin-Mediated Transsynaptic Signaling

The cadherin superfamily consists of more than 100 members in vertebrates [88]. 
They are classified into subfamilies that are called classical cadherins and non- 
classical cadherins. Classical cadherins include N-cadherin and E-cadherin, while 
non-classical cadherins include desmosomal cadherins, protocadherins, Flamingo/
CELSRs (cadherin, EGF-like, laminin A globular-like [LAG], and seven-pass 
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receptors), and Fat cadherins [88]. All cadherins mediate Ca2+-dependent homophilic 
adhesions between cells expressing the same class of cadherin through their 
extracellular domain-containing repetitive cadherin repeats. Among different 
cadherins, classical cadherins have been the most extensively studied. Their 
cytoplasmic domain binds to β-catenin and p120 catenin [89, 90]. β-catenin 
associates with α-catenin, which is known as an actin-binding protein. These 
protein–protein interactions likely underlie the mechanism of cadherin-mediated 
synapse formation and spine stability.

The first evidence of retrograde synaptic control by cadherin was observed in a 
neuronal co-culture differentiated from mouse embryonic stem (ES) cells lacking 
neural (N)-cadherin (N-cad, also known as cadherin 2), one of the classical 
cadherins. In the culture, the absence of postsynaptic N-cad enhanced synaptic 
depression in response to paired-pulse or high-frequency stimulation suggestive of 
a reduced readily releasable vesicle pool [91]. Interestingly, the same synaptic 
phenotypes were observed when the deficiency of N-cad was restricted to 
postsynaptic neurons in experiments of co-culturing wild-type neurons and ES cell- 
derived N-cad KO neurons, indicating that postsynaptic N-cad retrogradely controls 
presynaptic release [91]. Likewise, postsynaptic overexpression of a dominant- 
negative form of N-cad (DN-N-cad), which lacks extracellular cadherin repeats, 
reduced the number of presynaptic puncta and changed spine morphology 
concomitant with the reduction in frequency of mEPSC [92, 93]. Also, postsynaptic 
DN-N-cad overexpression compromised vesicle endocytotic machinery, which 
reduced the expression of active zone proteins, the number of total and recycling 
vesicles, and excitatory presynaptic release probability in primary neurons [94]. 
These studies demonstrate that N-cad is involved in vesicle recruitment from the 
readily releasable pool to the active zone and in vesicle recycling pathways [91, 93]. 
However, curiously, presynaptic expression of DN-N-cad or N-cad shRNAi does 
not change presynaptic release probability. This indicates homophilic interaction 
between pre- and postsynaptic N-cad is not required for retrograde regulation of 
transmitter release and suggests that postsynaptic N-cad interacts with another 
presynaptic molecule(s) in a non-canonical fashion to influence presynaptic release 
probability though the putative presynaptic molecule(s) is yet to be identified [94].

Postsynaptic AMPAR subunits, GluAs, are considered as non-canonical media-
tors for N-cad. N-cad forms a protein complex with GluAs in vivo [95], and the 
extracellular N-terminal domain of GluA2 interacts directly with N-cad in cis and 
in trans [96]. Importantly, the extracellular N-terminal domain of GluA1, another 
AMPAR subunit, failed to interact with N-cad in primary excitatory neurons, high-
lighting the N-cad–GluA2 interaction as a unique transsynaptic mechanism at the 
synapse. This heterophilic interaction could be an important mechanism for AMPAR 
trafficking, retrograde regulation of synaptic transmission, and coordination 
between pre- and postsynaptic structure and functions. Consistently, Vitureira et al. 
reported that acute postsynaptic GluA2 KD reduced presynaptic release probability 
and occluded the effects of postsynaptic overexpression of DN-N-cad in primary 
excitatory neurons, indicating that GluA2 forms a complex with N-cad in cis and 
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regulates presynaptic release through a retrograde mechanism [94]. On the other 
hand, acute KD of postsynaptic GluA1, 2, or 3 reduced the size of the readily 
releasable pool without changing presynaptic release probability through a signaling 
pathway that does not involve N-cad in primary hippocampal neurons. Therefore, 
N-cad may contribute to synaptic structure and function through both hemophilic 
and heterophilic (with GluAs) interactions (Fig. 2) [97].

The intracellular-binding partners of presynaptic N-cad mediate the effect on 
presynaptic release machinery. Neuron-specific β-catenin KO reduced the number 
of releasable vesicles and exacerbated synaptic depression during high-frequency 
stimulation, although interpretation of this result is complicated by the fact that both 
pre- and postsynaptic β-catenin were knocked out in this study [98]. Consistently, 
postsynaptic overexpression of β-catenin resulted in an increase in mEPSC 
frequency, suggesting retrograde regulation by postsynaptic β-catenin/cadherin 
interactions, although there is an alternative possibility that β-catenin overexpression 
increased the number of functional synapses [99].

In contrast, cis interactions between presynaptic N-cad and catenin regulate pre-
synaptic release probability through establishing protein complex with the β-catenin-
interacting protein p140Cap (p130Cas-associated protein, also known as SRC 

Fig. 2 Schematic diagram of N-cadherin-mediated cis- and transsynaptic regulation of neu-
rotransmitter release at excitatory synapses. Postsynaptic N-cad, β-catenin, and GluA2- containing 
AMPARs retrogradely regulate excitatory presynaptic release in primary excitatory neurons. In 
contrast, cis interactions between presynaptic cadherin and β-catenin regulate presynaptic release 
probability through their interactions with p140Cap
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kinase signaling inhibitor 1 [Srcin1] or SNAP-25-interacting protein [SNIP]) in 
cortical excitatory circuits (Fig. 2) [100]. p140Cap is expressed on both the pre- and 
postsynaptic sides. On the presynaptic side, p140Cap regulates transmitter release 
and spine structure through interacting with SNAP-25 while on the postsynaptic 
side, p140Cap modulates excitatory postsynaptic transmission through interacting 
with PSD-95 [101, 102]. Li et al. presented that presynaptic but not postsynaptic 
N-cadherin and β-catenin regulate presynaptic release probability through their 
interactions with presynaptic p140Cap, suggesting that the N-cad/β- catenin/
p140Cap/SNARE protein complex is important for synaptic release.

In summary, both pre- and postsynaptic N-cad are capable of regulating presyn-
aptic release. Further investigation is essential to evaluate how the postsynaptic 
N-cad/AMPAR complex regulates presynaptic release machinery. It is certainly 
interesting that postsynaptic N-cad regulates release retrogradely; however, findings 
are limited to culture systems. A more direct approach, such as acute KD or KO of 
N-cad in postsynaptic neurons in vivo, is essential to elucidate retrograde N-cad 
function in native brain circuits.

2.3  Transsynaptic Regulation of Presynaptic Release by 
mGluR and CAM Interactions

Type III metabotropic glutamate receptors (mGluR6/7/8) are predominantly local-
ized at the presynaptic termini, and modulate neurotransmitter release by activating 
inhibitory G-proteins (Gi/o) [103]. Recent evidence has provided that postsynaptic 
CAMs regulate presynaptic release probability by the activation of type III mGluRs 
(Fig. 3).

Elfns are primarily expressed at postsynaptic sites and act as target neuron- 
specific retrograde mediators that regulate presynaptic release machinery. Two 
Elfn proteins, Elfn1 and Elfn2, consist of a single transmembrane domain and 
extracellular leucine-rich repeat domain that bind with membrane proteins. Elfn1 
is specifically expressed in somatostatin-positive (Sst+) stratum oriens/lacunosum- 
moleculare (O-LM) inhibitory interneurons but not in parvalbumin-positive (Pv+) 
interneurons in the hippocampus. Importantly, KD or KO of Elfn1 in either O-LM 
or cortical Sst+ interneurons robustly reduced synaptic facilitation suggestive of 
increased presynaptic release by postsynaptic Elfn1 dysfunction. This indicates 
that Elfn1 negatively regulates presynaptic glutamate release onto Sst+ inhibitory 
interneurons (Fig.  3a) [104–106]. In addition, overexpression of Elfn1  in Pv+ 
interneurons, which do not normally express Elfn1, was sufficient to reduce pre-
synaptic release probability, suggesting that Elfn1 is a necessary postsynaptic 
CAM that can influence target cell-specific release modulation. Importantly, 
in vitro binding assays elucidated that Elfns directly bind to type III metabotropic 
glutamate receptors (mGluR) including mGluR6 and mGluR7 [106–109]. 
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Fig. 3 Schematic diagrams of target neuron-specific regulation of neurotransmitter release at 
excitatory synapses through mGluRs and CAM interactions. Postsynaptic Nlgn3 (neuroligin 3) (a) 
and Elfn1 (b) expressed in Pv+ and Sst+ interneurons, respectively, retrogradely regulate synaptic 
release of excitatory neurotransmitters through presynaptically expressed type III mGluRs. It is not 
known whether Nlgn3 physically interacts with presynaptic mGluRs

Interestingly, the formation of the transsynaptic Elfn1-mGluR7 complex activates 
mGluR7 in a glutamate-independent fashion, which represents a novel GPCR sig-
naling cascade in the brain [105].

In contrast to Elfn1, Elfn2 is highly expressed in excitatory neurons. KO of Elfn2 
caused reduced expression of mGluRs in total brain lysate and increased basal 
excitatory synaptic transmission [107]. The increased basal excitatory synaptic 
transmission in Elfn2 KO mice might reflect a disruption of mGluR-mediated 
suppression of synaptic release. It is particularly interesting to test whether other 
leucine-rich repeat (LRR) family proteins, such as LRRTMs, affect target cell- 
specific presynaptic modulation.

Nlgn3 is another CAM that regulates neurotransmitter release via interacting 
with presynaptic type III mGluRs (Fig. 3b). Polepalli et al. demonstrated that Pv+ 
interneuron-specific Nlgn3 KO impairs type III mGluR-mediated suppressions of 
EPSC amplitudes and presynaptic release probability at Pv+ interneuron–pyramidal 
cell excitatory synapses, leading to the alteration of hippocampal network activity 
that underlies learning and memory [110]. Although a direct interaction between 
Nlgn3 and type III mGluRs has not been reported yet, this finding supports that type 
III mGluR-mediated presynaptic functions can be controlled by multiplexed 
transsynaptic signaling that involves distinct postsynaptic CAMs such as Elfns 
and Nlgn3.
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2.4  Ephrin Receptor–Ephrin Ligand Mediated 
Transsynaptic Signaling

Ephrin ligand family interacts with its receptor family, Eph. Both ephrin ligands and 
Eph receptors are divided into two subclasses, A and B. EphrinA ligands are tethered 
to the membrane through GPI-linkage anchors and specifically bind to EphA 
receptors, while ephrinB ligands associate with the plasma membrane through a 
transmembrane domain and preferentially bind to EphB receptors. The intracellular 
carboxy-terminal tail of Eph receptors contains a tyrosine kinase domain, SAM 
protein interaction domain, and a consensus motif for binding to PDZ domain- 
containing proteins. Interestingly, several Eph receptors bind synaptic PDZ domain 
proteins such as the glutamate receptor-interacting protein 1 (GRIP1), protein 
interacting with C-kinase-1 (PICK1), syndecan-binding protein syntenin, and Ras- 
binding protein AF-6 [111, 112]. EphrinB ligands also have PDZ domain-binding 
motifs in the carboxy-terminal region, which can mediate interactions with syntenin, 
PICK1, GRIP1, and GRIP2 [112–114]. Thus, Eph receptors and ephrinB ligands 
are linked to the synaptic scaffold through PDZ-mediated protein interactions. Both 
EphA and EphB receptors have been detected mainly in postsynaptic sites [111, 
115, 116], but some Eph receptors are also expressed in presynaptic terminals [117]. 
In contrast, the synaptic localization of ephrin ligands differs between subtypes. In 
the adult hippocampus, ephrinB2 is expressed mainly in CA1 pyramidal cells and is 
more abundant at postsynaptic sites [118–120] whereas ephrinB3 is expressed in 
dentate gyrus granule cells and targets presynaptically to the mossy fiber axons and 
termini [118, 120, 121].

It has been reported that transsynaptic retrograde signaling from postsynaptic 
EphB receptors to presynaptic ephrinB ligands contributes to the induction of an 
NMDAR-independent LTP between hippocampal mossy fibers and CA3 pyramidal 
neurons. Interfering with EphB/ephrinB transsynaptic signaling by the application 
of soluble EphB2 receptor or ephrinB1 ligand peptides occluded or blocked mossy 
fiber LTP, while expression of a dominant-negative form of ephrinB3 ligand reduced 
LTP [121, 122]. Interestingly, ephrinB3 KO mice exhibited normal mossy fiber LTP 
[121]. This lack of effect may be due to developmentally compensating effects by 
ephrinBs.

3  Roles of Transsynaptic Interactions in Synaptic Plasticity

A number of studies have shown that LTP is accompanied by synaptic translocation 
of major players necessary for LTP expression including AMPARs, α-actinin, 
drebrin, cofilin, CaMKIIα/β, β-catenin, and actin [9, 30, 99, 123, 124]. Furthermore, 
LTP induction causes the expansion of presynaptic boutons [10] and enlargement of 
active zones [125, 126]. These observations suggest both pre- and postsynaptic 
components increase alongside LTP.  Therefore, it is likely that CAMs are 
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translocated to the synapse as part of a process of rebuilding larger postsynaptic 
structures. Indeed, transsynaptic Nrxn–Nlgn interactions mediate LTP expression in 
hippocampal CA1 synapses. The extracellular domain of Nlgn1 forms cis- and 
transsynaptic interactions with postsynaptic NMDARs and presynaptic Nrxns, 
respectively [127]. Acute KD of Nlgn1 completely blocked LTP in hippocampal 
dentate gyrus synapses [128], presumably due to reduced NMDAR function. 
Importantly, Wu et al. replaced endogenous Nlgn1 with a mutated Nlgn1 that cannot 
interact with βNrxn1 but continues to interact with NMDARs in hippocampal CA1 
pyramidal neurons. This Nlgn1 mutant failed to induce LTP, indicating that 
transsynaptic Nlgn1–βNrxn1 binding is important for LTP [129]. Importantly, sLTP 
is abolished by application of the extracellular domain of βNrxn1 that blocks βNrxn- 
mediated transsynaptic interactions [130]. This also supports the significance of 
Nlgn–βNrxn interaction in LTP. It is widely accepted that the expression of LTP is 
largely postsynaptic and increases the number of AMPARs in the spines without 
changing presynaptic release probability [29]. Why is presynaptic βNrxn1 necessary 
for LTP? Does βNrxn1 simply anchor proper synaptic localization of Nlgn1 or 
reassemble presynaptic protein complex through cis interaction (see Sect. 2.2)?

The recent development of super-resolution microscopy has revealed the pres-
ence of transsynaptic nanocolumns or nanomodules, which represent the alignment 
of presynaptic transmitter release machinery and postsynaptic receptors within the 
synaptic contact [23, 131, 132]. Many of the excitatory synapses in hippocampal 
dissociated culture each contain one nanocolumn with some containing more than 
one [131]. Because synaptic AMPARs are not saturated with glutamate at the syn-
aptic cleft [133, 134], it is possible that the formation of such nanocolumns enhances 
synaptic transmission efficacy. Indeed, glycine-induced chemical LTP increases the 
number of nanocolumns, which allows for the accumulation of more proteins under 
the alignment [131, 132, 135].

An obvious question is what adjusts pre- and postsynaptic alignment and how 
neuronal activation can modulate this process. Postsynaptic Nlgn1 and LRRTM 
both bind presynaptic Nrxn and colocalize with AMPAR nanodomains to potentially 
mediate the alignment [136, 137]. Nlgn1 can be phosphorylated by CaMKII at its 
intracellular carboxyl tail. This phosphorylation is necessary for activity-driven 
surface expression of Nlgn1 [138]. Alternatively, CaMKII has been recently found 
to form self-condensate in a manner triggered by Ca2+/calmodulin stimulation via 
liquid–liquid phase separation [139, 140]. Liquid–liquid phase separation is a 
phenomenon where biological macromolecules such as proteins and nucleic acids, 
often through multimeric interactions, undergo spontaneous condensation that can 
generate >100-fold greater concentrations of macromolecules. Indeed, multiple pre- 
and postsynaptic proteins can undergo this phenomenon [140–143]. Interestingly, 
CaMKII segregates AMPARs together with Nlgn from NMDARs through a Ca2+/
calmodulin-triggered mechanism [139] (Fig. 4a). In this way, liquid–liquid phase 
separation of CaMKII can generate receptor nanodomains at the synapse where 
specific CAMs can co-segregate together under the regulation of neuronal activity 
(Fig.  4b). Such mechanisms might regulate the activity-dependent alignment of 
components of transsynaptic nanocolumns.
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4  Future Directions

Much work has elucidated the functions of CAMs but many unresolved questions 
remain. First, the crosstalk between different CAM-mediated transsynaptic 
interactions remains unknown. A single CAM can interact with different binding 
partners at the synaptic cleft. For instance, postsynaptic Nlgn3 can potentially 
regulate presynaptic functions via interacting with presynaptic Nrxns, protein 
tyrosine phosphatase δ, or mGluRs [72, 110, 144]. However, it remains elusive 
whether these three distinct pathways synergistically contribute to presynaptic 
functions or compete against each other. Moreover, intracellular singling pathways 
can be also shared by different CAM-mediated transsynaptic interactions. Further 
studies are necessary for a better understanding of the crosstalk of CAM-mediated 
signalings that underlie presynaptic functions.

Second, a number of studies have identified non-canonical transsynaptic interac-
tions between receptors and CAMs such as GluA2-N-cad (Sect. 2.1), Elfn1- 
mGluR6/7 (Sect. 2.3), and Nlgn3-mGluR (Sect. 2.3) as regulators of synapse 
function. Additional structural, physiological, and imaging studies are essential to 
reveal the roles of transsynaptic receptor and CAM complexes on presynaptic 
function and structure.

Third, the roles of transsynaptic interactions during plasticity are still largely 
unknown. Although ample studies have elucidated synaptic protein dynamics in 
dendritic spines during LTP, our knowledge is limited to cis interactions in the 
postsynaptic density. Much less is known about synaptic dynamics that regulate 
presynaptic molecular architecture. While it is generally accepted that LTP is 
expressed postsynaptically during the first hour following stimulation, structural 
studies have consistently provided evidence for the precise matching of the size and 
function of the presynaptic active zone and postsynaptic density [4, 7]. Therefore, 
presynaptic sites should match up with postsynaptic spines at some point. In the 
future, deciphering the constructive process of synapse modification after LTP 
induction, from changes in synaptic CAMs to rearrangements of presynaptic 
structures and vesicular release machinery, will be crucial in elucidating pre- and 
postsynaptic roles in LTP.

Fourth, recent research has demonstrated that Nlgns expressed in astrocytes reg-
ulate synapse development [145]. This indicates that presynaptic Nrxns can form 
transsynaptic complexes with astrocytic Nlgns as well. It is particularly interesting 
to highlight the differing roles of postsynaptic and astrocytic Nlgns in presynaptic 
release and structure.

Fifth, CAM-mediated regulation in modulatory systems is poorly understood. 
While numerous studies indicate that CAMs regulate fast neurotransmitter release 
including that of glutamate and GABA, fewer studies have tested CAM functions in 
central neuromodulatory systems, such as those mediated by dopaminergic and 
serotonergic signals, which are propagated mainly via volume transmission. 
Because the expression of CAMs is also detected at dopaminergic synapses [82], 
pre- and postsynaptic CAMs at these synapses might regulate presynaptic release 
like that at fast asymmetric synapses. Highlighting the roles of CAMs in modulatory 
systems will be an intriguing field of investigation.
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Fig. 4 Formation of synaptic nanocolumns by liquid–liquid phase separation. (a) Liquid–liquid 
phase separation of protein solution containing Nlgn (neuroligin) carboxyl tail (yellow), Stg 
(stargazin) carboxyl tail (red), NMDAR subunit GluN2B carboxyl tail (magenta), PSD-95 
(unstained), calmodulin (unstained), and CaMKII (green). In the absence of Nlgn, AMPARs and 
NMDARs form homogeneous condensation. CaMKII remains in the diluted phase. Upon 
stimulation by Ca2+, Nlgn and AMPARs form phase-in-phase surrounded by NMDARs and 
CaMKII. (b) Functional implications of liquid–liquid phase separation. Under resting conditions, 
AMPARs and NMDARs are mixed. The number of AMPARs beneath the transmitter release site 
is limited. Upon activation of CaMKII, AMPARs undergo liquid–liquid phase separation with PSD 
proteins and form nanodomains of AMPARs and NMDARs. Nlgn is condensed together with an 
AMPAR nanodomain, thereby bringing AMPARs beneath the transmitter release site and forming 
a synaptic nanodomain. This leads to more efficient synaptic transmission. (Modified from 
Hosokawa et al. [139])
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and Frédéric A. Meunier

Abstract In recent years, the number of studies implicating lipids in the regulation 
of synaptic vesicle exocytosis has risen considerably. It has become increasingly 
clear that lipids such as phosphoinositides, lysophospholipids, cholesterol, arachi-
donic acid and myristic acid play critical regulatory roles in the processes leading 
up to exocytosis. Lipids may affect membrane fusion reactions by altering the phys-
ical properties of the membrane, recruiting key regulatory proteins, concentrating 
proteins into exocytic “hotspots” or by modulating protein functions allosterically. 
Discrete changes in phosphoinositides concentration are involved in multiple traf-
ficking events including exocytosis and endocytosis. Lipid-modifying enzymes 
such as the DDHD2 isoform of phospholipase A1 were recently shown to contribute 
to memory acquisition via dynamic modifications of the brain lipid landscape. 
Considering the increasing reports on neurodegenerative disorders associated with 
aberrant intracellular trafficking, an improved understanding of the control of lipid 
pathways is physiologically and clinically significant and will afford unique insights 
into mechanisms and therapeutic methods for neurodegenerative diseases. 
Consequently, this chapter will discuss the different classes of lipids, phospholipase 
enzymes, the evidence linking them to synaptic neurotransmitter release and how 
they act to regulate key steps in the multi-step process leading to neuronal commu-
nication and memory acquisition.
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1  Introduction

Brain cells communicate with each other through the release of neurotransmit-
ter molecules across the synapse, via neuroexocytosis, involving the fusion of 
neurotransmitter- filled vesicles with the presynaptic membrane [1]. Lipids are 
the principal components of biological membranes, constituting about half of 
the brain’s dry weight and contributing to the brain’s complex structure and 
function [2, 3]. The main classes of membrane lipid molecules include sphingo-
lipids, sterol lipids, fatty acids, phospholipids, glycerolipids and prenol lipids 
(Fig. 1a) [4, 5], among which phospholipids are the most abundant [6]. In addi-
tion to their structural contribution, phospholipids serve as substrates for vari-
ous phospholipid- metabolising enzymes, such as phospholipase A (PLA), which 
hydrolyse phospholipids to release free fatty acids (FFAs) and lysophospholipid 
(LPL) metabolites capable of recruiting and activating critical proteins, altering 
basic membrane properties, and functioning as lipid signalling molecules [7, 8]. 
Exocytosis is a biologically complex process involving the release of neu-
rotransmitters as well as a variety of inter- and intracellular communication 
mechanisms. While the role of proteins in neurosecretory vesicle cycling has 
been extensively investigated, the appreciation for lipid involvement has been 
slower to develop [9]. However, a few important findings have emerged from 
this growing field, which highlight key roles that membrane lipids play in coor-
dinating the membrane trafficking and signalling events underlying neurotrans-
mitter release [9–12].

The synaptic vesicle (SV) cycle depends upon coordinated membrane fusion 
and fission events [13–15]. The favoured model for membrane fusion to occur is 
via the formation of a lipidic hemifusion intermediate [9, 13, 16, 17] (Fig. 1b). 
According to this model, merging of the two proximal leaflets of the vesicle and 
plasma membrane bilayers to form the hemifusion intermediate would precede 
the merging of the two distal leaflets to form the fusion pore [18]. Both fusion 
and fission require large deformations in membrane curvature. This deformation 

Fig. 1 (continued) microdomains that can target and localise certain classes of proteins into func-
tional platforms. (b) The favoured model for membrane fusion is via a lipidic hemifusion or stalk 
intermediate where lipid mixing of the two inner leaflets of the bilayer occurs prior to lipid mixing 
of the outer bilayers. (c) Certain classes of lipids are asymmetrical in shape and thus are unable to 
form planar structures. Such lipids can be classified into cone-shaped (e.g. phosphatidic acid) and 
inverted cone-shaped (e.g. lysophosphatidic acid). Such lipids tend to promote either negative or 
positive curvature as depicted for phosphatidic acid and lysophosphatidic acid. Aq, aqueous
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Fig. 1 Lipids and membrane fusion. (a) The structure of important classes of lipids is shown. 
Phospholipids (phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol and phos-
phatidylserine) are the most abundant cellular lipids, comprising a headgroup, which identifies the 
lipid, and two fatty acid chains linked to a glycerophosphate backbone. In addition to structural 
and other roles, they are precursors for signalling lipids such as phosphoinositides, phosphatidic 
acid and lysophospholipids. Sphingomyelin, cholesterol and ceramide can aggregate into lipidic 
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is facilitated by the formation of high local concentrations of lipids with altered 
shapes (Fig. 1c). Certain lipids have a spontaneous curvature when in a mono-
layer, either positive (curvature in the direction of the polar headgroup) or nega-
tive (curvature in the direction of the hydrophobic tails) [19]. These lipids are 
classified as inverted cone-shaped and cone-shaped lipids, respectively [20]. 
Examples that will be discussed include phosphatidic acid (PA), a cone-shaped 
lipid, and lysophospholipids [3, 6, 21], which are inverted cone-shaped lipids 
(Fig. 1c).

In addition to structural roles, it is becoming increasingly apparent that lipids can 
function as bona fide signalling molecules in many intracellular processes including 
membrane trafficking. Elucidating the complex molecular mechanisms underlying 
physiological regulation of exocytosis by phospholipids and their metabolites will 
improve our understanding of neurotransmission, and facilitate the development of 
new therapeutic agents for certain neurological disorders associated with altered 
neurotransmitter release [22]. Uncovering the involvement of phospholipase 
enzymes that dynamically modulate the phospholipid membrane bilayer to impact 
exocytosis, is essential. Further, how such modifications of the lipidic landscape 
affect synaptic plasticity leading to learning and memory is also a hot topic. Hence, 
this chapter focuses on recent findings on the roles of phospholipids and their 
metabolites, as well as phospholipid-metabolising enzymes, in vesicular exocytosis 
and memory.

2  Phospholipids and Vesicle Trafficking

Phospholipids constitute the majority of membrane lipids. The term “phospho-
lipids” generally refers to lipids with a phosphate moiety, but is also used more 
broadly to include ester-linked sphingomyelins, lysophospholipids and diacylg-
lycerophospholipids [7]. All phospholipids are comprised of a glycerol back-
bone having two ester-linked fatty acyl moieties at the sn-1 (stereospecific 
number; The Nomenclature of Lipids, 1967) and sn-2 positions, and a phospho-
diester bond connecting a hydrophilic headgroup such as ethanolamine, choline, 
inositol or serine at the sn-3 position (Fig.  2). The specific headgroups are 
responsible for the unique physical and chemical properties of the distinct phos-
pholipid classes, of which phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS), phosphatidic acid (PA), phosphatidylglycerol 
(PG) and phosphatidylinositol (PI) are predominant. PC, PE and PS (Fig. 1a) are 
the most abundant classes detected in mammals [5]. PA, PG and PI are less 
abundant, although this does not imply a lesser biological significance. At the 
sn-1 and sn-2 positions of glycerol, the fatty acids of phospholipids are esteri-
fied and can be classified based on their chain length (number of carbons), and 
position and number of double bonds [23].
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Fig. 2 Phospholipid bilayer. Hydrophobic phospholipid tails orient towards the inner bilayer, and 
hydrophilic headgroups orient outwards

2.1  Phosphoinositides in Synaptic Vesicle Cycle

Phospholipids consist of two fatty acid side chains, whose composition can vary, 
linked to a polar headgroup via a glycerol molecule. In the case of phosphatidylino-
sitol (PtdIns), the polar headgroup is an inositol ring linked to the glycerol backbone 
at the sn-1 position (Fig. 2). Although PtdIns is only a minor membrane lipid, its 
phosphorylated derivatives are important regulators of protein functions. PtdIns 
is unique among phospholipids in that the headgroup can be reversibly phosphory-
lated on the 3, 4 and 5 positions by a host of phosphatidylinositol kinases (PIKs) 
producing a family of seven different PtdIns (Fig. 3). This lipid family including 
PtdIns is refered to as phosphoinositides (PI). PI phosphorylated at the 2 and 6 posi-
tions have not been described, and presumably cannot be synthesised due to steric 
hindrance. High local concentrations of specific PI family members may serve as 
signals for site-specific recruitment of effectors and for allosteric modulation of 
protein function. The rapid and reversible phosphorylation of PI makes them ideal 
candidates for the tight spatio-temporal regulation of both exo- and endocytosis to 
sustain neurotransmitter release. PI are key signalling molecules in many cellular 
processes and are the most studied lipid molecules for their roles in the synaptic 
vesicle cycle. The subcellular localisation and regulated activity of PI-metabolising 
enzymes are key to understanding the role of PI in exocytosis and will be discussed 
in detail below.

2.2  Phosphoinositide-Metabolising Enzymes at the Synapse

A large body of work on the role of lipids in exocytosis has come from studies with 
cell lines such as bovine adrenal chromaffin cells and the rat phaeochromocytoma 
(PC12) cell line. Earlier work focussed on phosphatidylinositol 4,5-bisphosphate 
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Fig. 3 Phosphoinositides (PI) family. Phosphatidylinositol (PtdIns) consists of two fatty acid side 
chains linked to the polar inositol headgroup via a glycerophosphate linkage and is mainly found 
on the cytosolic face of the membrane bilayer. The inositol headgroup can be reversibly phos-
phorylated by a series of kinases and phosphatases at three positions (3, 4 and 5) to form a family 
of seven phosphoinositides. PIKfyve, FYVE finger containing phosphoinositide kinase

(PtdIns(4,5)P2) with the evidence in support of its roles in exocytosis extended from 
cell lines to native neurons. More recently, evidence has been building in support of 
the involvement of other PIs including those synthesised by PI3-kinases (PI3Ks). 
The contribution of enzymes involved in PtdIns(4,5)P2 metabolism will be dis-
cussed first since this is the best studied PtdIns with regard to the synaptic vesicle 
cycle, followed by PI3K.

2.2.1  PtdIns(4,5)P2 and the Synaptic Vesicle Cycle

A number of enzymes involved in PtdIns(4,5)P2 production are found in neurons, 
including PI4 kinases  (PI4K), PtdIns4P-5 kinases (PI5K)  and phosphatases. The 
major pathways for PtdIns(4,5)P2 metabolism in neurons are illustrated in Fig. 4. 
The first step is the phosphorylation of PtdIns by a PI4K, generating PtdIns4P. The 
PtdIns4P then serves as a substrate for a PtdIns4P-5 kinase that adds a phosphate at 
position 5 to generate PtdIns(4,5)P2. In neurons, there are two isoforms of PI4K 
implicated in neurotransmitter release: PI4KIIα and PI4KIIIβ.

PI4KIIα is present on synaptic vesicles and can produce PtdIns4P on immuno-
isolated SVs in  vitro [24] despite phosphatidylinositol comprising only a minor 
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Fig. 4 Phosphoinositides and exocytosis. The major synaptic pathway for synthesis of PtdIns(4,5)
P2 is depicted here since it is the best characterised phosphoinositide functioning in exocytosis and 
endocytosis. PtdIns(4,5)P2 functions as a signal to regulate the location and/or function of the 
synaptic proteins indicated and may also function as a substrate of phospholipase C δ1 (PLCδ1), 
which cleaves PtdIns(4,5)P2 generating soluble Ins(1,4,5)P3 and diacylglycerol (DAG), which 
remains confined to the bilayer and regulates exocytosis through binding to Munc13-1 and protein 
kinase C (PKC)

proportion of SV lipid composition (~1% lipid by mass) [25]. However, whether 
PI4K can generate PtdIns4P on synaptic vesicles in vivo is still unclear. Furthermore, 
the significance of an SV pool of PtdIns4P is also unclear given that the major 
PtdIns4P-5 kinase at the synapse, PIPKIγ, is cytosolic and PtdIns(4,5)P2 on the 
synaptic plasma membrane is required for exocytosis [26]. One possibility is that 
PI4KIIα may be activated following fusion of the vesicle membrane with the plasma 
membrane and prior to endocytosis since PtdIns(4,5)P2 formation is also crucial for 
endocytosis.

The localisation and activity of PI4KIIIβ (on the synaptic vesicle membrane) can 
be regulated, potentially providing an extra level of control for exocytosis. PI4KIIIβ 
interacts with neuronal calcium sensor-1 (NCS-1, also known as frequenin). In 
PC12 cells, NCS-1 has been shown to regulate nucleotide-dependent exocytosis via 
PI4KIIIβ, and both NCS-1 and PI4KIIIβ are transiently recruited to the plasma 
membrane upon stimulation of exocytosis [27], suggesting that PI4KIIIβ could syn-
thesise the PtdIns4P used by cytosolic PIPKIγ to produce PtdIns(4,5)P2.

The major PtdIns4P 5-kinase in neurons is PIPKIγ, which is a cytosolic protein. 
In PIPKI knockout mice, a loss of synaptic PtdIns(4,5)P2 is correlated with a 
decrease in the size of the readily releasable pool of SV [28], consistent with a role 
of PtdIns(4,5)P2 in priming. PIPKIγ likely synthesises the PtdIns(4,5)P2 required for 
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both exocytosis and endocytosis since the knockout mouse shows endocytic defects 
in addition to the defects in priming [28]. Many of the proteins required for clathrin- 
mediated endocytosis bind to PtdIns(4,5)P2. Since neurons in PIPKIγ knockout 
mice were shown to be lacking endocytic structures, PtdIns(4,5)P2 appears to be 
important for the recruitment of endocytic proteins and the process of clathrin- 
mediated endocytosis [28]. Further evidence for the importance of PtdIns(4,5)P2 in 
clathrin-mediated synaptic vesicle endocytosis comes from mice lacking the protein 
synaptojanin, which is the major PtdIns(4,5)P2 phosphatase. Neurons in synapto-
janin knockout mice exhibit a defect in vesicle uncoating [29].

Once synthesised, PtdIns(4,5)P2 can be removed either via the action of the 
PtdIns(4,5)P2 phosphatase synaptojanin to become PI4P, as is required for clathrin- 
coated vesicle uncoating, or through the action of a phospholipase C (PLC) to 
become the classical second messengers Ins(1,4,5)P3 and diacylgycerol (DAG, 
Fig. 4).

2.2.2  PI3-Kinases and the Synaptic Vesicle Cycle

PI3-kinases (PI3Ks) are a family of enzymes that phosphorylate PI at 3 positions. 
There are three classes of enzymes, classes I, II and III, of which class I and class II 
enzymes have been implicated in the regulation of exocytosis. Class III enzymes are 
involved in constitutive trafficking through early endosomes and may be involved in 
synaptic vesicle recycling since recent evidence suggests that synaptic vesicle recy-
cling occurs through PtdIns3P-positive presynaptic endosomes – a process tightly 
controlled by rab5 [30].

Type I PI3Ks predominantly phosphorylate PtdIns(4,5)P2 on the plasma mem-
brane to form PtdIns(4,5)P2, and are the best studied class in all systems [31]. 
However, their involvement in synaptic processes is questionable. Classically, 
PI3Ks were studied using the inhibitors wortmannin and LY294002, and an involve-
ment of PI3K was inferred from sensitivity to these generic inhibitors. However, 
studies using these inhibitors at the synapse have yielded conflicting results. For 
example, little or no inhibition of exocytosis was observed from both synaptosomes 
and neurosecretory cells using wortmannin and LY294002 [24, 26, 32–34]. 
However, wortmannin inhibits both spontaneous and evoked quantal neurotransmit-
ter release at the neuromuscular junction [35], while high doses of LY294002 inhibit 
synaptic vesicle recycling and increase spontaneous acetylcholine release [36]. 
These discrepancies may partly be due to the lack of specificity of LY294002, which 
is known to also block myosin light chain kinase activity. However, it may also be 
due to the involvement of other PI3Ks such as PI3K-C2α (a Class II PI3K), which 
is much less sensitive to both inhibitors. In this view, PI3K-C2α was shown to be 
necessary for the ATP-dependent priming step of exocytosis in neurosecretory cells 
[37]. Further work has demonstrated that this isoform is recruited to secretory gran-
ules and generates PtdIns3P in response to stimulation, suggesting that its activity is 
regulated by Ca2+ [38].
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PI3Ks may also play other roles at different stages of the synaptic vesicle cycle. 
For example, the p85 subunit of type I PI3Kγ interacts with synapsin and plays an 
important role in regulating vesicle availability from the readily releasable pool [39]. 
Another type I PI3K, PI3K II, has been implicated in the trafficking and insertion of 
neuronal calcium channels into the plasma membrane and the subsequent alterations 
in calcium influx may modulate exocytosis [40]. Inhibition of type I PI3Kδ promotes 
a transient increase of PtdIns(4,5)P2 in the plasma membrane of neurosecretory cells 
and also promotes secretory vesicle docking [41]. In other fields, type I PI3Kδ regu-
lates the trafficking of tumour necrosis factor-alpha (TNF- α) in macrophages [42], 
and inhibition of PI3Kδ is neuroprotective in a stroke murine model [43]. Further, 
PI3Kδ might regulate anterograde trafficking of amyloid precursor protein (APP) in 
neurons because PI3Kδ inhibition can rescue the pathologies associated with the 
APP/presenilin1 (PS1) murine model of Alzheimer’s disease (AD) [40, 44].

2.2.3  Phosphoinositide-Binding Proteins Involved in Exocytosis

PtdIns(4,5)P2 is mainly localised to the plasma membrane in neurons and neurose-
cretory cells. Plasma membrane PtdIns(4,5)P2 is likely to be important for exocyto-
sis since modifying plasma membrane PtdIns(4,5)P2 levels in chromaffin cells alters 
secretion by regulating the number of vesicles available for fusion [26]. This effect 
is regulated via an equilibrium between PI3Kδ and the PI phosphatase PTEN (phos-
phatase and tensin homolog) [41]. Several presynaptic proteins contain PI-binding 
motifs and may bind with varying degrees of selectivity to one or more 
phosphoinositides.

The best studied phosphoinositide-binding motif at the synapse is the C2B 
domain of synaptotagmin 1, the calcium-sensor for exocytosis (see chapter “Calcium 
Sensors of Neurotransmitter Release”). Synaptotagmin 1 binds both acidic phos-
pholipids and phosphoinositides, particularly PtdIns(4,5)P2. There are two 
phosphoinositide- binding sites in synaptotagmin 1: the first is a calcium- independent 
site, discrete from the acidic phospholipid-binding sites in the polybasic region on 
the C2B domain, while the second is a calcium-dependent site mediated through the 
calcium-binding loops [29]. Other synaptotagmin isoforms, including synaptotag-
min 7 and the related synaptotagmin-like protein 4 (granuphilin), also bind 
PtdIns(4,5)P2 and may regulate large dense core vesicle (LDCV) exocytosis [45–47].

While synaptotagmin isoforms are important for the exocytosis of both large 
dense core vesicles and synaptic vesicles, the calcium-dependent activator protein 
for secretion (CAPS), a cytosolic protein that binds to PtdIns(4,5)P2, regulates the 
exocytosis of only LDCVs [48]. Interestingly, besides a reduction in the secretion of 
LDCVs, heterozygous CAPS-1 knockout mice also show defects in vesicle filling 
[49], suggesting that CAPS-1 plays multiple roles in the vesicle cycle. Other 
PtdIns(4,5)P2-binding proteins include MINTS (Munc18 interacting proteins also 
called X11-like proteins), annexin and rabphilin. PtdIns(4,5)P2 binding is critical 
for a number of endocytic proteins such as the clathrin adaptor proteins AP-2 and 
AP-180, epsin, amphiphysin and dynamin. Disruption of PtdIns(4,5)P2-binding 
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sites prevents their recruitment and inhibits endocytosis [50]. The identification of 
CAPS-1 as a novel effector of PtdIns(4,5)P2 on secretory granules suggests that 
there might be other phosphoinositide-binding proteins to be identified. Given the 
emerging significance of 3-phosphorylated phosphoinositides in exocytosis, it will 
be important to identify potential interacting proteins that may mediate the effects 
of these lipids on the synaptic vesicle cycle.

2.3  Concluding Remarks

Phosphoinositides, in particular PtdIns(4,5)P2, have multiple functions at the syn-
apse, including regulating exocytosis, endocytosis and calcium channels. To recon-
cile so many functions with one molecule, one can envisage that it is the localised 
production of PtdIns(4,5)P2 in microdomains that are  critical for  its pleiotropic 
function. Many phosphoinositide-binding proteins require simultaneous binding to 
a protein factor and phosphoinositide for correct and efficient localisation and func-
tion. Such coincidental detection can explain how PtdIns(4,5)P2 might coordinate 
multiple pathways occurring in such a confined localisation. While many questions 
remain to be addressed, phosphoinositides occupy an important position in the hier-
archy of factors regulating the synaptic vesicle cycle.

3  Phospholipid-Metabolising Enzymes

Neurons communicate across the synapse using neurotransmitters, which are 
released upon fusion of synaptic vesicles with the plasma membrane. While this 
activity is largely coordinated by well-characterised interactions of the  soluble 
N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) protein 
complex [51], it also necessitates dynamic remodelling of the properties of the 
vesicular and synaptic membrane to facilitate fusion [52]. To facilitate vesicle 
fusion, phospholipids localise and reorganise in the membrane in such a way that 
conically shaped lipids, PE and PI, accumulate in the regions of high curvature at 
the fusion site, and lamellar-shaped lipids, such as PC, are prevalent in the low- 
curvature regions [12]. Membrane remodelling is a consequence of a large range of 
lipid-modifying enzymes, of which phospholipases are particularly noteworthy.

3.1  Phospholipases and Membrane Processing

Phospholipases are a group of lipolytic enzymes catalysing the hydrolysis of phos-
pholipid ester bonds. They are ubiquitously distributed, regulated by Ca2+ or other 
stimuli, and can be secreted both intracellularly and extracellularly. The four major 
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Fig. 5 Phospholipases and their site of action. The different phospholipases act on specific regions 
of the phospholipid to generate bioactive metabolites, consequently modifying the membrane lipid 
landscape to impact exocytosis and memory

types of phospholipases (A, B, C and D) are categorised according to the phospho-
lipid site of cleavage (Fig. 5).

Within each of the phospholipase families, there are multiple isoforms with 
distinct activities and expression patterns in different cell types and organelles 
[5, 7, 53]. Phospholipase A1 and A2 (PLA1 and PLA2) enzymes catalyse the 
cleavage of the acyl ester link at the sn-1 and sn-2 positions of phospholipid 
glycerol moieties, respectively, to generate FFAs and either 2-acyl or 1-acyl-
lysophospholipids [54]. Phospholipase B (PLB) enzymes are fatty acid ester 
hydrolases with sn-1 and sn-2 activity, as well as lysophospholipase and transac-
ylase activity. Phospholipase C (PLC) enzymes hydrolyse the proximal phospho-
diester linkage to generate a free phospho-headgroup and a diacylglycerol 
(DAG), whereas phospholipase D (PLD) enzymes hydrolyse the distal phospho-
diester bond to generate a free headgroup and phosphatidic acid (PA) [54]. 
Phospholipases therefore play a critical role in dynamically modifying the mem-
brane lipid landscape to generate bioactive metabolites and in directly regulating 
the process of fusion during exocytosis and neurotransmission [13, 20]. 
Consequently, genetic mutations in the various phospholipases have been impli-
cated in different neurological disorders in which impaired vesicular trafficking 
is a major feature (Fig. 6).
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Fig. 6 Implication of specific phospholipases in neurological disorders associated with impair-
ment in vesicular trafficking. Genetic mutation in the various phospholipases have been implicated 
in different neurological disorders in which impaired vesicular trafficking is a major feature

3.2  Phospholipase D (PLD)

3.2.1  Phospholipase D (PLD) in Phosphatidic Acid (PA) Processing

Phospholipase D hydrolyses phosphatidylcholine to produce phosphatidic acid (PA; 
Fig. 7a) [55]. Phosphatidic acid can either act as a signalling molecule or alter the 
biophysical properties of the membrane directly [56]. Phosphatidic acid can also be 
further hydrolysed by phosphatidic acid hydrolase to remove the phosphate to pro-
duce diacylglycerol (Fig. 7) or by PLA2 to remove one fatty acid chain to produce 
lysophosphatidic acid (discussed further in Sect. 4). There are two mammalian iso-
forms of PLD: PLD1 and PLD2. Both of them require PtdIns(4,5)P2 as an essential 
cofactor for activation while PLD1 activity is additionally regulated by small 
GTPases including Arf6 [57]. Work with neurosecretory chromaffin cells indicates 
that PLD1, and in particular PLD1b, is the isoform that regulates exocytosis [58].

3.2.2  Phospholipase D (PLD) in Exocytosis

There is good evidence that PLD is required for exocytosis of LDCV in chromaffin 
cells. Overexpression of PLD1 (but not PLD2) potentiates exocytosis, whereas 
either expression of a catalytically inactive PLD1 or knockdown of PLD1 by RNAi 
inhibits exocytosis [59]. PLD1b localises to the plasma membrane and is thought to 
be the isoform responsible for the effect on exocytosis. PLD1 appears to act at a 
post-docking stage of exocytosis [55, 56, 60]. There are two main hypotheses, not 
mutually exclusive, that could explain how phosphatidic acid affects exocytosis: (1) 
Phosphatidic acid may stimulate the activity of PIPKI, which is known to have a 
facilitating role in exocytosis [26], to promote de novo synthesis of PtdIns(4,5)P2. 
Because PtdIns(4,5)P2 is an essential cofactor for PLD1, the increased PtdIns(4,5)
P2 level may further stimulate the production of phosphatidic acid, forming a posi-
tive feedback loop (Fig. 7a). This could act to rapidly produce high local concentra-
tions of PtdIns(4,5)P2 at sites of exocytosis. (2) Phosphatidic acid may increase the 
fusogenicity of the membrane at exocytic sites by promoting the formation of a 
negative curvature and a hemifusion intermediate [55, 56, 61] (Fig. 7b).
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Fig. 7 Phosphatidic acid and exocytosis. (a) Phosphatidylcholine (PC) is the major substrate for 
phospholipase D (PLD). During exocytosis, a PLD, likely PLD1b, acts on PC, liberating phospha-
tidic acid (PA) and free choline. While no role has been attributed to the soluble choline moiety, PA 
is known to activate type I phosphatidylinositol kinase, likely PIPKIγ. PtdIns(4,5)P2 produced by 
PIPKI is an essential cofactor for PLD1b activity and stimulates its activity together with the small 
GTPase Arf6, a possible positive feedback loop for the localised generation of PA. (b) PA may also 
act by promoting deformation of the membrane bilayer. PA is a cone-shaped lipid that promotes 
negative curvature of the bilayer as is required for formation of a fusion stalk intermediate prior to 
fusion pore formation and thus may act physically to promote exocytosis. SV, synaptic vesicle; 
PM, plasma membrane

Microinjection of a catalytically inactive PLD1 inhibited acetylcholine release in 
Aplysia neurons [62], suggesting that PLD1 might play a similar role in synaptic 
vesicle exocytosis. To substantiate this notion, PLD activity is inhibited by several 
endocytic proteins in neurons including amphiphysins, synaptojanin and AP-180 
[63–65], suggesting that PLD may also be implicated in regulating the endocytic 
aspects of the vesicle cycle. However, the putative roles of PLD in both neuronal 
exocytosis and endocytosis require further work to establish.

3.3  Phospholipase C (PLC)

3.3.1  Phospholipase C (PLC) in Phosphoinositide (PI) Processing

PLC cleaves PtdIns(4,5)P2 to produce diacylglycerol (DAG) and inositol- 
triphosphate (Ins(1,4,5)P3 also called IP3), both being important second messengers. 
DAG remains confined to the membrane lipid bilayer where it can modulate the 
activities of protein kinase C (PKC) and Munc13 [17, 66], whereas Ins(1,4,5)P3 is 
water soluble, and can either act to promote the release of Ca2+ from intracellular 
stores or be further phosphorylated to become IP4 (see Fig. 4).
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DAG may bind to the C1 domain of both PKC and Munc13. Munc13 is required 
for SV priming to maintain the readily releasable pool [17, 67]. Although the C1 
domain of Munc13 is not essential for its function in priming, it is required for the 
synaptic potentiation caused by the PKC activator, phorbol ester [68], suggesting it 
plays a major role in exocytosis. Also, a recent study has highlighted the importance 
of DAG action on both Munc13 and PKC for the potentiation of exocytosis through 
a coincidence detection mechanism [69]. PKC has multiple targets at the synapse 
through which it may regulate exocytosis, including Munc18-1 [70], although 
recent work in Caenorhabditis elegans suggests that PKC-dependent phosphoryla-
tion of UNC-18, the worm paralog of mammalian Munc18-1, functions in the exo-
cytosis of large dense core vesicles but not synaptic vesicles [71]. A further, less 
well-characterised target of DAG at the synapse is protein kinase D (PKD) [72], 
which also contains a C1 domain. Loss-of-function mutations of the PKD1 domains 
in C. elegans cause movement defects, which could potentially be due to deficient 
exocytosis [73, 74].

Finally, DAG can be further metabolised by DAG lipase. In Drosophila, the 
protein rolling blackout (RBO) has homology to mammalian DAG lipases and is 
enriched presynaptically [75]. Temperature-sensitive RBO mutants display a 
rapid paralysis that is restored upon return to the permissive temperature. In paral-
lel to the loss of function, neurons were shown to become depleted of DAG and to 
accumulate PtdIns(4,5)P2 [75]. In the mammalian system, there is no evidence to 
date of a similar role for a DAG lipase. However, in the striatum, DAG lipase has 
been shown to be localised postsynaptically where it hydrolyses DAG to produce 
the endocannabinoid, 2-arachidonoylglycerol (2-AG). 2-AG is the major endo-
cannabinoid mediating retrograde suppression in striatum, possibly through its 
effect on voltage- dependent calcium channels and/or the presynaptic release 
machinery [76].

3.3.2  Phospholipase C (PLC) in Exocytosis

The IP3 released from PtdIns(4,5)P2 by PLC is water soluble. Its best character-
ised effect is to promote the release of Ca2+ from intracellular stores. However, 
IP3 can also be further phosphorylated at the 2, 3 and 6 positions by various 
inositol polyphosphate kinases to generate various derivatives such as IP4, IP5 
and IP6. Inositol polyphosphates can act as signalling molecules on their own 
right. Several of the higher-order inositol polyphosphates, in particular IP6, 
have been implicated in the regulation of exocytosis. IP6 inhibits neurotrans-
mission by disrupting synaptotagmin 1 binding to PtdIns(4,5)P2 [77]. It pro-
duces this effect by binding to the polybasic patch in synaptotagmin 1’s C2B 
domain. Because PIP2 binds to the same region in synaptotagmin 1, IP6 might 
inhibit the function of synaptotagmin 1 by competing with endogenous 
PtdIns(4,5)P2 polybasic region in a similar manner as the syntaxin/SNAP-25 
heterodimer [78–81].
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3.4  Phospholipase A1 (PLA1)

3.4.1  Phospholipase A1 (PLA1) in Exocytosis

The mammalian PLA1 enzymes possess a common structural motif (Ser-His-Asp 
catalytic triad) [54]. Notably, all of them contain a DDHD domain, which codes for 
a serine hydrolase implicated in the pathological mechanism of hereditary spastic 
paraplegia (HSP). Among 13 isoforms in mammals, 3 work intracellularly, includ-
ing iPLA1α (PA-preferring phospholipase A1 (PA-PLA1; DDHD1)), iPLA1β 
(p125) and iPLA1γ (DDHD2) [82] (Fig.  8). Mutations in the DDHD2 gene are 
associated with neurological disorders including autism, schizophrenia, spastic 
ataxia, intellectual disability, mental retardation, learning and memory impairment, 
and motor neuron disorders such as hereditary spastic paraplegia (HSP) [7, 83–85]. 
Notably, DDHD2 has been reported to directly impact exocytosis by dynamically 
modifying the synaptic membrane. DDHD2 also regulates the transport of vesicles 
at the Golgi and endoplasmic reticulum (ER) interface. The metabolites generated 
by DDHD2, lysophospholipids (LPLs) and FFAs, are vital lipid mediators associ-
ated with various physiological and pathological functions [86]. In particular, 
DDHD2 and p125 isoforms of PLA1 are commonly found in the Golgi and endo-
plasmic reticulum (ER) membranes. Both of them possess a WWE domain (which 
promotes protein–protein interactions), and a sterile alpha motif (SAM). Recent 
studies from our laboratory [87] showed that neuroexocytic stimulation is accompa-
nied by a significant release of saturated FFAs, strongly suggesting that PLA1 fam-
ily members are likely engaged in this process. In fact, the level of saturated FFAs 
generated during exocytosis far exceeds those of unsaturated FFAs such as arachi-
donic acid (AA). This points to the importance of the DDHD2 in lipid metabolism, 

Fig. 8 Schematic representation of the domain structures of intracellular phospholipase A1 
isozymes
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vesicular cycling and normal function of the brain. In contrast, DDHD1 is primarily 
cytosolic and lacks both the WWE domain and the SAM [82]. The SAM is crucial 
for the targeting of DDHD2 to the Golgi/ERGIC (ER-Golgi intermediate compart-
ment) and the binding of DDHD2 to phosphatidylinositol phosphate [82]. Although 
mutations in either DDHD1 or DDHD2 isozymes may cause hereditary spastic 
paraplegia, the pathogenic mechanisms might be different because DDHD1 or 
DDHD2 regulate the metabolism of classes of lipids in the mammalian nervous 
system [85, 88]. The remaining ten PLA1 isoforms are secreted by the cells and 
perform a variety of substrate-specific extracellular functions. The extracellular iso-
forms include hepatic lipase (HL), pancreatic lipase (PL), phosphatidylserine- 
specific phospholipase A1 (PS-PLA1), membrane-associated phosphatidic 
acid-selective phospholipase A1α and A1β (mPA-PLA1α and mPA-PLA1β respec-
tively), lipoprotein lipase, endothelial lipase (EL) and pancreatic lipase-related 
proteins- 1, -2 and -3 (PLRP1-3). mPA-PLA1β, PS-PLA1 and mPA-PLA1α display 
only PLA1 activity, whereas EL, HL and PLRP2 exhibit an additional triacylglycerol- 
hydrolysing activity [89].

3.5  Phospholipase A2 (PLA2)

3.5.1  Phospholipase A2 (PLA2) in Lysophospholipid (LPL) Processing

Like PLA1, PLA2 exists in several biological isoforms acting either intracellularly 
or extracellularly [90]. The different PLA2 isoforms hydrolyse the sn-2 ester bond 
of phospholipids resulting in production of lysophospholipids (LPLs) and unsatu-
rated FFAs. The primary enzymatic activity of PLA2 on membrane phospholipids 
is to produce LPLs, which are detergent-like bioactive lipids comprised of glycerol 
and a polar phosphatidyl headgroup linked to a single fatty acid. Because the polar 
headgroup is retained in lysophospholipids, they are named according to the head-
group of the parent lipid (e.g. phosphatidylcholine → lysophosphatidylcholine) 
[91]. Notably, a positive membrane curvature is generated by lysophospholipids, 
which have an inverted cone form, whereas a negative curvature is promoted by 
FFAs (Fig. 9). In contrast to FFAs, which can equilibrate between the two sides of 
the membrane bilayer, lysophospholipids are restricted to the leaflet of the bilayer 
where they are formed, resulting in an asymmetrical lipid distribution important for 
membrane dynamics [53, 86, 89].

3.5.2  Phospholipase A2 (PLA2) in Exocytosis

An earlier study by Rigoni et al. [90], on the mechanism of action of snake presyn-
aptic PLA2 neurotoxins (SPANs), provided the strongest evidence for lysophospho-
lipid involvement in intracellular trafficking. By promoting exocytosis and inhibiting 
endocytosis at the neuromuscular junction, SPANs promote gradual spastic muscle 
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Fig. 9 Lysophosphatidic acid and exocytosis. (a) Phosphatidylcholine (PC) is a major substrate 
for phospholipase A2 and snake presynaptic phospholipase A2 neurotoxins (SPANs), which cleave 
PC asymmetrically, liberating a free fatty acid from the sn-2 position (frequently arachidonic acid 
[AA] as depicted or oleic acid) and lysophosphatidylcholine (LysoPC). (b) LysoPC is an inverted 
cone-shaped lipid that promotes positive curvature of the bilayer. When formed in the outer leaflet 
of the plasma membrane (e.g. by SPANs), LysoPC would act to promote formation of the fusion 
pore. Arachidonic acid is a bioactive lipid and in particular may act on exocytosis through Munc18 
and promotion of SNARE complex formation. SV, synaptic vesicle; PM, plasma membrane

paralysis, with the initial muscle stimulatory effect aided by arachidonic acid syn-
thesis. A recent study showed that SPANs produce the paralytic effect mainly by 
acting on phosphatidylcholine to create lysophosphatidylcholine and fatty acids 
(primarily oleic acid and arachidonic acid) [90]. Application of lysophosphatidyl-
choline and oleic acid to the nerve terminal causes ultrastructural alterations akin to 
those caused by SPANs, such as a reduction in the total number of vesicles and 
appearance of nerve terminal swelling. These abnormalities presumably result from 
changes in membrane bilayer properties. Specifically, unsaturated FFAs in the inner 
membrane leaflet produce a negative curvature to promote the formation of a hemi-
fusion intermediate, while inverted cone-shaped lysophospholipids in the outer 
membrane leaflet promote the formation of the fusion pore. The same lipid distribu-
tion is expected to destabilise structures that require positive curvature, such as the 
invagination needed for endocytosis and membrane fission. This prediction is sup-
ported by an observed blockade of endocytosis by SPANs. Microinjection of secre-
tory PLA2 into PC12 cells and hippocampal neurons limits exocytosis, possibly due 
to the addition of lysophospholipids to the inner leaflet of the bilayer, and the result-
ing inhibitory effects of lysophospholipids on the formation of the hemifusion inter-
mediate [13].

Lysophosphatidic acid (LysoPA) is produced from PA through the action of lyso-
phosphatidic acid transferase (LPAAT). Like lysophosphatidylcholine and other 
lysophospholipids, LysoPA functions as a signalling molecule in many biological 
pathways. As a result, the activity of an LPAAT will predictably change the struc-
ture of a lipid from a cone-shaped PA to an inverted cone-shaped LysoPA, 
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consequently altering properties of the membrane bilayer. Initially, endophilin, a 
protein involved in endocytosis, was thought to possess LPAAT activity; however, 
this was later proven to be an artefact of the purification process rather than an 
innate property of endophilin [92]. However, it is still possible that such activities of 
LPAAT have a function in membrane dynamics during intracellular trafficking. 
These findings show that localised and asymmetric alterations in the membrane 
bilayer’s leaflets can significantly alter membrane fusogenicity and consequently 
impact on synaptic activity [93].

Furthermore, it was recently discovered that AA and its metabolites play a role 
in modifying synaptic plasticity in Aplysia [94, 95]. Furthermore, Williams et al. 
found that AA was involved in mediating long-term plasticity in the hippocampus 
[96]. The activity of AA was assigned to presynaptic locations in this early investi-
gation, although the chemical mechanism was not described. PLA2 from various 
snake and insect venoms has been demonstrated to enhance secretory vesicle fusion 
in numerous investigations [97] (see also Sect. 3.6). The breakage of the sn-2 ester 
link in 1,2-diacyl-3-sn-phosphoglycerides is mediated by PLA2. PLA2-activated 
neurotoxins release fatty acids such as AA from phospholipids in the plasma mem-
brane and stimulate widespread exocytosis with endocytosis blockage, resulting in 
a full depletion of synaptic vesicles in presynaptic nerve terminals at the neuromus-
cular junction [97].

3.6  Concluding Remarks

Membrane remodelling may be caused by a large variety of lipid-modifying 
enzymes, among which phospholipases are a major player. Phospholipases are 
ubiquitously distributed across different brain regions. They play a critical role in 
dynamically modifying the membrane lipid landscape to generate bioactive metab-
olites and in directly regulating the process of fusion during exocytosis and neuro-
transmission. Consequently, uncovering their involvement in exocytosis is essential 
to broaden our knowledge on lipid metabolism, vesicular cycling and normal func-
tioning of the brain.

4  Cholesterol and Exocytosis

4.1  Cholesterol-Metabolising Enzymes

Cholesterol is a 27-carbon molecule that plays a major role in determining the lipid 
fluidity of the plasma membrane. In most organs, cholesterol is taken up by cells as 
lipoprotein particles. Due to their sizes, lipoprotein particles are unable to pass the 
blood-brain barrier. Hence the brain is responsible for the biogenesis of cholesterol, 
which represents up to 30% of the total lipids of the brain since it is one of the major 
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components of myelin. A number of metabolic enzymes are required for the de novo 
synthesis of cholesterol [21]. Briefly, cholesterol synthesis from acetyl-CoA mole-
cules consists of three major steps: (i) synthesis of mevalonate (C6) by the com-
bined actions of acetyl-CoA C-acetyltransferase, hydroxymethylglutaryl-CoA 
synthase and beta-hydroxy-beta-methylglutaryl-CoA reductase present in the endo-
plasmic reticulum; (ii) activation of mevalonate to produce isopentenyl-PP (C5) 
used as an elongation unit to synthesise a squalene (C30); and (iii) demethylation of 
isopentenyl-PP (C5) to produce cholesterol (C27) [21, 98]. Although cholesterol 
can be synthesised in a number of embryonic neurons, adult neurons require addi-
tional cholesterol synthesised by glial cells as a lipoprotein [99, 100]. Glial-cell- 
derived cholesterol is essential for synapse formation and maintenance [99, 100]; 
however, the precise mechanism for its involvement in synapse formation is still 
unclear.

4.2  Cholesterol Rafts and Exocytosis

Due to the complex mechanisms of cholesterol biosynthesis, transport and delivery, 
genetic ablation of key metabolic enzymes would not be greatly informative. Much 
work however has been done on Niemann–Pick type C disease characterised by an 
abnormal cholesterol accumulation in humans [101]. In this disorder, cholesterol 
and sphingolipids accumulate in late endosomal compartments without reaching the 
endoplasmic reticulum resulting in defective cholesterol esterification. Cholesterol 
has long been known to reduce the fluidity of the plasma membrane, which has 
major repercussions on the biophysical properties of ion channels and ligand-gated 
channels. In the last decade, cholesterol as well as other lipids such as sphingolipids 
have been recognised as major components of lipid rafts [102, 103], which are non- 
caveolar microdomains in the membrane that are soluble in Triton X-100 but insol-
uble in Lubrol WX. Flotation assays with neurosecretory cells have revealed that 
syntaxin and SNAP-25 are enriched in lipid rafts on the plasma membrane [102, 
104]. Pharmacological depletion of cholesterol inhibits exocytosis [102, 104], sug-
gesting that lipid rafts may be important to the functions of syntaxin-1 and SNAP-25. 
SNAP-25 is thought to be a true raft protein partly via its palmitoylation, but it is 
enigmatic how syntaxin-1 is associated with lipid rafts. Syntaxin-1 might be associ-
ated with lipid rafts by binding to SNAP-25, as suggested by perturbation of its 
clustering to the plasma membrane following botulinum type E treatment, which is 
known to prevent syntaxin/SNAP-25 interaction [80].

Syntaxin might also associate with lipid rafts via its binding to P/Q-type calcium 
channels, which exist in lipid rafts [105]. Importantly, another pool of syntaxin that 
is bound to Munc18a does not associate with lipid rafts [102]. Considering the 
established role of Munc18 in maintaining syntaxin in a closed conformation, it is 
tempting to suggest that syntaxin can shuttle between raft and non-raft microdo-
mains and that lipid rafts are necessary for exocytosis. However, even though lipid 
rafts are undeniably important for exocytosis in neurosecretory cells and various 
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other cell types [103], a clear model on how lipid rafts and cholesterol play positive 
roles in exocytosis is yet to emerge. The recent demonstration that cholesterol dis-
rupts a balance between evoked and spontaneous release in hippocampal neurons 
adds to the complexity of the question suggesting that it is the synchronisation pro-
cess of neurotransmitter release that is perturbed by cholesterol depletion [100]. 
Moreover, the high cholesterol level found in synaptic vesicles suggests that lipid 
rafts could also be present in secretory vesicles. A recent study provided a detailed 
map of synaptic vesicle lipid compositions, demonstrating a high percentage of 
cholesterol (~40 mol%) and low levels of phosphatidylinositol [25]. Modelling of 
the protein components of vesicles assuming a homogeneous distribution indicated 
that the lipids might not be easily accessible by proteins. However, a high percent-
age of cholesterol may contribute to clustering of proteins of interest, allowing 
access to lipids such as phosphatidylinositol (see Sect. 2) and to the high curvature 
of the synaptic vesicle.

4.3  Concluding Remarks

Exocytosis is inhibited when cholesterol is depleted pharmacologically, showing 
that lipid rafts are crucial to syntaxin1 and SNAP-25 activities. More research is 
needed to clarify how cholesterol and/or lipid rafts positively affect exocytosis, and 
whether their abnormalities are linked to Alzheimer’s disease [99, 100].

5  Ceramide and Exocytosis

5.1  Sphingolipid Metabolism

Sphingolipids and their precursor ceramide (N-acylsphingosine) act as signalling 
molecules in a variety of cellular events. Upon various types of stimulation, hydro-
lysis of sphingomyelin by endogenous sphingomyelinase promotes the formation of 
ceramide. A ceramidase converts ceramide to sphingosine, which can be further 
metabolised by sphingosine kinase to sphingosine-1-phosphate, an important regu-
lator of apoptosis, mitosis and motility. Ceramide can be phosphorylated in a Ca2+-
dependent manner by a ceramide-kinase located on synaptic vesicles.

5.2  Sphingolipids and Exocytosis

The fact that ceramide-kinase co-purifies with synaptic vesicles and that it is acti-
vated by micromolar concentrations of Ca2+ suggests that it may play an important 
role in exocytosis [79, 81]. Interestingly, ceramide-1-phosphate can activate 
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cytosolic PLA2 to promote the production of arachidonic acid, an important lipid 
for its role in exocytosis (see Sects. 4 and 7). Ceramide phosphatase activity pro-
motes mast cell degranulation in a Ca2+-dependent manner, and its Ca2+-dependency 
is mediated through its binding to the Ca2+ sensor calmodulin [106]. Genetic evi-
dence points to an important role of ceramide in synaptic transmission in Drosophila 
[107]. In this study, genetic ablation of ceramidase leads to a severe phenotype. A 
presynaptic impairment of evoked synaptic currents was found and a reduction of 
readily releasable vesicles associated with fewer vesicles in reserve pool [107]. In 
PC12 cells, ceramide is produced upon stimulation of exocytosis, and addition of 
membrane-permeant exogenous ceramide stimulates dopamine release [108]. 
Following a recent profiling of ceramides involved in excitotoxicity in the brain [9], 
various ceramide side chains were tested for their effects in exocytosis of PC12 cell, 
revealing that C2, C6 and C18 ceramide are capable of promoting exocytosis [109]. 
Sphingosine-1-phosphate was recently shown to act via an autocrine mechanism to 
promote glutamate exocytosis from hippocampal neurons [110, 111].

5.3  Concluding Remarks

At this stage, it is not clear how ceramide or sphingosine are involved in exocytosis, 
but both have been associated with lipid rafts and could contribute to the negative 
curvature necessary to generate membrane fusion [16, 107].

6  Fatty acid Metabolism and Exocytosis

Ever more detailed analyses of brain lipids and lipid metabolites have allowed a 
transition from the traditional protein-centric notion of neurotransmission to a more 
holistic viewpoint encompassing tightly regulated protein–protein, protein–lipid 
and lipid–lipid interactions, which are all critical for neuronal communication 
[112]. Phospholipase A activity uses phospholipids as substrates to produce lyso-
phospholipids (LPL) and free fatty acids (FFAs; see Sect. 3) [113]. Fatty acids were 
previously considered to merely play a structural role in the membrane by being the 
hydrophobic lipid chains of phospholipids. However, investigations into the role of 
lipids in exocytosis have revealed that fatty acids also play active roles in exocyto-
sis. These fatty acids possess signalling and receptor mobility functions that have 
been suggested to be fundamental in inflammation, synapse formation, vesicle 
fusion and neurotransmission. Free fatty acids and especially polyunsaturated fatty 
acids (PUFAs) released from phospholipids in the plasma membrane through the 
action of various phospholipases also play important roles in exocytosis, synaptic 
vesicle cycling and long-term potentiation (memory) [114–116]. Furthermore, 
FFAs are capable of regulating neurotransmission by modulating membrane curva-
ture, fluidity and fusogenicity [117]. PUFAs, which contain more than one double 
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bond in their backbone (such as arachidonic acid [AA] C20:4 and docosahexaenoic 
acid [DHA] C22:6), play major roles in SNARE-mediated synaptic transmission, as 
the non-covalent interaction of AA has been shown to induce a transformation in the 
conformation of syntaxin1, thereby enabling the formation of a Munc18-syntaxin1- 
SNAP-25 tripartite complex [118]. This chapter will discuss the roles of saturated 
and unsaturated FFAs in vesicular cycling.

6.1  Polyunsaturated Fatty Acid-Metabolising Enzymes

Mammalian neurons cannot synthesise omega-3 (n-3) fatty acids, which has fuelled 
much research into how brain function and development may benefit from dietary 
omega-3 precursors such as oleic acid. The concentrations of long-chain PUFAs of 
the n-6 and n-3 series in neurons depend on food intake of their precursors such as 
linoleic (18:2 n-6) and alpha linolenic acids (18:3 n-3), and preformed PUFAs such 
as AA (20:4 n-6), eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid 
(22:6 n-3). Once in neurons, a variety of desaturase and elongase enzymes can pro-
duce and maintain a well-balanced concentration of various PUFAs [119]. Notably, 
increased dietary intake of n-3 PUFA is positively correlated with cognitive perfor-
mance in rodents and humans [11, 120–124].

6.1.1  Arachidonic Acid in Exocytosis

Several early studies using pharmacological approaches have highlighted positive 
roles of AA in neuroexocytosis. Piomelli et al. found that AA and its metabolites 
promote synaptic plasticity in Aplysia [94, 95]. Williams et  al. showed that AA 
plays a role in long-term synaptic plasticity in the hippocampus [96]. In this study, 
activity of AA was attributed to presynaptic sites although the molecular mecha-
nism was not defined. Numerous studies have shown that PLA2 from various snake 
and insect venoms promotes fusion of secretory vesicles [97] (see also Sect. 3.6). 
PLA2 is responsible for the cleavage of the sn-2 ester bond of 1,2-diacyl-3-sn-phos-
phoglycerides. Neurotoxins harbouring PLA2 activities can release fatty acids such 
as AA from phospholipids in the plasma membrane and promote extensive exocyto-
sis, which, when accompanied by a blockade of endocytosis, can cause a complete 
depletion of synaptic vesicles in presynaptic motor nerve terminals at the neuromus-
cular junction [97]. Morgan and Burgoyne (1990) found that stimulation of exocy-
tosis in neurosecretory cells causes concomitant increases in endogenous AA 
production and catecholamine secretion [125]. However, application of the PKC 
inhibitor staurosporine inhibited AA production completely with minimal effects on 
catecholamine secretion and exocytosis [125], which has raised doubts over the 
putative active role of AA in exocytosis. In Caenorhabditis elegans, null mutations 
of fat-3, a gene encoding the PUFA synthesising enzyme ∆6-fatty-acid desaturase, 
cause great decreases in motility, the amplitude of evoked postsynaptic current and 
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the frequency of miniature postsynaptic currents at the neuromuscular junction, and 
the numbers of docked and total synaptic vesicles in motor neurons [126]. These 
studies prompted more careful examinations of which PUFA is critically involved 
in exocytosis and by which mechanism. Latham et al. (2007) screened a variety of 
PUFA molecules for their effects on secretion and found that only AA can signifi-
cantly potentiate catecholamine secretion from bovine chromaffin cells. Importantly, 
AA can also increase SNARE complex formation dose-dependently, suggesting that 
it might act on the mechanism of exocytosis [127]. Rickman and Davletov (2005) 
found that various PUFAs and detergents can revert a negative regulatory effect of 
Munc18a on exocytosis [128, 129]. This was further substantiated with the demon-
stration that AA allows Munc18a to bind to the SNARE complex, suggesting that 
Munc18a, like other related Munc/sec proteins, is capable of directly binding and 
promoting the formation of the SNARE complex [15]. SNARE binding to Munc18a 
is only revealed in the presence of AA suggesting that AA is a critical component 
allowing a switch in Munc18a function.

AA can be found as either free molecule (free fatty acids) or as a component of 
phospholipids. In this view, it is interesting to note that Munc18a binding to the 
syntaxin 1 N-terminal peptide occurs on the plasma membrane, suggesting that the 
plasma membrane provides a lipid environment that favours a “productive” 
Munc18a mode that facilitates SNARE-mediated endocytosis. This contrasts with 
the “inhibitory” mode where Munc18a binds the closed conformation of syntaxin 1 
(which occurs inside the cell, presumably in the endoplasmic reticulum and the 
Golgi) [130]. Moreover, in fusion-competent membrane sheets, Munc18a allows 
the t-SNARE complex of syntaxin 1 and SNAP-25 to form as an acceptor interme-
diate for the vesicle-bound v-SNARE protein: vesicle associated membrane protein 
2 (VAMP2) [131]. Whether this effect is mediated by free AA or the AA moieties of 
plasma membrane phospholipids remains an open question. These combined find-
ings suggest that AA serves as a switch for Munc18a by acting as either free mole-
cule or side chain of phospholipids (Fig. 7). Further research into this molecular 
switch could reveal how Munc18a tightly controls exocytosis both negatively (to 
avoid ectopic fusion events) and positively (to promote exocytosis of secretory ves-
icles with the plasma membrane).

6.1.2  Docosahexaenoic Acid in Neuroexocytosis

Docosahexaenoic acid (DHA) is another major PUFA in the human brain and a vital 
structural element of neuronal membranes. It facilitates the formation of SNARE- 
complex, which is imperative for neurite outgrowth-dependent plasticity as well as 
the fusion of synaptic vesicles with the plasma membrane [132]. Dietary deficiency 
in DHA in rats has been shown to induce a considerable reduction in levels of the 
NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor [133]. In addition, 
exogenous supplementation with arachidonic acid or DHA has also been demon-
strated to partially improve synaptic vesicle recycling potential in lipoprotein lipase 
(LPL)-deficient mice [8]. Likewise, consumption of diets rich in PUFAs has been 
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shown to enhance the expression of the Munc18-2 gene, indicating a plausible cor-
relation between SNARE proteins and the FFAs [134]. Notably, elevated levels of 
endogenous DHA have been demonstrated to enhance learning and memory perfor-
mance [135], as well as synaptogenesis, via the up-regulation of syntaxin-3, gluta-
mate alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid  (AMPA) 
receptor subunit (GluR1), GAP-43, synapsin-1, filamentous actin and postsynaptic 
density protein-95 (PSD-95), in the hippocampus of adult transgenic gerbils and 
mice [136, 137]. In addition, Luchtman and Song reported that DHA (n-3 PUFA) 
may protect neurons by reducing the levels of reactive oxygen species (ROS) gener-
ated from brain lipid peroxidation during the initial period of Alzheimer’s disease 
(AD) [135, 138, 139]. Thus, the PUFA DHA plays a crucial role in vesicular traf-
ficking and memory function.

6.1.3  Eicosapentaenoic Acid in Neuroexocytosis

Eicosapentaenoic acid (EPA) and alpha-linolenic acid (ALA) have been demon-
strated to co-function in sustaining glucose uptake in brain cells to reinforce optimal 
cognitive function [140]. Similarly, n-3 FFAs have been demonstrated to bolster 
synaptic plasticity for spatial memory formation via up-regulation of cyclic adenos-
ine monophosphate (AMP) response element-binding protein (CREB) and calcium- 
calmodulin- dependent protein kinase II (CaMKII) levels, leading to improved long 
term potentiation (LTP)-stimulated dendritic spine formation, and increase in the 
number of c-Fos-positive neurons and secretion of brain-derived neurotrophic fac-
tor (BDNF) [136, 141, 142]. Furthermore, dietary supplementation with EPA in 
γ-irradiation-damaged rats has also been shown to improve cognitive performance, 
sustain LTP and lessen the levels of ROS and apoptotic hippocampal neurons [143]. 
However, the specific types of phospholipids and saturated FFA modifications 
occurring in specialised brain regions during memory acquisition remain unclear. 
This further suggests that the production of FFAs may be associated with synaptic 
function and tightly controlled by the presynaptic exocytic machinery in general.

6.1.4  Saturated FFAs in Association with Neuroexocytosis and Memory

Stimulation of neuroexocytosis is accompanied by a substantial increase in satu-
rated FFAs [87]. Moreover, we have shown that acquisition/consolidation of 
long term fear memory in rats is also correlated with strong saturated FFA increases, 
particularly of myristic acid (C14:0) [144], suggesting that PLA1 family members 
are activated during these processes. This supports the importance of other phos-
pholipid processing pathways aside from the classical PLA2-mediated release of 
unsaturated FFAs from the sn-2 position of canonical phospholipids, and further 
suggests a critical role for PLA1  in lipid metabolism, membrane trafficking, 
long term potentiation and normal brain function. It is therefore conceivable that 
saturated FFAs may be cleaved by PLA1 at the sn-1 position of canonical 
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phospholipids (saturated sn-1 acyl, unsaturated sn-2 acyl) [53]. Furthermore, the 
demonstration that mutations in the DDHD2 gene alters Golgi-to-ER membrane 
trafficking further corroborates its critical role in essential cellular processes associ-
ated with memory and motor function [145, 146]. Supporting evidence from previ-
ous studies also show that genetic mutation in the DDHD2 gene is associated with 
intellectual disabilities, cognitive deficits and accumulation of lipid droplets in the 
brain [83, 85, 146]. This indicates that the DDHD2 isozyme may be playing a criti-
cal role in regulating the activity-dependent generation of distinct saturated FFAs, 
which mediate intra- and intercellular activities (including exocytosis) that are 
important to neuronal function and memory in the mammalian brain [86].

In line with the potential of palmitic and myristic acids to drive protein acylation, 
it is conceivable that the increase in these saturated FFAs during memory may be 
required for generating substrates for post-translational modifications (myris-
toylation and palmitoylation), which, in turn, may alter the structure and function of 
neuronal membranes to impact learning and memory.

6.2  Concluding Remarks

Increasing evidence supports a role of saturated FFAs generated by the activity of 
PLA1 in neuroexocytosis and memory. Accordingly, this suggests that the DDHD2 
gene may be an important pharmacological target for regulating key fatty acid sig-
nalling pathways and a better understanding of the DDHD2-regulated lipid path-
ways in the central nervous system (CNS) may offer novel insights into the 
mechanism and therapeutic strategies for neurodegenerative diseases. Consequently, 
more studies are required to elucidate the potential association between synaptic 
protein acylation and saturated FFA generation during neuroexocytosis and mem-
ory formation.

7  Lipid Post-translational Modification 
and Intracellular Trafficking

Free fatty acids have been shown to be fundamental in inflammation, synapse for-
mation, vesicle fusion and neurotransmission. Free fatty acids, and especially poly-
unsaturated fatty acids, play important roles in exocytosis, inflammation, synapse 
formation, vesicle fusion, neurotransmission, synaptic vesicle cycling and memory 
[114–116]. Furthermore, FFAs play a key role in regulating the nanostructural con-
figuration of the plasma membrane [147, 148] via transbilayer covalent (e.g. myris-
toylation, palmitoylation) and non-covalent interaction with proteins implicated in 
cognitive and memory decline during ageing and in the pathophysiology of many 
neurodegenerative disorders [3, 6, 114, 121, 149, 150]. We discuss in this section 
palmitoylation, a post-translational modification to attach fatty acids covalently to 
cysteine residues in certain proteins of critical importance in exocytosis.
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7.1  Protein Lipidations

Protein lipidations are characterised according to the chemistry of the modifica-
tions, with N-lipidations occurring on amines on the N-terminus and lysine resi-
dues, S-lipidations occurring on the thiol (SH) group of cysteine residues and 
O-lipidations occurring on the hydroxyl group of serine, threonine and tyrosine resi-
dues. The two most predominant lipids involved in protein modifications are myris-
tic and palmitic acids [151, 152]. Lipid post-translational modifications involving 
the addition of a fatty acid myristoyl or palmitoyl moiety (C14 or C16 chain, respec-
tively) to exocytic proteins such as SNARE proteins, play crucial roles in regulating 
enzymatic activity, modifying protein stability and mediating protein–protein inter-
actions during intracellular trafficking and neuroexocytosis [153]. These specific 
FFAs have also been demonstrated to undergo the greatest activity-dependent 
mobilisation during neuroexocytosis and memory in our laboratory [87, 144]. 
Basically, palmitoylation is a dynamic process, while myristoylation is irreversible 
and controls basal membrane interactions. This implies that saturated FFAs may be 
playing a key role in intracellular trafficking, synaptic plasticity and neurotransmis-
sion. Although the mechanism by which these FFAs contribute to memory forma-
tion is still largely unknown, several studies have demonstrated the relevance of 
co- and post-translational protein myristoylation and palmitoylation to intracellular 
trafficking, synaptic plasticity and memory [154]. Myristoyl and palmitoyl acyl 
transferases (MATs and PATs, respectively) are responsible for catalysing the trans-
fer of myristate and palmitate molecules, respectively [155]; however, due to the 
possibility of palmitoylation and myristoylation occurring spontaneously on highly 
reactive cysteine residues [60], the requirement of these enzymes to complete post- 
translational modifications has been queried [156].

7.1.1  Protein Palmitoylation

Although O-lipidation of threonine and serine residues, as well as amide-linked 
N-terminal palmitoylation, has been documented in the literature, the majority of 
palmitoyl modifications occur as S-lipidation of cysteines [151]. The thioester link-
age is notably more labile than the ester and amide bonds of other protein lipida-
tions due to the low electronegativity of sulphur and the lack of valence electron 
delocalisation across the bond. As a result, S-palmitoylations are easily removed by 
palmitoyl thioesterases, allowing for dynamic lipid addition and removal to actively 
migrate proteins between the cytosol and plasma membrane. Palmitoyl acyl trans-
ferases, called zDHHC proteins due to a conserved zinc binding and DHHC amino 
acid sequence in the catalytic domain, catalyse S-palmitoyl modifications, as shown 
in Fig. 10. The zinc finger DHHC-type group of enzymes has been shown to medi-
ate post-translational modifications associated with lipids and essentially regulate 
synaptic development, as well as the morphology and functions of neurons [157–
160]. In neurons, SNAP-25, VAMP2 and synaptotagmin undergo post- translational 
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Fig. 10 S-palmitoylation reaction. Palmitoyl acyl transferases, also known as zDHHC proteins 
due to a conserved zinc binding and DHHC amino acid sequence in the catalytic domain, catalyse 
S-palmitoyl modifications

Fig. 11 (a) N-myristoylation reaction. (b) Protein N-myristoylation is a non-reversible modifica-
tion, generally occurring co-translationally during protein synthesis. (Figure (b) was sourced from 
Yuan et al. [164])

modifications [156, 161–163], which increase protein hydrophobicity, making 
membrane insertion easier (Fig. 11a). However, palmitoylation-deficient mutations 
in SNAP-25 did not affect either its plasma membrane targeting or its interaction 
with syntaxin 1 [165]. Interestingly, this research found a clear inhibition of 
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exocytosis as well as a blockade of SNARE disassembly, implying that SNAP-25 
palmitoylation may play a key role in exocytosis [165]. This theory is supported by 
the fact that SNAP-25A, which is typically produced during development but lacks 
the cysteine for palmitoylation, is substantially less effective at mediating exocyto-
sis [166]. Aside from palmitoylation, the precise sequence of the palmitoylated cys-
teines in SNAP-25 is crucial for optimal exocytosis. Further,  palmitoylation has 
lately been proposed as a way to improve protein–protein interaction [163].

7.1.2  Protein Myristylation

N-lipidations are the most common myristoyl modifications in proteins, occurring 
largely on the N-terminal amine of glycine (G) residues through the activity of 
N-myristoyl transferase (NMT) enzymes (Fig. 11). Recent data suggest that NMTs 
can also myristoylate lysine (K) residues [167, 168]. The N-myristoyltransferases 
NMT1 and NMT2 play a crucial role in the myristoylation of proteins. The myris-
toylation of G-proteins typically occurs with adenosine ribosylation factor (ARF) 
GTPases myristoylated to modify their membrane interactions, involving vesicular 
trafficking and phospholipase activation, among other functions. Furthermore, 
myristoylation of ARF6 at a lysine residue could be dynamically and specifically 
removed by the histone deacylase SIRT2 in a GTP-dependent manner.

In contrast to palmitoylation, N-terminal myristoylation occurs as an essentially 
non-reversible co-translational step during protein synthesis (Fig. 11b). The expo-
sure of cryptic myristoylation sites after protein cleavage, such as through caspase 
proteolytic activity during apoptosis, has been identified as a source of post- 
translational N-terminal glycine myristoylation [169]. Hence, considering the pos-
sibility of myristic and palmitic acid to undergo protein acylation, it is conceivable 
that the increase in saturated FFAs in response to memory formation serves to gen-
erate substrates for such post-translational modifications, which in turn mediate 
learning and memory by modulating the structure and function of neurons.

7.2  Concluding Remarks

S-palmitoylation is currently the most studied form of protein lipidation in neuro-
exocytosis and memory processes. S-palmitoylation may occur in several synaptic 
proteins critical for vesicular transport across the synaptic membrane. Palmitoylation 
and de-palmitoylation of AMPA glutamate receptors during long term potentiation 
and depression processes directly mediate their localisation to the synaptic mem-
brane. Myristoyl modifications, on the other hand, are thought to be long-lasting 
constitutive co-translational processes that occur during protein synthesis [170]. 
Since a variety of proteins critical to synaptic plasticity (e.g. kinases, phosphatases, 
G-protein-coupled receptors and cell signalling mediators) are myristoylated, and 
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proper myristoylation is required for cellular function, myristoylation likely plays 
important roles in memory-related processes. Early research on the signalling pro-
tein myristoylated alanine-rich protein C kinase substrate (MARCKS) suggests that 
myristoylation is more dynamic than previously thought, with evidence suggesting 
activity-dependent cleavage and post-translational addition of the protein’s 
N-terminal myristoyl group. These findings suggest that activity-dependent 
N-myristoylation may play a more dynamic function in neuronal biology.

8  FFAs at the Nexus of Vesicular Trafficking, Ageing 
and Neurodegenerative Diseases

Free fatty acids have been implicated in the pathogenesis of several  conditions, 
including Alzheimer's disease, that are characterised by aberrant vesicular traffick-
ing [135]. Recently, Snowden et  al. reported that the metabolism of unsaturated 
FFAs in the brains of AD patients is substantially dysregulated [150]. Intriguingly, 
administration of a diet comprising high DHA/arachidonic acid ratios may allow 
these metabolites to cross the blood-brain barrier and subsequently incorporate into 
neuronal membrane phospholipids to enhance brain function and potentially slow 
the progression of AD [171]. Moreover, administration of DHA to healthy people 
may enhance the expression of sorting protein (SorLA/LR11), which is diminished 
in Alzheimer’s disease [172]. Additionally, consumption of a DHA-rich diet has 
been shown to preclude memory decline in the Senescence Accelerated Mouse 
Prone (SAMP) 8 mouse model by preventing the accumulation of amyloid and 
reducing the levels of lipid peroxidation and oxidative damage [129, 135, 173, 174]. 
Similarly, reduced levels of DHA were noticed in the hippocampus of patients with 
Alzheimer’s pathology [175, 176]. Likewise, several beneficial effects of EPA sup-
plementation have been observed, including decreased levels of amyloid-β, 
interferon-γ and interleukin-1β, major histocompatibility complex molecule II, and 
age-related overexpression of CD40, which have been attributed to anti- inflammatory 
effects of EPA [177]. Additionally, dietary AA may amplify amyloid-β oligomer 
neurotoxicity and impair cognition in humans [178]. DHA, AA and other PUFAs 
are present at high concentrations in the brain [179], predominantly ester linked into 
phospholipids in the neuronal cell membrane, where their unsaturated disposition 
enhances membrane fluidity.

In amyotrophic lateral sclerosis (ALS), DHA concentrations are substan-
tially decreased in the brain, which causes a decrease in membrane fluidity and 
a concomitant decrease in the mobility of membrane proteins and associated 
signalling lipids, altering their function, and leading to disease via modification 
of signalling pathways [149]. Aberrant fatty acid metabolism has also been 
flagged to trigger diminished fluidity of membranes in the spinal cord and brain 
of the ALS model mouse, especially as the disease progresses over time 
[180, 181].
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Similarly, aberrant metabolism of lipids has been recently implicated in dif-
ferent subtypes of hereditary spastic paraplegia (HSP) characterised by distor-
tion in myelin formation, mitochondrial dysfunction and intracellular membrane 
trafficking defects as the major pathological signs [10]. Furthermore, ageing 
has been proven to trigger alterations in membrane lipid composition, thereby 
contributing to both altered neuronal survival and age-dependent decline in 
cognition [182]. These age-associated perturbations are linked to the loss of 
neuronal function by considerably reducing synaptic vesicle docking and 
fusion, release of neurotransmitters, postsynaptic signalling and synaptic 
strength, and long term potentiation [3]. The accompanying symptoms of these 
changes include a decline in cognition, executive function, short-term recollec-
tion, episodic memory and spatial memory. Interestingly, increased dietary n-3 
PUFAs aid in improving the performance of learning and memory via reversal 
of age-associated alterations in synaptic plasticity, as a compensation for the 
age-linked decline in DHA, consequently enhancing learning and memory [14, 
173, 183].

9  Final Conclusions

Research into the molecular mechanisms of exocytosis and endocytosis has long 
focussed on presynaptic proteins and has led to important discoveries as to how 
key proteins can locally control lipid composition and fusogenicity. As indis-
pensable components of the membrane bilayer, lipids have properties that also 
allow them to regulate exocytosis: lipids can directly change the intrinsic fusion 
properties of membranes, recruit and/or activate many different proteins to create 
a suitable environment for vesicular exocytosis. More recent work has revealed 
that certain lipids can orchestrate membrane fusion by interacting with microdo-
mains both on the plasma membrane and on synaptic vesicles whose lipid and 
protein composition is critical for exocytosis and endocytosis. Some lipids, such 
as PtdIns(4,5)P2, have long been known to be intrinsically linked to the very late 
events in membrane fusion. But the focus on presynaptic lipids has recently 
shifted to the next level with reports that lipids present on or near the plasma 
membrane of neurosecretory cells can regulate the functions of SNARE proteins 
in exocytosis by modifying the functions of Munc18-1, as described above. 
Emerging evidence suggests that in addition to other phospholipases, the DDHD2 
isoform of PLA1 is involved in cognitive function via interactions with Munc18 
for the generation of saturated FFAs (particularly myristic acid) and in dynamic 
modification of the lipid landscape across the different brain regions classically 
involved in learning and memory. With the current increase in reports of neuro-
degenerative disorders associated with vesicular transport defects, an improved 
understanding of the regulation of lipid metabolism is physiologically and clini-
cally significant and may offer novel insights into mechanisms and therapeutic 
strategies for neurodegenerative diseases.
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