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Preface

This book is intended to provide an overview of the pharmacology of neurotrans-
mitter release. Neurotransmitter release initiates synaptic transmission, the major
mechanism by which neurons communicate with each other and with effector cells.
Although a larger number of drugs act on the postsynaptic receptors that are the tar-
gets of the released neurotransmitters than on the release process itself, some of the
oldest drug agents in medicine influence the release of subsets of neurotransmitters,
for example, reserpine, which empties synaptic vesicles containing catecholamines
and thereby blocks catecholamine release. Furthermore, some long-recognized com-
pounds that act on neurotransmitter release are being increasingly used for new
applications. For example, botulinum toxins are now among the most frequently
administered cosmetic drugs employed to counteract the development of wrinkles;
they act by inhibiting neurotransmitter release.

Dramatic progress has been made over the last decades in our understanding of
neurotransmitter release. The principal mechanism that mediates release was eluci-
dated by Bernhard Katz more some 50 years ago, but the molecular events remained
obscure until the components and functions of nerve terminals were studied in recent
years (reviewed in Siidhof 2004). The basic mechanisms of release are discussed in
the book’s first part.

For a long time it was tacitly assumed that the amount of transmitter released per
action potential was constant — at least at a given action potential frequency. How-
ever, this is not so — an almost baroque diversity of presynaptic plasticity mecha-
nisms has emerged over the last two decades. Axon terminals are not only passively
transmissive structures, but also represent actively computational elements. Synap-
tic neurotransmitter release changes as a function of use, often dramatically, in a
manner that depends both on the release machinery and on extrinsic inputs. Indeed,
nerve terminals are endowed with a large number of receptors for endogenous chem-
ical signals — presynaptic receptors which, when activated, modulate the amount of
transmitter being released.

Interestingly, the first experiment that retrospectively must be explained by presy-
naptic receptors was published in this handbook — in its second volume, in 1924,
by the British pharmacologist Walter E. Dixon. Figure 1 shows that he injected
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Fig. 1 Effect of nicotine on a rabbit isolated heart. From Dixon (1924).

nicotine into the isolated perfused heart of a rabbit. Immediately on injection, nico-
tine slowed the heart rate by stimulating intracardiac vagal ganglion cells. After
a few seconds, however, bradycardia was replaced by marked tachycardia and an
increase in contraction amplitude. Because the isolated heart does not contain sym-
pathetic ganglion cells (and because an effect on the myocardium can be excluded),
nicotine must have acted on the cardiac sympathetic axon terminals, on what we
now call presynaptic nicotinic receptors.

Presynaptic nicotinic receptors are ligand-gated ion channels. Many other presy-
naptic receptors couple to G-proteins. Presynaptic receptors may be targets of
bloodborne substances or substances secreted from neighboring cells, including
neighboring axon terminals. In 1971 it was noticed with some surprise that many
axon terminals even possess receptors for their own transmitter—presynaptic auto-
receptors, the op-autoreceptors for noradrenaline being a prominent example
(reviewed in Starke 2001). The various presynaptic ligand-gated ion channels and
G-protein-coupled receptors are discussed in the second part of this volume. Ques-
tions regarding where the receptors’ signal transduction pathways hit the exocytosis
cascade and whether the receptors have therapeutic potential will be addressed in
all chapters.
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We attempt a synthesis of a large amount of information and cannot be expected
to be totally successful. Nevertheless, we hope that the various contributions will be
useful, and that the book will be of help to scientists in a wide number of fields.
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Abstract Neurons send out a multitude of chemical signals, called neurotransmit-
ters, to communicate between neurons in brain, and between neurons and target cells
in the periphery. The most important of these communication processes is synaptic
transmission, which accounts for the ability of the brain to rapidly process informa-
tion, and which is characterized by the fast and localized transfer of a signal from a
presynaptic neuron to a postsynaptic cell. Other communication processes, such as
the modulation of the neuronal state in entire brain regions by neuromodulators, pro-
vide an essential component of this information processing capacity. A large number
of diverse neurotransmitters are used by neurons, ranging from classical fast trans-
mitters such as glycine and glutamate over neuropeptides to lipophilic compounds

Thomas C. Siidhof
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2 T.C. Siidhof

and gases such as endocannabinoids and nitric oxide. Most of these transmitters
are released by exocytosis, the i.e. the fusion of secretory vesicles with the plasma
membrane, which exhibits distinct properties for different types of neurotransmit-
ters. The present chapter will provide an overview of the process of neurotransmitter
release and its historical context, and give a reference point for the other chapters in
this book.

1 Principles of Neurotransmitter Release

Neurons communicate with each other and their target cells via two principal
mechanisms: the secretion and reception of chemical messengers called neurotrans-
mitters, and the direct transfer of intercellular signals via gap junctions. Commu-
nication via neurotransmitters occurs in several forms that range from classical
synaptic transmission at synapses to diffuse secretion of neuromodulators which
mediate volume transmission. Communication via gap junctions occurs at so-called
electrical synapses. Almost all of the neuronal communication is mediated by neu-
rotransmitters, and electrical synapses are exceedingly rare in vertebrate brain. Both
types of communication are not unique to neurons. Secretion of neuromodulators
and neuropeptides is also mediated by endocrine cells and even some highly dif-
ferentiated cells such as adipocytes, and diffusible neurotransmitters such as nitric
oxide are released by many non-neuronal cells. Only the presynaptic secretion of
classical neurotransmitters in the context of a synapse is specific to neurons, al-
though the postsynaptic cell can be either a neuron (most of the time) or an effector
cell (e.g., a muscle cell). The present book will only deal with communication by
neurotransmitters, and only with the release of such transmitters and the pharmacol-
ogy of this release.

What is a neurotransmitter, and how many different “types” of neurotransmitter
release exist? At least five types of neurotransmitter release can be defined.

1. Synaptic neurotransmitter release occurs in a classical, electron microscopically
observable synapse, and is mediated by synaptic vesicle exocytosis from nerve
terminals (Figure 1; Katz, 1969; Siidhof, 2004; note that a “nerve terminal” is
not necessarily the end of an axon, but generally is formed by axons en pas-
sant as they arborize throughout the brain). Synaptic neurotransmitter release,
the first step in synaptic transmission, transfers information extremely rapidly
(in milliseconds) in a highly localized manner (restricted to an area of less than a
square micrometer; reviewed in Stidhof, 2004). Synaptic release secretes “clas-
sical” neurotransmitters: GABA, glycine, glutamate, acetylcholine, and ATP. It
has been suggested that in addition to neurons, astrocytes also secrete classical
neurotransmitters by a similar mechanism (?), but this type of secretion has not
been directly demonstrated.

2. Monoaminergic neurotransmitters (dopamine, noradrenaline, adrenaline, hista-
mine, and serotonin) are released by exocytosis of small dense-core vesicles from
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Fig. 1 Secretory pathways in neurons. The drawing schematically illustrates the three major neu-
rotransmitter release pathways. (a) Release of classical neurotransmitters by synaptic vesicle ex-
ocytosis (center; steps 1-9). Classical neurotransmitter release depends on an underlying synaptic
vesicle cycle that starts when synaptic vesicles are filled with neurotransmitters by active transport
(step 1), and form the vesicle cluster (step 2). Filled vesicles dock at the active zone (step 3), where
they undergo a priming reaction (step 4) that makes them competent for Ca”—triggered fusion-pore
opening (step 5). After fusion-pore opening, synaptic vesicles undergo endocytosis and recycle via
three alternative pathways: local reuse (step 6; also called kiss-and-stay), fast recycling without an
endosomal intermediate (step 7; also called kiss-and-run), or clathrin-mediated endocytosis (step
8) with recycling via endosomes (step 9). Steps in exocytosis are indicated by red arrows, and steps
in endocytosis and recycling by yellow arrows. (b) Release of neuropeptides and biogenic amines
by LDCV exocytosis. LDCVs are generated in the cell body by budding from the Golgi complex
filled with neuropeptides (not shown). LDCVs are then transported from the cell body to the axons
or dendrites (step A, as shown for nerve terminals). A Ca>*-signal triggers the translocation and
fusion of LDCVs with the plasma membrane outside of the active zone (step B). After exocytosis,
empty LDCVs recycle and refill by transport to the cell body and recycling via the Golgi complex
(step C). (¢) Release of gaseous or lipidic neurotransmitters, which are synthesized in either the
pre- or the postsynaptic neuron (only the postsynaptic synthesis is shown), and secreted by diffu-
sion across the plasma membrane (step I) to act on local extracellular receptors (e.g., CB1 receptors
for endocannabinoids) or intracellular targets (e.g., guanylate cyclase for nitric oxide). (Modified
from Siidhof, 2004).
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axonal varicosities that are largely not associated with a specialized postsynaptic
structure (i.e., are outside of synapses; Brock and Cunnane, 1987; Stjarne, 2000).
However, at least in the case of dopamine, postsynaptic specializations can occur
with presynaptic small dense-core vesicles.

3. Neuropeptides are secreted by exocytosis of large dense-core vesicles (LDCVs)
outside of synapses (Figure 1; Salio et al., 2006). LDCVs undergo exocytosis in
all parts of a neuron, most often in axon terminals and dendrites. Monoamines are
often co-stored with neuropeptides in LDCVs and co-secreted with them upon
exocytosis. For all intents and purposes, LDCV-mediated secretion resembles
hormone secretion in endocrine cells.

4. Classical neurotransmitters and monoamines may rarely be secreted by neu-
rons, not by exocytosis, but by transporter reversal. This mechanism involves
the transport of neurotransmitters from the cytosol to the extracellular fluid via
transporters that normally remove neurotransmitters from the extracellular fluid.
This mechanism appears to account for the burst of dopamine released by am-
phetamines (Fleckenstein et al., 2007), but its physiological occurrence remains
unclear.

5. A fifth pathway, finally, is the well-established secretion of small membrane-
permeable mediators by diffusion. This mechanism is used for the secretion of
nitric oxide, endocannabinoids, and other important lipidic or gaseous neuro-
transmitters. The major point of regulation of release here is the synthesis of the
respective compounds, not their actual secretion.

Only the first type of neurotransmitter release mediates the fast point-to-point
synaptic transmission process at classical synapses (sometimes referred to as wiring
transmission). All of the other types of neurotransmitter release effect one or another
form of “volume transmission” whereby the neurotransmitter signal acts diffusely
over more prolonged time periods (Agnati et al., 1995). Of these volume trans-
mitter pathways, the time constants and volumes involved differ considerably. For
example, diffusible neurotransmitters such as nitric oxide act relatively briefly in a
localized manner, whereas at least some neuropeptides act on the whole brain, and
can additionally act outside of it (i.e., function as hormones). There is an overlap be-
tween wiring and volume neurotransmission in that all classical neurotransmitters
act as wiring transmitters via ionotropic receptors, and also act as “volume trans-
mitters” via G-protein-coupled receptors. Moreover, neuromodulators in turn feed
back onto classical synaptic transmission.

Quantitatively, synaptic transmission is the dominant form of communication
between neurons. A single look at an electron micrograph reveals that synapses
with their appendant organelles, especially synaptic vesicles, are abundant in brain,
whereas LDCVs are only observed occasionally (Figure2). However, this does
not mean that synaptic transmission is more important than the volume trans-
mission pathways. The two principally different signaling pathways play distinct
roles in information processing by the brain, and both are essential for brain
function.

With the multitude of different types of transmitters, the question arises whether
a single neuron can release more than one transmitter. Dale’s principle stated that
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Fig. 2 Electron micrograph of synapses. The image shows synapses formed by cultured cortical
neurons from mouse. Note abundant synaptic vesicles in nerve terminals adjacent to synaptic junc-
tions that are composed of presynaptic active zones and postsynaptic densities (open arrows point
to postsynaptic densities of synaptic junctions; synapse on the right contains two junctions). In ad-
dition to synaptic vesicles, two of the nerve terminals contain LDCV's (closed arrows). Calibration
bar = 500nm. (Image courtesy of Dr. Xinran Liu, UT Southwestern).

this is not the case, but seems to be incorrect given the fact that virtually all neurons
secrete neuropeptides and either classical neurotransmitters or monoamines (Salio
et al., 2006). Moreover, many neurons additionally secrete diffusible neurotrans-
mitters. Thus, a neuron usually operates by multiple neurotransmitter pathways si-
multaneously. To add to the complexity of these parallel signaling pathways, the
relatively small number of neurons that secrete monoamines from axonal vari-
cosities may also secrete classical neurotransmitters in separate classical synapses
(Trudeau, 2004). Despite this complexity, however, Dale has to be given credit for
his principle because the multiple transmitters secreted by a given neuron generally
operate in distinct secretory and effector pathways. A given neuron usually releases
only one type of classical neurotransmitter (with a few exceptions), suggesting that
a modified Dale principle is still correct cotransmission.

2 Very Short History of the Analysis of Neurotransmitter Release

Our current concept of synaptic transmission, as mediated by intercellular junc-
tions formed by one neuron with another neuron or target cell, is fairly recent.
This concept was proposed in the second half of the 19th century, and proven
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only in the 20th century. It was embedded in a larger debate of whether neurons
form a “reticular” network of connected cells, or a network of cells whose connec-
tions are discontinuous (the so-called neuron theory). Like with everything else in
neuroscience, Ramén y Cajal is usually credited with the major discoveries in this
field, but the actual concept predates him, and the development of the current view
of synaptic transmission is due to a team effort. When Ramoén y Cajal followed in
the footsteps of scientists like Kiihne, Koelliker, and His, who had formulated the
first concept of synapses, even though the actual term was coined much later, Cajal’s
elegant prose and the fortunate opposition of Emilio Golgi to the neuron theory en-
hanced the influence of his writings and somewhat obscured the fact that the actual
concepts that Cajal was presenting were already well established in the literature.

The term synapse was coined in 1897 by the physiologist Charles Sherrington in
M. Foster’s Textbook of Physiology, but the idea of the chemical synapse was de-
veloped almost half a century earlier in studies on the neuromuscular junction. As
always in science, technical advance spawned conceptual breakthroughs. The three
technical advances that fueled the progress in neuroscience in the second half of
the 19th century were the improvements in light microscopy, chiefly due to Lister’s
invention of apochromatic lenses, the continuous development of staining meth-
ods culminating in Golgi’s epynomous stain, and the application of more precise
electrical recordings, allowing the emergence of electrophysiology to complement
anatomy. Each historical stage in the discovery process is coupled to a particular
preparation and technical approach, and major progress was usually achieved when
a new technique was applied to a new preparation. This pattern also applies to the
discovery of the synapse which was first described, without naming it, at the neuro-
muscular junction.

In the middle of the 19th century, it was known from the work of Volta, Galvani,
and others that the nerve stimulates muscle contractions at the neuromuscular junc-
tion, and that electrical signals were somehow involved. Using the tools of cellular
neuroanatomists, Kiihne (1862) and Krause (1863) first demonstrated that the neu-
romuscular junction is not composed of a direct cellular connection between nerve
and muscle as had been believed, but is discontinuous. Fifteen years later, the elec-
trophysiologist Emil du Bois-Reymond (1877) proposed that the transmission of a
synaptic signal is chemical. Subsequent work by Koelliker, Cajal, and Sherrington
generalized this concept of a discontinuous synaptic connection that mediates inter-
cellular signaling to the interneuronal synapses. Although the concept of the synapse
continued to be disputed until well into the 20th century (e.g., see Golgi’s Nobel
lecture), the very existence of these disputes should not prevent us from recogniz-
ing that the actual description of synaptic transmission, and at least its proof for
one particular synapse, the neuromuscular junction, had been established 50 years
earlier.

The next major step forward in deciphering the mechanisms of synaptic trans-
mission occurred in the neuropharmacological studies of Henry Dale, Otto Loewi,
Wilhelm Feldberg, and their colleagues. Although, as in the discovery of the synapse
as an intercellular noncontinuous junction, many individuals contributed, Loewi is
generally credited with the single decisive experiment. This is probably fair, since
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Loewi demonstrated directly that a chemical mediator (acetylcholine) is responsi-
ble for the transmission of the signal from the vagus nerve to the heart (Loewi,
1921). Despite Loewi’s, Dale’s, and Feldberg’s advances, however, doubts lingered
as to whether a chemical signal could be fast enough to account for the speed of
synaptic transmission. Many scientists, with John Eccles (one of Sherrington’s last
pupils) as the most vocal protagonist, continued to espouse the view that fast synap-
tic transmission is essentially electrical, whereas chemical signaling serves only as
a slow modulatory event. In other words, these views proposed a clean division of
transmission into fast synaptic wiring transmission that is electrical, and slow vol-
ume transmission that is chemical. The doubts about the speed of chemical neuro-
transmission, and its general validity, were only definitively laid to rest by Bernhard
Katz’s seminal experiments on the frog neuromuscular junction, demonstrating that
synaptic transmission operates as a quantal chemical event (Katz, 1969). It is re-
markable that from Kiihne’s to Katz’s studies, the major contributions to establish-
ing synaptic transmission as the major mechanism by which neurons communicate
came from the neuromuscular junction. The concept of the synapse was first postu-
lated at the neuromuscular junction, the first genuine neurotransmitter was identified
with acetylcholine as the neuromuscular junction neurotransmitter, and the chemical
quantal nature of synaptic transmission was revealed at the neuromuscular junction.

The findings of Katz and colleagues raised two major questions: what are the
mechanisms that allow the fast secretion of neurotransmitters from presynaptic ter-
minals in response to an action potential? What molecules mediate the fast recog-
nition of these neurotransmitters by the postsynaptic cell? The elucidation of the
basic mechanisms of release again started with the cholinergic system in the de-
scription and isolation of synaptic vesicles as the central organelle, chiefly by Victor
Whittaker (Whittaker and Sheridan, 1965). The progress in the field, however, then
shifted to central synapses, with the identification of the major molecules involved in
release of neurotransmitters, and the description of the mechanism by which Ca%t-
influx into nerve terminals achieves the fast triggering of release via binding to
synaptotagmins (reviewed in Siidhof, 2004). The discovery of neurotransmitter re-
ceptors and their properties was initiated by classical pharmacological approaches
dating back to the British school founded by Langley (1921), but the definitive de-
scription of these receptors was enabled by the simultaneous development of patch
clamping by Neher and Sakmann (1976) and of molecular cloning of these receptors
by S. Numa (Noda et al., 1982).

3 Basic Mechanisms of Release by Exocytosis

Most neurotransmitter release occurs by exocytosis of secretory vesicles, which in-
volves the fusion of the secretory vesicles (synaptic vesicles and LDCVs) with the
plasma membrane. All intracellular membrane fusion (except for mitochondrial fu-
sion) is thought to operate by the same fundamental mechanism that involves a core
machinery composed of four classes of proteins: SNARE-proteins, SM-proteins (for
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Sec1/Munc18-like proteins), Rab-proteins, and Rab-effectors (Jahn et al., 2003).
The specific isoforms of these proteins that are being used vary tremendously be-
tween fusion reactions, but the general principle by which these proteins act seems
to be always similar: Rab and Rab-effector proteins appear to proofread the dock-
ing and fusion reaction between the two target membranes and may even mediate
the docking at least in part, whereas SNARE- and SM-proteins catalyze the actual
fusion reaction.

3.1 Rab-Proteins and Rab-Effectors

Rab-proteins are GTP-binding proteins that interact with effectors in a GTP-
dependent manner. Rab3A, 3B, 3C, and 3D represent a family of Rab-proteins that
are highly enriched on synaptic vesicles and other secretory organelles throughout
the body. In addition, Rab27A and 27B are also generally found on secretory vesi-
cles, although it is unclear whether they are present on synaptic vesicles (Siidhof,
2004). Rab3/27 proteins together function in exocytosis, and mediate vesicle dock-
ing at least in part. Two classes of Rab3/27 effectors were described: rabphilins
and RIMs. Both effector classes include multiple members encoded by distinct
genes. Rabphilins are cytosolic proteins that are recruited to secretory vesicles by
Rab3/27, but their function has remained largely obscure. RIMs are components of
the detergent-insoluble protein complex that makes up the active zone, the part of
the presynaptic plasma membrane where synaptic vesicles dock and fuse (Figure 3).
The active zone is composed of the RIM-containing protein complex that includes
several other large proteins, in particular Munc13s, piccolo/bassoon, ELKS, and
o-liprins, all of which are crucial for normal synaptic vesicle exocytosis. It is no-
ticeable that in most intracellular fusion reactions, Rab-effectors are composed of
large complexes that do more than just bind the Rab-protein, but perform several
functions in the fusion process, with the Rab-protein often being involved in the
docking of the membranes for fusion and in the regulation of the other activities of
the complex during the fusion reaction. The same appears to be true for Rab3/27
binding to the RIM-containing active zone protein complex. The whole active zone
complex could be considered as a single large Rab-effector complex (Figure 3), and
is likely involved not only in the docking of synaptic vesicles, but also in organizing
the actual fusion reaction and in synaptic plasticity (see below).

3.2 SNARE Proteins

Membrane fusion consists of merging two negatively charged phospholipid bilay-
ers, and thus requires overcoming a major energy barrier (Jahn et al., 2003). SNARE
proteins represent a family of membrane proteins that are present on opposing mem-
branes destined to fuse. As first proposed by Jahn, Heuser, Rothman and colleagues
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Fig. 3 Interaction of Rab3 and Rab27 on synaptic vesicles with the active zone protein complex
containing Munc13s, RIMs, ELKS, and liprins. The schematic drawing depicts a nerve terminal
with a few synaptic vesicles containing the three vesicle proteins that mediate exocytosis: the
SNARE protein synaptobrevin/VAMP that participates in fusion (see Figure 4), the Rab-proteins
Rab3 and Rab27 that attach synaptic vesicles to the active zone protein complex as shown, and
the Ca®*-sensor protein synaptotagmin that translates the Ca>*-signal into release (Figure 5). The
active zone protein complex is composed of Munc13, RIM, ELKS, and liprins, so that RIM binds to
all of the three other active zone proteins, and additionally interacts with Rab3/27 via its N-terminal
domain. The active zone protein complex likely contains other protein components that are not
shown, in particular piccolo/bassoon. (Modified from Siidhof, 2004).

(Hanson et al., 1997; Weber et al., 1998), formation of a “trans-complex” by SNARE
proteins on opposing membranes forces these membranes together, thereby over-
coming the energy barrier (Figure 4). SNARE proteins contain a characteristic 60-
residue sequence, the so-called SNARE motif. SNARE complexes are assembled
from four types of SNARE motifs (called R, Qa, Qb, and Qc, classified based on se-
quence homologies and the central residue) that fold into a tight four-helical bundle
which always contains one copy for each type of SNARE motif. The close approx-
imation of two membranes by SNARE-complex assembly destabilizes their nega-
tively charged surfaces, thereby initiating the intermixing of their hydrophobic lipid
interiors. This is thought to provide the energy for membrane fusion.
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Fig. 4 Schematic diagram of the SNARE protein/Munc18 cycle. Docked synaptic vesicles (top
left) may be attached to the active zone via the Rab/RIM interaction (see Figure 3) but contain
SNARE proteins that have not yet formed a complex with each other (synaptobrevin/VAMP on
synaptic vesicles and SNAP-25 and syntaxin-1 on the plasma membrane; note that syntaxin-1 is
thought to be complexed to the SM-protein Munc18-1). Priming is envisioned to occur in two steps
that involve the successive assembly of SNARE-complexes (priming I and II). During priming,
Munc18-1 is thought to be continuously associated with syntaxin-1, shifting from a heterodimeric
binding mode in which it was attached to syntaxin-1 alone to a heteromultimeric binding mode
in which it is attached to the entire SNARE complex (top right). After priming, Ca*t triggers
fusion-pore opening to release the neurotransmitters by binding to synaptotagmin (see Figure 5).
After fusion-pore opening, SNAPs (no relation to SNAP-25) and NSF (an ATPase) bind to the
assembled SNARE complexes, disassemble them with ATP-hydrolysis, thereby allowing synaptic
vesicles to undergo re-endocytosis and to recycle with synaptobrevin on the vesicle, while leav-
ing SNAP-25 and syntaxin-1/Munc18-1 on the plasma membrane. Note that the overall effect is
that SNARE/Munc18-proteins undergo a cycle of association/dissociation that fuels the membrane
fusion reaction which underlies release. (Modified from Rizo and Siidhof, 2002).

Synaptic exocytosis involves three SNARE proteins: the R-SNARE synapto-
brevin/VAMP (isoforms 1 and 2) on the vesicle, and the Q-SNARESs syntaxin (iso-
forms 1 and 2) and SNAP-25 on the plasma membrane (Figure 4). Since SNAP-25
has two SNARE-motifs, synaptobrevin, syntaxin, and SNAP-25 together have four
SNARE-motifs. Synaptobrevins and SNAP-25 are relatively simple SNARE
proteins that are composed of little else besides SNARE motifs and membrane-
attachment sequences (a transmembrane region for synaptobrevin, and a cysteine-
rich palmitoylated sequence for SNAP-25). Syntaxins, in contrast, are complex
proteins. The N-terminal two-thirds of syntaxins include a separate, autonomously
folded domain (the so-called H,p.-domain), while the C-terminal third is composed
of a SNARE motif and transmembrane region just like synaptobrevin.
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3.3 SM Proteins

Genes for SM-proteins were discovered in genetic screens in C. elegans (unc18) and
yeast (secl), and their connection to membrane fusion was identified when the SM-
protein Munc18-1 was found to directly bind to syntaxin-1 (Brenner, 1974; Novick
et al., 1980; Hata et al., 1993). SM-proteins are composed of a conserved ~600
amino acid sequence that folds into an arch-shaped structure. With seven members
in mammals and four in yeast, SM-proteins constitute a small family of highly ho-
mologous proteins. SM proteins have essential roles in all fusion reactions tested.
Three SM proteins (Munc18-1, —2, and —3) are involved in exocytosis, where they
are at least as essential as SNARE proteins. For example, deletion of Munc18-1 in
mice has more severe consequences for synaptic vesicle exocytosis than deletion of
synaptobrevin or SNAP-25 (Verhage et al., 2000).

Initially, Munc18-1 was found to bind only to monomeric syntaxin-1 in a manner
that is incompatible with SNARE-complex formation. Puzzlingly, however, other
SM proteins were subsequently found to bind to assembled SNARE complexes.
This puzzle was resolved with the discovery that Munc18-1 (and presumably —2)
participates in two distinct modes of SNARE interactions: the originally defined
binding to monomeric syntaxins, and a novel mode of direct binding to assembled
SNARE complexes (Dulubova et al., 2007; Shen et al., 2007). These results sug-
gested that all SM-proteins directly or indirectly interact with assembled SNARE
complexes in fusion. The additional binding of Munc18-1 to the closed conforma-
tion of syntaxin prior to SNARE complex formation renders Ca>*-triggered exocy-
tosis unique among fusion reactions, possibly in order to achieve a tighter control
of the fusion reaction.

3.4 Mechanism of SNARE and SM Protein Catalyzed Fusion

Both SNARE and SM proteins are required as components of the minimal fusion
machinery. At the synapse, for example, deletion of Munc18-1 leads to a loss of all
synaptic vesicle fusion, revealing Munc18-1 as an essential component of the fusion
machine (Verhage et al., 2000). It is likely that SNARE proteins first force mem-
branes together by forming trans-complexes, thereby creating a fusion intermediate
that at least for synaptic vesicles appears to consist of a hemifusion stalk (Figure 4).
Since the unifying property of SM proteins is to bind to assembled SNARE com-
plexes, they likely act after such a fusion intermediate has formed, but their exact
role remains unknown.

Each intracellular fusion reaction exhibits characteristic properties, and involves
a different combination of SM and SNARE proteins. The specificity of fusion re-
actions appears to be independent of SNARE proteins because SNARE complex
formation is nonspecific as long as the Q/R-rule is not violated (i.e., the fact that
SNARE complexes need to be formed by SNARE proteins containing R-, Qa-, Qb-,
and Qc-SNARE motifs), and of SM proteins because SM proteins often function in
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multiple fusion reactions. Fusion specificity must be determined by other mecha-
nisms, possibly GTP-binding proteins of the rab family.

4 Mechanism of Ca?*-Triggering: Ca**-Channels,
Ca’*-Buffering, and Synaptotagmin

Neurotransmitter release is triggered by Ca>* when an action potential invades the
nerve terminal and gates the opening of voltage-sensitive Ca’*-channels. Thus,
there are two determinants of neurotransmitter release: (1) The Ca”-dynamics in
the nerve terminal that are dictated by the properties and location of the Ca’*-
channels; the concentration, affinities, and kinetics of local Ca%*-buffers; and the
Ca**-extrusion mechanisms and (2) the action of the Ca”—receptors that translate
the Ca?*-signal into release, with most release being mediated by Ca>*-binding to
synaptotagmins (see below).

4.1 Ca**-Dynamics

The Ca’*-concentration in a nerve terminal depends on the number and tempo-
ral pattern of action potentials, the effectiveness of these action potentials to open
Ca*-channels, and the properties and concentrations of Ca>*-buffers. Not only the
time course of changes in Ca”—concentrations, but also the spatial distribution of
Ca’*, is important because Ca’>* is not uniformly distributed in a nerve terminal.
Moreover, the Ca”-dynamics of a nerve terminal differ between nerve terminals,
and play a central role in synaptic plasticity (e.g., see Rozov et al., 2001; Zucker and
Regehr, 2002).

Ca’*-channels are well investigated, have proven to be great drug targets, and
will be discussed at length in the chapter by Kisilevsky and Zamponi. Two types of
Ca**-channels, the so-called P/Q- and N-type channels (referred to as Cav2.1 and
2.2) account for the vast majority of releases. These Ca’"-channels are located in
the active zone of the presynaptic terminal (Llinas et al., 1992), although their pre-
cise location is unknown. Ca>*-channels are — not surprisingly — tightly regulated
by several signaling systems. As a result of their non-uniform localization and their
stringent regulation, the Ca>*-signal produced by the opening of Ca>*-channels by
a given action potential cannot be predicted, but varies greatly between synapses in
amplitude, space and time (Rozov et al., 2001). This variation is increased by differ-
ences in Ca’"-buffering between synapses. Ca’*-buffers are much less understood
than Ca?*-channels because of the large number of different types of buffers, the
difficulty in manipulating them pharmacologically or genetically, and the problems
in measuring them. The most important nerve terminal Ca>*-buffer likely is ATP,
which has a relatively low Ca’*-affinity but a high concentration and is highly mo-
bile, rendering it an effective buffer at peak Ca?*-concentrations (Meinrenken et al.,
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2003). In addition, a number of Ca?"-binding proteins of the EF-hand class proba-
bly function as nerve terminal Ca>*-buffers, including parvalbumin and calbindin.
Interestingly, these proteins exhibit a highly selective distribution in the brain, with
inhibitory interneurons generally expressing much higher concentrations of selected
Ca”*-buffer proteins than excitatory neurons, a difference that may account for the
distinct short-term plasticity properties of GABA release (Silberberg et al., 2005).
Ca’*-extrusion, finally, is mediated by multiple mechanisms. Although uptake of
nerve terminal Ca’* into mitochondria and endoplasmic reticulum has been widely
discussed, the most important step is the transport of Ca>*-ions from the cytosol
into the extracellular space against a vast concentration gradient. Several mecha-
nisms for this transport exist, of which the Na* /Ca’"-exchanger and the plasma
membrane Ca’*-ATPase appear to be the most important (Meinrenken et al., 2003).

4.2 Synaptotagmins as Ca**-Sensors for Fast Neurotransmitter
Release

At resting Ca>*-concentrations, release occurs spontaneously at a low rate; Ca>* in-
creases this rate >10,000-fold in less than a millisecond, faster than most diffusion-
controlled chemical reactions. Ca’* thus increases the probability of a rare event
that normally occurs all the time. Studies in the Calyx of Held synapse — a large
vertebrate synapse that allows simultaneous recordings from pre- and postsynap-
tic neurons — showed that Ca>* triggers release at micromolar concentrations with
an apparent cooperativity of 5 (Meinrenken et al., 2003). For each active zone, the
Ca’*-signal produced by an action potential has a finite probability of triggering
exocytosis (usually between 0.05 and 0.30) that changes as a function of the pre-
vious use of a synapse (i.e., is subject to plasticity), and additionally depends on
signaling mediated by neuromodulators. In addition to this fast synchronous type of
neurotransmitter release, synapses exhibit a second slower, more asynchronous type
of release that is also triggered by Ca>*. Both types are likely important, but under
most physiological conditions the fast synchronous type predominates.

The speed of Ca’*-triggered exocytosis suggests that Ca>* acts at a stage at
which part of the fusion reaction has already been completed, most likely on vesi-
cles in a hemifusion state that is presumably created by the combined action of
SNARE proteins and Munc18-1 (i.e., after priming II in Figure 4). Much of synaptic
vesicle exocytosis likely operates in the “kiss-and-run” mode (Harata et al., 2006).
Kiss-and-run exocytosis predominates during low-frequency stimulation, while full
exocytosis is more important during high-frequency stimulus trains. The kiss-and-
run mode allows fast recycling of synaptic vesicles for reuse after exocytosis, but
probably has only a minimal effect on the kinetics or amount of release because the
total size of synaptic vesicles (~20nm radius) is only 5- to 10-fold larger than that
of the fusion pore.

The definition of the primary structure of synaptotagmin-1, composed of an
N-terminal transmembrane region and two C-terminal Cp-domains (Figure 3), led
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to the hypothesis that synaptotagmin-1 functions as the Ca>*-sensor for fast neuro-
transmitter release (Perin et al., 1990). Subsequent studies revealed that
synaptotagmin-1 and two other synaptotagmin isoforms, synaptotagmin-2 and -9,
act as Ca’*-sensors in exocytosis by a strikingly simple mechanism: Ca** flow-
ing into the nerve terminal when Ca®*-channels open during an action potential
binds to the two C;-domains of synaptotagmins (Xu et al., 2007). Ca*>*-binding
to the Cp-domains induces the interaction of synaptotagmins with phospholipids
and with SNARE proteins with a micromolar apparent Ca®*-affinity, consistent
with the affinity of release, which in turn opens the fusion pore mechanically by
pulling the SNARE complexes apart (Stidhof, 2004). This model was supported by
a host of biochemical and genetic experiments, most importantly the finding that
point mutations in the endogenous synaptotagmin gene in mice that alter the appar-
ent Ca’"-affinity of synaptotagmin also alter the apparent Ca>*-affinity of release
in an identical manner (Fernandez-Chacon et al., 2001). However, these findings
also raised a crucial question that is only now beginning to be answered: Why
doesn’t the fusion pore just pop open after priming II (Figure4)? Recent results
suggest that another nerve-terminal protein, a soluble protein called complexin,
plays a central role here (Giraudo et al., 2006; Tang et al., 2006). Complexins bind
in a Ca’*-independent manner only to the C-terminal part of assembled SNARE
complexes where the SNARE complexes are anchored in the membrane (Figure 5).
Deletion of complexins in mice revealed a selective impairment of fast synchronous
Ca’*-triggered release, whereas other forms of fusion were unchanged (Reim et al.,
2001). This phenotype resembles the synaptotagmin-1 knockout phenotype in its
selectivity, but was milder because the complexin knockout phenotype can be res-
cued by boosting Ca’"-influx into the nerve terminal, whereas the synaptotagmin-
1 knockout phenotype cannot. Thus complexins function as activators of SNARE
complexes for subsequent synaptotagmin-1 action. The mechanism by which the
functions of synaptotagmin-1 and complexins interact was revealed in biochem-
ical experiments demonstrating that Ca’>"-induced binding of synaptotagmin-1
to SNARE complexes displaces complexin from the SNARE complexes (Tang
et al., 2006), indicating that synaptotagmin-1 serves as the trigger of a complexin-
cocked gun.

These observations suggest a model for how synaptotagmin-1 triggers exocyto-
sis (Figure 5): By binding to SNARE complexes during assembly, complexins force
completion of SNARE-complex assembly that creates an activated, frozen fusion
intermediate, likely a hemifusion state. When Ca’>* binds to synaptotagmin, this
induces binding of synaptotagmin to both fusing membranes and to the SNARE
complexes. We envision that this binding pulls open the fusion pore by two indepen-
dent mechanisms: a mechanical force on the membrane by coupling phospholipids
to SNARE complexes via the simultaneous binding, and a disinhibition of fusion-
pore opening by displacing from the SNARE complexes the complexins that at the
same activate and stabilize the complexes. Note that the complexin/synaptotagmin-
dependent fusion reaction mediates fast synchronous release, and is distinct from the
second type of release, slower asynchronous release which also depends on SNARE-
proteins and Munc18-1 but is independent of complexins and synaptotagmin.
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Fig. 5 Model for the interplay between SNARE, complexin, and synaptotagmin function in Ca’*-
triggered neurotransmitter release. Docked vesicles containing unassembled SNARE complexes
(top) are attached to the active zone via the Rab3/27 interaction with RIMs (Figure 3), and are
primed in a two-stage reaction by SNARE-complex assembly (step 1; see also Figure 4). The re-
sulting primed vesicles form the substrate for two release pathways: asynchronous release that
is synaptotagmin- and complexin-independent (steps 2 and 3), and synchronous release that de-
pends on synaptotagmin and complexins (steps 4—6). Note that quantitatively, the asynchronous
pathway is less important for release than the synchronous pathway which mediates >90% of all
release under most conditions. Asynchronous release is triggered by Ca>* by a poorly understood
mechanism that, like synchronous release, requires assembly of SNARE complexes, but differs
from synchronous release in that it does not appear to stop fusion-pore opening by a “clamp” after
SNARE complexes are fully assembled. Asynchronous release becomes important when the Ca*-
concentration rises for prolonged time periods to intermediate levels (0.1-1.0uM) that are too low
to trigger synchronous release, but sufficient to trigger asynchronous release. This occurs, for ex-
ample, during the accumulation of residual Ca>* during high-frequency stimulus trains (Zucker
and Regehr, 2002). Synchronous release involves “superpriming” of synaptic vesicles by binding
of complexins to assembled SNARE complexes (step 4). Complexin binding activates and freezes
SNARE complexes in a metastable state (priming stage II). Superprimed vesicles in which the
SNARE complexes have been clamped by complexin are then substrate for fast Ca?*-triggering of
release when Ca®*-binding to synaptotagmin triggers the simultaneous interaction of synaptotag-
min with phospholipids and SNARE complexes, with the latter reaction displacing complexin and
resulting in fusion-pore opening (step 5). Opened fusion pores can then dilate to complete fusion
(step 6), although both steps 2 and 5 are potentially reversible, i.e., lack of dilation of the fusion
pore could lead to “kiss-and-stay” or “kiss-and-run” exocytosis in these pathways. Note that steps
1 and 4 are also probably reversible, with a much faster forward than backward speed. It is likely
that step 1 is Ca>*-dependent, but it is unclear whether or not step 2 is Ca>* -dependent, since it is
possible that asynchronous release is Ca>* -dependent solely because Ca>* accelerates step 1, and
step 2 has a finite probability. Thus the nature of Ca>*-triggering of asynchronous release could
operate either at the priming or at the actual fusion step. Note that the function of Munc18-1 is not
included in this diagram, but is thought to be central to the actual fusion reaction (see Figure 4).
(Modified from Tang et al., 2006).
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In addition to functioning as Ca’*-sensors for vesicle exocytosis, synaptotag-
mins may be involved in vesicle endocytosis, particularly the decision between
kiss-and-run versus full exocytosis. Such a role would be economical in linking
fusion-pore opening (which is triggered by Ca’*-binding to synaptotagmin) to
fusion-pore expansion or contraction, but the precise mechanisms involved have
not yet been explored.

As mentioned above, three different synaptotagmin isoforms mediate fast syn-
chronous release: synaptotagmin-1, -2, and -9. Why does the vertebrate brain
express three different proteins to do the same job? As it turns out, these three dif-
ferent synaptotagmins mediate the Ca’>*-triggering of release with distinct proper-
ties, and are differentially distributed (Xu et al., 2007). Of the three synaptotagmins,
synaptotagmin-2 is the fastest, and synaptotagmin-9 the slowest, corresponding with
the selective presence of synaptotagmin-2 in the calyx synapse, one of the fastest
synapses in brain involved in sound localization, and synaptotagmin-9 in the lim-
bic system involved in emotional reactions. Thus, the properties of the synapses
formed by a neuron depend among others on the isoform of synaptotagmin which
that neuron expresses, adding additional complexity to the neural circuits formed by
synaptic networks.

5 Regulation of Release Beyond Ca**-Triggering

We already alluded to the fact that release is not constant, but is highly plastic, i.e.,
regulated by extrinsic signals and by the intrinsic previous activity of a nerve termi-
nal. Both forms of regulation constitute a type of synaptic memory: the history of the
activity of other surrounding neurons and of the neuron to which a terminal belongs
strongly influence to what extent this terminal translates an action potential into a
neurotransmitter release signal (Zucker and Regehr, 2002). Many different forms
of synaptic plasticity exist. Although traditionally postsynaptic forms of plasticity
have been appreciated more than presynaptic forms, recent studies have revealed
the existence of purely presynaptic forms of synaptic plasticity, and have moreover
shown that many forms of plasticity are mediated by the combined action of pre-
and postsynaptic mechanisms.

A complete discussion of presynaptic modulation and plasticity of release is
beyond the scope of this chapter. Instead, three exemplary forms of presynaptic
plasticity will be discussed because of their importance for the pharmacology of
neurotransmitter release.

5.1 Acetylcholine-Receptor-Mediated Ca**-Influx into Presynaptic
Nerve Terminals

Nicotine is an addictive drug that activates a diverse subset of ionotropic acetyl-
choline receptors. Most cholinergic actions in brain, both by ionotropic and
metabotropic receptors, are modulatory, and very few fast synapses exist that utilize
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acetylcholine as a transmitter. Interestingly, although some ionotropic acetylcholine
receptors are postsynaptic, a relatively large proportion, much larger than observed
for other neurotransmitters, appears to be presynaptic. A possible pathway account-
ing for the addictive actions of nicotine was discovered in the observation that presy-
naptic nicotinic acetylcholine receptors, when activated, mediate the influx of Ca®*
into presynaptic terminals, and thereby stimulate the release of neurotransmitters
(Wannacott, 1997). Interestingly, this effect appears to operate via a class of nico-
tinic acetylcholine receptors containing a6 subunits that are relatively enriched in
the nigrostriatal pathway, suggesting that nicotine may be addictive by increasing
dopamine release (Quik and Mclntosh, 2006). Thus the presynaptic facilitation of
neurotransmitter release by cholinergic nicotinic receptors is one of the best and
physiologically most important systems illustrating how presynaptically acting re-
ceptors can regulate release.

5.2 Ca**-Channel Modulation by Presynaptic Receptors

Presynaptic G-protein coupled receptors for a large number of neurotransmitters,
both autoreceptors and receptors for extrinsic signals, suppress Ca’>"-channel gating
in response to an action potential. This mechanism of action appears to be the domi-
nant mechanism involved in short-term plasticity mediated by presynaptic receptors.
A typical example is depolarization-induced suppression of inhibition (DSI), which
is the short-term suppression of presynaptic GABA-release induced by the depo-
larization of the postsynaptic cell (Diana and Marty, 2004). DSI is caused when
the postsynaptic depolarization causes the release of endocannabinoids from the
postsynaptic cell, and the endocannabinoids then bind to presynaptic CB1 receptors
whose activation suppresses presynaptic Ca’>*-channels. Like many other forms of
presynaptic suppression mediated by activation of presynaptic receptors, this effect
is short-lasting (in the millisecond range). The precise mechanisms by which Ca>*-
channels are suppressed appear to vary between receptors, but the outcome is always
a very effective short-term decrease in synaptic signaling.

5.3 Presynaptic Long-Term Plasticity Mediated
by cAMP-Dependent Protein Kinase A (PKA)

PKA-dependent long-term potentiation and depression was initially discovered in
the mossy-fiber synapses of the hippocampus, and later demonstrated in parallel
fiber synapses of the cerebellum and corticothalamic synapses of the forebrain
(Malenka and Siegelbaum, 2001). This widespread form of plasticity does not
involve changes in Ca?*-influx, but operates via a direct increase or decrease, re-
spectively, of the amount of vesicle exocytosis that can be triggered by a given Ca>*-
signal. Interestingly, this form of plasticity appears to depend on the interaction
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of the synaptic vesicle GTP-binding protein Rab3 with its effectors, RIM-proteins
(Figure 3), since deletion of either Rab3A or of RIM1a abolishes LTP in the hip-
pocampal mossy fibers (Castillo et al., 2002). Moreover, recently it was revealed that
a special form of endocannabinoid-dependent long-term depression of GABAergic
synapses in the hippocampus also operates as a presynaptic process that requires
PKA activation and RIM1a. This form of LTD, referred to as i-LTD for inhibitory
LTD, is distinct from the DSI discussed above; indeed, DSI is normal in mice lack-
ing RIM1a. Thus, endocannabinoids can trigger two different forms of plasticity de-
pending on the precise conditions of the postsynaptic depolarization. Overall, these
results highlight the role of the core release machinery in presynaptic long-term
plasticity.

6 Ca?*-Induced Exocytosis of Small Dense-Core Vesicles
and LDCVs

Biogenic amines are generally secreted from small dense-core vesicles (SDCVs) in
varicosities of axons that are not associated with classical synapses, and additionally
from LDCVs, whereas neuropeptides are secreted — usually together with biogenic
amines — only from LDCV:s. Different from synaptic vesicle exocytosis where Ca>*
is thought to trigger fusion of predocked and primed vesicles, a significant part of
SDCV and LDCV exocytosis involves the Ca?"-dependent mobilization of vesicles
before Ca®*-triggered fusion. As a result, dense-core vesicle exocytosis requires
more sustained Ca>*-transients, but is also slower and longer lasting than synaptic
vesicle exocytosis (Stjarne, 2000).

Ca’*-triggered exocytosis of SDCVs, LDCVs, and their endocrine equivalents
has been examined in several systems (e.g., chromaffin cells, cultured melanotrophic
neurons, pancreatic -cells, and PC12 cells), but the best-studied system is that of
chromaffin cells because they allow the highest measurement resolution, and are the
only system that has been investigated extensively by a loss-of-function approach.
Ca’*-triggered chromaffin granule exocytosis is ~10-fold slower than synaptic
vesicle exocytosis, but otherwise the two systems are similar. Chromaffin granule
exocytosis, like synaptic vesicle exocytosis, involves SNARE and Munc18-proteins.
Knockout experiments revealed, however, that Ca>ttriggering of chromaffin granule
and synaptic vesicle exocytosis are mechanistically distinct. Specifically, chromaffin
cell exocytosis is mediated by two different synaptotagmins: synaptotagmin-1,
which is shared with synaptic vesicle exocytosis, and synaptotagmin-7, which does
not function in synaptic vesicle exocytosis. The synaptotagmin-7 selectively func-
tions as a major Ca>*-sensor for chromaffin granule but not for synaptic vesicle ex-
ocytosis, indicating a fundamental difference between the two types of exocytosis.
However, beyond this difference, little is known about the other molecular compo-
nents that direct SDCV and LDCV exocytosis and make it different from synaptic
vesicle exocytosis, a question that is of obvious importance in understanding the
release of biogenic amines and neuropeptides in brain.
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7 Presynaptic Drug Targets

This introductory chapter discussed the fundamental mechanisms of release because
understanding these fundamental mechanisms is crucial for insight into the actions
of drugs that act on release. Overall, the neurotransmitter release machinery is a poor
drug target, as judged by the number of successful drugs that act on it, and in contrast
to the neurotransmitter reception machinery (i.e., neurotransmitter receptors) that
is the target of many different drugs. In fact, the quantitatively largest number of
drugs that influence neurotransmitter release act on presynaptic neurotransmitter
receptors. Nevertheless, several well-established drugs exist that act on the release
machinery: reserpine on the vesicular catecholamine transporter, leviracetam on the
vesicle protein SV2, and cocaine on the presynaptic re-uptake of dopamine.

It is clear that the presynaptic machinery is an underutilized target for drugs. The
actual membrane-trafficking components of that machinery, such as the SNARE,
SM, or Rab-proteins or synaptotagmins, are probably not good drug targets because
they operate via protein-protein interactions that are difficult to influence with small
molecules. However, several synaptic proteins with receptor, transport, or enzyme
functions are likely drug targets, but have not yet been explored. These proteins in-
clude synapsins, which are ATP-binding proteins (Hosaka and Siidhof, 1998), CSPo
as a synaptic vesicle co-chaperone (Tobaben et al., 2001), and vesicular GABA- and
glutamate transporter (Gasnier, 2000; Takamori, 2006). We hope that the material
presented in this book will not only help understand the actions of current drugs, but
also stimulate the development of new ones.
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Abstract Neurotransmission in the nervous system is initiated at presynaptic ter-
minals by fusion of synaptic vesicles with the plasma membrane and subsequent
exocytic release of chemical transmitters. Currently, there are multiple methods to
detect neurotransmitter release from nerve terminals, each with their own particu-
lar advantages and disadvantages. For instance, most commonly employed methods
monitor actions of released chemical substances on postsynaptic receptors or artifi-
cial substrates such as carbon fibers. These methods are closest to the physiological
setting because they have a rapid time resolution and they measure the action of the
endogenous neurotransmitters rather than the signals emitted by exogenous probes.
However, postsynaptic receptors only indirectly report neurotransmitter release in
a form modified by the properties of receptors themselves, which are often non-
linear detectors of released substances. Alternatively, released chemical substances
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can be detected biochemically, albeit on a time scale slower than electrophysiolog-
ical methods. In addition, in certain preparations, where presynaptic terminals are
accessible to whole cell recording electrodes, fusion of vesicles with the plasma
membrane can be monitored using capacitance measurements. In the last decade,
in addition to electrophysiological and biochemical methods, several fluorescence
imaging modalities have been introduced which report synaptic vesicle fusion, en-
docytosis, and recycling. These methods either take advantage of styryl dyes that
can be loaded into recycling vesicles or exogenous expression of synaptic vesicle
proteins tagged with a pH-sensitive GFP variant at regions facing the vesicle lumen.
In this chapter, we will provide an overview of these methods with particular empha-
sis on their relative strengths and weaknesses and discuss the types of information
one can obtain from them.

1 Electrophysiological Detection of Secretion

1.1 Electrical Detection of Neurotransmitter Release
Using Postsynaptic lonotropic Receptors

During fast chemical neurotransmission, released neurotransmitter substances cross
the synaptic cleft and activate a set of neurotransmitter receptors on the postsynaptic
side (Figure 1). These neurotransmitter receptors are ligand-gated ion channels that
are activated rapidly within milliseconds upon neurotransmitter binding. Ion fluxes
through neurotransmitter-gated channels in turn can be measured electrically via
whole cell recording from the somata or dendrites of postsynaptic neurons (Hamill
etal., 1981; Stuart et al., 1993). This electrophysiological method is commonly used
to detect synaptic transmission and estimate the properties of neurotransmitter exo-
cytosis. The principal advantage of this method is its direct physiological relevance.
The main impact of fast neurotransmitter release is to cause electrical signaling in
the postsynaptic neuron and in the case of Ca>* permeable channels such as NMDA
receptors to activate second messenger signaling cascades. Therefore, measuring
neurotransmitter release by postsynaptic recordings provides a direct readout of its
impact on postsynaptic signaling.

The second advantage of this method is its rapidity; electrical signals can be
detected reliably with a millisecond time resolution. Furthermore, these whole cell
recordings can be performed on any cell type or neuronal process in culture, in brain
slices as well as in vivo (Margrie et al., 2002).

Dissociated neuronal cultures provide a versatile system for analysis of mech-
anisms underlying neurotransmitter release. These cultures can be prepared from
fetal or postnatal brain tissue. This preparation has been particularly instrumental
in analysis of synapses deficient in key components of the release machinery. For
instance, genetic deletion of synaptic SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptors) proteins such as synaptobrevin-2 and SNAP-25
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Fig. 1 The synaptic vesicle cycle. During neurotransmission a rise in Ca>* level leads to vesicle fu-
sion and neurotransmitter release at the active zone, after which vesicles completely collapse onto
the plasma membrane. During this process vesicle membrane components are thought to intermix
with their plasma membrane counterparts. Subsequently clathrin, through its adaptor proteins, is
recruited to the membrane (typically at the periphery of the active zone) and forms coated vesicles
by reclustering vesicle membrane components, which eventually bud off the plasma membrane
with the help of the GTPase dynamin. Besides the plasma membrane, endocytosis of clathrin-
coated vesicles may also occur from membrane infoldings or endosomal cisternae. This classical
pathway is thought to operate within 40 and 90 seconds time scale. During an alternative fast
(within seconds) pathway of vesicle recycling, synaptic vesicles retain their identity and do not
intermix with the plasma membrane or endosomal compartments. This pathway is also referred to
as “kiss and run” pathway in which the fusion pore opens transiently without complete collapse
of the vesicle and without intermixing of synaptic vesicle membrane components with the plasma
membrane. Most commonly used methods to study neurotransmitter release either measure the ac-
tion of released neurotransmitters or they use exogenous fluorescent probes to monitor membrane
and protein turnover in the presynaptic terminal.

lead to lethality at birth, therefore analysis was performed in neuronal cultures ob-
tained from fetal brains (Schoch et al., 2001; Tafoya et al., 2006). In the absence of
systemic effects arising from the loss of these proteins essential to neurotransmit-
ter secretion, mutant synapses formed in these cultures readily attain morphological
maturity. A critical advantage of neurotransmitter release measurements in disso-
ciated neuronal cultures is their high sensitivity for detecting very low probability
fusion events. Other major advantages of synaptic preparations include triggering
fusion using non-Ca’*-dependent means of release, such as hypertonicity or alpha-
latrotoxin. Such approaches are instrumental for identifying selective effects of mu-
tants on Ca’* sensitivity of fusion. A form of dissociated neuronal cultures can be
prepared by low-density plating of neurons on isolated glial islands that gives rise
single neurons forming synapses onto themselves that are called “autapses.” Use of
autaptic cultures substantially simplifies the whole cell recording configuration by



26 M. Khvotchev, E.T. Kavalali

enabling a single electrode to perform stimulation and recording at the same time.
However, local stimulation methods applied to nonautaptic neuronal cultures also
bring in several advantages (Maximov et al., 2007).

A key advantage of dissociated neuronal cultures is their amenability to mole-
cular manipulations either through high-efficiency transfections using the calcium
phosphate technique (Virmani et al., 2003) or via viral gene delivery, especially
by lentiviral infections (Deak et al., 2006). Low-efficiency transfection methods
can be useful to assess alterations in postsynaptic parameters after gene delivery
to a target neuron. However, when presynaptic properties need to be assessed,
then a high-efficiency transfection setting provides a significant advantage, as in
this setting nearly all neurons in a culture are transformed and thus all nerve ter-
minals synapsing onto a given target neuron can carry the exogenous protein of
interest. Comparison of high-efficiency versus low-efficiency transfections, there-
fore, can help distinguish cell-autonomous versus non-cell-autonomous effects of
a particular gene product (Burrone et al., 2002). Furthermore, this setting may
help to sort out pre-versus postsynaptic effects of a particular protein, which are
typically hard to deduce from autaptic cultures, as the protein of interest can be
present in both pre- and postsynaptic compartments of a given cell (Nelson et al.,
2006).

1.2 Detection of Probability of Neurotransmitter Release

During a whole-cell voltage clamp recording experiment an alteration in synaptic
efficacy can be detected as an increase or a decrease in the postsynaptic current trig-
gered in response to a presynaptic action potential. However, this change in post-
synaptic response may arise from multiple sources. There can be an increase in the
number of active synapses or conversion of silent synapses to active ones. There
may also be an alteration in the number or neurotransmitter sensitivities of post-
synaptic receptors. All-or-none changes in synaptic strength as well as postsynap-
tic mechanisms typically scale synaptic responses without substantial alterations in
their frequency-dependent characteristics. In contrast, an alteration in the probabil-
ity of neurotransmitter release may result in the same outcome (i.e., an increase or a
decrease in synaptic strength) but in turn can fundamentally alter synaptic responses
to physiological trains of action potentials. A change in the probability of neuro-
transmitter release is the most common way neurotransmitter release kinetics are
altered during synaptic plasticity. Such a change may arise from an alteration in the
number of vesicles available for release or a modification in their fusion propensity
in response to an action potential. These alterations can alter the rate of short-term
synaptic plasticity. For instance, an increase in the probability of neurotransmitter
release, in the absence of rapid replenishment of fused vesicles, may result in faster
depletion of readily releasable vesicles and cause enhanced depression. A decrease
in the release probability may make synapses less prone to vesicle depletion and
tend to decrease the extent of depression. Therefore, systematic measurement of the
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extent of synaptic depression induced by a train of action potentials at moderate to
high frequency stimulation may yield critical information in regard to neurotrans-
mitter release kinetics (Zucker and Regehr, 2002).

In addition to measuring the kinetics of short-term synaptic depression or facil-
itation from a population of synapses, one can also obtain a more direct measure
of neurotransmitter release probability if vesicle fusion from a single release site
can be detected. Such a setting can be achieved during paired recordings between
sparsely connected neurons (albeit in a labor-intensive way), or using the minimal
stimulation method via application of low-intensity stimulation to activate a single
release site. Under these conditions one can typically observe a substantial amount
of neurotransmission failures arising from the probabilistic nature of vesicle fusion
in single synapses. Over a large number of independent trials, a decrease in the
number of failures would suggest an increase in probability of release or vice versa.

Use-dependent block of NMDA receptors by MK-801 provides an additional
method to estimate the probability neurotransmitter release. MK-801 is a well-
characterized blocker of NMDA receptors that penetrates open NMDA channel
pores and impairs the ion flux through NMDA receptors (Huettner and Bean, 1988).
This highly selective open channel block renders MK-801-dependent inhibition of
NMDA currents extremely use-dependent. Therefore, the time course of MK-801
block of synaptically evoked NMDA currents is proportional to the activation of
NMDA receptors by vesicle fusion events, providing a measure of the probability of
neurotransmitter release (Hessler et al., 1993; Rosenmund et al., 1993). However,
recent studies suggest that NMDA receptors in given synapse may not be saturated
by the glutamate released in response to a single action potential (Mainen et al.,
1999; Oertner et al., 2002). This observation may complicate direct estimation of
the absolute release probability. Nevertheless, this method may still allow a relative
measure by comparing different experimental conditions as long as there are no al-
terations in the number of NMDA receptors and in their sensitivities to glutamate
between the conditions in question.

As indicated above, detection of evoked quantal responses (either through mini-
mal stimulation or paired recordings) provides a suitable setting to determine neuro-
transmitter release probability and alterations in rate of vesicle fusion. However, in
synapses with multiple release sites, such as the calyx of Held, isolation of evoked
quantal responses is nearly impossible and truly quantal release is hard to detect
except in the case of spontaneous neurotransmission. Therefore, under these con-
ditions, the rate of synaptic vesicle fusion can be determined by deconvolution of
synaptic currents with the quantal unitary current. This approach is valid only when
the synaptic current can be assumed to result from the convolution between a quantal
current and quantal release rates. This assumption is not valid in cases where post-
synaptic mechanisms, such as receptor saturation and desensitization, alter quantal
events and thus shape synaptic responses during repetitive stimulation (Neher and
Sakaba, 2001).

Despite its wide use and versatility, electrophysiological approaches also possess
several caveats. First, this form of detection is limited to fast neurotransmitters
that are released rapidly and activate closely juxtaposed ligand-gated channels.
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Using this approach it is not possible to examine release kinetics of neuromodu-
latory transmitters such as dopamine or cathecholamines, as they typically activate
G-protein-coupled receptors and only generate slow electrical responses that are
not necessarily linearly proportional to release kinetics. Second, in the case of
ionotropic receptors the reliance of this physiological setting on receptor proper-
ties such as receptor desensitization and saturation brings in a major caveat that
hinders direct estimation of presynaptic release properties. Third, synaptic events,
which occur at distal sites as well as on thin dendritic branches, are hard to detect
due to dendritic filtering. Fourth, in most cases information is difficult to obtain from
single release sites; therefore, experimental readout typically provides an analysis
of a population of synapses. Lastly, electrical detection of neurotransmitter release
is not inherently sensitive to use history of vesicles (i.e., synaptic vesicle recycling).
However in cases when endocytosis is impaired (Delgado et al., 2000) or vesicle
re-acidification is inhibited using blockers of vacuolar ATPase, electrophysiological
readout of neurotransmitter release can provide information in regard to synaptic
vesicle recycling (Ertunc et al., 2007).

1.3 Studying Synaptic Vesicle Recycling
Using Electrophysiological Techniques

In order to determine the reliance of neurotransmission on synaptic vesicle endocy-
tosis and recycling, one needs to estimate the time point when exocytosed vesicles
become re-available for release. This parameter can be estimated from the kinetic
difference between the rate of FM dye destaining (see section2.2) and the time
course of neurotransmitter release from a set of synapses. The rationale behind these
experiments stems from previous observations that during stimulation, FM dyes, es-
pecially the least hydrophobic FM dye FM2-10, can be cleared out of a fused vesicle
within a second by departitioning into solution (Ryan, 1996; Klingauf et al., 1998;
Kavalali et al., 1999; Pyle et al., 2000), or within milliseconds by lateral diffusion
in the neuronal membrane (Zenisek et al., 2002). These time frames are typically
faster than the rate of fusion pore closure and endocytic retrieval. Therefore, un-
der most circumstances recycled vesicles would not contain significant amounts of
FM dye that could be detected as further destaining, whereas the same vesicles
would be refilled with neurotransmitter following endocytosis that could give rise
to further synaptic responses. This difference between the two reporters of vesicle
mobilization should result in a deviation between the kinetics of FM dye destaining
and neurotransmitter release at the time when recycled vesicles start to be reused.
The method has been successfully applied to estimate the kinetics of synaptic vesi-
cle recycling in several preparations, including the frog neuromuscular junction and
dissociated hippocampal cultures (Betz and Bewick, 1992, 1993; Sara et al., 2002).
However, applicability of this technique relies on two basic assumptions. First, loss
of FM dye from vesicles upon fusion should be unrestricted leading to negligible dye
retention. There are several lines of evidence that this may not be the case especially
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for the more lipophillic dye FM1-43. Second, to estimate the time course of synap-
tic vesicle recycling from the kinetic comparison of dye release and postsynaptic
electrical signals, we have to assume a linear relationship between the electrical
and optical measures. This assumption may also be a problem under circumstances
where relative occupancy of postsynaptic receptors changes during trains of action
potentials (Ertunc et al., 2007). In the case of glutamatergic neurotransmission, this
assumption can be tested by examining the extent of block in the presence of rapidly
dissociating AMPA receptor antagonists kynurenate or Y-DGG. These compounds
compete with the endogenous levels of glutamate (Diamond and Jahr, 1997), and
therefore their effectiveness decreases as the amount of glutamate concentration in
the synaptic cleft increases. Furthermore, FM dye release kinetics typically has a
low time resolution (~1s), which may lead to underestimation of rapid alterations
in neurotransmitter release kinetics.

An alternative method to estimate the time course of synaptic vesicle recycling
takes advantage of the naturally occurring macrolide antibiotics such as bafilomycin
Al and folimycin (also called concanamycin A). These compounds can reduce
synaptic output by selectively decreasing the neurotransmitter refilling (Roseth
et al., 1995; Fonnum et al., 1998). This effect is attributed to their blockade of v-
ATPase, which acidifies the lumen of recently endocytosed vesicles and generates
an electrical and pH gradient (Moriyama and Futai, 1990). The neurotransmitter re-
filling process is maintained by transporters coupled to this proton pump to create
the necessary driving force (Drose and Altendorf, 1997). After inhibition of this
vesicular proton pump, endocytosed vesicles cannot be reloaded with neurotrans-
mitter and therefore, when reused, these vesicles cannot evoke synaptic responses
for a second time. In this way, postsynaptic recordings from synapses treated with
proton pump inhibitors only exhibit responses originating from previously unused
vesicles within the recycling pool. Although bafilomycin has recently been used in
studies that investigate the synaptic vesicle endocytosis with optical pH sensitive
probes (Sankaranarayanan and Ryan, 2001), folimycin’s affinity (Ki = 20pM) for
v-ATPase is 25-fold higher than that of bafilomycin (Ki = 500pM). This property
of folimycin requires lower concentrations of vehicle (DMSO), which may have
effects of its own at higher concentrations. This approach recently enabled exami-
nation of the kinetics of vesicle recycling in synapses onto CA1 pyramidal neurons
using electrophysiological measures, which allows measurements at a milliseconds
time scale (Ertunc et al., 2007).

1.4 Detection of Neurotransmitter Secretion
Through Amperometric Recordings

As indicated in the previous sections, whole-cell recordings are widely used to de-
tect neurotransmission in multiple settings; however, they possess some shortcom-
ings, which hinder their applicability to all forms of neurotransmission. Whole-cell
recordings can only be effective to detect fast neurotransmitters that are released
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rapidly and activate closely juxtaposed ligand-gated channels. Using this approach
it is not possible to examine release kinetics of neuromodulatory transmitters such
as dopamine, serotonin, or cathecholamines as they typically activate G-protein cou-
pled receptors and only generate slow electrical responses that are not linearly pro-
portional to release kinetics. Furthermore, in the case of ionotropic receptors the
reliance of this physiological setting on receptor properties such as receptor desen-
sitization and saturation hinders direct estimation of presynaptic release properties.

The chemical structures of catecholamine or monoamine transmitters make them
susceptible to rapid oxidation. These oxidation current signals can be detected us-
ing carbon fiber electrodes held at DC voltage above the redox potential of these
neurotransmitters. This method proves an accurate depiction of vesicular neuro-
transmitter content free of nonlinear properties of postsynaptic ionotropic receptors
(Bruns et al., 2000). Furthermore, detailed analysis of individual fusion event pro-
files can provide information in regard to diffusion kinetics of neurotransmitters out
of fused vesicles (Chow et al., 1992). For instance, initial application of this method
to catecholamine secretion of adrenal chromaffin cells revealed prominent slowly
rising “foot” signals preceding the actual rapid rise of neurotransmitter concentra-
tion after fusion (Chow et al., 1992). The characteristics of this foot signal have
been routinely analyzed in multiple settings to examine mechanisms underlying fu-
sion pore expansion (Jackson and Chapman, 2006). In addition to amperometry,
fast cyclic voltametric methods can be used to identify the released substances. In
fast cyclic voltametry, a periodic voltage pattern is applied to the carbon electrode
to extract the characteristic redox signatures of oxidizable substances in a solution.
This method can be useful in distinguishing individual components within a mix-
ture of neurotransmitters in cases where there is co-release of multiple oxidizable
neurotransmitters (Zhou et al., 2005).

1.5 Detection of Membrane Fusion via Presynaptic Capacitance
Measurements

Synaptic vesicles are membranous organelles, which release their neurotransmitter
content after fusion with the plasma membrane. This process can be directly moni-
tored via capacitance measurements. Alteration in total membrane capacitance can
be used as a reporter of membrane fusion or endocytosis as long as the magnitude
of the capacitance change is above the background noise. A critical requirement
for employment of this method is direct electrical access to the secretory cellular
component. This requirement significantly impairs the applicability of this method
to small synapses of the central nervous system, which typically cover a 1 um? sur-
face area. Therefore, most capacitance measurements have been limited to secretion
from cell bodies of mast cells, adrenal chromaffin cells, or large pituitary nerve ter-
minals. Recent studies on a large presynaptic terminal, called the calyx of Held, lo-
cated within the medial nucleus of the trapezoid body region of the brain stem, have
employed capacitance measurements in examining the coupling between synaptic



Pharmacology of Neurotransmitter Release: Measuring Exocytosis 31

vesicle exocytosis and endocytosis (Sun and Wu, 2001). In the hippocampus, large
mossy fiber terminals originating from dentate granule cells have also been studied
using this method, revealing a large pool of recycling vesicles (Hallermann et al.,
2003).

Despite its limited applicability to synaptic vesicle fusion, the capacitance mea-
surement method, when available, provides several advantages due to its ability to
report the kinetics of exocytosis and endocytosis as well as in some cases proper-
ties of fusion pore openings. Nevertheless, capacitance measurements also possess
several shortcomings. First, measurement of fusion during repetitive stimulation is
problematic, as rapid changes in membrane potential induce massive charge move-
ments across the membrane and render capacitance measurements difficult to in-
terpret. Therefore, the best setting to examine evoked release using this method
takes advantage of light-induced Ca®>" uncaging within the nerve terminal bypass-
ing voltage-gated Ca>* influx rather than direct depolarization of the nerve terminal.
Second, like every method, capacitance measurements are prone to artifacts. These
artifacts may originate from multiple sources, including inaccurate estimation of
the electrotonic properties of the nerve terminal, which is needed to extract capac-
itance values from phase changes in the output signal. In some cases fusion events
not relevant to neurotransmitter release may complicate direct interpretation of the
signals in terms of synaptic vesicle fusion. Some of these artifacts can be allevi-
ated by appropriate control experiments such as testing capacitance changes in the
absence of secretion using application of clostridial toxins that block membrane fu-
sion. Recently, capacitance measurements using the cell-attached configuration of
the patch clamp technique have been achieved on or near the active zones of the
calyx of Held nerve terminals. This configuration has several advantages over tra-
ditional whole terminal recoding configuration due to electrical isolation of a small
membrane area, thus limiting background noise (He et al., 2006). This setting al-
lowed resolution of single-vesicle fusion events and their properties of endocytosis.
However, establishing a tight giga-ohm seal on a release site may also modify the
properties of vesicle fusion events by altering membrane tension or the presynaptic
scaffolding matrix present in active release sites.

2 Fluorescent Visualization of Synaptic Vesicle Fusion
and Recycling

2.1 Optical Detection of Neurotransmitter Release

Despite their versatility, electrophysiological methods typically report neurotrans-
mitter release from a population of synapses or release sites. In most cases, unitary
quantal transmission can only be detected using recordings of spontaneous neuro-
transmission or under settings that activate a very small number of synapses. More-
over, these methods usually provide little or no spatial information about the origin
of release. Optical experiments using fluorescent probes, on the other hand, report
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release at the level of individual synapses. These methods either monitor Ca®* influx
through postsynaptic NMDA receptors or can directly monitor presynaptic proper-
ties using styryl dye imaging and GFP-tagged synaptic vesicle proteins.

NMDA receptor mediated Ca>* influx provides a valuable reporter of postsy-
naptic receptor activation in response to presynaptic glutamate release. NMDA
receptors have a very high affinity for glutamate (~1uM range), thus they can
detect even subtle fusion events that may not release sufficient glutamate to activate
AMPA receptors. In addition, in response to a single quantal fusion event postsy-
naptic NMDA receptors are not saturated, which enables measurements of release
with a large dynamic range despite their high affinity. Therefore, this approach has
recently been quite informative for providing evidence for multivesicular release in
central synapses (Oertner et al., 2002). Ca?* indicator dyes with adequate linear
response range and affinity can be used to detect Ca’>" signal in a single dendritic
spine evoked by quantal release events. This method, by its very nature, is lim-
ited to glutamatergic synapses or synapses with reliable postsynaptic Ca’>* selective
channels (e.g., some subtypes of nicotinic acetylcholine receptors or purinergic re-
ceptors such as P2X receptors). Moreover, the properties of neurotransmitter release
can only be inferred postsynaptically; therefore, the same caveats that apply to elec-
trophysiological recordings in principle apply to this method as well. However, the
ability to monitor neurotransmission at the level of individual synapses and avail-
ability of a wide variety of Ca?" indicators makes this setting a method of choice
for investigation of synaptic activation in intact tissues such as brain slices using
two-photon imaging.

Recently, in addition to postsynaptic Ca>* imaging, several fluorescence imag-
ing modalities have been introduced which primarily report synaptic vesicle fusion
and endocytosis. These methods either take advantage of styryl dyes that can be
loaded into recycling vesicles or they utilize exogenous expression of synaptic vesi-
cle proteins tagged with a pH-sensitive variant of GFP at regions facing the vesi-
cle lumen. Styryl dyes, such as FM1-43 and FM2-10, are amphipathic compounds
that label recycling synaptic vesicles in an activity-dependent manner. This opti-
cal approach is also useful for monitoring the kinetics of replenishment for the
release-ready pool of vesicles in a synapse. Furthermore, uptake and release of
these dyes provide a faithful readout for synaptic vesicle reuse during activity. GFP-
tagged synaptic vesicle proteins such as synaptobrevin and synaptophysin, on the
other hand, provide a molecularly specific way to examine surface exposure and
re-internalization of these proteins during synaptic vesicle exo- and endocytosis.

2.2 Functional Analysis of Exocytosis and Vesicle Recycling
Using Styryl Dyes

In the last decade significant advances in our understanding of the dynamics of the
synaptic vesicle cycle were made possible by the availability of new optical probes.
The first set of probes was the styryl dye FM1-43 and its analogs (Betz et al., 1996).
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FM1-43 is a partially lipophilic dye, which increases fluorescence 100-fold when
it partitions into membranes; thus it is virtually invisible in aqueous solution. The
chemical structure of FM1-43 makes it difficult for it to cross lipid membranes, thus
limiting the fluorescence labeling to outer membranes and recycling vesicles. Us-
ing this methodology, one can detect activity-dependent vesicular dye uptake and
release in synaptic connections in multiple preparations, including central neuronal
cultures. Studies using FM dyes revealed that activity-induced dye uptake and re-
lease operates with high fidelity. Specifically, the extent of fluorescent dye endo-
cytosed during a particular stimulation matches the magnitude of fluorescence loss
due to exocytosis in response to the same stimulation. This observation suggests
that synaptic vesicles recycle without intermixing with endosomal compartments
and thus the fluorescence probes do not get diluted (Murthy and Stevens, 1998).

The properties of styryl dyes make them useful tools for revealing quantitative
information on vesicular recycling within a presynaptic terminal (Figure 2). These
dyes can be rapidly inserted into membranes within milliseconds; however, with
the increasing lengths of their hydrocarbon chains, they have decreasing rates of
dissociation from membranes (Ryan, 1996; Klingauf et al., 1998; Kavalali et al.,
1999). Previous measurements have shown that FM1-43 departitions from lipid to
aqueous environment with a time constant of 2.5s, whereas its analogs, FM2-10
and FM1-84, departition with time constants of 0.6s and 4.8s, respectively. These
differential departitioning properties of FM dyes can be exploited to estimate the ki-
netics of endocytosis in hippocampal synapses (Ryan, 1996; Klingauf et al., 1998;
Kavalali et al., 1999). Because of FM2-10’s membrane dissociation rate, destain-
ing experiments with the dye provide the closest estimates of vesicle mobilization
and exocytosis. In contrast, the same experiments performed with FM1-43 may be
vulnerable to dye trapping due to fast endocytosis. A significant proportion of en-
docytosis takes place following the cessation of stimulation, albeit on a slower time
scale. This slow endocytosis may require formation of clathrin coats, followed by
a recycling pathway where vesicles go through an endosomal intermediate struc-
ture and recover all of the necessary molecular components. Alternatively, recycling
vesicles can be formed from membrane invaginations called “cisternae” (Richards
et al., 2000) that develop adjacent to the active zone. Reformation of synaptic vesi-
cles from these endosomal structures requires clathrin and clathrin-adaptor proteins
that bind to specific synaptic vesicle membrane proteins. Recent studies in the frog
neuromuscular junction have shown that a slow endocytosis pathway, characterized
by large membrane invaginations formed in response to prior activity, operates at
rest for up to at least 10 minutes or more after cessation of exocytosis and selectively
traps FM1-43 but not FM2-10. The slowly endocytosed membrane can form synap-
tic vesicles, which can in turn mix with the reserve pool and become re-available
for release with a delay. FM2-10 uptake, in contrast, occurs in rapidly endocytosing
vesicles, which preferentially populate the readily releasable pool and give rise to
the fast component of destaining.

In a typical experiment to estimate slow endocytosis, one can stimulate synaptic
terminals with 10- to 30-Hz field stimulation for 30 to 60 seconds and rapidly per-
fuse FM1-43 onto the preparation (for 60 seconds and up to 10 minutes) at gradually
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Fig. 2 Optical monitoring of vesicle recycling using FM dyes. FM1-43 and its analogs are partially
lipophilic dyes which fluorescence increases almost 100-fold when they partition into membranes.
Therefore, they are virtually invisible in aqueous solution. The chemical structure of FM dyes
makes it difficult for them to cross lipid membranes, thus limiting the fluorescence labeling to
outer membranes and recycling vesicles. During a typical experiment, stimulation in the presence
of extracellular dye leads to uptake of dye molecules into vesicles that have undergone exocytosis
followed by endocytosis. Subsequent washout of extracellular dye uncovers fluorescent staining
specific to actively recycling vesicles during the stimulation paradigm. Consequent stimulation
results in fusion of dye-loaded vesicles and loss of fluorescence trapped in synapses. This fluores-
cence loss is due to departitioning of the dye into aqueous solution or lateral diffusion of dye in
neuronal membrane.

increasing delays following the cessation of stimulation. The time course of de-
crease in the amount of fluorescence trapped within synapses provides an estimate
of the time constant of slow endocytosis. This time constant has previously been
shown to slow with increasing extent of depletion of vesicles in the neuromuscular
junction (Wu and Betz, 1996). However, in these experiments, parallel control ex-
periments are essential to account for the potential effect of changes in the level of
exocytosis. Some evidence indicates that the number of fused vesicles can regulate
the rate of endocytosis. Under the same setting more rapid endocytosis can be quan-
tified when dye is applied concomitantly during stimulation and washed out rapidly
afterward with no delay. Fast endocytosis is typically tightly coupled to exocytosis,
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and it is thought to be critical for maintenance of neurotransmission during sustained
neurotransmission (Sara et al., 2002).

The measurement of the size of functionally distinct vesicle pools is a critical
step in linking the structure and function of presynaptic terminals. Styryl dyes are
also quite useful in determination of vesicle pool sizes at the level of individual
synapses (Mozhayeva et al., 2002). In these measurements, it is important to dis-
tinguish changes in the Ca>* dependence of the release machinery from changes in
numbers and maturational (release competent) states of synaptic vesicles. This dis-
tinction can be achieved by using saturating levels of Ca>*-dependent stimulation
or Ca*>*-independent stimulations, such as hypertonic sucrose application (typically
+500mOsm), to mobilize vesicles. The recycling kinetics of readily releasable pool
(RRP) vesicles can be determined using uptake and release of the styryl dye FM2-10
in response to hypertonic stimulation. To determine the total recycling pool, uptake
and release of styryl dyes can be induced by sustained depolarization achieved via
application of elevated potassium solution. This strong stimulation can induce mobi-
lization of virtually all vesicles capable of recycling within individual synapses. The
comparison of the two fluorescence measurements (RRP versus the total recycling
pool) can reveal critical information in regard to functional allocation of vesicles to
a particular pool in given condition.

Detecting release of FM dyes rapidly after their uptake into the synapse pro-
vide a commonly used setting to quantify synaptic vesicle reuse in synapses (Ryan
and Smith, 1995). In these experiments, FM dye is applied during and/or immedi-
ately after stimulation to label endocytosing vesicles. The dye-containing solution
is then swiftly washed out to prevent further dye uptake. This dye application stains
a number of vesicles, depending on the stimulation strength as well as the dura-
tion of dye presence. Application of a second stimulation at gradually delayed time
points (typically 0 to 120s) causes dye loss due to the re-availability of labeled
vesicles. However, the proximity of stimulations inducing dye uptake and release
makes it difficult to image actual dye loss during the second stimulation because of
the high fluorescence background originating from residual dye. This shortcoming
is usually circumvented by monitoring the remaining detectable staining at a later
time point (typically ~5 minutes) after complete dye washout. The releasable fluo-
rescence trapped in the synapse gradually decreases following stimulations applied
at longer intervals or for longer durations after dye washout. The time course of
this decrease in fluorescence provides an estimate of the time constant of vesicular
reuse, which is the time it takes for an endocytosed vesicle to become release-ready
again. This is a very sensitive method to detect vesicle reuse. As stated above, the
major caveat is the background fluorescence, while usually not sufficient to restain
vesicles during stimulation, it makes fast imaging nearly impossible. Because of
this problem, the vesicle reuse kinetics is typically reconstructed from a popula-
tion of synapses rather than from repeated measurements at individual presynaptic
terminals.
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2.3 Detection of Synaptic Vesicle Exocytosis and Endocytosis
Using pHluorin-Tagged Synaptic Vesicle Proteins

SynaptopHluorin (spH) is another fluorescent probe that is commonly used to
monitor exocytosis and endocytosis of synaptic vesicles (Miesenbock et al., 1998;
Sankaranarayanan and Ryan, 2000). Synaptophluorin is a fusion construct of the
synaptic vesicle protein synaptobrevin (also called vesicle associated membrane
protein, or “VAMP”) with a pH-sensitive EGFP at its C-terminal (located in the
synaptic vesicle lumen). Synaptic vesicle lumen normally has an acidic pH of
approximately 5.5, at which spH fluorescence is quenched (Figure 3). When vesicles
fuse, lumenal EGFP is exposed to the extracellular pH, which results in a marked
increase in its fluorescence. Studies using spH have provided valuable information
on the tight coupling between exocytosis and endocytosis. One advantage of the
spH probe is the molecular specificity of the fluorescence signal, since the signal
originates from a synaptic vesicle protein as opposed to nonspecific lipid-based flu-
orescence of FM dyes. Proton diffusion from a synaptic vesicle is not expected
to be limited, and the time course of vesicle re-acidification is thought to be fast
(see below), without imposing a significant delay in the fluorescence signal dur-
ing spH endocytosis. Although most studies so far used synaptobrevin as a carrier
for the pHIuorin tag, recent work took advantage of other synaptic vesicle proteins
as pHluorin attachments (Granseth et al., 2006; Voglmaier et al., 2006). Surpris-
ingly, in these experiments, different synaptic vesicle proteins tagged with pHluorin
gave different results with respect to their background fluorescence (i.e., surface
exposure) and retrieval. For instance, both synaptophysin (a four-transmembrane
domain synaptic vesicle protein) and the vesicular glutamate transporter reveal

Synaptic Vesicle

\

Synaptophysin-pHluorin

Fig. 3 Synaptophysin-pHluorin is a fusion construct of the synaptic vesicle protein synaptophysin
(a four-transmembrane domain synaptic vesicle protein) with a pH-sensitive EGFP at its C-terminal
(located in the synaptic vesicle lumen). Synaptic vesicle lumen normally has an acidic pH of ap-
proximately 5.5 at which spH fluorescence is quenched. When vesicles fuse, lumenal EGFP is
exposed to the extracellular pH, which results in a marked increase in its fluorescence. During
endocytosis, pHluorin fluorescence is re-quenched as vesicle lumen becomes acidic.
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very little surface exposure (thus fluorescence) in the absence of stimulation. Once
stimulated they show a swift increase in fluorescence without significant lateral dif-
fusion upon fusion, which was a salient feature of synaptopHluorin-based measure-
ments. The dependence of the properties of pHluorin-based measurements on the
identity of the tagged protein complicates a straightforward interpretation of these
experiments in terms of synaptic vesicle recycling. Despite this caveat, these mea-
surements reveal critical information in regard to copy numbers and specific cell
biological attributes of synaptic vesicle proteins.

The vacuolar ATPase blockers discussed above are also useful in dissecting
the kinetics of exocytosis and endocytosis in pHluorin-based measurements. In re-
sponse to brief field stimulation, synaptophysin-pHluorin (or synaptopHluorin) flu-
orescence shows a swift increase and a gradual slow return to baseline (Granseth
et al., 2006), presumably due to slow compensatory endocytosis. However, when
the same experiment is repeated in the presence of a vacuolar ATPase blocker
(such as folimycin) synaptophysin-pHluorin fluorescence shows a larger increase
detectable within the first 500 ms (Ertunc et al., 2007). The difference between
these two signals can be taken as a readout of endocytosis with the assumption that
re-acidification of vesicles upon endocytosis proceeds rapidly and requenches in-
ternalized pHluorin. However, current estimates of synaptic vesicle re-acidification
widely differ. According to some estimates re-acidification may take place rapidly
within 500 milliseconds or less upon endocytosis (Gandhi and Stevens, 2003; Ertunc
et al., 2007). In contrast, recent findings in hippocampal cultures suggest a relatively
slow time course (~5 seconds) (Atluri and Ryan, 2006). These slower estimates
have originated from measurements of synaptic vesicle re-acidification during de-
layed endocytosis following stimulation and, therefore, they may have overlooked a
fast component of vesicle re-acidification. The vesicles that are endocytosed with a
delay after stimulation may end up being slowly re-acidified due to slower reassem-
bly of their protein complements. Whereas vesicles that are endocytosed rapidly
during stimulation may also be re-acidified rapidly, as their protein components (in-
cluding the vacuolar ATPase) are more likely to be intact.

2.4 Comparison of Styryl Dye Imaging and pHluorin-Based
Visualization of Exo-Endocytosis

While FM dyes and spH are commonly used to measure endocytosis and exo-
cytosis, there are advantages and disadvantages to both. FM dye measurements
have been instrumental in tracing vesicles during their cycle in the synapse. Us-
ing uptake and release of FM dyes one could reach conclusions on vesicle mix-
ing with endosomal compartments (Murthy and Stevens, 1998) or on repeated use
of the same vesicles during activity (Aravanis et al., 2003), which would be diffi-
cult to attain using probes like spH. FM dyes report lipid cycling; spH reports the
fate of synaptic vesicle protein synaptobrevin (or others) upon fusion and endo-
cytosis. SpH is a genetically expressed probe, which facilitates more reproducible
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repeated measurements on the same set of synapses (as it does not require dye
uptake). However, measurement of endocytosis with spH is confounded by two
factors. First, lateral diffusion of vesicular spH following fusion is commonly ob-
served (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001). It is unclear
whether reuptake of spH truly reflects endocytosis of vesicles or reclustering and
re-internalization of synaptobrevin. It is also unknown whether endocytosis of lipid
and protein components of synaptic vesicles are distinct processes or whether they
are coupled. Second, the dependence of endocytosis measurements on vesicle re-
acidification may delay the fluorescence signal after spH internalization. There are
also concerns with using FM dyes. Typically, FM dye measurements suffer from
nonspecificity. FM dyes stain the surface membrane indiscriminately, and thus they
are less specific to synaptic vesicles. Moreover, changes in FM dye fluorescence typ-
ically occur slowly, in seconds, making it difficult to detect events in the millisecond
time scale, which more closely match the time course of neurotransmission. In addi-
tion, after FM dye uptake, preparations need to be washed with dye-free solution for
a significant period to reduce background fluorescence, which limits the rapid detec-
tion of synaptic vesicle re-availability after endocytosis. In summary, spH provides
a molecularly specific probe to monitor the coupling between exocytosis and endo-
cytosis, whereas FM dyes are better at tagging vesicles during their cycling within
the synapses. Thus these two optical probes complement each other in monitoring
distinct aspects of the synaptic vesicle cycle.

The experiments using these optical tools consistently supported the premise
that synaptic vesicle exocytosis and endocytosis are tightly coupled processes. This
largely kinetic coupling is also backed up by recent molecular evidence that proteins
critical for exocytosis such as synaptotagmin and synaptobrevin, are also essential
for triggering endocytosis (Poskanzer et al., 2003; Deak et al., 2004; Nicholson-
Tomishima and Ryan, 2004).

3 Biochemical Approaches to Measuring Neurotransmitter
Release

Synaptic neurotransmission in brain occurs mostly by exocytic release of vesicles
filled with chemical substances (neurotransmitters) at presynaptic terminals. Thus,
neurotransmitter release can be detected and studied by measuring efflux of neu-
rotransmitters from synapses by biochemical methods. Various methods have been
successfully employed to achieve that, including direct measurements of glutamate
release by high-performance liquid chromatography of fluorescent derivatives or by
enzyme-based continuous fluorescence assay, measurements of radioactive efflux
from nerve terminals preloaded with radioactive neurotransmitters, or detection of
neuropeptides by RIA or ELISA. Biochemical detection, however, lacks the sensi-
tivity and temporal resolution afforded by electrophysiological and electrochemical
approaches. As a result, it is not possible to measure individual synaptic events
and apply quantal analysis to verify the vesicular nature of neurotransmitter release.
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Carefully controlled experiments are required to ensure that most of the measured
neurotransmitter efflux is vesicular and is not significantly contaminated by release
from nonvesicular sources (e.g., leakage from the cytoplasmic pool, reversal of
plasma membrane neurotransmitter transporters). Use of biochemical methods to
measure neurotransmitter release also has a number of significant advantages: it is
instrumentally simpler and less expensive; release is averaged over large number of
terminals, thus eliminating synapse to synapse variability; detection does not depend
on postsynaptic terminal function.

In principle, high-density primary neuronal cultures and acute or chronic brain
slice preparations can be used to measure neurotransmitter release biochemically.
However, by far the most commonly used preparation is synaptosomes, resealed
broken-off nerve terminals obtained by homogenization of brain tissue in isotonic
solutions of low ionic strength and differential centrifugation. Synaptosomes retain
most of the cytoplasm, synaptic vesicles, mitochondria, and other organelles found
in presynaptic terminals. When incubated in oxygenated balanced salt solutions con-
taining glucose, synaptosomes remain metabolically active for several hours ex vivo,
generating ATP and maintaining membrane potential and normal channel function
(Nicholls, 2003). Depending on the method used, synaptosomes can be prepared
quickly (under 30 min) in crude form from a large portion of the brain (e.g., neocor-
tex) or in highly pure form from specific brain region (e.g., CA3 region of hippocam-
pus) after several step gradient centrifugations. Unlike dissociated neuronal cultures
and brain slices, synaptosomes are electrically inaccessible. To stimulate neurotrans-
mitter release, synaptosomes are treated with substances modifying cation-selective
channels, e.g., by applying high potassium solutions or potassium channel blockers
(4-aminopyridine) to open voltage clamped calcium channels or by substances stim-
ulating neurotransmitter release independent of channel function, e.g., hypertonic
solutions (0.5 M sucrose), calcium ionophores (ionomycin), or presynaptic neuro-
toxins (o-latrotoxin).

Glutamate release from synaptosomes can be measured by enzyme-based contin-
uous fluorescence assay (Nicholls and Sihra, 1986; Nicholls et al., 1987). This ex-
perimental setup allows direct measurement of glutamate efflux from synaptosomes
but cannot be easily adapted to measure release of other neurotransmitters. In addi-
tion, synaptosomes are subjected to stimulation for prolonged period of time, which
results in nonvesicular glutamate release, thus complicating interpretation of data
obtained by this method. A different approach is used in superfusion release assays
developed to measure neurotransmitter release from synaptosomes preloaded with
radioactive neurotransmitters (Lonart et al., 1993; Lonart and Sudhof, 1998). Synap-
tosomes are captured on glass fiber filters, thus avoiding mechanical damage caused
by stirring and sedimentation (Figure 4). This method allows measurements of all
major neurotransmitters, and in some cases can be used to monitor release of sev-
eral neurotransmitters simultaneously (Khvotchev et al., 2000). Superfusion release
setup enables rapid and transient stimulation of synaptosomes, which can be applied
multiple times. Preloading of synaptosomes with radioactive neurotransmitter and
assaying neurotransmitter release should be carried out relatively quickly to avoid
metabolization of radioactive compounds.
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Fig. 4 Superfusion neurotransmitter release assay in synaptosomes. (a) Schematic drawing of a
superfusion setup. Synaptosomes are preloaded with radioactive neurotransmitter and captured
on fiberglass filters in superfusion chambers under continuous superfusion with gassed physio-
logical salt solution (e.g., Krebs bicarbonate buffer) using a peristaltic pump. After a 10- to 15-
minute wash, neurotransmitter release is triggered by rapid switching of superfusion lines to a
stimulating buffer (e.g., high-potassium solution). Superfusate is collected on a fraction collector,
and radioactivity is measured by liquid scintillation. (b) Typical trace recording of tritium-labeled
norepinephrine fractional release in rat cortical synaptosomes stimulated by high potassium and
a-latrotoxin in the presence or absence of external calcium.

Significant advances in studying secretion were obtained with help of perme-
abilized cell preparations, e.g., cracked PC12 cells that allows direct biochemi-
cal access to intracellular release machinery (Klenchin et al., 1998; Martin and
Grishanin, 2003). Similar approaches were relatively unsuccessful in neuronal
preparations, possibly due to the complexity and small size of synaptic termi-
nals. However, better-controlled permeabilization (using bacterial toxins) may be
a promising approach to develop reliable and reproducible assays to measure neu-
rotransmitter release in these preparations.
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Abstract The central and peripheral nervous systems express multiple types of lig-
and and voltage-gated calcium channels (VGCCs), each with specific physiologi-
cal roles and pharmacological and electrophysiological properties. The members of
the Cay2 calcium channel family are located predominantly at presynaptic nerve
terminals, where they are responsible for controlling evoked neurotransmitter re-
lease. The activity of these channels is subject to modulation by a number of dif-
ferent means, including alternate splicing, ancillary subunit associations, peptide
and small organic blockers, G-protein-coupled receptors (GPCRs), protein kinases,
synaptic proteins, and calcium-binding proteins. These multiple and complex modes
of calcium channel regulation allow neurons to maintain the specific, physiological
window of cytoplasmic calcium concentrations which is required for optimal neuro-
transmission and proper synaptic function. Moreover, these varying means of chan-
nel regulation provide insight into potential therapeutic targets for the treatment of
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pathological conditions that arise from disturbances in calcium channel signaling.
Indeed, considerable efforts are presently underway to identify and develop specific
presynaptic calcium channel blockers that can be used as analgesics.

1 Subtypes and Physiological Functions of Calcium Channels

The entry of calcium ions into the cytosol mediates a wide range of cellular re-
sponses, including the activation of calcium dependent enzymes, gene transcription,
and the initiation of calcium triggered membrane fusion — a key aspect of vesicular
neurotransmitter release (Dolmetsch et al. 2001; Fields et al. 2005; Martin-Moutot
et al. 1996; Reid et al. 2003; Sutton et al. 1999; Wheeler et al. 1994). Calcium may
enter cells by a number of different mechanisms, including ligand and voltage-gated
calcium channels (VGCCs). The nervous system expresses a number of different
types of VGCCs, each with specific physiological functions and electrophysiolog-
ical and pharmacological properties (Table 1). These include the L-type (Cay1.1-
1.4), P/Q-type (Cay2.1), N-type (Ca,2.2), R-type (Cay2.3), and T-type (Ca,3.1-3.3)
channels, which are broadly classified into low- and high-voltage activated channels
(LVA and HVA channels, respectively) (Catterall 2000). LVA (a.k.a. T-type) calcium
channels activate in response to small membrane depolarizations, display rapid gat-
ing kinetics, exhibit a small unitary conductance, and play a major role in neuronal
pacemaker activity (Mangoni et al. 2006; Nelson et al. 2006). In contrast, HVA
channels require larger membrane depolarizations in order to open and can be fur-
ther categorized, based on their functional characteristics, into N-, P-, Q-, R-, and
L-types. These HVA calcium channel subtypes are distinguished by their pharma-
cological profiles: L-type channels are sensitive to dihydropyridines (Fox et al.
1987), N-type channels are selectively inhibited by m-conotoxins GVIA, MVIIA,
and CVID (Adams et al. 1993; Feng et al. 2003; Olivera et al. 1984; Reynolds et al.
1986), and P- and Q-type channels are differentially sensitive to ®-agatoxin IVA
(Adams et al. 1993). R-type channels were originally identified based on their re-
sistance to these pharmacological tools (Randall and Tsien 1995) but have since
been shown to be potently inhibited by the spider toxin SNX-482 (Bourinet et al.
2001; Newcomb et al. 1998). These calcium channel subtypes also support distinct
physiological functions and exhibit specific subcellular distributions (Table 1). For
example, L-type calcium channels are expressed on cell bodies and support calcium-
dependent gene transcription (Bading et al. 1993; Dolmetsch et al. 2001; Weick
et al. 2003), while both N-type and P/Q-type channels are expressed at presynap-
tic nerve terminals, where they control evoked neurotransmitter release (Ishikawa
et al. 2005; Westenbroek et al. 1992; Westenbroek et al. 1995). Recent evidence
also implicates R-type calcium channels in the release of neurotransmitters at cer-
tain synapses (Kamp et al. 2005). For the purposes of this chapter, we will focus
predominantly on these presynaptic VGCC subtypes.
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2 Molecular Structure of Voltage-Gated Calcium Channels

HVA calcium channels are formed by association of a multimeric protein com-
plex that is comprised of ay, 3, and o — d subunits, with, as far as we know, a
1:1:1 stoichiometry (Figure 1) (Catterall 2000). In addition, although its presence
remains controversial, some types of HVA calcium channels appear to contain an
additional vy subunit (Kang and Campbell 2003; Moss et al. 2002). The o; subunit is
the major pore-forming subunit and is by itself sufficient to form a functional chan-
nel. However, the ancillary subunits are important for proper membrane targeting,
and alteration of the functional characteristics of o; (Bichet et al. 2000; Stea et al.
1993; Walker and De Waard 1998; Zamponi et al. 1996). All o subunits share a
common architecture of four major transmembrane domains (I through IV), con-
nected by cytosolic linker regions and cytoplasmic N- and C-termini. Each major
domain contains six membrane spanning helices (S1 through S6) and a re-entrant
p-loop that is thought to contain the amino acids that line the pore and form the ion
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Fig. 1 Topology of the voltage-gated calcium channel protein complex. The main pore-forming
subunit, o1, is composed of four homologous domains (I through IV), connected by cytosolic link-
ers and flanked by cytosolic N- and C-termini. Each domain consists of six membrane-spanning
helices (S1 through S6) and a p-loop between the S5 and S6 segments. The S4 segment contains
several positively charged amino acids which act as the voltage sensor. The II-III linker contains a
synprint region which is important for interactions with synaptic proteins essential for neurotrans-
mitter release. The calcium channel B subunit is a cytoplasmic protein that associates with the o
subunit on the I-II linker alpha interaction domain (AID). The calcium channel 0;-8 subunit is
composed of the membrane-spanning 3-subunit, connected via di-sulfide linkages to the heavily
glycosylated o, subunit. Finally, the calcium channel 7y subunit is comprised of four transmem-
brane helices with cytoplasmic N- and C-termini. The presence of this subunit in synaptic calcium
channels is controversial, hence it is depicted with a question mark (?) overhead. The auxiliary
calcium channel subunits are important for proper membrane targeting of the channel as well as
for alteration of channel function.
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selectivity filter (Figure 1) (Catterall 2000). Moreover, it is the calcium channel o
subunit that defines the calcium channel subtype. To date, 10 different oy subunits
have been identified and shown to correspond to the native calcium channel iso-
forms when expressed functionally. They fall into three gene families, Ca,1, Ca,?2,
and Ca,3 (Table 1). The Ca,1 family encodes four different L-type channel iso-
forms (Koschak et al. 2003; Mikami et al. 1989; Tomlinson et al. 1993; Williams
etal. 1992), the Ca,3 family encodes three different T-type channel isoforms (Cribbs
et al. 1998; Klockner et al. 1999; Lee et al. 1999b; McRory et al. 2001; Monteil et al.
2000; Perez-Reyes et al. 1998), and most relevant to this chapter, the Ca,2 family
includes the synaptic calcium channel subtypes. Ca,2.2 and Ca,2.3, respectively,
correspond to N-type and R-type channels (Dubel et al. 1992; Soong et al. 1993;
Williams et al. 1994), and different splice isoforms of Ca,2.1 give rise to P- and
Q-type channels (Bourinet et al. 1999). Each of the other types of calcium channel
o subunits undergoes alternate splicing, often producing calcium channel isoforms
with very distinct electrophysiological properties (Lipscombe et al. 2002), and in
the case of N-type calcium channels, differential cellular expression patterns (Bell
et al. 2004).

The mammalian brain expresses four different types of B subunits (B, through
B4), which can undergo alternate splicing (Dolphin 2003a; Richards et al. 2004).
They share a similar structural arrangement with two highly conserved regions (C1
and C2) of high overall sequence homology (75% and 85%, respectively), sepa-
rated and flanked by a total of three variable regions (V1 through V3) of much
lower homology (35%-55%) (Walker and De Waard 1998). These subunits are cy-
toplasmic proteins, with the exception of ,,, whose N-terminus contains a pair of
cysteine residues that can be palmitoylated, thus leading to membrane insertion of
some splice isoforms of this subunit (Qin et al. 1998). Each of the four 3 subunits
physically binds to a region within the ot subunit domain I-II linker, which is highly
conserved among all HVA calcium channels and is termed the alpha interaction do-
main (AID) (Figure 1) (Pragnell et al. 1994). In addition, there have been reports of
a second calcium channel B subunit interaction site within the C-terminus of o; (Qin
et al. 1997), however, this role of this site remains unclear. The functional effects
of B subunit co-expression include changes in channel kinetics and, depending on
the channel subtype, an increase in current densities (Bichet et al. 2000; Chien et al.
1995; Yasuda et al. 2004). The latter observation has been linked to the masking of
an endoplasmic reticulum (ER) retention signal on the calcium channel o subunit
(Bichet et al. 2000); however, our recently published work indicates that, at least
in mammalian expression systems, the calcium channel a; subunit can give rise to
robust current activity even when expressed alone (Yasuda et al. 2004). Perhaps the
most obvious effect of the different 3 subunits is their regulation of channel inacti-
vation rates, with f3,, dramatically slowing inactivation, and 35 and B, accelerating
inactivation (Arikkath and Campbell 2003; Yasuda et al. 2004).

The calcium channel B subunit is the only calcium channel subunit for which
there is crystal structure information. The core of this subunit is homologous to
membrane-associated guanylate kinases (MAGUKS), with conserved, interacting
SH3 and guanylate kinase (GK) domains (Takahashi et al. 2004). Residues in the
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GK domain form a hydrophobic groove for high-affinity binding of HVA calcium
channels. Binding of the B subunit to the AID region is critically dependent on func-
tional association of the SH3 and GK regions (Opatowsky et al. 2003; Van Petegem
et al. 2004). The functional significance of the intramolecular SH3-GK interaction is
supported by electrophysiological data showing that coexpression of separate cDNA
constructs that encode the SH3 and GK domains, respectively, results in normal
subunit function, whereas either one of the regions alone is incapable of regulating
channel activity (Takahashi et al. 2005).

There are also four different types of calcium channel 0;-8 subunits, each of
which is encoded by a single gene that is postranslationally cleaved into o, and &
peptides which are then reconnected via a disulfide bond (De Jongh et al. 1990;
Klugbauer et al. 2003). The o subunit is extracellular and can be heavily gly-
cosylated, whereas the & subunit spans the plasma membrane with a single helix
(Figure 1).

It has been known for a long time that the skeletal muscle L-type calcium channel
complex also contains a ¥ subunit — a four transmembrane helix with cytoplasmic N-
and C-termini (Arikkath and Campbell 2003). Seven additional potential candidates
for neuronal calcium channel y subunits have been identified; however, it is not clear
if these are bona fide calcium channel subunits. Indeed, the first identified neuronal
calcium channel vy subunit “stargazin” has also been linked to AMPA receptor traf-
ficking and pharmacology (Chen et al. 2000; Tomita et al. 2005). Hence, it remains
unclear to what extent these subunits associate with the calcium channel complex in
neurons.

Calcium channel o and B subunits are subject to further heterogeneity due to
alternate splicing, thus giving rise to a potentially vast number of different types of
calcium channel molecules whose expression and distribution may be dynamically
regulated to suit a particular physiological function. It is important to bear this in
mind when comparing native calcium channel currents to data obtained in transient
expression systems.

3 Consequences of Calcium Channel Gene Knockout

The differential physiological roles of individual calcium channel subunits are per-
haps best highlighted by knockout (KO) mouse experiments (Table 1). KO animals
lacking each of the major calcium channel a; and 3 subunits have been character-
ized in detail. KO of the Ca,1.1 channel is lethal due to inability of mice to con-
tract their diaphragm (Strube et al. 1996). KO of the Ca, 1.2 channel is embryonic
lethal due to compromised cardiac function (Seisenberger et al. 2000). Mice lacking
Ca, 1.3 exhibit cardiac arrhythmias and are deaf (Platzer et al. 2000), whereas mice
lacking Cay 1.4 are blind (Mansergh et al. 2005). These two calcium channel sub-
types, respectively, control tonic glutamate release at ribbon synapses in cochlear
hair cells and photoreceptors — this type of neurotransmitter release thus differs
from the N- and P/Q-type channel mediated action potential evoked release, which



52 A.E. Kisilevsky, G.W. Zamponi

is transient. Mice lacking Ca, 3.1 channels are resistant to certain types of pharmaco-
logically induced seizures and may have an altered perception of visceral pain (Kim
et al. 2001b), whereas mice lacking Ca,3.2 channels are subject to compromised
vascular function (Chen et al. 2003). Ca,2.3 KO mice behave normally but show
reduced pain responses, as well as resistance to certain types of epileptic seizures
(Saegusa et al. 2000; Weiergraber et al. 2006). Although both N-type and P/Q-type
channels control neurotransmitter release, they are clearly not created equal. Mice
lacking the N-type (Cay2.2) channel are hyposensitive to pain and show reduced
ethanol reward behavior (Hatakeyama et al. 2001; Kim et al. 2001a; Newton et al.
2004). Other than a slightly compromised control of blood pressure, these mice
are behaviorally normal and viable. In contrast, mice lacking Ca,2.1 channels are
severely ataxic and show absence seizures (Jun et al. 1999). These mice usually die
before reaching maturity, which is in stark contrast to the findings with Ca,2.2 KO
mice. The ataxic and epileptic phenotype of the Ca,2.1 KO mice is consistent with
data from several mouse lines with missense and frame shift mutations (Doyle et al.
1997; Wakamori et al. 1998), or polyglutamine expansions (Zhuchenko et al. 1997),
in Ca,2.1, as well as with several Ca,2.1 human mutations found in patients with
episodic ataxia type 2 (Denier et al. 2001; Friend et al. 1999; Guida et al. 2001;
Ophoff et al. 1996) (see Section 4).

KO of the calcium channel B, subunit is lethal due to skeletal muscle paral-
ysis that results from reduced membrane targeting of the Cay1.1 channel (Gregg
et al. 1996; Strube et al. 1996). KO of the f3,, subunit is also lethal due to compro-
mised development of the cardiac vasculature (Ball et al. 2002). Mice lacking the
B subunit are viable but show reduced neuronal L-type and N-type channel activity
(Namkung et al. 1998). In the context of synaptic physiology, KO of the calcium
channel B, subunit is of interest. Lethargic is a mouse line with a mutation in the
calcium channel B, subunit that leads to a premature stop codon and de facto elim-
ination of this subunit. The consequences of this KO are strikingly similar to those
observed with KO or mutated Ca,2.1 animals (Burgess et al. 1997), hinting at a po-
tential common effect of these subunits on synaptic function. Similar considerations
apply to 0»-0 subunits where a frameshift mutation leads to the elimination of this
subunit in the ducky® mouse strain — again, as with Ca,2.1 KO animals, these mice
are ataxic and have absence seizures (Brodbeck et al. 2002). These observations
suggest that KO of either B, or 0,2-8 may lead to altered P/Q-type channel targeting
and/or function.

The notion that N-type and P/Q-type channel knockout mice are phenotypically
distinct suggests that these two calcium channel subtypes contribute to different as-
pects of synaptic function. Indeed, is has been reported that P/Q-type channels are
more frequently linked to excitatory transmission, whereas N-type channels may
contribute more often to inhibitory transmission (Potier et al. 1993). This is an im-
portant point to consider in the context of channel modulation as outlined below.



Presynaptic Calcium Channels: Structure, Regulators, and Blockers 53

4 Calcium Channelopathies Involving P/Q-Type Calcium
Channel o; Subunits

Mutations in the o subunits of voltage gated calcium channels have been linked
to a number of disorders. These include hypokalemic periodic paralysis (Cay1.1)
(Lapie et al. 1997), Timothy syndrome (Ca, 1.2 and Ca,3.2) (Splawski et al. 2005;
Splawski et al. 2004; Splawski et al. 2006), congenital stationary night blindness
(Cay1.4) (Bech-Hansen et al. 1998; Hoda et al. 2005), and various forms of absence
epilepsy (Cay3.2) (Khosravani and Zamponi 2006), none of which we will elabo-
rate on further. Mutations in P/Q-type calcium channels of both mice and humans
are also associated with a number of pathological conditions. As mentioned ear-
lier, point mutations in Ca,2.1 have been associated with episodic ataxia type 2, as
well as with familial hemiplegic migraine (FHM) in humans (Ophoff et al. 1996).
When introduced into recombinant channels and expressed in either transient ex-
pression systems or neurons, FHM mutations tend to result in decreased channel
function (Pietrobon and Striessnig 2003). In contrast, data from knock-in mice car-
rying certain FHM mutations are consistent with a gain of function mediated by
these mutations. To date, this issue has not been resolved. Similarly, patients with
spinocerebellar ataxia type 6 show an ataxic phenotype due to a polyglutamine ex-
pansion in the Ca,2.1 C-terminus (Zhuchenko et al. 1997) but, as in the case of
FHM mutations, it is unclear whether this is due to increased or decreased P/Q-
type channel activity. However, in general terms, any alteration in P/Q-type channel
function is expected to produce pronounced effects on neurotransmitter release and
synaptic function. Thus, increases and decreases in P/Q-type channel activity may
well produce similar alterations in neuronal network function depending on whether
inhibitory or excitatory inputs are affected.

There are also a number of murine models of P/Q-type channelopathies. Leaner,
Tottering, rolling Nagoya, and Rocker mice all carry mutations in the Ca,2.1 cal-
cium channel o; subunit that result in either the substitution of individual amino
acids or premature truncations of the channel protein. These mice tend to show an
ataxic phenotype and, in some cases, absence seizures (Lorenzon et al. 1998; Mori
et al. 2000; Noebels and Sidman 1979; Zwingman et al. 2001). In addition, several
of these mutations cause cerebellar atrophy (Herrup and Wilczynski 1982). When
introduced into recombinant channels, these mutations tend to reduce channel ac-
tivity which is consistent with reduced P/Q-type currents in neurons isolated from
these mouse lines.

To our knowledge, there are no identified N-type or R-type calcium chan-
nelopathies, which is consistent with the mild phenotype observed upon KO of the
Ca,2.2 or Ca,2.3 genes.
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5 Calcium Channel Pharmacology

5.1 Peptide Blockers

As mentioned earlier, the pharmacological profile of a given calcium channel is
a key means of identifying a particular calcium channel subtype. While small or-
ganic molecules such as dihydropyridines have been used to definitively character-
ize L-type calcium channels (Bean 1984), peptide toxins isolated from fish-hunting
marine snails, spiders, scorpions, and snakes have been an invaluable source of se-
lective inhibitors of synaptic calcium channels (Doering and Zamponi 2005). The
archetypal N-type calcium channel inhibitor is ®-conotoxin GVIA, a peptide iso-
lated from the fish-hunting cone snail Conus geographus. This toxin docks at the
outer vestibule of the channel and physically occludes the channel pore, thus pre-
venting calcium entry (Ellinor et al. 1994). Block occurs with high affinity and se-
lectivity over other types of calcium channels and is poorly reversible upon washout
(Feng et al. 2001b). w-Conotoxins MVIIA and CVID are isolated, respectively,
from the venoms of Conus magus and Conus catus, and they too selectively inhibit
N-type calcium channels via a pore blocking mechanism (Feng et al. 2001b; Fox
1995; Monje et al. 1993; Olivera et al. 1984). Compared with MVIIA, CVID has
even higher selectivity for N-type over P/Q-type calcium channels. Both MVIIA and
CVID have been used clinically to treat pain, via intrathecal injection, underscoring
the importance of N-type calcium channels in synaptic transmission in the dorsal
horn of the spinal cord. Although multiple structural domains likely contribute to
conotoxin block, efforts to map the contoxin interaction site on the N-type calcium
channel indicate that the domain III S5-S6 region is critical (Ellinor et al. 1994; Feng
et al. 2001b). In addition, the ancillary o;-0 subunits have been shown to reduce the
affinity of N-type calcium channels for MVIIA and CVID (Mould et al. 2004).
Perhaps the best known peptide blocker of P/Q-type calcium channels is
m-agatoxin IVA, a peptide isolated from the venom of the North American fun-
nel web spider Agelenopsis aperta. Unlike the conotoxins which are pore block-
ers, aga IVA functions as a gating inhibitor (McDonough et al. 1997). Application
of aga IVA at concentrations as low as several nanomolars causes rapid inhibition
of P-type channel activity and typically does not reverse upon washout (Adams
et al. 1993; Turner et al. 1992). However, application of strong membrane depolar-
izations removes aga IVA block so that the channel effectively undergoes a large
depolarizing shift in half activation potential — in essence, the toxin prevents activa-
tion gating but can be dislodged from its binding site by membrane depolarization
(Mintz et al. 1992). The site of action of aga IVA appears to involve extracellu-
lar regions within domain IV of the Ca,2.1 subunit (Winterfield and Swartz 2000).
Indeed, alternate splicing of an asparagine-proline motif within the domain IV S3-
S4 linker accounts for a 50-fold difference in aga IVA affinity between P-type and
Q-type calcium channels (Bourinet et al. 1999). Other examples of peptide gat-
ing inhibitors include ®-grammotoxin SIVA (an N- and P/Q-type channel blocker)
and SNX-482 (an R-type channel blocker), both isolated from different species of
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tarantula. Interestingly, the effects of aga IVA and grammotoxin on P/Q-type chan-
nel activity are additive, indicating that they bind to separate sites on the channel
(McDonough et al. 2002).

The 78 amino acid w-agatoxin IIIA blocks P/Q-type channels with nanomolar
affinity, but also potently inhibits L-type and N-type channels (Mintz 1994; Mintz
et al. 1991). This toxin is much larger than the ®w-conotoxins (which are typically
25-30 amino acids in length), but nonetheless acts by a pore blocking mechanism
and is thus distinct in action from aga IVA (Mintz 1994). Yet, pore block by this
peptide is incomplete suggesting that toxin-bound channels can still conduct a small
amount of calcium. Due to its nonselective nature, and its failure to elicit complete
channel block, this toxin is not very useful experimentally.

Aga IVA and w-conotoxin GVIA are standard tools in elucidating the roles of
P/Q-type and N-type calcium channels in synaptic transmission. In many types of
synapses, application of either toxin may mediate moderate inhibition of neurotrans-
mitter release, whereas co-application of both blockers may almost abolish synaptic
transmission due to the nonlinear dependence of synaptic release on intracellular
calcium concentration. On a final note, we should add that there are many other
species of cone snails and spiders that produce active toxins which selectivity in-
hibit specific calcium channel subtypes (for example, ®-conotoxins GVIB, GVIC,
GVIIA, SVIA, SVIB), and it is likely that many more remain to be discovered
(Olivera et al. 1994).

5.2 Small Organic Compounds Blocking N-type Channels

Besides peptide toxins, presynaptic calcium channels can also be inhibited by diva-
lent metal ions such as cadmium, and by a number of different classes of small
organic molecules (Doering and Zamponi 2005). While there are, to our knowl-
edge, no selective small organic inhibitors of P/Q-type calcium channels, sub-
stantial efforts are being made to develop small organic N-type channel blockers
for use as analgesics which can be administered orally. Such compounds include
4-benzyloxyaniline piperidine derivatives, fatty acid like compounds such as far-
nesol, and peptidylamines (Hu et al. 1999a; Hu et al. 1999b; Hu et al. 1999c;
Roullet et al. 1999) . High throughput screening continues to identify novel com-
pounds which block N-type channel activity and which show efficacy as analgesics.
However, in many cases the degree of selectivity of these compounds for N-type
channels over other calcium channel subtypes is much less than that observed for
peptide toxins.

The anticonvulsant gabapentin (1-(aminomethyl) cyclohexaneacetic acid) and its
second-generation cousin pregabalin are highly effective as analgesics in rats and
humans (Cheng and Chiou 2006; Zareba 2005). These compounds are unique in that
they bind to the calcium channel a;- subunit (Gee et al. 1996). Transgenic animals
in which the putative gabapentin binding site on this subunit has been eliminated
are resistant to the effects of gabapentin. It remains controversial as to whether the
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gabapentin-oi;-0 interaction does indeed reduce voltage gated calcium currents, or
whether the analgesic effects of gabapentin are mediated by a different mechanism.

6 Regulation by G Protein—-Coupled Receptors

It is well established that activation of G protein—coupled receptors (GPCRs),
in particular those that couple to the Goj/, subunit, can result in potent inhibi-
tion of both N-type and P/Q-type calcium channels (Figure 2) (Beech et al. 1992;
Bernheim et al. 1991; Caulfield et al. 1994; Dunlap and Fischbach 1981; Golard and
Siegelbaum 1993; Tkeda 1992; Ikeda and Schofield 1989; Lipscombe et al. 1989;
Mintz and Bean 1993; Shapiro and Hille 1993; Zhu and Ikeda 1993). The physio-
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Fig. 2 Voltage-dependent (VD) and voltage-independent (VI) G-protein mediated inhibition of
synaptic calcium channels. In the absence of agonist, the heterotrimeric G-proteins, Gaf}y, bind
GDP and associate with the third intracellular loop of seven trans-membrane helix spanning G-
protein coupled receptors (GPCRs). Agonist (V) activation of the receptor results in an exchange
of GDP for GTP on the G protein o-subunit. This exchange leads to dissociation of Ga-GTP and
Gpy subunits, which are subsequently free to act on downstream effectors such as enzymes or ion
channels. GBy, which remains associated with the plasma membrane, binds to N- and P/Q-type
calcium channels on the o; subunit, stabilizing the closed conformation of the channel and result-
ing in loss of current activity which is voltage-dependent (VD). Liberated Go-GTP is cytoplasmic
and activates enzymes such as adenylyl cyclase. Subsequent phosphorylation of synaptic calcium
channels on the o subunit leads to voltage-independent (VI) inhibition of channel activity. Inset:
In the presence of GPCR agonist (grey trace), a step to +10mV results in inhibition of control
current (black trace). VD and VI inhibition can be separated by applying a strong, depolarizing
pre-pulse (i.e. +150mV) immediately prior to the test pulse. This pre-pulse relieves Gfy-mediated
VD inhibition, by physical removal of GBy from the channel, and remaining current inhibition can
thus be attributed to VI inhibition.
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logical significance of this modulation is underscored by the action of opiates in the
pain pathway, where activation of (-opioid receptors by morphine mediates analge-
sia in part by inhibition of N-type calcium channel activity (Altier and Zamponi
2004). GPCR-mediated inhibition may have both voltage-dependent (VD) and
voltage-independent (VI) components (Figure 2). VD inhibition involves the bind-
ing of G protein By subunits to a cytoplasmic site on the calcium channel a; subunit,
thereby stabilizing the closed conformation of the channel (Figure 2) (Herlitze et al.
1996; Ikeda 1996). This inhibition is referred to as VD because it is favored at hy-
perpolarized potentials and can be relieved by strong membrane depolarizations or
rapid trains of action potentials, thus allowing for activity-dependent dis-inhibition
(Bean 1989; Hille 1994; Zamponi and Snutch 1998a, 1998b). The degree of VD
inhibition depends on the calcium channel subtype, with N-type channels typically
undergoing a larger degree of inhibition than P/Q-types (Currie and Fox 1997), and
on the G protein B subunit isoform (Arnot et al. 2000; Garcia et al. 1998; Ruiz-
Velasco and Tkeda 2000; Zhou et al. 2000). There may also be a subtle G protein y
subunit dependent component to N-type channel regulation (Ruiz-Velasco and Tkeda
2000). Furthermore, distinct G} subunit structural determinants appear to underlie
modulation of these two channel types (Doering et al. 2004; Ford et al. 1998; Mir-
shahi et al. 2002a; Mirshahi et al. 2002b; Tedford et al. 2006). With different types
of GPCRs coupling to specific subsets of G protein By subunits, differing degrees of
VD inhibition of both calcium channel subtypes can thus be elicited. In addition, the
extent of VD inhibition of both N- and P/Q-type channels appears to be dependent
on the type of B subunit that is present in the calcium channel complex (Barrett and
Rittenhouse 2000; Bourinet et al. 1996; Canti et al. 2000; Feng et al. 2001a). While
many of the molecular details governing this regulation have been described over
the past decade and have been reviewed in recent literature (Dolphin 2003b) new
and important details concerning the structural underpinnings of VD inhibition are
still emerging. For example, although both the calcium channel domain I-II linker
and N-terminal regions have long been implicated in G protein modulation, it is now
known that an interaction between these two regions is necessary for VD modula-
tion (Agler et al. 2005). It is not completely resolved as to whether G protein Py
subunits facilitate the interaction between the N-terminus and the I-II linker region,
or whether this interaction is needed to allow Gy binding to the channel. It has also
been recently demonstrated that the C-terminal region of N-type calcium channels
serves to enhance the affinity of the channel for Gy (Li et al. 2004), suggesting that
a complex interplay among multiple cytoplasmic regions of the channel underlies
VD inhibition. The aforementioned calcium channel B subunit dependence of VD
G protein modulation may be due to the close proximity of the calcium channel 3
subunit interaction site and putative G protein binding sites within the domain I-IT
linker region (De Waard et al. 1997; Zamponi et al. 1997). However, the underlying
mechanism remains subject to investigation. Indeed, there are differing views as to
whether G protein [y subunits compete with the calcium channel B subunit for bind-
ing, and whether or not G protein interactions with the channel cause dissociation
of the calcium channel 3 subunit from the channel complex. However, irrespective
of these molecular details, it is clear that G protein By subunits interact with cyto-
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plasmic regions of the calcium channel o; subunit resulting in a reduction of N- and
P/Q-type channel activity that culminates in reduced calcium entry into the cell and
thus reduced neurotransmitter release.

VD G protein modulation can be fine tuned by activation of other intracellular
signaling cascades. For example, the activation of protein kinase C (PKC), which
regulates channel activity directly, also interferes with the ability of N-type channels
to undergo VD inhibition (Barrett and Rittenhouse 2000; Swartz 1993; Swartz et al.
1993). Intriguingly, this effect is dependent on the G protein By subunit subtype, so
that only GB,-mediated responses are antagonized (Cooper et al. 2000). This is due
to a unique pair of asparagine residues localized to the N-terminal helix of the Gf3,
subunit (Doering et al. 2004). The structural basis for this effect has been resolved,
as it has been shown that a single threonine residue located in the putative G pro-
tein By subunit interaction site is the key locus for PKC-mediated effects (Hamid
et al. 1999). In essence, this cross talk allows the channel to integrate two separate
second messenger pathways in order to modulate current activity in a kinase- and
GP subunit-specific manner. The complexity of VD G protein modulation may al-
low synapses to precisely regulate the amount of calcium entering cells, and thus to
adjust synaptic output.

In addition to VD Gy mediated inhibition of N-type channel activity, GPCR-
induced VI modulation has been described for N-type calcium channels (Figure 2)
(Beech et al. 1992; Beedle et al. 2004; Bernheim et al. 1991; Delmas et al. 1998a;
Delmas et al. 1998b; Kammermeier et al. 2000; Schiff et al. 2000; Shapiro et al.
1999; Surmeier et al. 1995). VI inhibition is insensitive to membrane depolarizations
and occurs over a slower time course than VD inhibition, implicating intracellular
signaling cascades such as tyrosine kinase activation in this process. Furthermore,
for P/Q-type channels, a form of VI modulation has been shown to involve an
association of the G protein 0, subunit with the Ca,2.1 C-terminus (Kinoshita
et al. 2001). More recently, two studies have revealed a novel form of VI inhibi-
tion of N-type calcium channels that involves physical removal of calcium channels
from the plasma membrane. N-type calcium channels and nociceptin (or ORL1)
receptors have been shown to form stable, physical signaling complexes (Beedle
et al. 2004). Prolonged agonist application results in internalization of the entire
receptor-channel complex and to its subsequent degradation in lysosomes (Altier
et al. 2006). The resultant loss of channel numbers in the plasma membrane and re-
duced current densities are, in effect, a form of VI inhibition. Channel internalization
has also been shown to occur in response to GABAp receptor activation, although
by an entirely different molecular mechanism that involves tyrosine kinase activity
and cytoskeletal elements (Tombler et al. 2006). Moreover, this effect spontaneously
reverses with receptor desensitization. That said, as in the case of nociceptin recep-
tor activation, numbers of channels in the plasma membrane are reduced. It is likely
that other types of GPCRs show similar receptor-mediated channel trafficking, and
that this mechanism may emerge as a novel means of regulating N-type channels
and thus synaptic activity.
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7 Regulation of Calcium Channels by Synaptic Proteins

The activity of N-type and P/Q-type calcium channels is also regulated by proteins
that form part of the synaptic vesicle release machinery (Figure 3). These channel
subtypes contain a specific synaptic protein interaction site (termed synprint) in the
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Fig. 3 Regulation of calcium channels by synaptic proteins. (a) Putative interactions sites of synap-
tic and adaptor proteins with Ca,2 channels are indicated on the calcium channel o subunit. RIM,
syntaxin 1, and SNAP-25 are believed to interact with synaptic calcium channels on the II-III
linker synprint region, while CASK and Mint-1 are thought to interact with the o;; C-terminus.
(b) The physical associations between calcium channels and synaptic proteins are believed to colo-
calize synaptic vesicles (SVs) to sources of cellular calcium entry (left). In addition, several of these
Ca,2-synaptic protein interactions are believed to reduce channel activity directly by shifting half-
inactivation channel kinetics to more hyperpolarized potentials (bottom, left). In the absence of
GPCR activation, N-type calcium channel interactions with syntaxin 1A are speculated to result in
tonic, GPy-mediated channel inhibition. This tonic, GBy-mediated inhibition is evident following
its removal by a strong depolarizing pre-pulse (bottom, right).
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intracellular loop linking domains I and III (Sheng et al. 1994). However, it is im-
portant to note that there are channel splice variants that lack this region and that, al-
though invertebrates are capable of neurotransmission, no equivalent synprint region
is found in invertebrate synaptic calcium channel homologs (Spafford and Zamponi
2003; Zamponi 2003). In the case of the N-type calcium channel, the synprint region
is known to bind syntaxin 1, SNAP-25, and Rim (Coppola et al. 2001; Jarvis and
Zamponi 2001b; Sheng et al. 1994; Sheng et al. 1997). The P/Q-type channel syn-
print region also interacts with syntaxin 1 and SNAP-25, however, unlike the N-type
channel, it also binds synaptotagmin 1 (Charvin et al. 1997). The synprint motif in
these channels appears to serve multiple functions. It has been suggested that the in-
teractions between the synprint region and the synaptic proteins help to co-localize
synaptic vesicles to sources of calcium entry (Figure 3ii) (Zamponi 2003). There is
also evidence that the synprint region is involved in targeting calcium channels to
presynaptic sites, as substitutions or deletions to this region lead to a loss of presy-
naptic localization of both N- and P/Q-type channels (Harkins et al. 2004; Mochida
et al. 2003). However, it should be noted that other regions of the channels, such
as the C-terminus by virtue of its interactions with the adaptor proteins Mint-1 and
CASK, appear equally critical for synaptic targeting (Maximov and Bezprozvanny
2002; Spafford et al. 2003). Finally, the synprint region appears to serve as an im-
portant modulatory site that allows synaptic proteins to regulate channel activity
per se. In both transient expression systems and neurons, binding of syntaxin 1
and SNAP-25 results in a hyperpolarizing shift in the half-inactivation potential of
both P/Q-type and N-type calcium channels, thus reducing channel availability (Fig-
ure 3ii) (Bezprozvanny et al. 1995; Jarvis and Zamponi 2001a; Stanley 2003). This
negative shift is ablated in the concomitant presence of both proteins (and in the
case of P/Q-type channels, in the presence of synaptotagmin) (Zhong et al. 1999),
is abolished in the presence of munc-18, and does not occur when syntaxin is in its
“open” conformation. Because the association between syntaxin 1 and munc-18, as
well as the conformational state of syntaxin, vary during the vesicle release cycle,
channel availability can be dynamically regulated at various stages in the neuro-
transmitter release process. This in turn may help to ensure the appropriate amount
of calcium entering the nerve terminal during neurotransmission.

Our group also identified a second action of syntaxin 1A (but not 1B) on N-type
calcium channels. Co-expression of this protein with N-type calcium channels
results in a tonic G protein—mediated inhibition of channel activity that does not
involve receptor activation (Jarvis et al. 2000). This appears to be due to a syntaxin-
mediated co-localization of the channel and Gy that ultimately culminates in tonic
channel inhibition (Figure 3ii). Indeed, syntaxin 1A binds to Gy in vitro on a re-
gion that is distinct from the Gy site involved in interactions with the synprint
motif. These data are consistent with the idea of a sandwich formed by the channel,
syntaxin and GPBy (Jarvis et al. 2002). Intriguingly, although syntaxin 1B can also
bind to Gy in vitro, no tonic G protein inhibition of channel activity ensues (Lu
et al. 2001). This suggests that, compared with syntaxin 1A, syntaxin 1B adopts
a slightly different channel-bound conformation. The syntaxin-mediated effect on
G protein inhibition appears to be much more robust than the effect on channel
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availability as it occurs when syntaxin is in the open conformation and is main-
tained upon coexpression of SNAP-25. Furthermore, although binding of syntaxin
1A to the synprint region is destabilized upon activation of PKC (Yokoyama et al.
2005; Yokoyama et al. 1997), the functional effects of PKC activation are limited
to elimination of syntaxin-mediated channel availability and not to G protein inhi-
bition (Jarvis and Zamponi 2001a, 2005). For completeness, we note that a similar
SNARE protein dis-inhibition of P/Q-type calcium channels is observed for cyclin-
dependent kinase 5, which has been shown to increase P/Q-type channel activity by
blocking interactions of the channel with SNAP-25 (Tomizawa et al. 2002).

It is worth noting that the binding interaction between synaptic proteins and Gy
may allow G proteins to regulate synaptic activity independently of N-type channel
activity. Taken together, the interactions between calcium channels, G proteins, ki-
nases, and synaptic proteins such as syntaxin provide for complex mechanisms that
regulate N-type calcium channel activity both in expression systems and in neurons.

8 Regulation of Presynaptic Calcium Channel Activity
by Protein Kinases

Many types of kinases have been shown to regulate calcium channel activity, and
this topic in itself would be sufficient for a free-standing chapter. Here, we will give
only a few select examples of the major pathways of this type of presynaptic calcium
channel regulation.

PKC is an important regulator of presynaptic calcium channel activity. PKC ac-
tivity has been shown to upregulate R-type calcium channels (Kamatchi et al. 2000;
Shekter et al. 1997; Stea et al. 1995), as well as to increase N-type calcium channel
activity (Hamid et al. 1999; Stea et al. 1995). This, in addition to the aforementioned
antagonistic effects of PKC on syntaxin and VD G protein inhibition of N-type chan-
nels, produces an increase in N-type current activity in response to PKC activation.
It has recently been shown that the PKC binding protein, enigma homolog (ENH)
serves to co-localize PKC-¢ and N-type channels to facilitate PKC-dependent phos-
phorylation of the Ca, 2.2 subunit (Maeno-Hikichi et al. 2003), indicating the forma-
tion of a macromolecular signaling complex. In contrast, there is little direct PKC
regulation of P/Q-type calcium channels (Wu et al. 2002).

Protein kinase A (PKA) has been reported to increase P/Q-type channel activity
in both neurons (Huang et al. 1998) and in transient expression systems (Fournier
et al. 1993; Fukuda et al. 1996; Kaneko et al. 1998). In contrast, N-type calcium
channels appear to be relatively insensitive to PKA. PKA has been shown to regu-
late P/Q-type calcium channel activity indirectly by interfering with phosphatidyli-
nositol 4,5 biphosphate (PIP;) mediated regulation (Wu et al. 2002). Under normal
circumstances, PIP; slows rundown of P/Q-type channel activity and produces VD
current inhibition. Activation of PKA selectively antagonizes the VD inhibition me-
diated by PIP,, perhaps by preventing PIP, binding to the inhibitory site on the
channel while sparing PIP; action on the site linked to current rundown. Once again,
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this cross talk underscores the ability of voltage-gated calcium channels to integrate
multiple signaling pathways.

Calcium channel B subunits are also targets for phosphorylation events. It was
recently reported that a phosphatidylinositol 3-kinase dependent elevation of
phosphatidyl-inositol-4,5 triphosphate (PIP3) is critical for the ability of the calcium
channel B,, subunit to promote N-type calcium channel trafficking to the plasma
membrane (Viard et al. 2004). Increased levels of PIP3 result in activation of protein
kinase B, which phosphorylates f3,, and allows for trafficking of N-type channels to
the plasma membrane. Along similar lines, it has been shown that Ras/extracellular
signal-regulated kinase (ERK) phosphorylation of both the a; and the B, subunit
mediates an upregulation of Ca,2.2 current activity (Martin et al. 2006). Collec-
tively, these findings clearly underscore the importance of ancillary calcium channel
subunits as targets for second messenger regulation.

9 Feedback Regulation by Calcium Binding Proteins

Another important regulatory mechanism of calcium channel activity is via calcium
binding proteins such as calmodulin (Figure4) (Halling et al. 2005). It is well
established that L-type calcium channels undergo robust calcium-dependent inac-
tivation (CDI) — a reduction of current activity in response to elevated intracellular
calcium levels which serves to protect cells form calcium overload (Imredy and
Yue 1994). In the absence of calcium ions, calmodulin is pre-associated with the
C-terminus of the channel at a highly conserved region containing pre-IQ and 1Q
motifs. Upon calcium entry into the cell, calmodulin binds Ca®*, accelerating the in-
activation kinetics of the channel. CDI in L-type channels requires the high-affinity
calcium binding sites of calmodulin, thus being relatively resistant to standard cal-
cium buffers (Soldatov 2003). Although CDI was once believed to be a unique prop-
erty of L-type channels, it was subsequently shown that all types of HVA channels
are subject to this process (Lee et al. 1999a; Liang et al. 2003). However, unlike
L-type channels, R-, N-, and P/Q-type channels undergo CDI only when calcium
is weakly buffered (Figure 4) (Liang et al. 2003). Indeed, the CDI process in these
channels involves the low-affinity calcium binding sites of calmodulin. This key
difference means that calcium entry through an individual L-type channel is suf-
ficient to induce CDI, whereas CDI in non-L-type HVA channels requires global
rises in intracellular calcium, increases generated by calcium entry though numerous
channels.

P/Q-type channels undergo a second calcium-dependent process whereby current
activity increases following a strong membrane depolarization or a train of action
potentials. This increase is only observed in the presence of external calcium, is
insensitive to calcium buffers, and requires the high-affinity calcium binding sites
on calmodulin (Chaudhuri et al. 2004; DeMaria et al. 2001). This process, termed
calcium-dependent facilitation (CDF), is not observed with N-type or R-type chan-
nels and is Cay2.1 channel splice isoform dependent (Chaudhuri et al. 2004). The
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Fig. 4 Modulation of calcium channels by calcium binding proteins. Calcium-dependent inacti-
vation (CDI) in L-type channels (Cay 1) involves binding of calcium ions () to the high-affinity
binding sites located on the C-lobe of calmodulin. In contrast, CDI in synaptic calcium channels
involves binding of calcium ions to the low-affinity binding sites located on the N-lobe of calmod-
ulin. Both types of CDI result in a loss of current activity, in response to calcium, as the inactivation
kinetics of the channel are accelerated. However, because of the difference in occupation of low-
versus high-affinity calcium binding sites, between channel types, different forms of CDI exhibit
different properties. In the case of L-type channels, CDI is resistant to calcium buffers and detects
small, local rises in calcium generated by a single ion channel (left), whereas, in the case of synap-
tic channels, CDI is sensitive to standard calcium buffers and detects large, global rises in calcium
which require calcium entry through numerous channels (right). P/Q-type channels are also subject
to calcium-dependent facilitation (CDF), and to modulation by the calcium binding proteins, cal-
cium binding protein 1 (CaBP1) and visin-like protein 2 (VILIP-2). Both of these proteins bind to
the calcium binding domain (CBD) on the channel’s C-terminus. In contrast to calmodulin, CaBP1
antagonizes calcium channel opening in a calcium-independent manner, and VILIP-2 slows the
inactivation kinetics of the channel.

distinct roles of the high- and low-affinity sites of calmodulin in CDF and CDI may
thus manifest themselves in an initial upregulation of P/Q-type channel activity,
followed by negative feedback inhibition as intracellular calcium concentration is
increased.

We now know of other types of calcium binding proteins that mediate similar
feedback regulation of P/Q-type calcium channels, including calcium binding pro-
tein 1 (CaBP1) and visin-like protein 2 (VILIP-2). Both of these proteins bind to
the calcium binding domain (CBD) within the channel C-terminus and, compared
with calmodulin, differentially regulate channel activity. CaBP1 antagonizes chan-
nel opening in a calcium-independent manner (Lee et al. 2002), whereas VILIP-2
slows the inactivation kinetics of the channel (Lautermilch et al. 2005). Both pro-
teins must undergo myristoylation in order to mediate their effects (Few et al. 2005).
To our knowledge, this type of regulation has only been described for P/Q-type cal-
cium channels.
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Overall, the regulation of presynaptic calcium channels by different types of cal-
cium binding proteins may provide for mechanisms by which neurons can fine tune
the amount of calcium entering presynaptic nerve terminals, shift the relative con-
tributions of N-type and P/Q-type channels to calcium entry, and thus regulate the
amount of neurotransmitter that can be released from the synapse.

10 Summary

The entry of calcium into neurons via presynaptic calcium channels is a key step in
evoked neurotransmitter release. Compromised calcium channel function can lead
to severe neurological consequences, and yet the pharmacological inhibition of spe-
cific calcium channel subtypes can be beneficial in the treatment of conditions such
as neuropathic pain. Because of the importance of these channels, neurons have
evolved complex means for regulating calcium channel activity, including activation
of second messenger pathways by G protein coupled receptors and feedback inhibi-
tion by calcium binding proteins. By these means, neurons are able to maintain the
fine balance of cytoplasmic calcium levels that is required for optimal neurotrans-
mitter release.
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Abstract Many neuropsychiatric disorders appear to involve a disturbance of chem-
ical neurotransmission, and the mechanism of available therapeutic agents supports
this impression. Postsynaptic receptors have received considerable attention as drug
targets, but some of the most successful agents influence presynaptic processes, in
particular neurotransmitter reuptake. The pharmacological potential of many other
presynaptic elements, and in particular the machinery responsible for loading trans-
mitter into vesicles, has received only limited attention. The similarity of vesicular
transporters to bacterial drug resistance proteins and the increasing evidence for
regulation of vesicle filling and recycling suggest that the pharmacological poten-
tial of vesicular transporters has been underestimated. In this review, we discuss the
pharmacological effects of psychostimulants and therapeutic agents on transmitter
release.

Farrukh A. Chaudhry

The Biotechnology Centre of Oslo & The Centre for Molecular Biology and Neuroscience,
University of Oslo, P.O.Box 1125, Blindern, 0317 OSLO, Norway
f.a.chaudhry@biotek.uio.no

T.C. Siidhof, K. Starke (eds.), Pharmacology of Neurotransmitter Release. 77
Handbook of Experimental Pharmacology 184.
(© Springer-Verlag Berlin Heidelberg 2008



78 F.A. Chaudhry et al.

1 Introduction: Neurotransmitter Recycling

Synaptic transmission involves the exocytotic release of neurotransmitter from a
presynaptic site and the activation of specific receptors on the membrane of postsy-
naptic or surrounding cells. Given the high rates of firing observed for many neu-
ronal populations, sustained signaling also requires replenishment of the released
transmitter. Indeed, the nerve terminal expresses a series of transport activities de-
signed to recycle transmitter. Among these activities, one class confers the reuptake
of dopamine and other classical transmitters across the presynaptic plasma mem-
brane, regulating their levels in the synaptic cleft, and recycling them for subse-
quent release (Figure 1) (Raiteri et al., 2002; Torres et al., 2003). Although the
amino acid transmitters glutamate and particularly GABA recycle in part by re-
uptake into the nerve terminal, most of the released glutamate and a substantial
proportion of the released GABA undergo transport into surrounding glial cells,
where they are converted into glutamine (Danbolt, 2001; Bak et al., 2006). Trans-
ported back to the nerve terminal, glutamine serves to regenerate both glutamate
and GABA (through conversion from glutamate by glutamic acid decarboxylase)
(Figures 1C, 1D) (Chaudhry et al., 2002). Essentially all of the plasma membrane
neurotransmitter transporters rely on a Na™ gradient produced by the Na™ pump,
cotransporting Na™ with transmitter, but vary in the stoichiometry of ionic coupling
and in coupling to other ions such as chloride.

The exocytotic release of classical transmitters requires their transport into
synaptic vesicles. In contrast to the plasma membrane transporters, the vesic-
ular transport activities depend on a H' gradient created by the vacuolar-type
HT-ATPase rather than a Na® gradient, and function as H™ exchangers. Bio-
chemical studies have also revealed multiple, distinct vesicular transport activities.
The monoamines dopamine, norepinephrine, and serotonin enter secretory vesicles
through a common carrier. Distinct activities have been identified for the vesicular
transport of acetylcholine (ACh), GABA, and glutamate (Schuldiner et al., 1995; Liu
and Edwards, 1997). Well-characterized drugs acting on plasma membrane trans-
porters do not affect the vesicular activities, but a variety of other drugs inhibiting
vesicular transport have dramatic effects on brain function, and psychostimulants
also interact with vesicular transport mechanisms.

Molecular identification of the proteins mediating vesicular neurotransmitter
transport has revealed similarity to bacterial proteins, rather than to plasma mem-
brane transporters (Figure 2). In contrast to concentrative uptake by plasma mem-
brane transporters, the direction of vesicular transport resembles the efflux of
many drugs from bacteria. Indeed, the first vesicular transmitter transporter was
identified by expression cloning using selection in the neurotoxin N-methyl-4-
phenylpyridinium (MPP™) (Liu et al., 1992). The vesicular monoamine transporters
protect against MPP™ by sequestering the toxin inside vesicles, away from its
primary site of action in mitochondria. The vesicular transporters thus represent
important drug targets with a diversity of potential applications.
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Fig. 1 Neurotransmitter recycling. Classical neurotransmitters are released by exocytosis from the
nerve terminal, and act on specific postsynaptic receptors. The signal is terminated and transmitter
recycled by specific transporter proteins located at the nerve terminal and/or in surrounding glial
cells. Transport by these proteins is generally energized by the electrochemical gradient of Na™.
(a) Three distinct transporters mediate transport of monoamines across the plasma membrane. The
dopamine transporter DAT, the norepinephrine and epinephrine transporter NET and the serotonin
transporter SERT, are responsible for the reuptake of released monoamine at dopaminergic, nora-
drenergic and serotonergic nerve terminals (yellow arrow), respectively. The vesicular monoamine
transporter VMAT?2 then recognizes all of these monoamines and transports them inside synaptic
vesicles for subsequent exocytotic release. (b) Cholinergic signaling is terminated by metabolism
of acetylcholine (ACh) to the inactive choline and acetate by acetylcholinesterase (AChE) located
in the synaptic cleft. Choline (Ch) is transported back into the nerve terminal (green arrow) by the
choline transporter (CHT), where choline acetyltransferase (ChAT) subsequently catalyzes acety-
lation (a) of choline to reform ACh. (¢) At GABAergic and glycinergic nerve terminals, the GABA
transporter (GAT1) and the glycine transporter (GLYT2) recycle GABA and glycine (red arrow),
respectively. In addition, GABA may be taken up by surrounding glial cells (e.g. by GAT3), and
converted to glutamine which is transported back to the nerve terminal by the concerted action
of the system N (SNs) and system A transporters (SATs) (brown arrows). The glial transporter
GLYT]1 also contributes to the clearance of glycine. (d) Reuptake of glutamate at glutamatergic
terminals has recently been demonstrated for a GLT isoform (blue arrow). However, the majority
of glutamate is accumulated by surrounding glial cells (e.g., by GLT and GLAST) for conversion
to glutamine which is subsequently transported back to the nerve terminals. System N transporters
and a system A transporter (SATx) enriched in glutamatergic neurons mediate glutamine transfer
from glia to excitatory neurons (brown arrows).
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VMAT1_R. rattus
VMAT2_R. rattus
VAChT_R. rattus
PMRA_L. lactis
PMRA_S. pneumoniae
MDTG_S. paratyphi
MDTG_E. coli
TCR8_P. multocida
BMR2_B. subtilis
NORA_S. aureus
PURS8_S. microflavus
MDTL_S. oneidensis
MDTL_V. parahaemolyticus

VGLUT1_R. rattus
VGLUT2_R. rattus
VGLUT3_R. rattus
EMRB_E: coli
TCMA_S. glaucescens
MMR_B. subtilis
PURS8_S. microflavus

MDTL_E. coli
MDTL_S. flexneri
MDTL_E. coli
TCR1_E. coli
NORA_S. aureus

Fig. 2 Cladogram showing sequence relationship of the vesicular transporters to a selected number
of bacterial drug resistance proteins. (a) VMAT1, VMAT2 and VAChHT are highly homologous.
They are more distantly related to a variety of bacterial drug resistance proteins. PMRA, mul-
tidrug resistance efflux pump pmrA; MDTG, multidrug resistance protein mdtG; TCRS, a tetra-
cycline resistance protein, class H (TETA(H)); BMR2, multidrug resistance protein 2; NORA,
quinolone resistance protein norA; MDTL, multidrug resistance protein mdtL. (b) The rat ho-
mologs VGLUT 1, 2 and 3 show sequence similarity to a set of bacterial drug resistence proteins:
EMRB, multidrug resistance protein B; TCMA, tetracenomycin C resistance and export protein;
MMR, methylenomycin A resistance protein (MMR peptide); PURS, puromycin resistance pro-
tein pur8; QACA, antiseptic resistance protein; MDTL, multidrug resistance protein mdtL; TCR1,
tetracycline resistance protein, class A (TETA(A)); NORA, Quinolone resistance protein norA.
L. lactis: Lactococcus lactis; S. pneumoniae: Streptococcus pneumoniae; S. paratyphi: Salmonella
paratyphi; E. coli: Escherichia coli; P. multocida: Pasteurella multocida; B. subtilis: Bacillus
subtilis; S. aureus: Staphylococcus aureus; S. microflavus: Streptomyces microflavus; S. oneidensis:
Shewanella oneidensis; V. parahaemolyticus: Vibrio parahaemolyticus; S. glaucescens:
Streptomyces glaucescens; S. flexneri: Shigella flexneri..

2 H* Electrochemical Gradient

2.1 Vacuolar H*-ATPase

An H" electrochemical gradient (Apyy, ) provides the energy required for ac-
tive transport of all classical neurotransmitters into synaptic vesicles. The Mg>*-
dependent vacuolar-type HT-ATPase (V-ATPase) that produces this gradient resides
on internal membranes of the secretory pathway, in particular endosomes and
lysosomes (vacuole in yeast) as well as secretory vesicles (Figure 3). In terms of
both structure and function, this pump resembles the F-type ATPases of bacteria,
mitochondria and chloroplasts, and differs from the P-type ATPases expressed at
the plasma membrane of mammalian cells (e.g., the Nat /K" -, gastric HT /K*-
and muscle Ca2+-ATPases) (Forgac, 1989; Nelson, 1992). The vacuolar and FOF1
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ATPases are multisubunit complexes comprising a cytoplasmic complex (Vi or Fy)
that hydrolyzes or synthesizes ATP and a membrane-bound complex (Vo or Fy)
which translocates H™ (Wilkens, 2005; Beyenbach and Wieczorek, 2006). Sub-
unit ¢ of Vg consists of six proteolipid subunits that form an H"-binding ring, and
the ring rotates during ATP hydrolysis and H" pumping. The macrolide antibiotics
bafilomycin and concanamycin inhibit the V-ATPase by intercalating between he-
lices of the ¢ subunit and preventing their rotation (Figure 3) (Bowman et al., 2004).

Bafilomycin
o) 3-4H°

AA analogs

2H* ca or Mg™

oo Dye inhibitors

. @ ~ DIDS/SITS

Presynaptic
vesicle Glu

H* Nigericin
9 Pi

Valinomycin Aciiuator

Fig. 3 Pharmacological targeting of VGLUT containing vesicles. Schematic representation of a
VGLUT-expressing vesicle and the main activators/inhibitors of vesicular glutamate uptake. The
Mg?*-dependent v-ATPase creates an electrochemical gradient of protons (Apyy = AW + ApH)
by coupling the energy produced by hydrolysis of an ATP to proton translocation into synaptic
vesicles. Bafilomycin inhibit the V-ATPase by intercalating between helices of the ¢ subunit of
Vo and preventing their rotation. The vesicular glutamate transporter couples the transport of H™
down its electrochemical gradient to glutamate flux into synaptic vesicles. Several glutamate ana-
logues, dyes and other compounds compete at the glutamate binding sites, or noncompetitively
at distinct sites on the transport proteins. VGLUTSs have an allosteric chloride binding site and
may mediate chloride flux. Several inhibitors, such as DIDS/SITS, block the chloride binding site.
Heterotrimeric G proteins can interact directly or through an as yet unidentified regulator (Rg)
protein of the chloride conductance. Chloride channels, such as CIC-3, have been demonstrated
on the vesicle membrane. Recent studies suggest that these proteins may be H' exchangers rather
than channels, and yet still mediate net vesicle acidification. Finally, different ionophores such as
valinomycin, nigericin, FCCP/CCCP and A23187 can act on the vesicle membrane to perturb the
electrochemical gradient of protons and thus the vesicular uptake of glutamate.
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These drugs have thus been used extensively to generate models for the function of
V-ATPases. Hydrolysis of ATP by the vesicular HT-ATPase is coupled to movement
of H™ into the vesicle lumen, creating a H" electrochemical gradient. Measurements
from cholinergic and aminergic vesicles show a ApH ~1.4 units and an electrical
potential ~+39mV(AW) (Whittaker, 1987; Schuldiner et al., 1998).

2.2 Chloride Channels

The vesicular HT-ATPase is potently regulated by Cl~. Influx of Cl~ neutralizes
the positive charge on luminal H and hence dissipates the electrical gradient, al-
lowing the H™ pump to transport more H* and thereby increase ApH. Other mech-
anisms may serve to increase AY at the expense of ApH. The two components of
the H™ electrochemical gradient may thus be regulated independently. Interestingly,
the activity of different vesicular neurotransmitter transporters depends to differing
extents on the two components of the H™ electrochemical gradient. The transport of
monoamines and acetylcholine (ACh) depends primarily on the chemical compo-
nent ApH, glutamate transport mostly on the membrane potential A¥Y, and GABA
transport more equally on both components of the HT electrochemical gradient
(Johnson, Jr., 1988b; Parsons et al., 1993; Carlson et al., 1989; Maycox et al., 1988;
Kish et al., 1989; Hell et al., 1990; Chaudhry et al., 2008). The expression of vesic-
ular chloride channels or activities that influence Ay, might thus be expected to
vary in vesicles that store different neurotransmitters, but this remains unknown.
The intracellular chloride channels (CIC-3, -4, -5, -6 and -7) are widely expressed,
but CIC-3 has a particularly high level of expression in the brain, and disruption of
CIC-3 leads to impaired vesicular acidification and to neural degeneration (Stobrawa
et al., 2001) through mechanisms that remain unclear and may involve expression
on the postsynaptic plasma membrane (Wang et al., 2006). Indeed, it has recently
become clear that many of the intracellular C1Cs may function as C1~ /H* exchang-
ers rather than Cl™ channels (Figure 3) (Accardi et al., 2004; Scheel et al., 2005;
Picollo and Pusch, 2005). Although it seems counterintuitive that influx into the
vesicles of C1~ through a C1~ /H" exchanger would mediate vesicle acidification,
the shown stoichiometry of 2 CI": 1 H™ would move relatively large amounts of
charge and still enable net acidification by secondary activation of the H™ pump.
Why then couple the entry of chloride to proton efflux? Given the activity of the
H™T-ATPase, perhaps it serves to concentrate chloride inside vesicles, for a function
that is not yet understood (Jentsch, 2006).

2.3 Ionophores

In addition to drugs acting on the V-ATPase, several agents are capable of dissi-
pating the electrochemical gradient for HT (Figure 3). The ionophore nigericin dis-
sipates the chemical gradient for H* (ApH) by exchanging H* for K™. Similarly,
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A23187 exchanges HT for Ca?" or Mg?>*. FCCP/CCCP allows H* to run down
their electrochemical gradient, but will be limited by the development of membrane
potential. In contrast, valinomycin is a K™ ionophore, influencing specifically A¥.
These compounds dissipate the electrochemical gradient of H and would therefore
be expected to reduce all vesicular neurotransmitter transport activities. However,
they will have different effects, depending on the proportion of ApH and AW ex-
pressed in a given vesicle population, and on the stoichiometry of ionic coupling by
the neurotransmitter transporters.

3 Vesicular Transport Proteins

3.1 Vesicular Monoamine Transporters (VMATI and VMAT2)

Studies on monoamine uptake by chromaffin granules from the adrenal medulla
show that the activity relies more on ApH than AYW. In particular, the uptake of one
cytoplasmic monoamine is coupled to the movement of two H™ in the opposite di-
rection (Knoth et al., 1981). However, the activity recognizes the protonated and
hence charged form of the substrates, resulting in a net efflux of only one charge de-
spite the two protons. Due to the H' electrochemical gradient and this coupling sto-
ichiometry, chromaffin granules accumulate monoamines at molar concentrations.
Indeed, monoamines interact with other vesicular components to form insoluble ag-
gregates within chromaffin granules (Johnson, 1988a).

Vesicular monoamine transport can also protect against exogenous and en-
dogenous toxins by sequestering them into synaptic vesicles. Systemic adminis-
tration of 1-methyl-4-phenyl-1,2,3,6-tetragydropyridine (MPTP) in rats has been
used as an animal model for idiopathic Parkinson’s disease (Langston et al., 1983).
The lipophilic MPTP penetrates the blood-brain barrier relatively easily and is
metabolized by glial monoamine oxidase B (MAO-B) to the active metabolite
N-methyl-4-phenylpyridinium (MPP') (Heikkila et al., 1984; Langston et al.,
1984). MPP™ resembles protonated monoamines, and is recognized by plasma
membrane monoamine transporters that drive its accumulation in monoamine cells
(Javitch et al., 1985), where it enters mitochondria, inhibits oxidative phospho-
rylation, and triggers apoptosis (Ramsay et al., 1986; Nicklas et al., 1985; Yang
et al., 1998). However, the vesicular monoamine transporters have a high affinity
for MPP™, sequester the toxin inside vesicles, and thus protect against its mito-
chondrial toxicity. Indeed, selection in MPPT was used to isolate the first cDNA
encoding a vesicular neurotransmitter transporter (Liu et al., 1992). Since dopamine
is itself toxic due to the generation of hydrogen peroxide and production of highly
reactive quinones (Michel and Hefti, 1990), the vesicular monoamine transporters
(VMATSs) may also protect against intrinsic toxicity of the endogenous transmit-
ter, but the role of cytosolic dopamine in the pathogenesis of Parkinson’s disease
remains unknown.
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Molecular cloning has identified two closely related but distinct vesicular
monoamine transporters, VMAT1 and VMAT2 (Liu et al., 1992; Erickson et al.,
1992; Liu and Edwards, 1997). Sequence analysis predicts 12 transmembrane do-
mains with N- and C-termini in the cytoplasm, and the proteins show no sequence
similarity to plasma membrane monoamine transporters (Nguyen et al., 1983; Neal
and Chater, 1987; Neyfakh et al., 1991). Rather, they show similarity to bacterial
proteins involved in detoxification (Figure 2). These bacterial proteins all function
as H' exchangers, and several are even inhibited by the same drugs that inhibit
VMATs (e.g., reserpine).

VMAT1 is expressed by endocrine tissues (e.g., chromaffin cells in the adrenal
medulla) and paracrine cells (e.g., enterochromaffin cells in the stomach and in-
testines, and small intensely fluorescent (SIF) cells in sympathetic ganglia)
(Erickson et al., 1996). In contrast, VMAT? is expressed by monoamine neurons
in the central nervous system (e.g., substantia nigra, locus coeruleus, and the raphe
nucleus), and in selected peripheral endocrine populations (Table 1) (Weihe et al.,
1994; Peter et al., 1995; Nirenberg et al., 1996). In general, VMAT?2 has a higher
affinity for most monoamines (by ~three-fold) than VMAT1 (Peter et al., 1994;
Erickson et al., 1996), but both VMAT1 and 2 can protect against MPP™ toxicity
(Table 1). However, only VMAT2 appears to recognize histamine, which may bind
to a site different from that of other monoamines (Merickel et al., 1995).

The VMATs are also among the very few vesicular neurotransmitter transporters
whose turnover number is known. At 29°C, they transport ~5 molecules of sero-
tonin per second and up to 20 molecules of dopamine (Peter et al., 1994). Since
synaptic vesicles contain 5 to 20,000 molecules of transmitter and can recycle within
at least 20 seconds (Ryan and Smith, 1995; Rizzoli et al., 2003), this rate has im-
portant implications for quantal size. At 5 molecules/second, the vesicle would con-
tain only 100 molecules of transmitter after 20 seconds—if there were only one
transporter per vesicle. Recent estimates suggest several transporters per vesicle
(Takamori et al., 2006), but these might still not suffice to fill a rapidly cycling vesi-
cle with monoamine unless the turnover was substantially higher at 37° C, where it
is more difficult to measure transport accurately due to increased membrane leaki-
ness. Indeed, the ability to determine the turnover of VMATSs has been enabled by
the availability of ligands to quantify the transporter and hence provide a denomi-
nator for measurements of transport.

3.1.1 Reserpine

The alkaloid reserpine is very effective in treating hypertension, but frequently
produces the side effect of depression. Both actions are due to the inhibition of
VMAT, the former in the peripheral sympathetic nervous system, and the latter in
the brain. Indeed, the inhibition of VMAT by reserpine gave rise to the monoamine
hypothesis of affective disorders (Carlsson et al., 1965; Beers and Passman, 1990).
In terms of mechanism, reserpine competes with monoamines for binding to the
VMATS and has three-fold higher affinity for VMAT?2 than for VMAT1 (Ki 12nM
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and 34 nM, respectively), consistent with differences in the recognition of sub-
strates by the two transporters (Peter et al., 1994; Erickson et al., 1996). Inter-
estingly, the imposition of Al accelerates reserpine binding to the VMATSs and
monoamines inhibit reserpine binding with potencies similar to their apparent affin-
ity as substrates (Weaver and Deupree, 1982; Rudnick et al., 1990; Schuldiner et al.,
1993a). Moreover, the membrane-impermeable analog, reserpic acid, cannot inhibit
transport from the vesicular lumen (Chaplin et al., 1985). Thus, the binding of reser-
pine and monoamines occurs when the substrate recognition site is oriented to the
cytoplasmic face of the vesicle membrane. With monoamine bound, the transporter
reorients to the inside of the vesicle, releasing monoamine (possibly due to a re-
duction in affinity for the substrate) and rebinding H™, which reorients the substrate
recognition site back to the cytoplasm (Liu and Edwards, 1997). At high concen-
trations, reserpine can act like a detergent, and recent studies have revealed other
targets for reserpine in neurons, including sites on other proteins. Indeed, reserpine
inhibits the plasma membrane dopamine transporter function in a noncompetitive
manner at high concentrations (Metzger et al., 2002). In vivo, reserpine administra-
tion does not alter the level of VMATS, but single injections can block the binding
site for another major VMAT inhibitor, tetrabenazine (Naudon et al., 1996).

3.1.2 Tetrabenazine

In contrast to reserpine, the binding of tetrabenazine to VMAT is affected only
by very high concentrations of monoamines, indicating a distinct site of interac-
tion (Darchen et al., 1989). However, there is an interaction between the binding
of reserpine and tetrabenazine, suggesting either that the sites are overlapping, or
that the drugs interact with conformationally distinct stages of the transport cycle
(Darchen et al., 1989; Liu and Edwards, 1997). In addition, tetrabenazine shows
much higher affinity for VMAT?2 than VMAT1, both in human and particularly in
rat, where VMAT1 is essentially resistant to inhibition by tetrabenazine (Schuldiner
et al., 1993a; Erickson et al., 1996; Adamson et al., 1997). Ketanserin, a serotonin
receptor antagonist, binds to the same site as tetrabenazine, and a photoactivatable
analog (7-Azido-8-iodoketanserin) has been used to demonstrate that the binding
site is located at the N-terminus of bovine VMAT?2 (Sievert and Ruoho, 1997; Sagne
et al., 1997). Lobeline, an alkaloid resembling nicotinic receptor agonists (Dwoskin
and Crooks, 2002), also inhibits VMAT by interacting with the tetrabenazine bind-
ing site (Teng et al., 1998). Thus, VMAT inhibitors appear to fall into two classes,
the ones that bind to the reserpine site and those that bind to the tetrabenazine site.

3.1.3 Psychostimulants
Psychostimulants generally act by increasing the level of extracellular monoamine.

The mechanisms responsible include inhibition of plasma membrane monoamine
transport and, in particular, stimulation of flux reversal, which may occur by
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exchange or by efflux promoted in the case of the dopamine transporter by phos-
phorylation of the N-terminus (Fischer and Cho, 1979; Rudnick and Wall, 1992;
Schuldiner et al., 1993b; Sulzer and Galli, 2003; Wall et al., 1995; Khoshbouei
et al., 2004; Fog et al., 2006). However, psychostimulants also influence the flux
of monoamine across the vesicle membrane. Amphetamine is a lipophilic weak
base that can deplete monoamine stores by dissipating the Ay, which drives
monoamine uptake. Second, amphetamines may inhibit VMAT?2 directly (Peter
et al., 1994; Gonzalez et al., 1994; Sulzer and Rayport, 1990; Sulzer et al., 1993;
Sulzer et al., 1995). The analysis of VMAT2 knockout mice illustrates the impor-
tance of interaction with VMAT for the effect of amphetamine. In the absence of
VMAT?2, amphetamine still induces dopamine release in culture, and administra-
tion in vivo can increase survival of the knockout mice, which usually die within
a few days after birth (Fon et al., 1997). Presumably, dopamine efflux promoted
by amphetamine bypasses the defect in exocytotic release in the VMAT?2 knock-
out. However, dopamine release in response to amphetamine is greatly reduced
in the knockout, indicating that amphetamine acts at least in part by releasing
monoamine stores. In addition, mice heterozygous for VMAT?2, which appear
grossly normal, exhibit an increased locomotor response to amphetamine that oc-
cludes the usual increase seen with the sensitization to repeated administration
(Wang et al., 1997).

Fleckenstein and co-workers have also demonstrated that amphetamine and
its analogs (methamphetamine [METH], 3,4-methylenedioxymethamphetamine
[MDMAY]) alter the subcellular location of VMAT2-containing vesicles (Riddle
et al., 2005). The “reuptake blockers” cocaine and methylphenidate (MPD), which
inhibit the plasma membrane dopamine transporter (DAT), mobilize VMAT2-
expressing vesicles. In vivo, cocaine exposure increases the Vmax of VMAT?2 for
dopamine and the number of binding sites for dihydrotetrabenazine (Brown et al.,
2001). In addition, it mobilizes a synapsin-dependent reserve pool of dopamine-
containing synaptic vesicles, thereby increasing the release of dopamine (Venton
et al., 2006). MPD increases VMAT?2 immunoreactivity and dihydrotetrabenazine
(DHTBZ) binding, apparently through the redistribution of VMAT?2-containing
vesicles. The vesicle-mobilizing action of both the “releasers” (such as ampheta-
mines) and the “reuptake blockers” (such as cocaine) has been shown to involve
dopamine receptors since antagonists abolish the effects (Sandoval et al., 2002;
Riddle et al., 2005).

3.1.4 Toxins

The VMATs were identified through their ability to protect against toxicity of
MPP™, presumably by sequestering the compound inside secretory vesicles, and
away from its primary site of action in mitochondria. Indeed, the sequence of
the VMATSs shows homology to many bacterial drug resistance genes, including
the toxin-extruding antiporters (TEXANs) (Figure 2). These transporters recognize
many of the same drugs as the mammalian multidrug resistance (MDR) transporters,
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including P-glycoprotein, but use an H™ exchange mechanism rather than ATP hy-
drolysis to provide the energy for efflux. Several of the transporters, including the
tetracycline resistance protein from Tn10, even show inhibition by reserpine (Ruiz
et al., 2005). Considerable functional as well as structural analysis of the multi-
meric mini-TEXAN EmrE has begun to elucidate the mechanism of active transport
by this family of proteins (Schuldiner et al., 2001; Gottschalk et al., 2004). In addi-
tion, cytotoxic compounds such as doxorubicin, rhodamine, ethidium, isometamid-
ium, and tacrine are recognized by the VMATSs as well as the TEXANSs (Yelin and
Schuldiner, 1995). The VMATS also recognize several environmental toxins, such
as brominated flame retardants (BFRs), which inhibit vesicular dopamine transport
(Mariussen and Fonnum, 2003). Finally, meta-iodobenzylguanidine (MIBG), a no-
radrenaline analog, is used for scintigraphy and radiation therapy of neuroendocrine
(NE) tumors, and accumulation of this compound is inhibited by reserpine, indicat-
ing its accumulation in secretory vesicles in vivo (Kolby et al., 2003).

3.1.5 Nonspecific Effects

Pharmacological agents acting primarily on other proteins may also influence the
VMATs. Phencyclidine, a noncompetitive NMDA receptor antagonist and DAT in-
hibitor, at high doses increases vesicular dopamine transport and binding of tetra-
benazine (Crosby et al., 2002). However, the effect of phencyclidine is not mimicked
by dizocilpine (another NMDA antagonist), but is antagonized by eticlopride, a D2
receptor blocker. Clozapine, an atypical antipsychotic, is very effective at reducing
negative symptoms of schizophrenia as well as depression (Buchanan et al., 1998;
Buckley, 1999), and leads to increased tetrabenazine binding, whereas haloperidol
has no effect on VMAT binding capacity (Rehavi et al., 2002).

The antiarrythmic drug amiodarone inhibits reserpine binding in a concentration-
dependent manner and has a sympatholytic, anti-adrenergic effect in the heart, in-
hibiting the uptake of norepinephrine (Haikerwal et al., 1999). Blockers of VMAT
and L-type calcium channels have also been reported to exert reciprocal inhibitory
actions (Mahata et al., 1996).

3.2 Vesicular Acetylcholine Transporter (VAChT)

A distinct synaptic vesicle transport activity for acetylcholine (ACh) has biochemi-
cal properties that resemble the VMATs. Vesicular ACh transport depends more on
ApH than AW, but is nonetheless electrogenic (Anderson et al., 1981). Since ACh is
permanently positively charged, the transport activity is thus believed to move more
than one proton, similar to vesicular monoamine transport. However, vesicular ACh
transport appears much less efficient than transport by VMAT in generating high
concentration gradients of transmitter. Since the coupling would predict extremely
high gradients, it has been speculated that the protein itself leaks protons and hence
dissipates the driving force for transport (Parsons et al., 1993).
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Organophosphorus toxins inhibit the enzyme acetylcholinesterase (AChE) which
degrades ACh in the synaptic cleft (Figure 1). In Caenorhabditis elegans, resistance
to such a toxin reflects a defect in ACh release and was thus used to screen for
genes required for the release of ACh. Mutations in a sequence similar to VMAT
(unc-17) led to identification of the vesicular acetylcholine transporter (VAChT)
(Alfonso et al., 1993). The rat ortholog (rVAChT) shows 40% identity and 65%
similarity to the rat VMATSs (Roghani et al., 1994; Erickson et al., 1994), and the
predicted topology also suggests 12 transmembrane domains. However, the Km
for VACHT is several orders of magnitude higher (mM) than that for the VMATs
(low pM) (Varoqui and Erickson, 1996). As anticipated for a protein with these
properties, VAChT associates with synaptic vesicles in cholinergic neurons of the
central nervous system, and the mRNA co-localizes with mRNA for the biosyn-
thetic enzyme choline acetyltransferase (ChAT) (Schafer et al., 1994; Roghani et al.,
1994; Roghani et al., 1996). The turnover of VAChT has also been determined, and
it appears to be even slower than the VMATSs, with a rate ~1/second (Varoqui and
Erickson, 1996).

3.2.1 Pharmacology of VAChT

Although closely related to the VMATS in sequence (Figure 2), the pharmacologi-
cal profile of VAChT differs markedly (Table 1). The substrate selectivity is poor,
and many cationic compounds are recognized by the transporter (Clarkson et al.,
1992; Rogers and Parsons, 1989; Rogers et al., 1993). On the other hand, it does not
recognize the precursor choline, and is not inhibited by reserpine (Bravo et al., 2005;
Scheunemann et al., 2004). Rather, (—)-trans-2-(4-phenylpiperidino)-cyclohexanol
(vesamicol) inhibits ACh uptake in synaptic vesicles from the electric organ of Tor-
pedo californica (Anderson et al., 1983), and is the best characterized inhibitor of
VAChT in higher organisms. Vesamicol does not inhibit the VMATSs. Vesamicol is
stereospecific with the (—)-enantiomer 25 times more potent than the (+) isomer
(Rogers and Parsons, 1989), and it has a dissociation constant of ~5nM (Bahr et al.,
1992). The inhibition of transport is noncompetitive (Bahr and Parsons, 1986), al-
though substrates compete with vesamicol for binding at equilibrium (Bahr et al.,
1992), perhaps due to a distinct ACh binding site that regulates the access of vesam-
icol (Van der Kloot, 2003). During transport, the binding site for ACh translocates
inward, releasing ACh into the vesicle lumen. This allows vesamicol to bind in
two distinct states, to either the inwardly facing substrate recognition site or, after
H* exchange, to the outwardly facing recognition site (Bravo et al., 2004). This
model predicts more binding of vesamicol during steady-state transport than at rest
(Bravo et al., 2004). In addition, the inhibition of VAChT with vesamicol appears to
generate an efflux of the most recently accumulated ACh (Anderson et al., 1986)—
presumably due to blocking of uptake of ACh that has leaked out of the vesicle
nonspecifically. Indeed, cationic transmitters such as monoamines and ACh appear
to leak nonspecifically out of synaptic vesicles, presumably across the lipid bilayer,
and this may account for the regulation of quantal size by the number of vesicular
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transporters. Overexpression of the VMATs and VAChT increases quantal size
(Pothos et al., 2000; Song et al., 1997), presumably by off-setting the leak across
the vesicle membrane.

A variety of other ACh analogs have been identified (Kaufman et al., 1989;
Rogers and Parsons, 1989). Some of these, such as cetiedil (Israel et al., 1987;
Rogers and Parsons, 1989), inhibit VAChT competitively, presumably by interfering
with the binding of ACh to VAChT (Van der Kloot, 2003). Drugs acting on proteins
involved in the ACh metabolism may also influence VAChT. Rivastigmine, an AChE
inhibitor used clinically for memory disorders, increases VAChT immunoreactivity
(Tayebati et al., 2004).

3.3 Vesicular GABA and Glycine Transporter (VGAT)

A distinct vesicular transport activity for GABA relies on both ApH and AW (Kish
et al., 1989; Takamori et al., 2000; Mclntire et al., 1997), presumably because as a
zwitterion with no net charge, the number of protons exchanged for GABA equals
the amount of charge moved. In terms of substrate recognition, vesicular GABA
uptake was not inhibited by glycine in several studies, suggesting distinct trans-
port proteins for the two inhibitory neurotransmitters (Kish et al., 1989). How-
ever, other studies have suggested that the same activity recognizes both GABA
and glycine (Christensen et al., 1990; Christensen and Fonnum, 1991; Burger et al.,
1991; Roseth and Fonnum, 1995; Mclntire et al., 1997; Sagné et al., 1997). Further,
physiological studies have documented the corelease of glycine and GABA from
the same synaptic vesicles (Jonas et al., 1998).

Consistent with the differences in ionic coupling, vesicular GABA transport is
encoded by a protein with no discernible sequence similarity to the VMATS or
VAChHT. Genetic analysis in C. elegans identified a protein with multiple trans-
membrane domains (UNC-47) required for GABAergic transmission. Expressed in
a heterologous expression system, the mammalian ortholog VGAT conferred GABA
uptake dependent on both ApH and AW (Mclntire et al., 1997). The expressed
transporter exhibits low-affinity uptake of GABA (Km ~5mM), consistent with
results from native synaptic vesicles, and glycine inhibits GABA transport (IC50
~25mM) (Sagne et al., 1997; Mclntire et al., 1997). Furthermore, immunogold
electron microscopy demonstrated VGAT expression in at least a subpopulation of
GABAergic, glycinergic as well as mixed terminals (Chaudhry et al., 1998). In-
deed, disruption of VGAT reduces release of GABA as well as glycine (Wojcik
et al., 2006), consistent with the evidence for co-release in vivo (Jonas et al., 1998).
However, it is important to note that the release of glycine depends heavily on the
high-affinity neuronal glycine transporter GLYT2. GLYT2 presumably generates
the high cytoplasmic concentrations of glycine necessary to drive the low-affinity
vesicle transporter (Figure 1) (Gomeza et al., 2003).
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3.3.1 Pharmacology of VGAT

No drugs acting specifically on VGAT have thus far been identified. However,
several structural analogues of GABA have been tested for inhibition of VGAT
(Table 1). Nipecotic acid and N-butyric acid weakly inhibit VGAT activity (Mclntire
etal., 1997). The potent anticonvulsant y-vinyl-GABA (vigabatrin), known to inhibit
GABA transaminase, was also found to inhibit VGAT with low affinity (MclIntire
et al., 1997).

Interestingly, the fate of GABA differs from that of monoamines after genetic
disruption of the cognate vesicular transporter. In mice, the loss of VMAT?2 re-
sults in the depletion of all monoamines (to 1%-5% wild-type levels), apparently
due to metabolism of the cytosolic transmitter by monoamine oxidase, as well as
other factors (Fon et al., 1997). In contrast, GABA accumulates to levels above
wild type in the C. elegans mutant unc-47 (Mclntire et al., 1993). In addition,
a vesicle membrane-bound form of the biosynthetic enzyme glutamic acid decar-
boxylase (GADG65) can apparently be inhibited by disrupting vesicular Ay, with
the proton pump inhibitor bafilomycin A1, the protonophore carbonyl cyanide m-
chorophenylhydrazone or the ionophore gramicidin. Direct coupling between GAD
and VGAT has thus been suggested, although the mechanism remains unclear
(Jin et al., 2003).

3.4 Vesicular Glutamate Transporters (VGLUTI-3)

Characterization of the glutamate transport activity in native synaptic vesicles has
demonstrated that it recognizes specifically glutamate (not aspartate) and depends
predominantly on AY rather than ApH (Naito and Ueda, 1985; Maycox et al., 1988;
Carlson et al., 1989; Carlson and Ueda, 1990; Roseth, 1995). In addition, a low
concentration of C1~ (2-10 mM) is required for optimal vesicular glutamate trans-
port, with no or high CI™ reducing but not entirely eliminating transport activity.
Although chloride entry might be expected to dissipate the membrane potential
that drives glutamate uptake, it is thus also required to activate transport and appar-
ently interacts with an allosteric regulatory site (Figure 3) (Naito and Ueda, 1983;
Hartinger and Jahn, 1993; Wolosker et al., 1996).

Molecular cloning has identified three vesicular proteins that exhibit the bio-
chemical properties described for glutamate uptake by native synaptic vesicles from
brain (Reimer and Edwards, 2004; Erickson et al., 2006; Takamori, 2006). They all
show stereoselectivity for L-glutamate and a Km ~1-3mM. None of them recog-
nizes aspartate or the inhibitory neurotransmitters GABA or glycine. Dissipation of
AY with the K ionophore valinomycin substantially reduces transport, but addition
of the H' ionophore nigericin further reduces glutamate uptake, suggesting a re-
liance on ApH as well. Interestingly, dissipation of ApH alone can sometimes in-
crease vesicular glutamate transport, presumably by increasing AY, but the loss
of ApH in addition to AW clearly reduces transport further, supporting the H*
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Fig. 4 Differential subcellular localization of the three VGLUTs. Nerve terminals containing VG-
LUTI, —2 or —3, all target the pyramidal cells of hippocampal region CA2. However, the inputs
differ in origin and they target distinct regions of the pyramidal cell membrane. VGLUT1™" nerve
terminals derive from Schaffer collaterals and form synapses on the spines in stratum radiatum and
oriens. VGLUT2™ terminals originate in subcortical areas and form synapses onto spines, prox-
imal denrites or cell bodies. VGLUTS3 localizes to the subset of interneurons that contain chole-
cystokinin (CCK), and form synapses onto the cell body and proximal dendrites. VGLUT3 also
mediates glutamate release from the cell bodies and dendrites of selected neurons in the cortex and
striatum.

exchange mechanism (Bellocchio et al., 2000). Moreover, all three isoforms show
a biphasic dependence on [C1™], with the optimal activity ~2-4 mM. However, the
isoforms differ in expression at cellular and subcellular levels (Figure 4; Table 1),
as well as through development (Boulland et al., 2004). VGLUT1 and VGLUT2
show a complementary expression pattern, occurring in different subpopulations
of glutamatergic nerve terminals (Fremeau, Jr. et al., 2001; Schafer et al., 2002).
In particular, VGLUTTI is expressed by glutamatergic cells in cerebral cortex, hip-
pocampus, and cerebellar cortex, whereas VGLUT?2 predominates in glutamatergic
cells of the thalamus, brainstem, and deep cerebellar nuclei. The two homologs are
also involved in glial glutamate release (Bezzi et al., 2004; Haydon and Carmignoto,
2006). In contrast, VGLUT3 is expressed throughout the brain but restricted to
a subpopulation of glial cells and neurons, including serotonergic, cholinergic,
GABAergic and glutamatergic cells (Gras et al., 2002; Fremeau, Jr. et al., 2002).
In contrast to VGLUT1 and 2, which localize only to axon terminals, VGLUT3
localizes as well to cell bodies and dendrites, where it participates in retrograde sig-
naling (Harkany et al., 2004). VGLUT2 and VGLUT?3 are also transiently expressed
at high levels in specific subpopulations of cells early in life, suggesting additional
developmental roles for glutamatergic neurotransmission (Boulland et al., 2004).
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3.4.1 Pharmacology of Vesicular Glutamate Transport

The drugs that inhibit vesicular glutamate transport (Table 1) differ from those act-
ing on plasma membrane glutamate transporters. However, several of the drugs were
initially identified as glutamate receptor blockers, or at least derived from these
agents. Evans blue, a biphenyl derivative of naphthalene disulfonic acid, blocks
specifically the excitatory AMPA/kainate receptor responses mediated by glutamate
receptor subunits GluR1, GluR1,2, GluR1,3, and GluR2,3, and inhibition appears
to be noncompetitive (Keller et al., 1993). The group of F. Fonnum has charac-
terized the effects of Evans blue and related dyes on vesicular transport of gluta-
mate (Table 1; Figure 3). At low concentrations, Evans blue inhibits glutamate up-
take competitively (Ki ~ 40nM), while at higher concentrations it affects membrane
potential and the pH gradient as well (Fykse et al., 1992; Roseth et al., 1995). The
structural analog Chicago sky blue also blocks vesicular glutamate uptake com-
petitively, but is much less effective (Roseth et al., 1995). Neither Evans blue nor
Chicago sky blue has any effect on Nat-dependent glutamate uptake across the
cell membrane (Roseth et al., 1995). The authors of this study suggest that the dis-
tance of ~6A between sulfonic acid groups structurally fixed by aromatic rings
and the electron-donating groups in close vicinity of the negative charge are critical
for the inhibition of the glutamate uptake (Roseth et al., 1995). Although we still
lack the structural information required to interpret the observed structure-activity
relationships, the distance between negatively charged groups is smaller in aspar-
tate than glutamate, possibly accounting for the lack of recognition. Further, dyes
structurally similar to Evans blue with biphenyl and amino- and sulphonic-acid-
substituted naphthyl groups potently inhibit glutamate uptake. The ICso value for
Trypan blue is 49 nM, whereas Naphtol blue black, Reactive blue 2, Benzopurpurin
4B, Ponceau SS, Direct blue 71, and Acid Red 114 have ICsq values ranging from
330 to 1670 nM (Roseth et al., 1998). However, all of these dyes are cell impermeant
and thus of limited use in vivo or even in vitro with intact cells. Some of the dyes
(e.g., Evans blue and Chicago sky blue) also inhibit VGAT, albeit less potently.

Another dye derived from polyhalogenated fluorescein, Rose Bengal, acts as
a potent noncompetitive inhibitor of vesicular glutamate uptake with Ki ~19nM
(Ogita et al., 2001). The site of Rose Bengal action remains to be determined, but
there are indications that it involves an allosteric site (Ogita et al., 2001). Structure-
activity analysis has also shown that the phenyl group, multiple iodine groups, and
the bridging oxygen of xanthine are required for potent inhibition of vesicular gluta-
mate uptake (Bole and Ueda, 2005). Since Rose Bengal is membrane permeable, it
is much more useful in vivo and in brain slice experiments where it has been shown
to impair glutamate release (Montana et al., 2004).

Glutamate analogs have also been tested for their ability to interact with the
VGLUTs (Table 1). Although several act on plasma membrane transporters, they
have either no or only partial effects on vesicular glutamate uptake (Naito and
Ueda, 1985; Tabb and Ueda, 1991). Interestingly, several amino acid analogs used
to block the glutamate-binding domain of glutamate receptors and/or selectively
inhibit plasma membrane glutamate transport also inhibit the VGLUTSs (Ortwine
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et al., 1992; Bridges et al., 1999). Quinoline-2,4-dicarboxylic acids (QDCs) were
tested as inhibitors of vesicular glutamate transport due to their structural similar-
ity to quinoline-2-carboxylic acids (QCAs), which have an embedded glutamate
structure (Carrigan et al., 1999). The Ki values of optimized QDCs are as low as
41uM, and QDCs resembling Evans blue and Chicago sky blue have been reported
as particularly promising (Carrigan et al., 2002). Table 1 summarizes the Ki values
of these glutamate analogs.

3.4.2 Other Targets in Vesicular Glutamate Transport

Although it is well known that optimal glutamate uptake requires low concentra-
tions of C1~, the mechanisms involved are not completely known. The group of
F. Fonnum has demonstrated that the stilbene derivatives and plasma membrane
anion channel blockers 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS),
4-acetamido-4’-isothiocyanatostilbene-2,2’-disulfonic acid (SITS), and 5-nitro-2-
(3-phenylpropylamino)-benzoic acid (N144) inhibit glutamate uptake through
competition directly with glutamate (Figure 3) (Roseth et al., 1995). These organic
acids have two centers of negative charge and resemble the dyes mentioned above.
The loop diuretics furosemide and bumetanide, acting on the Na* /K*/2CI~ co-
transporter, also inhibit glutamate uptake. Like the stilbene derivatives, these drugs
block glutamate uptake competitively and the Cl~ conductance noncompetitively
(Roseth et al., 1995). However, there is compelling evidence that an allosteric effect
not involving the glutamate binding site also contributes. The group of R. Jahn has
shown inhibition of vesicular glutamate transport by DIDS which could be over-
come by chloride, but not glutamate, suggesting a distinct, DIDS-sensitive chloride
binding site on the cytoplasmic face of the vesicular glutamate transporter (Figure 3)
(Hartinger and Jahn, 1993). Consistent with this, Wolosker and co-workers have
shown that although chloride flux would influence the driving force for glutamate
transport, the regulation by chloride does not depend on ApH or AW, but rather rep-
resents an allosteric form of regulation (Wolosker et al., 1996). However, the regula-
tion of glutamate transport may not involve the VGLUTs directly, but an associated
intracellular chloride channel (Jentsch et al., 1999; Stobrawa et al., 2001). Genetic
inactivation of CIC-3 has been shown to produce severe retinal and hippocampal de-
generation (Stobrawa et al., 2001). However, the mechanism for this degeneration
and the role of CIC-3 and other intracellular chloride channels in the allosteric reg-
ulation of VGLUTs and their observed chloride channel activity remains unknown.
Recent reconstitution of purified VGLUT2 from a heterologous expression system
has demonstrated the same biphasic dependence on chloride observed for the native
protein (Juge et al., 2006), suggesting that the chloride binding site is not encoded
by another polypeptide. However, the authors also suggest that VGLUT2 encodes
a Na™'-dependent phosphate cotransport activity (Juge et al., 2006). Originally de-
scribed as phosphate cotransporters (Ni et al., 1994), vesicular glutamate transport
catalyzed by the VGLUTSs is not affected by phosphate or Na™ (Bellocchio et al.,
2000; Fremeau, Jr. et al., 2001), so it is surprising that they encode a mechanistically
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and pharmacologically distinct activity. Indeed, we have observed that heterologous
expression of the VGLUTSs confers a highly variable phosphate uptake activity that
can be Na'-independent (R.H.E., unpublished observations). Previous work on the
related transporter NaPi-1 also demonstrates a poor correlation between expression
of the protein and phosphate uptake activity (Busch et al., 1996; Broer et al., 1998).

Heterotrimeric G proteins also appear to regulate vesicular glutamate transport
by influencing the allosteric chloride site. Activation of the Go,y,-subunit shifts the
sensitivity of vesicular glutamate transport to lower chloride concentrations (Winter
et al., 2005). In the absence of Galyy, vesicular glutamate transport exhibits no clear
dependence on chloride, a result quite remarkable in light of the reconstitution stud-
ies demonstrating preservation of the chloride dependence with the purified protein
(Juge et al., 2006). However, it remains unclear whether the effect of G proteins in-
volves a direct interaction with the VGLUTSs or with an unidentified “regulator” pro-
tein (Figure 3). An Inhibitory Protein Factor (IPF) that blocks vesicular glutamate
transport has been purified from bovine brain cytosol, and apparently corresponds
to a proteolytic fragment of fodrin (Ozkan et al., 1997).

A variety of other drugs also regulate the activity and/or expression of VGLUTs.
Antidepressant agents, including fluoxetine, desipramine, the atypical antipsychotic
clozapine, and lithium increase VGLUT1 mRNA and protein in neurons of the cere-
bral cortex and hippocampus (Moutsimilli et al., 2005; Tordera et al., 2005). Anti-
depressants and their analogs may thus influence the release of glutamate. Biliru-
bin, L-homocysteate, L-a-aminoadipate, the alkaloid bromocriptine, several fatty
acids, and some other compounds also inhibit vesicular glutamate transport, and
their analogs suggest additional strategies for drug development (Roseth et al., 1995;
Roseth et al., 1998; Thompson et al., 2005). Nonetheless, despite the wide range of
compounds that have been reported to affect VGLUT function, there are few if any
specific antagonists, and certainly none that really distinguish between the three
isoforms.

3.5 Other Transporters on Vesicles

Since many of the proteins found on synaptic vesicles still lack a clearly identified
function, a number of these may contribute to filling the vesicles with transmitter.
Indeed, the synaptic vesicle protein SV2 was identified many years ago through
the production of monoclonal antibodies to purified synaptic vesicles (Buckley and
Kelly, 1985). The sequence derived from molecular cloning (Bajjalieh et al., 1992;
Feany et al., 1992) predicted 12 transmembrane domains, and multiple isoforms
have since been identified. SV2A appears to be the most ubiquitous isoform, but
SV2B and C exhibit an overlapping distribution (Janz et al., 1999; Bajjalieh et al.,
1993; Bajjalieh et al., 1994). A related sequence, SVOP, has also been identified
in invertebrates as well as mammals (Janz et al., 1998). However, the function of
SV2 remains unknown. The knockout of SV2A alone exhibits seizures and early
lethality (Crowder et al., 1999), while physiological analysis of the double SV2A
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and B knockout shows a calcium-sensitive increase in transmitter release, suggest-
ing a role in Ca2" homeostasis (Janz et al., 1999). On the other hand, the analysis
of release from endocrine cells as well as neurons shows a relatively specific role
for SV2 in promoting release from the readily releasable pool of vesicles (Xu and
Bajjalieh, 2001; Custer et al., 2006). The N-terminal, cytoplasmic domain of SV2
has also been shown to interact with selected isoforms of the synaptotagmin fam-
ily (Schivell et al., 1996; Pyle et al., 2000), but the polytopic structure of SV2 and
its clear relationship to sugar transporters strongly suggests a role as channel, or
more likely, transporter. Interestingly, the widely use anticonvulsant levetiracetam
(Keppra) has recently been found to bind specifically to SV2A (and not the other iso-
forms) (Lynch et al., 2004). The affinity of binding by related compounds correlates
with their potency as anticonvulsants, further implicating SV2 as the site of action
for these drugs. However, it seems paradoxical that the SV2A knockout develops
seizures and a drug that binds to the same site can prevent seizures, suggesting that
levetiracetam might activate rather than inhibit SV2A.

Remarkably, SV2 also appears to be the cellular receptor for botulinum neuro-
toxin A (Dong et al., 2006). In particular, a segment of the large lumenal loop binds
to the toxin, and all of the SV2 isoforms appear capable of serving as receptors.
Thus, levetiracetam, even if it is bound to the same site as the toxin, seems unlikely
to protect against poisoning since it interacts only with SV2A.

A number of transporters that function on the plasma membrane also reside on
synaptic vesicles, providing a mechanism for their regulated delivery to the cell sur-
face. The Na*t- and C1~-dependent proline transporter resides primarily on synaptic
vesicles (Renick et al., 1999; Crump et al., 1999), but the physiological role of this
transporter and hence the biological context for its regulatory exocytosis remains un-
clear. More recently, it has been found that the Na*-dependent choline transporter
involved in the recycling of choline after cleavage from ACh by extracellular acetyl-
cholinesterase, also localizes predominantly to synaptic vesicles (Ferguson et al.,
2003). In this case, it was demonstrated that synaptic vesicle exocytosis produces a
concomitant increase in choline uptake. Since loss of the choline transporter dramat-
ically impairs cholinergic transmission in mammals as well as C. elegans (Ferguson
and Blakely, 2004; Matthies et al., 2006), the biological role of the transporter is
clear. Its localization to synaptic vesicles presumably serves to coordinate expres-
sion of the transporter with activity, but it remains unclear why this transporter nor-
mally resides in vesicles, whereas other proteins involved in reuptake remain primar-
ily on the cell surface. Nonetheless, membrane trafficking of the plasma membrane
neurotransmitter transporters remains a major mechanism for their regulation.

4 Conclusions

The vesicular transporters are capable of concentrating neurotransmitters from 10-
to 100,000-fold, with important implications for Ca>*-dependent quantal release.
These transporters also protect neurons from the toxicity of exogenous compounds
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such as the parkinsonian neurotoxin MPTP and against endogenous molecules such
as the normal neurotransmitter dopamine. The molecular analysis of vesicular neu-
rotransmitter transport also provides an important new perspective to understand
the physiological regulation of transmitter release and its role in disease. The pro-
teins responsible and even orphan transporters of the synaptic vesicle also represent
potent targets for the development of therapeutic agents.
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Abstract Members of the Rab, SM- and SNARE-protein families play key roles
in all intracellular membrane trafficking steps. While SM- and SNARE-proteins
become directly involved in the fusion reaction at a late stage, Rabs and their effec-
tors mediate upstream steps such as vesicle budding, delivery, tethering, and trans-
port. Exocytosis of synaptic vesicles and regulated secretory granules are among the
best-studied fusion events and involve the Rab3 isoforms Rab3A-D, the SM protein
munc18-1, and the SNARESs syntaxin 1A, SNAP-25, and synaptobrevin 2. Accord-
ing to the current view, syntaxin 1A and SNAP-25 at the presynaptic membrane
form a complex with synaptic vesicle-associated synaptobrevin 2. As complex for-
mation proceeds, the opposed membranes are pulled tightly together, enforcing the
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fusion reaction. Munc18-1 is essential for regulated exocytosis and interacts with
syntaxin 1A alone or with SNARE complexes, suggesting a role for munc18-1 in
controlling the SNARE-assembly reaction. Compared to other intracellular fusion
steps, special adaptations evolved in the synapse to allow for the tight regulation and
high membrane turnover rates required for synaptic transmission. Synaptic vesicle
fusion is triggered by the intracellular second messenger calcium, with members of
the synaptotagmin protein family being prime candidates for linking calcium influx
to fusion in the fast phase of exocytosis. To compensate for the massive incorpora-
tion of synaptic vesicles into the plasma membrane during exocytosis, special adap-
tations to endocytic mechanisms have evolved at the synapse to allow for efficient
vesicle recycling.

1 SNAREs

SNARESs comprise a superfamily of proteins that function in all membrane fusion
steps of the secretory pathway within eukaryotic cells. They are small proteins that
vary in structure and size (see Section 1.1), but share an evolutionary conserved
stretch of 60-70 amino acids containing eight heptad repeats, which is termed
SNARE motif (Brunger 2005). The number of different SNAREs varies between
different organisms, ranging from 25 in yeast, 36 in mammals, to over 50 in plants.
Each fusion step requires a specific set of four different SNARE motifs that is con-
tributed by three or four different SNARES, and each of the membranes destined to
fuse contains at least one SNARE with a membrane anchor.

Membrane traffic usually consists of a sequence of steps involving the gener-
ation of a transport vesicle by budding from a precursor compartment, the trans-
port of the vesicle to its destination, and finally the docking and fusion of the
vesicle with the target compartment. SNAREs operate in the very last step of
this sequence (Jahn and Scheller 2006). SNAREs on opposed membranes form
a complex in “trans” that is mediated by the SNARE motifs and that progres-
sively assembles from the N-terminal tips toward the C-terminal membrane an-
chors, thus clamping the two membranes together. The energy released during
assembly is probably used for overcoming the fusion barrier. During fusion, the
complex reorients from “trans” to “cis.” Cis-SNARE complexes are unusually sta-
ble, and disassembly requires the action of an AAA-ATPase and ATP. Hence,
SNARESs undergo a conformational cycle that is crucial for fusion. The cycle is
controlled by an array of regulatory factors that are only partially understood (see
Section 1.2).

While each fusion step appears to be mediated by a specific set of SNARESs, some
SNARESs operate in multiple transport steps where they each interact with different
SNARE partners. Conversely, SNAREs of the same subfamily (see Section 1.1) can
substitute for each other, at least to a certain degree, in a given transport step. In
vitro, there is less specificity in SNARE assembly, suggesting that additional con-
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trol mechanisms are involved. According to current concepts, specificity in mem-
brane traffic is achieved by successive layers of regulation that operate upstream
of SNARE assembly and that involve members of conserved protein families. Rab-
proteins are thought to orchestrate the initial contact between membranes destined
to fuse (see Section4) and to assure that only appropriate organelles are tethered.
SM proteins are involved in preparing and proofreading SNARE: s for trans-complex
formation (see Section 2). The combination of these and possibly additional still un-
known mechanisms would guarantee the required specificity in intracellular mem-
brane trafficking.

The SNARE:S involved in the fusion of synaptic vesicles and of secretory granules
in neuroendocrine cells, referred to as neuronal SNARES, have been intensely stud-
ied and serve as a paradigm for all SNARESs. They include syntaxin 1A and SNAP-
25 at the presynaptic membrane and synaptobrevin 2 (also referred to as VAMP 2)
at the vesicle membrane. Their importance for synaptic neurotransmission is docu-
mented by the fact that the block in neurotransmitter release caused by botulinum
and tetanus neurotoxins is due to proteolysis of the neuronal SNAREs (Schiavo
et al. 2000). Genetic deletion of these SNAREs confirmed their essential role in
the last steps of neurotransmitter release. Intriguingly, analysis of chromaffin cells
from KO mice lacking synaptobrevin or SNAP-25 showed that these proteins can
be at least partially substituted by SNAP-23 and cellubrevin, respectively (Sorensen
et al. 2003; Borisovska et al. 2005), i.e., the corresponding SNAREs involved in
constitutive exocytosis.

In the following sections, we limit our discussion to the neuronal SNARE com-
plex that, however, is paradigmatic for most SNARE complexes studied so far.

1.1 Structure of the Neuronal SNAREs

1.1.1 Syntaxin 1A

Syntaxin 1A is a protein composed of 288 amino acids (all numbers refer to rat
proteins). Its structure is typical for most SNAREs: the SNARE motif is flanked by
an independently folded N-terminal domain and a single transmembrane domain at
the C-terminus (Figure 1). The N-terminal domain is composed of an antiparallel
three-helix bundle with a small N-terminal extension and is linked to the SNARE
motif via a long flexible linker region. Syntaxin is able to interact intramolecularly
by folding back its N-terminal domain onto the SNARE motif, resulting in the so-
called closed conformation of syntaxin in which the linker is structured and part of
the SNARE motif assumes a helical conformation. Syntaxin 1 is highly abundant
in neurons and neuroendocrine cells (approximately 1% of total brain protein) but
lacking in non-neuronal cells.
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Fig. 1 Structure of the neuronal SNARESs. Upper panel: domain structure of the three neuronal
SNARE proteins involved in synaptic vesicle fusion. Syntaxin 1A and SNAP-25 (contains two
SNARE motifs) are associated with the presynaptic membrane, whereas synaptobrevin 2 is synap-
tic vesicle associated. The SNARE motifs form a stable complex (core complex) whose crystal
structure has been analyzed (lower panel). In the complex, each of the SNARE motifs adopts an
alpha-helical structure, and the four alpha-helices are aligned in parallel forming a twisted bundle
(modified from Sutton et al. 1998). Stability of the complex is mediated by layers of interaction
(—7 to +8) in which amino acids from each of the four alpha-helices participate (see text).

1.1.2 Synaptobrevin 2/VAMP 2

Synaptobrevin 2 is a small protein composed of 118 amino acids. It contains
a SNARE motif with a short N-terminal proline-rich extension but lacks an in-
dependently folded N-terminal domain. Like syntaxin 1, the protein possesses a
C-terminal transmembrane domain that is connected to the SNARE motif by a short
linker (Figure 1). Synaptobrevin is palmitoylated at cysteine residues close to its
transmembrane domain. Synaptobrevin 2 is highly expressed in neurons and neu-
roendocrine cells, but unlike syntaxin 1 it is also present in many non-neuronal
tissues albeit at low levels.
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1.1.3 SNAP-25

SNAP-25, a protein of 208 amino acids, deviates from the typical SNARE structure
in that it has two SNARE motifs, joined by a flexible linker region, but lacks a trans-
membrane domain (Figure 1). The linker contains a cluster of four palmitoylated
cysteine residues by which the protein is anchored at the plasma membrane. SNAP-
25 can be phosphorylated at positions Thr138 and Ser187 by cAMP-dependent pro-
tein kinase (PKA) and protein kinase C (PKC), respectively. SNAP-25 represents
a small subgroup of SNAREs with a similar structure, including SNAP-23, SNAP-
29, and SNAP-47. In contrast to the neuron-specific SNAP-25 these SNAREs are
ubiquitously expressed.

1.1.4 The Neuronal SNARE Complex

Syntaxin 1A, SNAP-25, and synaptobrevin 2 undergo structural changes when
they assemble during membrane fusion. The crystal structure of the core-region of
the neuronal SNARE complex (the assembled SNARE motifs) has been analyzed
(Figure 1) and turned out to be paradigmatic for all SNARE-core complexes. In the
complex, all SNARE motifs adopt an alpha-helical structure and are aligned in par-
allel, forming a twisted coiled-coil (Sutton et al. 1998). Along the longitudinal axis
in the center of the bundle 16 stacked layers of interacting side chains have been
identified (Figure 1). Each layer is formed by four amino acids, each contributed by
a different SNARE motif. The layers are largely hydrophobic, with the exception of
one ionic central layer that contains three glutamines and one arginine, all highly
conserved (Fasshauer et al. 1998). The central layer is used as a center of reference
for the remaining layers and termed “0”-layer. The layers from the N-terminal re-
gion of the SNARE motif to the 0-layer are termed —7 to —1, those upward from the
O-layer +1 to +8. An attractive working hypothesis is that SNARE motifs resemble
a molecular zipper as they assemble from their N-terminal toward their C-terminal
regions. According to this model, layers of interaction form sequentially one after
another, pulling the opposed membranes stepwise together. During formation of the
last layers, membranes would be forced so closely together that they fuse.

1.1.5 Q/R Classification of SNARESs

Initially, SNAREs were classified functionally into t-SNAREs (target-membrane
SNAREsS, e.g., syntaxin 1A and SNAP-25) or v-SNAREs (vesicle-membrane
SNARESs, e.g., synaptobrevin 2). However, this concept cannot be applied to ho-
motypic fusion events and is misleading because SNAREs are grouped together
that belong to different subfamilies. A complete and unambiguous grouping is ac-
complished by the Q-/R-SNARE classification referring to the conserved amino
acids present in the “0”-layer. According to the position of the SNARE motif in
the structurally conserved SNARE complex, SNARE motifs are classified into Q,-,
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Qp-, Q.- and R-SNAREs (Bock and Scheller 2001). Following this classification,
syntaxin 1A, SNAP-25. and synaptobrevin 2 represent the Q,-, Qp- and Q.-, and
R-SNARESs, respectively (Fasshauer et al. 1998). It turned out later that actually all
functional SNARE complexes assigned to trafficking steps in yeast and mammals
have a Q,Q,Q.R-composition (Hong 2005; Jahn and Scheller 2006).

1.2 Assembly and Disassembly of SNAREs: Mechanistic
Considerations

As discussed above, fusion is driven by the assembly of SNAREs mediated by their
SNARE motifs. Assembly is associated with a major release of energy, and con-
sequently the SNARESs need to be refueled with energy by the generation of free
SNARE:Ss before they are reusable for another round of fusion. Thus, SNAREs un-
dergo cyclic assembly and disassembly, and together the individual reactions in-
volved are referred to as the conformational cycle of SNARESs (Figure 2).

1.2.1 Assembly and Fusion

Free SNARES are presumably short-lived, as they can form complexes among them-
selves, including homophilic oligomerization into clusters or with SNARE interact-
ing proteins. It is becoming apparent that initial trans-contact between SNAREs

Synaptobrevin 2

SNAP-25 Disassembly
\—../ N («SNAP/NSF)
*'\r — — l “—

Acceptor complex Monomeric/clustered-SNAREs Cis-SNARE-complexes
Pairing Conformational Cycle of SNAREs New round
of fusion

Zippering Trans-cis-conversion

o— p— —— e
Trans-SNARE-complexes Cis-SNARE-complexes

Fig. 2 The conformational cycle of SNAREs. SNAREs cycle between two extreme conforma-
tions, the unstructured monomeric SNAREs and the fully assembled cis-SNARE complexes. Ini-
tially, SNAREs on the membranes destined to fuse establish trans-SNARE complexes between
the opposed membranes. Proceeding SNARE complex assembly forces the membranes tightly to-
gether enforcing membrane fusion. The resulting cis-SNARE complexes are disassembled into
free SNAREs by the ATPase NSF and its co-factor, a process that consumes ATP and fuels the
SNARE:s with energy for undergoing a new SNARE cycle (for details see text).
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Munc18-1-SNARE Interactions

Nee e

Monomeric SNARE  Acceptor complex  Trans-complex

Fig. 3 munc18-1 SNARE-binding modes. The following munc18-1 interactions with monomeric/
assembled SNARESs have been proposed. From left, binding of munc18-1 to a closed conformation
of syntaxin 1A (Misura et al. 2000), to a half-open conformation of syntaxin or to an acceptor com-
plex formed by syntaxin and SNAP-25 (Zilly et al. 2006), and to an assembled SNARE complex
(Dulubova et al. 2007). It is possible that each of the proposed complexes represents an intermedi-
ate on a munc18-1 controlled molecular pathway of specific SNARE complex assembly.

(also referred to as “nucleation”) is tightly controlled by cellular factors. A key role
in preparing SNARES, and perhaps in controlling nucleation, is assigned to the SM
proteins, including its neuronal variant munc18-1, which are discussed more fully
below. (see Section 3 and Figure 3).

It is not clear at present whether assembly is regulated after nucleation of
trans-complexes or whether nucleation invariantly proceeds toward fusion. In vitro,
assembly is completed rapidly after nucleation (Pobbati et al. 2006). However,
mutagenesis of side chains in the central layers of the SNARE complex resulted in
phenotypes that are best explained by energy minima during SNARE zippering, rep-
resenting partially zippered and metastable intermediates in the molecular pathway
of SNARE assembly. A partially assembled SNARE complex thus may account for
the primed state of secretory granules in neuroendocrine cells (Sorensen et al. 2006).
A protein thought to act on partially assembled trans-complexes is complexin, a
small, soluble protein of 15 kDa (Marz and Hanson 2002). In vitro, complexin binds
to SNARE complexes with high affinity, with the central part of complexin forming
an o-helix that binds in an antiparallel orientation in the groove between synapto-
brevin and syntaxin. While this interaction is thought to stabilize partially assembled
SNARE complexes, deletion of complexin in mice lowers the sensitivity of neuronal
exocytosis to calcium, resulting in a phenotype resembling that of synaptotagmin
knockout mice (see section 3.2). Recently it has been proposed that complexin oper-
ates by stabilizing an otherwise metastable trans-SNARE intermediate that requires
calcium-dependent displacement of complexin by synaptotagmin to be activated for
fusion (Figure 4) (Tang et al. 2006).

The final steps in fusion are only incompletely understood. For instance, it is
controversial whether the non-bilayer transition states in fusion are initiated primar-
ily by force, transmitted from the “pull” of the assembling SNARE motifs via the
linkers onto the membrane, as suggested by mutagenesis of the linker domain. Al-
ternatively, the function of the SNARE motifs may be confined to close apposition
of the membranes, with the final steps being catalyzed by other factors such as a
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Fig. 4 Stages in synaptic vesicle exocytosis. Putative intermediate steps on the molecular path-
way to synaptic vesicle fusion. Vesicle delivery and tethering to the presynaptic membrane most
likely involves Rab-proteins and their effectors. So far, the nature of a speculative docking complex
(dc) is unclear, but docking appears to be independent from SNARE proteins. In the primed state,
SNARESs have assembled into a complex probably stabilized by complexin (Cpx). The fusion reac-
tion is arrested until the intracellular calcium concentration increases. The putative calcium sensor
for fast neurotransmitter release, synaptotagmin 1 (Syt), binds to intracellular calcium and in turn
triggers fusion by associating with the presynaptic membrane and interacting with the SNARE
complex, thereby displacing complexin (Tang et al. 2006).

perturbing “fusogenic” function of the transmembrane domains. For instance, it has
been suggested that hetero-dimerization of the transmembrane domains of syntaxin
1A and synaptobrevin 2 facilitate the conversion from a hypothetical hemifusion
intermediate state to full fusion (Ungermann and Langosch 2005). Recent evidence
supports the involvement of hemifusion intermediates in the SNARE fusion pathway
(see, e.g., Yoon et al. 2006). Furthermore, it is still controversial whether the fusion
pore, i.e., the first aqueous connection between the vesicles and the extracellular
space, is primarily lipidic or whether proteins (e.g., the transmembrane domains of
the SNARES) are part of the transition state.

1.2.2 Other Proteins Involved in the Regulation of SNAREs

In addition to the proteins discussed above, neuronal SNAREs were reported to in-
teract with numerous other proteins in a specific manner, but in most cases both
the structural basis and the biological function of these interactions need to be de-
fined. For instance, synaptophysin, a membrane protein of synaptic vesicles, forms a
complex with synaptobrevin in which synaptobrevin is not available for interactions
with its partner SNAREs syntaxin 1A and SNAP-25, suggesting that this complex
represents a reserve pool of recruitable synaptobrevin (Becher et al. 1999) or regu-
lates interactions between the vesicle-associated synaptobrevin and the plasmalem-
mal SNAREs. Alternatively, it has been suggested that this complex is involved in
synaptobrevin sorting to synaptic vesicles.

Munc13 is a 200kDa protein essential for synaptic vesicle priming. As dou-
ble knockouts of munc13 and syntaxin in Caenorhabditis elegans are rescued by
constitutively open syntaxin, it has been suggested that munc13 mediates the tran-
sition from closed to open syntaxin (Brunger 2005). Recently, a ternary complex
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composed of Rab3, RIM, and munc13 was described, suggesting a function in tar-
geting synaptic vesicles to the priming machinery.

Tomosyn is a soluble protein of 130 kDa with a C-terminal R-SNARE motif that
is capable of replacing synaptobrevin in the neuronal SNARE complex. Most avail-
able data indicate that tomosyn negatively regulates exocytosis by competing with
synaptobrevin in the formation of SNARE complexes (Brunger 2005), thereby lead-
ing to the inhibition of synaptic vesicle priming (McEwen et al. 2006).

1.2.3 Disassembly of SNARE Complexes

After membrane fusion, all neuronal SNARE:S reside in the plasma membrane. Their
assembled SNARE motifs are aligned in parallel and the TMRs of syntaxin 1A and
synaptobrevin 2 are close to each other in the same membrane. These cis-SNARE
complexes are of remarkable stability and do not disassemble spontaneously into
free SNARESs. Reactivation of the SNAREs is mediated by the ATPase NSF (N-
ethylmaleimide-sensitive factor). NSF is required for all intracellular trafficking
steps, and its function is to disassemble cis-SNARE complexes into free SNARE:s.
NSF is a member of the AAA-protein family (ATPases associated with other ac-
tivities) that generally appear to be involved in disentangling protein complexes
and protein aggregates (Hanson and Whiteheart 2005). Unlike many other AAA-
ATPases, NSF cannot act alone—it needs co-factors termed SNAPs (soluble NSF at-
tachment protein), represented by three isoforms termed a-, B-, and y-SNAP. SNAPs
bind to the cis-SNARE complex first and in turn recruit NSF, followed by stimula-
tion of its ATPase activity. The hydrolysis of ATP induces major conformational
changes resulting in the disassembly of the entire complex into its free constituents.
In this uncomplexed state, the neuronal SNARESs are probably most susceptible to
cleavage by clostridial neurotoxins.

2 Sec1/Muncl8 (SM) Proteins

SM proteins were initially discovered during genetic screens in yeast and C. elegans
for mutants showing defects in membrane traffic and secretion (Toonen and Verhage
2003). They comprise a small family of cytosolic proteins of 650-700 amino acids
with seven members in mammals and four members in yeast. Although not yet doc-
umented unequivocally in each case, it appears that each trafficking step catalyzed
by SNARE:s is dependent on one of the SM proteins. Due to the small number of
SM proteins, it is evident that some of them operate in more than one fusion reac-
tion. In contrast to SNARESs, no functional redundancy has been observed so far,
but SM proteins from distant species are capable of replacing each other provided
they participate in the same trafficking step. Wherever investigated, genetic deletion
of an SM protein leads to a block of the corresponding fusion reaction, indicating
that their role in membrane fusion is essential. SM proteins most likely exert their
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function upon regulating SNARE assembly, although also a role in docking has
been suggested (Voets et al. 2001). Although significant progress has been made in
recent years, it has turned out to be surprisingly tricky to unravel how they work,
with major questions still being open.

2.1 SM Protein Interactions with SNARESs

All SM proteins interact with SNARESs, either directly or indirectly in complex with
other proteins. Furthermore, strong genetic interactions have been documented be-
tween SM proteins and SNAREs. In some cases deletion of an SM protein is as-
sociated with a reduced expression level of its respective SNARE binding partner
(Gallwitz and Jahn 2003).

The crystal structure of mammalian and squid munc18 and of yeast Sly1p shows
a remarkable degree of structural conservation. SM proteins are composed of three
domains that form an arch-shaped molecule with a central cleft (Misura et al. 2000;
Bracher and Weissenhorn, 2002). Surprisingly, however, a confusing variety of
binding modes between SM proteins and SNAREs has been observed (see, e.g.,
Figure 3). Both munc18 and Slylp directly bind to the corresponding Qa-SNAREs
syntaxin 1 and SedSp (syntaxin 5), respectively, but in a completely different man-
ner. In the crystal structure of the munc18-1-syntaxin 1A complex, syntaxin is ar-
rested in the closed conformation, being inserted in the central cleft of munc18-1.
In stark contrast, Sed5p binds only with a short N-terminal peptide that precedes its
helical N-terminal domain, and the binding site on Slylp is represented by a small
groove on the surface of the SM protein, with no involvement of the central cleft.
The latter binding mode has also been described for yeast and mammalian SM pro-
teins involved in trafficking steps of the ER, the Golgi, the trans-Golgi network, and
early endosomes (Toonen and Verhage 2003; Rizo and Siidhof 2002), and it thus
appears that the binding mode between munc18 and syntaxin 1 is unique among the
family.

2.2 Muncl18-1-an Oddity among the SM Proteins?

Munc18-1 (and its ortholog unc-18 in C. elegans) are essential for exocytosis.
Knockout of munc18-1 in mice results in a nervous system that initially devel-
ops normally but in which synapses are totally silent — one of the most dramatic
phenotypes of synaptic proteins that highlights the essential role and the lack of re-
dundancy of the protein. Despite this dramatic phenotype, it has been remarkably
difficult to reconcile the physiological findings obtained from synapses containing
deleted, overexpressed, or otherwise manipulated muncl8 with its biochemical
properties studied in vitro. As discussed above, munc18-1 binds to syntaxin 1A with
high affinity in a manner that clamps the N-terminal domain of syntaxin onto its
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SNARE motif, effectively preventing syntaxin from binding to its partner SNAREs
SNAP-25 and synaptobrevin 2. However, an inactivation of syntaxins’ SNARE
function is exactly the opposite of what one would expect from an essential pro-
tein, and (except for a debated study in Drosophila) even massive overexpression
of munc18 does not appear to affect exocytosis (Gallwitz and Jahn 2003). Thus, it
has been debated whether the “closed” conformation of syntaxin 1 in the munc18
represents a nonphysiological extreme situation that does not occur in intact cells,
particularly since no other SM protein interferes with the formation of SNARE com-
plexes (see below). Hence, the search has been on for munc18 SNARE complexes
with different properties that may be closer to the physiological situation. Recently,
evidence was provided showing that in native membranes munc18-1 stabilizes a
half-closed conformation of syntaxin that still is capable of engaging in SNARE as-
sembly (Zilly et al. 2006). Furthermore, it has been shown that munc18-1 activates
SNARE-mediated membrane fusion in a reconstituted liposome system (Shen et al.
2007), and can bind directly to the assembled SNARE complex (Dulubova et al.
2007). Thus it is becoming apparent that munc18, in addition to its ability to form a
complex with closed syntaxin 1, is capable of interacting with the neuronal SNAREs
in other binding modes that are not inhibitory but rather may promote assembly
of SNARE complexes (Figure 3). Such binding modes are more compatible with
all other SM proteins that bind to partially or even fully assembled SNARE com-
plexes. Although much more work needs to be done, a picture is emerging according
to which SM proteins may assist in the formation of SNARE acceptor complexes
needed for trans-SNARE interaction, and in doing so they may also be involved
in proofreading of SNARESs, thus differentiating between cognate and noncognate
SNARESs (Peng and Gallwitz 2002).

With the focus clearly being on the SNARE:S, it needs to be borne in mind that
SM proteins interact with a diverse array of additional proteins, in some cases even
forming stable complexes (e.g., the SM protein Vps33p is part of the HOPS/VpsC
complex needed for vacuole fusion in yeast). For instance, munc18 binds to the
cytoplasmic protein Mint and it has been suggested that munc18-1 binding to Mint
could regulate exocytosis by syntaxin-independent interactions (Schiitz et al. 2005;
Ciufo et al. 2005).

3 Synaptotagmins
3.1 Synaptotagmin Family

Synaptotagmins comprise a small family of single-membrane spanning proteins that
are expressed in neurons and neuroendocrine cells. So far 16 members have been
identified in vertebrates (Craxton 2004). They contain an N-terminal transmembrane
domain followed by a variable linker region and two C2 domains which are con-
nected by a short linker (Siidhof 2002). Some synaptotagmins have additional short
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N-terminal domains that in some cases are glycosylated (Syt 1 and 2) or carry a
disulfide bond (Syt 3, 5, 6, and 10). The two C2 domains (C2 stands for second
constant sequence, as defined when the first C2 domains were identified in pro-
tein kinase C isoforms) are termed C2A and C2B and generally bind three and
two calcium ions, respectively, although some synaptotagmins do not bind calcium.
Synaptotagmins are found both on synaptic and secretory vesicles (Syt 1, 2, and 9)
and on the plasma membrane (e.g., Syt 3 and 7). More recently, additional proteins
have been discovered that are similar to synaptotagmins in that they possess C2 do-
mains and membrane anchors. Best characterized are the ferlins which comprise a
membrane protein family with four to seven C2 domains and a single TMR at their
C-terminus (see, e.g., Washington and Ward 2006). As for the synaptotagmins, re-
cent evidence suggests that ferlins also play a role in Ca>*-dependent exocytosis
such as that involved in membrane repair in muscle cells (requiring dysferlin) and
in vesicle release in the hair cells of the inner ear (otoferlin).

Synaptotagmin 1 is the founding member of the synaptotagmin family, and it
is also the most intensely studied isoform. Together with Syt2, Sytl functions as
synaptic Ca>*-sensor that couples Ca*-influx with fast transmitter release (Chap-
man 2002). Intriguingly, some of the plasma membrane associated synaptotagmins
have a 10-fold higher binding affinity for Ca>*. Together with the finding that Syt7
can function as Ca%*-sensor for exocytosis in chromaffin cells but not in neurons,
it is conceivable that low-calcium-affinity synaptotagmins (Sytl and 2) trigger fast
neurotransmitter release in neurons (see Section 3.2), whereas plasma-membrane-
associated Syt7 may function as calcium sensor for exocytosis in neuroendocrine
cells. In addition, having synaptotagmins on both the plasma and the vesicle mem-
brane may result in a system of complementary Ca>*-sensors regarding the sensi-
tivity to intracellular calcium signals.

3.2 Synaptotagmin 1 as Ca**-Sensor for Fast Neurotransmitter
Release

Genetic deletion of Sytl in Drosophila and mice leads to the loss of the fast,
Ca’*-dependent phase of transmitter release that follows the arrival of an action
potential in the presynaptic nerve terminal (Chapman 2002). Disruption of Ca>"-
binding to either of the C2 domains severely inhibits the function of synaptotag-
min in mediating fast synchronous transmitter release, with the disruption of the
C2B-domain being more severe than that of the C2A domain. Furthermore, when
mutant synaptotagmins exhibiting either reduced or increased Ca®" -affinity are ex-
pressed in mice lacking synaptotagmin I a close correlation was observed between
the Ca®>"-affinity and the Ca’" -dependence of neurotransmitter release, all con-
firming that Sytl is an essential link between Ca’*-influx and the synaptic fusion
machinery. Interestingly, lack of synaptotagmin does not abolish exocytosis, as a
“normal” SNARE-dependent exocytotic response is attainable when exocytosis is
triggered by o-latrotoxin (the active ingredient of black widow spider venom).
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3.3 Molecular Mechanism of Synaptotagmin 1

C2 domains are represented by stable, mostly B-stranded folds, with the Ca®*-
binding site at one end of the elongated domain. The Ca®'-binding site only
incompletely coordinates the Ca’>"-ions. Consequently, the affinity of the free C2
domains for Ca®*-is rather low but dramatically increases in the presence of acidic
phospholipids. Thus, the C2 domains mediate Ca’>"-binding to membranes that in
the case of Sytl is further enhanced in the presence of phosphatidylinositol (4, 5)
bisphosphate (PIP;). Furthermore, synaptotagmin binds to both isolated syntaxin 1
and SNAP-25 as well as to partially (containing SNAP-25 and syntaxin) and fully
assembled SNARE complexes in vitro. For SNARE binding, both Ca>*-dependent
and Ca’*-independent interactions have been described. Mutagenesis studies in-
volving partial or full disruption of Ca’>"-dependent binding to phospholipids and
of binding to SNARE:s have suggested that each of these interactions is required for
the function of Sytl.

As in the case of munc18-1, it has been tricky to delineate the molecular mech-
anism of Sytl action, and many details are still unclear (Rizo et al. 2006). The
problems in understanding the mechanism of synaptotagmin, despite major efforts,
highlight the fact that we do not yet have a good understanding of the status of
the fusion machinery including SNAREs and associated proteins in the docked
and primed state that synaptotagmin is acting upon. Ca’*-dependent binding of
the C2-domains to membranes may clamp the membranes tightly together (as re-
cently suggested). Furthermore, membrane binding may destabilize bilayers at the
site of fusion, facilitating the formation of transition states (such as hemifusion)
or destabilizing the transition states themselves. Furthermore, as discussed above,
Sytl is capable of displacing complexin from the surface of the SNARE complex in
a Ca>*-dependent manner. It was proposed that these proteins act in sequence, with
complexin stabilizing a labile SNARE trans-intermediate that then is driven toward
fusion by Sytl upon displacement of complexin.

4 Rab Proteins

Rabs are small (20-29 kDa) ubiquitously expressed proteins. They represent mono-
meric GTPases which belong to the Ras GTPase superfamily. So far 11 members
are known in yeast and more than 60 in mammalian cells (Schultz et al. 2000),
whereas the numbers reflect the complexity of membrane trafficking pathways in
these different organisms. Rabs cycle between the cytosol and the membrane of
the trafficking organelle. This cycle is controlled by conformational changes that
are regulated by guanine-nucleotides, thus providing a molecular switch, with the
membrane-bound GTP-form being “on” and the GDP-form being “off.” GTP-Rabs
bind to proteins termed effectors that only recognize Rabs in their GTP-bound state.
A large diversity of Rab effectors is known, many being specific for a single or for
small subsets of Rabs.
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Rabs function as master regulators of membrane docking and fusion. Fusion can
only occur if membrane contact is established, and numerous lines of evidence sug-
gest that contact is orchestrated by Rabs. In fact, selective activation of Rabs at a
given site ensures directionality and specificity of membrane docking and fusion
(Grosshans et al. 2006), similar to the GTPases Sarl and Arfs that are involved in
coat recruitment during vesicle budding. In some cases, distinct Rab domains are
present on the same organelle where they are involved in different transport steps.

As Rabs share a common structure and are highly homologous, the structural di-
versity of their effectors probably reflects the versatile functions of these GTPases as
molecular switches. This diversity is highlighted by the functional diversity of Rab
effectors. For instance Rab27a regulates transport of melanosomes to the cell periph-
ery by binding to its effector melanophilin. Melanophilin associates with the actin
motor myosin-Va. Rab-mediated tethering of membranes in preparation for fusion
involves multimeric complexes. One of the best-studied examples is the exocyst, an
octameric protein complex that tethers secretory vesicles to the plasma membrane in
yeast. For homotypic membrane fusion of early endosomes (or of yeast vacuoles),
Rab effectors interact with SNARESs such as the Rab5 effector EEA1 that binds to
syntaxin-13.

4.1 Rab3

Despite major efforts, the precise role of Rab proteins in synaptic exocytosis is still
not clear. One of the most abundant synaptic Rab proteins is Rab3, which is selec-
tively localized to synaptic vesicles and that is represented by four homologous iso-
forms (Rab3A, Rab3B, Rab3C, and Rab3D). Of these, Rab3A is the most abundant
and best studied (Siidhof 2004). Rab3A undergoes a synaptic vesicle association
and dissociation cycle coupled to calcium-stimulated exocytosis and recovery after
stimulation.

Like all Rabs, the GTP-bound form of Rab3A is anchored in the synaptic vesi-
cle membrane via a covalently bound geranylgeranyl moiety. When exocytosis is
triggered, Rab3A-bound GTP is hydrolyzed to GDP, and the resulting Rab3A-GDP
forms a complex with GDI (guanine dissociation inhibitor) in which the geranyl-
geranyl anchors are enveloped, leading to the dissociation of the GDI-Rab3A-GDP
complex from the synaptic vesicle membrane. Rab3A is then recruited again to the
synaptic vesicle membrane by a poorly understood mechanism involving binding of
a specific GEF (guanine nucleotide exchange factor) to Rab3A and GDP exchange
by GTP.

The tight coupling of exocytosis to the Rab3A association and dissociation cy-
cle suggested a key role for Rab3A and its effectors in mediating directionality of
synaptic vesicle traffic. However, mice lacking Rab3A are viable and have an only
moderate synaptic dysfunction. In neurons derived from the hippocampal CA1 re-
gion, an alteration of the short-term plasticity was observed. In contrast, in neurons
derived from the hippocampal CA3 region short-term plasticity was unaltered, but
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Rab3A was essential for mossy-fiber long-term potentiation. However, a complete
genetic analysis in mice showed that Rab3 is essential for survival in mice and that
the Rab3 isoforms are functionally redundant (Schliiter et al. 2004).

Presently, it cannot be excluded that despite the apparently highly specific func-
tion of certain Rabs in intracellular trafficking pathways there is redundancy with
respect to vesicle docking in the synapse. The surprising diversity of Rabs on highly
purified synaptic vesicles (more than 30 different Rabs) supports the view that mul-
tiple Rabs are required for synaptic vesicle recycling, which may have overlapping
functions.

4.2 Rab3 Effectors

Rabphilin and RIM1o./2a represent two different classes of effectors that bind to
Rab3-GTP (Siidhof 2004). They have structural similarities, as both contain two C;
domains, an N-terminally located zinc-finger domain that mediates binding to GTP-
Rab3, and sites for phosphorylation by PKA that are located in the center of the
proteins.

Rabphilin 3A is a soluble protein that is recruited to the membrane of synaptic
vesicles by Rab3A and C in a GTP-dependent manner, closely coupling it to the
Rab3 cycle. Like synaptotagmin, it has two functional C2 domains in the C-terminal
region, but unlike synaptotagmins, it does not contain a transmembrane domain.).
Rabphilin is phosphorylated by various kinases in a stimulation-dependent manner.
Rabphilin knockout mice are viable and do not show a major synaptic phenotype,
thus providing no clue for the function of this protein.

In contrast, genetic deletion of RIMIa in mice revealed that the protein is
required for long-term potentiation both in the hippocampus and in the cerebel-
lum. Biochemical experiments revealed that RIM1a is part of a presynaptic protein
scaffold containing “active zone proteins” that is required for normal release of neu-
rotransmitters. No change in the number of docked vesicles was observed, however,
suggesting that other proteins are needed for the docking of synaptic vesicles at
active zones.

5 Endocytic Proteins

Exocytosis of synaptic vesicles or of regulated secretory granules results in incor-
poration of membrane into the plasma membrane. For maintaining the cell surface
area constant, homeostatic mechanisms are required that assure a rapid and efficient
re-internalization of the incorporated vesicle membranes. Different types of vesicle
recycling pathways are discussed for synapses (Figure 5), including fast retrieval
of the vesicle at the site of exocytosis, called “kiss-and-run,” a slower clathrin-
dependent pathway, and other clathrin-independent retrieval pathways (Royle and
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Fig. 5 Synaptic vesicle recycling in the synapse. For synaptic vesicle recycling, several endocytic
mechanisms appear to co-exist in synaptic nerve terminals. In the case of fast “kiss-and-run” exo-
cytosis/endocytosis, the fused vesicle does not collapse into the membrane but is retrieved directly
by a fast process. The molecular machinery underlying this pathway is unknown. Vesicles that
have fully collapsed into the membrane are recycled by clathrin-mediated endocytosis. Clathrin,
along with other proteins, is involved in membrane invagination (see figure and text) and leads
finally to the formation of a constricted pit. The GTPase dynamin (black ring) mediates membrane
scission of the constricted pit. After removal of the clathrin coat, two pathways are possible (direct
recycling and recycling via the early endosome). In all cases, before fusion the recycled vesicles
have to be loaded with neurotransmitters (NT).

Lagnado 2003). Which of the pathways dominates seems to depend on the type
of neuron and the duration and intensity of the exocytotic stimulus. Apparently,
the fast “kiss-and-run” pathway is preferred at low stimulation frequency for re-
trieving vesicles of the readily releasable pool. At higher stimulation frequencies
the slow clathrin-dependent, endosomal recycling pathway is activated (Rizzoli and
Betz 2005). Whereas no synapse is functional without an intact clathrin-dependent
recycling pathway, similarly firm evidence for the need of the “kiss-and-run” path-
way is not available. In fact, most of the evidence for “kiss-and-run” is either at the
detection limit of the respective techniques, or of indirect nature. Furthermore, no
protein machinery that is specific for this pathway has been identified. For these rea-
sons, doubts persist whether such a pathway does exist at all in synapses. Another
debated issue relates to the function of endosomal intermediates. Although synapses
possess functional early endosomes it is unclear whether endocytosed vesicles must
pass through an endosomal intermediate during each recycling or whether endo-
somes can be bypassed, with synaptic vesicles reforming directly after clathrin un-
coating (Siidhof 2004).

5.1 Kiss-and-Run Exocytosis/Endocytosis

According to the classical view, synaptic vesicles completely flatten during exo-
cytosis, which is followed by retrieval of the membrane components by clathrin-
dependent endocytosis. Evidence for direct retrieval (kiss-and-run) was provided
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more than 30 years ago by Bruno Ceccarelli. At the neuromuscular endplate,
Ceccarelli and co-workers were unable to observe reduction of vesicle numbers
and the appearance of coated vesicles during low-stimulation frequencies, although
synaptic vesicles acquired an extracellular fluid-phase marker in a stimulus-
dependent fashion (Ceccarelli et al. 1973). When exocytotic events were captured
by electron microscopy using rapid shock-freezing of stimulated synapses, exocy-
totic events were visible, with vesicles opening to the extracellular space by means
of a pore. It was proposed that synaptic vesicles do not necessarily flatten into the
membrane but instead can undergo rapid and transient fusion with the presynaptic
membrane, a mechanism that was termed “kiss-and-run” (Fesce et al. 1994). This
mechanism would allow for neurotransmitter release without the loss of synaptic
vesicle identity, and therefore without any need of membrane recycling. Indeed,
evidence for “reversible” fusion has since been provided from secretory cells with
much larger vesicles. For instance, capacitance measurements on a variety of secre-
tory cells showed that exocytosis, observed as a stepwise increase in capacitance, is
frequently followed by a decrease of similar size (Fernandez et al. 1984; Brecken-
ridge and Almers 1987). The molecular mechanisms that would mediate the scission
of the fused, but incompletely flattened synaptic vesicles are still unclear. In chro-
maffin cells, in which the regulated organelles are large secretory granules, avail-
able data indicate that dynamin-1 may be responsible for the direct rapid retrieval
pathway while dynamin 2 is involved in slow clathrin-mediated endocytosis
(Artalejo et al. 2002). However, it is unclear how these findings are exactly related
to the many types of nonclassical recycling pathways in nerve terminals that may
differ with respect to retention of shape, protein, or lipid of the fused vesicle before
its reinternalization. However, as a generally accepted terminology for the differ-
ent fast nonclassical modes is not available, they are usually termed “kiss-and-run”
exocytosis/endocytosis.

5.2 Clathrin-Mediated Endocytosis (CME)

As has been shown by genetic approaches and by in vitro reconstitution, the molecu-
lar machinery for clathrin-mediated endocytosis (CME) in nerve terminals is gener-
ally similar to that involved in CME of non-neuronal cells. However, at the synapse
internalization and recycling of vesicle membranes occurs in seconds, much faster
than, e.g., ligand-induced, receptor-mediated endocytosis that occurs at a slower
time scale. In fact the synapse possesses several adaptations of the CME pathway
that may be responsible for these differences. First, endocytic proteins are highly
enriched in synapses, including clathrin, AP2, epsin, eps15 (epidermal growth fac-
tor pathway subunit 15), amphiphysin, and synaptojanin. In addition, several of the
major CME proteins express neuron-specific isoforms, such as dynamin, AP180,
syndapin 1, clathrin light chain, and intersectin. Second, within the nerve terminal
the endocytic machinery is localized close to sites of vesicle exocytosis (Roos and
Kelly 1999). Hence, there is no need for long-distance diffusion from exocytotic
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to endocytic sites when the clathrin machinery is activated. Third, recent evidence
suggests that the components of synaptic vesicles may remain clustered prior to in-
ternalization instead of dispersing into the membrane (see, e.g., Willig et al. 2006),
thereby avoiding the need for elaborate sorting to reconcentrate vesicle components
in the plasma membrane.

CME involves sequential and morphologically distinguishable steps, including
coat recruitment and assembly on the membrane, invagination, formation of a con-
stricted pit, fission, and uncoating. Coat recruitment and invagination are initiated
by endocytic adaptors like AP-2 and stonin that function in the selection of cargo
molecules and the initiation of the assembly of the clathrin coat and other factors
which are required for the shaping of the vesicle. The endocytic adaptors bind to a
type of lipid enriched in the cytoplasmic leaflet of the presynaptic membrane (phos-
phatidylinositol (4,5)-bisphosphate), to clathrin and other accessory proteins, and
to cargo-sorting signals of, e.g., the synaptic vesicle transmembrane protein synap-
totagmin (Maldonado-Béez and Wendland 2006; Di Paolo and De Camilli 2006).
Although it appears that adaptor-lipid binding initiates the process, stable recruit-
ment of adaptors to the plasma membrane requires cooperation between theses three
types of adaptor-interactions (coincidence detection). Adaptor binding to clathrin
and the neural specific AP180 leads to the formation of lattice-like structures with
basic units of a trimer of clathrin (named triskelion). These assemble into larger
baskets, and the interaction of epsin and AP-180 with the polymerizing clathrin
lattice is supposed to promote membrane curvature, finally leading to the invagina-
tion of the membrane. Such invaginations are morphologically visible in electron
micrographs as clathrin-coated pits. As has been revealed more recently by using
fluorescent proteins for the study of endocytosis, clathrin-coated pits are not static
but dynamic structures exchanging components with the soluble pool of endocytic
proteins (Edeling et al. 2006).

The next step is the formation of a constricted pit, followed by fission of the mem-
brane. Membrane fission is mediated by the mechanochemical GTPase dynamin
that appears to wrap around the neck of the clathrin-coated pit (Takei and Haucke
2001). Recruitment of dynamin to its site of action is facilitated by amphiphysin, a
protein that not only binds to dynamin but also to AP2 and clathrin. Furthermore,
dynamin binds to phosphatidylinositol (4,5)-bisphosphate by its pleckstrin homol-
ogy domain. The binding of GTP to dynamin in complex with amphiphysin has
been suggested to redistribute dynamin close to the neck region, resulting in the
formation of a constricted pit. GTP-hydrolysis leads to a conformational change of
dynamin accompanied by a constriction of the dynamin ring around the neck. This
mechanism probably generates the membrane fission event, resulting in a clathrin-
coated vesicle ready for transport into the cytosol. Dynamin may thus be regarded
as the counterpart of the SNARESs, with the SNAREs mediating fusion and dynamin
mediating fission.

Uncoating requires an interaction with the uncoating ATPase Hsc70. Apparently,
however, hydrolysis of phosphatidylinositol (4,5)-bisphosphate is required, which
is carried out by the protein synaptojanin. Synaptojanin has two phosphatase do-
mains, and in its absence clathrin-coated vesicles accumulate. Furthermore, the
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coated vesicle-associated protein auxilin is needed for uncoating. This protein re-
cruits Hsc70 and stimulates its ATPase activity.

It is still unclear whether uncoated recycling vesicles must pass through an endo-
somal intermediate before synaptic vesicles are re-formed. Synaptic vesicles con-
tain high concentrations of the protein machinery required for endosome fusion
(Takamori et al. 2006), and synaptic organelles that have just undergone endocy-
tosis are capable of homotypic fusion. However, it is possible that the endosomal
intermediate serves as a backup rather than a mandatory intermediate, with vesicles
being directly regenerated after uncoating without the involvement of an additional
fusion and budding step.

5.3 Coupling Exocytosis to Endocytosis

In the “kiss-and-run” mode exocytosis and endocytosis are directly coupled to each
other, while in the case of classical complete vesicle fusion, exocytosis and slow
clathrin-mediated endocytosis are timely and spatially separated. However, it ap-
pears that also in the latter case exocytosis and endocytosis occur coordinated,
as both are stimulated by an increase of the cytoplasmic calcium concentration.
It has been shown that after calcium entry the enzyme phospho-inositol-5 kinase
Iy, which is enriched in the synapse, catalyzes the synthesis of phosphatidylinos-
itol (4,5)-bisphosphate and that this mechanism is important for synaptic vesicle
trafficking (Di Paolo et al. 2004). As many proteins involved in clathrin-mediated
endocytosis are recruited to the plasma membrane by binding to phosphatidylinosi-
tol (4,5)-bisphosphate (e.g., amphiphysin, dynamin, epsin, AP-180, and AP-2) it is
attractive to speculate that elevated levels of calcium mediate the recruitment of en-
docytic proteins to the plasma membrane by this mechanism. The increased level of
phosphatidylinositol (4,5)-bisphosphate could be in part degraded by synaptojanin
that thereby initiates the disassembly of the clathrin coat. Hence, calcium-induced
transient increases in the level of phosphatidylinositol (4,5)-bisphosphate appear to
play a central role for coupling exocytosis to clathrin-mediated endocytosis. In ad-
dition, it has been demonstrated that calcium also leads to the dephosphorylation
of endocytic proteins as amphiphysin, dynamin, and synaptojanin, which in vitro is
important for efficient coat assembly (Cousin and Robinson 2001).
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Abstract Toxins that alter neurotransmitter release from nerve terminals are of con-
siderable scientific and clinical importance. Many advances were recently made in
the understanding of their molecular mechanisms of action and use in human ther-
apy. Here, we focus on presynaptic neurotoxins, which are very potent inhibitors of

Cesare Montecucco
Dipartimento di Scienze Biomediche and Istituto CNR di Neuroscienze, Universit di Padova, Viale
G. Colombo 3, 35121 Padova, Italy

cesare.montecucco@unipd.it

T.C. Siidhof, K. Starke (eds.), Pharmacology of Neurotransmitter Release. 129
Handbook of Experimental Pharmacology 184.
© Springer-Verlag Berlin Heidelberg 2008



130 0. Rossetto, C. Montecucco

the neurotransmitter release because they are endowed with specific enzymatic ac-
tivities: (1) clostridial neurotoxins with a metallo-proteolytic activity and (2) snake
presynaptic neurotoxins with a phospholipase A2 activity.

Tetanus and botulinum neurotoxins produced by anaerobic bacteria of the genus
Clostridium enter peripheral cholinergic nerve terminals and cleave proteins of the
neuroexocytosis apparatus, causing a persistent, but reversible, inhibition of neuro-
transmitter release. Botulinum neurotoxins are used in the therapy of many human
syndromes caused by hyperactive cholinergic nerve terminals. At variance, some
snake presynaptic neurotoxins block nerve terminals by binding to the plasma mem-
brane, where they hydrolyze phospholipids with production of lysophospholipids
and fatty acids. These compounds change the membrane conformation causing en-
hanced neurotransmitter release and, at the same time, inhibition of synaptic vesicle
recycling. It is possible to envisage pharmacological applications of the lysophos-
pholipid/fatty acid mixture to inhibit hyperactive superficial nerve terminals.

1 Introduction

Many toxins act selectively on the nervous tissue and the most poisonous toxins
are neurotoxins. Given the essential role of the nervous system in animal physi-
ology, even a minor biochemical modification of a few neurons may result in a
profound behavioral alteration. In general, neurotoxins block in one way or another
the transmission of the nerve impulse. The majority of neurotoxins act by binding
specifically to ion channels and the ensuing strong alteration of ion permeability
of the plasma membrane results in the blockade of the transmission of nerve sig-
nals. In contrast, clostridial neurotoxins with metalloproteolytic activity and snake
neurotoxins with phospholipase A; activity interfere directly with neurotransmitter
release by exploiting their highly specific enzymatic activity, which makes them the
most poisonous substances.

Tetanus neurotoxin (TeNT) and botulinum neurotoxins (BoNTs) are the sole
cause of tetanus and botulism. This permitted their early detection in culture fil-
trates of anaerobic and spore-forming bacteria of the genus Clostridium (Faber
1890; Tizzoni and Cattani 1890; Van Ermengem 1897). However, it took over a cen-
tury to achieve a molecular understanding of the pathogenesis of the diseases they
cause, and still, some steps of the intoxication process are ill-known. TeNT inhibits
neurotransmitter release of synapses of the central nervous system (CNS) causing
the spastic paralysis of tetanus; BoNT inhibits the release of acetylcholine (ACh)
at peripheral cholinergic nerve terminals causing the flaccid paralysis of botulism.
Hence, these neurotoxins cause two diseases (tetanus and botulism) with opposite
clinical symptoms, yet they impair the same very essential neuronal function: neu-
roexocytosis (Brooks et al. 1955; Burgen et al. 1949; Rossetto et al. 2006; Schiavo
et al. 2000). To date, one TeNT and seven (A—G) serologically distinct BoNTs have
been characterized. The latter can be further divided into subserotypes; for exam-
ple, there are four subserotypes of BoNT/A (termed A1-A4) (Arndt et al. 2006;



Presynaptic Neurotoxins with Enzymatic Activities 131

Smith et al. 2005), which are approximately 90% identical in their amino acid
sequences.

Presynaptic snake neurotoxins endowed with PLA2 activity (SPANs) are
major components of the venom of four families of venomous snakes (Crotalidae,
Elapidae, Hydrophiidae, and Viperidae). These neurotoxins play a crucial role in
envenomation of the prey (Harris 1997) by causing a persistent blockade of neu-
rotransmitter release from nerve terminals with a peripheral paralysis very similar
to that of botulism (Connolly et al. 1995; Gutiérrez et al. 2006; Kularatne 2002;
Prasarnpun et al. 2005; Theakston et al. 1990; Trevett et al. 1995; Warrell et al.
1983).

The botulinum neurotoxins and the snake presynaptic PLA2 neurotoxins share
three levels of interest: (1) they are pathogenic to humans and animals, (2) they
contribute to the understanding of the molecular steps of neurotransmission, and
(3) their present and future clinical applications. In this chapter, these neurotox-
ins are considered in terms of mode of action and in relation to their potential use
in cell biology and neuroscience research as well as therapeutics in some human
neurodisorders.

2 Toxicity of BoNTs and of SPANs

Tetanus and botulinum neurotoxins are the most potent toxins known, as few
nanograms/Kg are sufficient to kill most mammals. When injected peripherally the
mouse LDsgps of TeNT and BoNTs are between 0.4 ng and 1 ng of toxin per Kg of
body weight (Gill 1982). When BoNTA and BoNT/B are injected into the brain the
LDsgs are comparable with those determined by intraperitoneal injection in mice
(Luvisetto et al. 2003).

The SPANs are comparatively less potent and show a much wider range of
toxicity, with mouse LDs, values comprised between the 1ug/kg of textilotoxin
(present in the venom of the Australian snake Pseudonaja textilis) to the 1300 ug/kg
of pseudexin A (present in the venom of Pseudechis porphyriacus) (Kini 1997,
Montecucco and Rossetto 2000; Pearson et al. 1993), when injected intraperi-
toneally. In addition, they display largely different toxicities versus different animal
classes, probably reflecting different predator-prey relationships in different ven-
omous snakes. Even though SPANs do not cross the blood-brain barrier, they are
active on the central nervous system and B-bungarotoxin is three orders of magni-
tude more potent when administered into rat brain (Hanley and Emson 1979). These
high toxicities derive from: (1) the specificity of these toxins for the nervous tissue,
whose complete functionality is essential for survival, particularly in the wilderness,
and (2) their enzymatic activities localized on nerve terminals.
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3 The Diseases

3.1 Tetanus

It is now well established that TeNT is the sole cause of tetanus, though it took
many centuries to establish a direct mechanistic link between the neurotoxin and
the disease it causes. In fact, tetanus was first described in medical terms by
Hippocrates, who defined this paralysis as “tetanus” (t€totvoc in Greek means
contraction). Tetanus may develop in different forms, and the most common one
is the generalized tetanus caused by contamination of even minor wounds or skin
scratches with spores of toxigenic Clostridium tetani. Between the time of injury
and the first symptoms there is a lag phase varying from few days up to four weeks,
which corresponds to the time necessary for (1) germination of spores, (2) toxin
production and release, and (3) toxin diffusion, binding, transport to its target cells
within the spinal cord. Tetanus usually begins with a characteristic lockjaw (risus
sardonicus), with difficulty in swallowing and neck stiffness (Bleck 1989). With
time, the muscle paralysis extends downwards to the muscles of the trunk, ab-
domen, and legs. The typical tetanic seizure is characterized by a sudden burst
of tonic contraction of skeletal muscles with extension to the lower extremities.
Seizures are very painful and can be triggered by minor stimuli such as a small light
or noise, with the patient remaining completely conscious during such episodes.
Later on, autonomic symptoms develop with alterations of blood pressure and of
the cardiac rhythm and sweating. Dysphagia and glottal and laryngeal spasm may
cause cyanosis and asphyxia, which can be relieved by tracheotomy and mechani-
cally assisted respiration.

A milder form of the disease is local tetanus, with rigidity of the muscles close
to the site of injury and release of the toxin. This local tetanus may persist for a
considerable period of time without further developments or it may proceed to gen-
eralized tetanus. It is due to dysfunction of the spinal cord inhibitory interneurons
which inhibit the alpha motor neurons of the affected muscles, with little, if any,
further spread through the central nervous system. Tetanus is often fatal, and death
follows body exhaustion and usually intervenes by respiratory failure or heart fail-
ure (Bleck 1989). The mortality has decreased owing to modern intensive care tech-
niques, but it is still high because of the usually advanced age of patients and because
their respiration has to be mechanically assisted for long periods of time with the
risk of developing pulmonary infections. Following vaccination with tetanus tox-
oid (formaldehyde-treated tetanus toxin), tetanus has almost disappeared from the
more developed countries, but it still takes hundreds of thousand of lives in those
regions of the world where vaccination is not performed (Galazka and Gasse 1995).
Here, the major form of tetanus is tetanus neonatorum, which develops following
the nonsterile cut of the umbilical cord of babies born from nonimmunized mothers.
This condition is prevalent in communities that employ traditional midwifery prac-
tices such as cutting the cord with dirty scissors or rubbing manure on the umbilical
stump.
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3.2 Botulism

Botulism was described much later than tetanus (Kerner 1817; Midura and Arnon
1976; Pickett et al. 1976), and this delayed recognition is due to its much less evident
symptoms, which include a generalized muscular weakness with diplopia, ptosis,
dysphagia, facial paralysis, and reduced salivation and lacrimation. The paralysis
then progressively descends to affect the muscles of the trunk, including respiratory
and visceral muscles. All the symptoms of botulism can be ascribed to the block-
ade of skeletal and autonomic peripheral cholinergic nerve terminals (Tacket and
Rogawski 1989).

The gravity of the illness depends on the amount and type of BoNT, which is
usually acquired via the oral route. Death follows the blockade of respiratory mus-
cles, but if ventilated mechanically, the patient will eventually recover completely.
In general terms, botulism is much less dangerous than tetanus also because, in
most cases, the amount of toxin that reaches the general circulation is not sufficient
to block respiration. BONT/A, /B and /E account for most cases of human botulism,
and the disease caused by BoNT/A is more dangerous with symptoms persisting
much longer.

The incidence and the types of botulism depend on the occurrence of toxigenic
strains of Clostridium botulinum, C. barati, and C. butyrricum in the environment
and subsequently in foods, and on the cooking practices. The geographical distribu-
tion of the different types of botulism corresponds to the distribution of the different
toxinotypes of Clostridium in the environment. Consequently, type E botulism is
mainly found in the colder regions of the northern hemisphere, and aquatic animals
are usually involved (Hauschild 1993), while types A and B botulism generally
occur in the temperate countries. Most of botulism outbreaks are caused by home-
prepared or — stored/fermented food contaminated by spores of BoNT producing
strains of Clostridium and kept under anaerobic conditions which permit bacterial
germination and production of the poison; contamination of foods prepared by food
industries is very rare (Hauschild 1993).

A less common form of the disease is that of infant botulism, which follows
the ingestion of spores of neurotoxigenic Clostridium that germinate and multiply
within the intestinal tract. Rather than a primary intoxication, this disease is an in-
toxication following a previous infection of the infant’s intestinal tract, which lacks
the protective bacterial flora of the adult, allowing colonization by Clostridium. It
has been estimated that fewer than 100 spores are sufficient to cause such disease
(Arnon 1980). The affected infants present constipation, weak sucking, hypotonia,
and ptosis. In the more severe cases, the patient becomes lethargic and loses head
posture control. The disease progresses to a flaccid paralysis which may extend to
respiratory muscles with arrest. Type A toxin is usually associated with more severe
diseases and a higher mortality rate than type B or E toxin, and the recovery time
is accordingly longer (Arnon 1980). “Wound botulism” following spore contamina-
tion of wounds is very rare. On the contrary, animal botulism is rather common, and
it can also be caused by BoNT/C and /D.
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As a consequence of the fact that a single protein is responsible for all the clinical
symptoms of tetanus and botulism, these diseases can be completely prevented by
anti-toxin specific antibodies (Galazka and Gasse 1995; Middlebrook and Brown
1995). Toxin neutralizing antibodies can be acquired passively by injection of im-
munoglobulins isolated from immunized donors or, actively, as a result of vaccina-
tion with toxoids, obtained by treating TeNT or BoNT with formaldehyde (Ramon
and Descombey 1925; Galazka and Gasse 1995). Tetanus toxoid is very immuno-
genic, and it is used as a standard immunogen in a variety of immunological stud-
ies (Corradin and Watts 1995). Antitetanus and antibotulism vaccines based on the
recombinant binding domain (Hc) of TeNT and BoNT have been recently devel-
oped based on the observation that the majority of protecting antibodies are directed
against this part of the molecule (Byrne and Smith 2000).

3.3 Features of Envenoming from Bites of Snakes Producing
Venoms Containing Large Amounts of PLA2 Presynaptic
Neurotoxins

At variance from most neurotoxigenic clostridia, which release only BoNT or TeNT,
snake venoms contain a multitude of pharmacologically active molecular compo-
nents. In general, they can be divided into three classes based on their physiological
targets: (1) the neuromuscular system, similarly to BoNTs, (2) the blood coagula-
tion system, and (3) the control of blood pressure (Gutiérrez et al. 2006). In the
case of many highly poisonous snakes of Asiatic and Australian origin, the ma-
jor role in envenomation is played by presynaptic neurotoxins endowed with PLA2
activity (SPAN) (Connolly et al. 1995; Prasarnpun et al. 2005). SPANSs cause a per-
sistent blockade of neurotransmitter release from peripheral nerve terminals with
no evidence of central activities, though they bind to and act on neurons isolated
from brain and spinal cord (Kini 1997; Lambeau and Lazdunski 1999; Othman
et al. 1982; Rehm and Betz 1982; Rigoni et al. 2004, 2005; Rossetto et al. 2006;
Rugolo et al. 1986). Venoms from Elapidae and Hydrophiidae snakes also contain
paralytic a-toxins, which act postsynaptically by binding and inhibiting the acetyl-
choline receptors. In fact, independently on the anatomical site of biting, patients
develops symptoms comparable to those of botulism. They are reported to have
ptosis, diplopia, ophthalmoplegia, difficulty in swallowing, respiratory paralysis, ab-
dominal pain, and autonomic symptoms. Mechanical ventilation is often required,
but most patients recover within days/weeks (Connolly et al. 1995; Kularatne 2002;
Prasarnpun et al. 2005; Theakston et al. 1990; Trevett et al. 1995; Warrell et al.
1983).

There is no accurate estimation of the incidence and number of deaths caused
by snake bites in the world. It is possible that tens of thousands of individuals
die each year following snake envenomation in Asia, which is the most affected
area (Gutiérrez et al. 2006). The death rate has strongly decreased in Australia
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following the introduction of first-aid procedures and of anti-venoms animal an-
tisera (Hodgson and Wickramaratna 2002, 2006).

4 Structural Organization of Tetanus and Botulinum
Neurotoxins

The similar effect of the eight clostridial neurotoxins (CNTs) on nerve terminals is
the result of a closely related protein structure. They are synthesized in the bacterial
cytosol as a 150 kDa polypeptide chain without a leader sequence, and are released
in the culture medium only after bacterial autolysis. No protein is associated with
TeNT, whereas the BoNTs are released as multimeric complexes with a variable
set of nontoxic proteins encoded by genes present in the neurotoxin locus (Inoue
et al. 1996; Minton 1995; Sakaguchi 1982). Some BoNT-associated proteins have
hemagglutinating activity: HA of 17kDa (HA17), HA of 34kDa (HA34) and HA
of 70kDa (HA70) (Fujita et al. 1995; Henderson et al. 1997). In addition, a large
nontoxic nonhemagglutinating protein (NTNH) of similar size to BoNT is always
present, and it has been suggested that it nests the formation of the BONT-NTNH
complex, which then may, or may not, progress to the formation of larger complexes
(Figure 1). In fact, three forms of progenitor toxins have been characterized: extra-
large size (LL sediments at 19S, approximately 900 kDa); large size (L sediments at
16S, 500 kDa), and medium size (M, sediments at 125, 300 kDa). It is noteworthy
that BoNT interacts with the nontoxic portion in the complex via the Hc domain
(Chen et al. 1997), raising the possibility that NTNH prevents its interaction with
the presynaptic terminal receptors. Complexed BoNTs are more stable than isolated
BoNTs to proteolysis and denaturation induced by temperature, solvent removal, or
acid pH (Chen et al. 1998a; Sakaguchi 1982), and therefore they have an increased
resistance to the environment in which they are released and to their passage through
the alimentary tract (Ohishi et al. 1977). There is evidence that accessory proteins
do protect BoNT within the gut, but it is not clear if they also promote their up-
take from the intestinal lumen into the general body fluid circulations (Fujinaga
et al. 2000; Maksymowych et al. 1999). The BoNTs transcytose from the apical to
the basolateral side of intestinal epithelial cells (Ahsan et al. 2005; Maksymowych
and Simpson 1998; Simpson 2000), and the toxin form appearing in the lymph is
the 150kDa “naked” protein (Heckly et al. 1960). Once in the tissue fluids, they
then reach their specific targets which are the peripheral cholinergic nerve terminals
(Montecucco et al. 2004; Rossetto et al. 2006; Simpson 2000). This gastrointestinal
passage is bypassed by TeNT, which enters the general circulation directly form the
infected wounded site. The target specificity of TeNT and BoNTs is more evident
if one considers that they are lethal at pico-femtomolar concentrations and yet they
are able to reach their target presynaptic terminals, which represent an infinitesimal
part of the body in terms of exposed cell surfaces (Montecucco et al. 2004).

The single chain 150 kDa CNTs are inactive and are activated by specific proteol-
ysis within a surface exposed loop subtended by a highly conserved disulfide bridge.
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Fig. 1 (a) Schematic structure of activated di-chain clostridial neurotoxins. The neurotoxins are
composed of a two-polypeptide chain held together by a single disulfide bridge. The C-terminal
portion of the heavy chain (H, 100kDa) is responsible for neurospecific binding (domain Hc),
while the N-terminus (Hy) is implicated in the translocation of the light chain in cytosol and pore
formation. Structurally Hc can be further subdivided into two portions of 25 kDa, HcN, and HcC.
The light chain (L, 50kDa) is a zinc-endopeptidase responsible for the intracellular activity of
CNTs. (b) Botulinum neurotoxins are produced as multimeric progenitor toxins. The neurotoxin
moiety interacts with a large, nontoxic, nonhemagglutinin protein (NTNH) via its C-terminal do-
main. This dimeric complex (Mw 300kDa, 12S) serves as a scaffold for the assembly of larger
complexes formed by the incorporation of three types of additional proteins with hemagglutinin
activity and with Mw of 17 kDa (HA17), 35 kDa (HA35), and 70 kDa (HA70, present in a cleaved
state of 19 and 52 kDa). These additional forms are the large L (16S, Mw 500 kDa) and the extra-
large LL (19S, Mw 900 kDa) progenitor toxins.

Several bacterial and tissue proteinases are able to generate the active di-chain neu-
rotoxin (Dasgupta 1994; Krieglstein et al. 1991). The heavy chain (H, 100 kDa) and
the light chain (L, 50kDa) remain associated via noncovalent interactions and via
the conserved interchain S-S bond, whose integrity is essential for neurotoxicity
(Figure 1) (de Paiva et al. 1993; Schiavo et al. 1990; Simpson et al. 2004).
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The length of the polypeptide chains of CNTs varies from the 1251 amino acid
residues of C. butyricumm BoNT/E to the 1297 residues of BONT/G and the 1315
residues of TeNT (Minton 1995; Niemann 1991). The exact length of the L and H
chains depends on the site of proteolytic cleavage within the exposed loop. The H
chains vary in size from the 829 amino acid residues of BONT/E to the 857 residues
of TeNT. The L chains range in size from the 419 amino acid residues of BoNT/E
to the 449 residues of TeNT.

Since the first molecular glimpse of BONT/A in 1998 (Lacy et al. 1998) there has
been a profusion of X-ray crystal structures. There are now 33 BoNT holotoxin or
domain structures available, including BoNT/A and BoNT/B holotoxins, TeNT and
BoNT/B binding domain, and LC structures of BONT/A—/G (structures are avail-
able at the protein data bank: http://www.rcsb.org/pdb/). CNTs are organized in
three distinct 50 kDa domains (Lacy et al. 1998; Swaminathan and Eswaramoorthy
2000): (1) an N-terminal metalloprotease domain (LC), (2) a membrane transloca-
tion domain (Hy), and (3) a binding domain (Hc) (see Figure 2) (Lacy et al. 1998;
Swaminathan and Eswaramoorthy 2000; Umland et al. 1997).

4.1 The Binding Domain

The Hc binding domain of these CNTs consist of two distinct subdomains: the
N-terminal half (HcN) and the C-terminal half (HcC), with little protein-protein
contacts among them. HcN is enriched in B-strands arranged in a jelly-roll motif
closely similar to some carbohydrate binding proteins (legume lectins). The amino
acid sequence of HcN is highly conserved among CNTs. The HcC subdomain
contains a modified B-trefoil folding motif present in several proteins involved in
recognition and binding functions such as IL-1, fibroblast growth factor, and the
Kunitz-type trypsin inhibitors. Its sequence is poorly conserved among CNTs. It
harbors one binding site for the oligosaccharide portion of polysialogangliosides in
BoNT/A and /B (Figure 2), while the HcC of TeNT has two such sites (Rummel
et al. 2003, 2004b). HcC of BoNT/B harbors a cleft which fits in segment 44—60
of synaptotagmin belonging to the luminal domain of this SV protein (Chai et al.
2006; Jin et al. 2006; Rummel et al. 2007).

4.2 The Translocation Domain

The Hy portions of BoNT/A and /B are very similar, and their sequences are highly
homologous among the various CNTs. Hy has an elongated shape determined by
a pair of unusually long and twisted o—helices, corresponding to segment 685-827
of BoNT/A (Figure 2) (Lacy et al. 1998; Swaminathan and Eswaramoorthy 2000).
At both ends of the pair, there is a shorter o-helix which lies parallel to the main
helices and, in addition, several strands pack along the two core helices. The overall
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Fig. 2 Binding of botulinum neurotoxin type B to the presynaptic membrane. Two different models
have been proposed (Chai et al. 2006; Jin et al. 2006). The C-terminal part of the binding domain
(HcC in orange) interacts specifically both with polysialogangliosides and with the luminal domain
of synaptotagmin (magenta), which adopts an helical conformation upon BoNT/B binding. The
remaining part of the synaptotamin molecule is drawn as a transmembrane domain (TM) and two
C2 cytoplasmic domains (magenta balls). The helices of the toxin translocation domain (Hy) may
sit orthogonal to the plane of the membrane surface (panel a) (Chai et al. 2006) or may be oriented
parallely (panel a) (Jin et al. 2006). The light chain (LC), the N-terminal part of the heavy chain
(HN), and the two C-terminal subdomains of the heavy chain (Hc) are shown in blue, green, yellow
and orange, respectively. The yellow sphere represents the atom of zinc of the active site of the L
chain metalloprotease.

structure of Hy resembles that of some viral proteins undergoing an acid-driven
conformational change (Bullough et al. 1994; Kielian and Rey 2006; Weissenhorn
et al. 1997). Two models of BoNT/B bound to both Syt-II and ganglioside have been
generated with a different orientation of the translocation domain with respect to the
cell membrane (Baldwin et al. 2007; Chai et al. 2006; Jin et al. 2006; Rossetto and
Montecucco 2007; Schiavo 2006) (Figure 2). Jin et al. (2006) suggest that the helices
of the translocation domain sit orthogonal to the plane of the membrane (Figure 2a).
On the contrary, Chai et al. (2006) propose a parallel orientation, which would place
hydrophobic areas of the helices close to the inner surface of the vesicle, facilitating
their insertion into the membrane (Figure 2b).
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4.3 The Catalytic Domain

The crystal structures of LC/A (Segelke et al. 2004), LC/B (Hanson and Stevens
2000), LC/E (Agarwal et al. 2004), LC/D (Arndt et al. 2006), LC/F (Agarwal et al.
2005), LC/G (Arndt et al. 2005), and LC/TeNT (Breidenbach and Brunger 2005a)
have been determined. They have a unique structure among metalloproteases. The
active site zinc atom is coordinated by the imidazole rings of two histidines, a wa-
ter molecule bound to the glutamic acid of the motif and a glutamic acid which
is conserved among CNTs. The Glu residue of the motif is particularly important
because it coordinates the water molecule directly implicated in the hydrolytic reac-
tion of proteolysis. Its mutation leads to complete inactivation of these neurotoxins
(Li et al. 2000). The active site is similar to that of thermolysin and identifies a
primary sphere of residues essential for catalysis, which coincides with the zinc co-
ordinating residues. In addition, there is a secondary layer of residues, less close
to the zinc centre, including Arg362 and Tyr365 (numbering of BoNT/A), which
appears to be directly involved in the hydrolysis of the substrate (Binz et al. 2002;
Rigoni et al. 2001; Rossetto et al. 2001a; Yamasaki et al. 1994). The active site of
BoNTs is a long cleft which becomes accessible to the substrate upon reduction of
the interchain disulfide bridge.

S Structure of the Snake Presynaptic PLA2 Neurotoxins

At variance with the high structural similarity of BoNTs, the SPANs vary greatly,
both in terms of structure and of PLA?2 activity. The crystallographic structure of few
of the simpler toxins has been determined (Arni and Ward 1996; Carredano et al.
1998; Kwong et al. 1995; Scott 1997; Singh et al. 2001; Westerlund et al. 1992) (see
structures at Protein Data Bank: http://www.rcsb.org/pdb/). They include a phos-
pholipase A2 domain with a flattened ellipsoid shape of approximate dimensions
45A x 30A x 20 A. The structure is stabilized by six intrachain disulfide bonds and
by a catalytic Ca>* atom. Two long antiparallel and disulfide linked a-helices char-
acterize their structure and include the four key residues of a catalytic site shielded
from the water solvent (His48, Asp49, Tyr52 and Asp99) (Figure 3). The histidine
residue hydrogen binds the water molecule used for hydrolysis, while Asp49 co-
ordinates and positions the Ca>* ion which binds both the phosphate and the sn-2
carbonyl groups of the phospholipid molecule during hydrolysis. In addition, there
is an interfacial binding site, which mediates the absorption of the enzyme onto
the lipid-water interface, which is strongly promoted by anionic amphipatic mole-
cules such as fatty acids (Scott 1997). Another characteristic feature of PLA2s is
the presence inside the molecule of an hydrophobic channel where a phospholipid
molecules diffuses from the membrane into the catalytic site.

Chemical modification and structural comparison studies implicate the extended
loop and P region between residues 59 and 100 as the main responsible for neu-
rotoxicity (Dufton and Hider 1983; Kini and Evans 1989; Yang 1997). However,
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Kunitz-type
subunit

notexin beta-bungarotoxin

Fig. 3 Ribbon diagram of the single subunit notexin (PDB number 1AE7, Westerlund et al. 1992)
and the B-bungarotoxin (PDB number 1BUN, Kwong et al. 1995). The structure of the PLA?2 re-
veals the characteristic three o-helices (dark grey) with two B-strands (black). In B-bungarotoxin
the PLA2 subunit is disulfide linked to a 7kDa protein with a sequence and a structure very
similar to that of the Kunitz-type trypsin inhibitor and to the three-foil subdomain HcN of
clostridial neurotoxins. The residues of the catalytic site His48, Asp49, Tyr52, and Asp99 (Asp94
in B-bungarotoxin) are shown.

this leaves open the possibility that additional regions and/or subunits may be in-
volved, particularly in the case of multi-subunit toxins. In fact, SPANs vary greatly
in terms of their quaternary structure, from the single subunit notexin (from the
Australian tiger snake Notechis scutatus), to B-bungarotoxin (from Bungarus multi-
cinctus), which consists of two covalently linked subunits, the larger of which is a
PLA2 (Figure 3). Similarly, only one of the three subunits of taipoxin (from Oxyu-
ranus scutellatus) has PLA2 activity. In contrast, textilotoxin (from the Australian
elapid Pseudonaja textilis) consists of 5 subunits (A, B, C and two D subunits), all
endowed with PLA2 activity (Kini 1997).

6 The Mode of Action of Clostridial Neurotoxins

The structural organization of CNTs is functionally related to the fact that they int-
oxicate neurons via a four-step mechanism consisting of (1) binding, (2) internaliza-
tion, (3) membrane translocation, and (4) enzymatic target modification (Figure 4)
(Montecucco et al. 1994; Montecucco and Schiavo 1995; Rossetto et al. 2006).
The LC is responsible for the intracellular catalytic activity, the amino-terminal
50kDa domain of the H chain (Hy) is implicated in membrane translocation, and
the carboxy-terminal part (Hc) is mainly responsible for the neurospecific binding.
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Fig. 4 Binding and entry of BoNTs and TeNT at peripheral nerve terminal. (1) The BoNT bind-
ing domain associates with the presynaptic membrane of oi-motoneurons through interaction with
ganglioside and with the exposed luminal domain of a synaptic vesicle protein upon SV mem-
brane fusion. (2) BoNTs are endocytosed within synaptic vesicles via their retrieval to be refilled
with neurotransmitter. TeNT exploits a pathway requiring lipid rafts and the clathrin machinery by
binding to a lipid—protein receptor complex containing the ganglioside GD1b. Once internalized in
clathrin-coated vesicles (CCV), TeNT is sorted into vesicle carriers of the axonal retrograde trans-
port pathway. (3) At the low pH generated by the v-ATPase in the vesicle lumen, BoNTs change
conformation, insert into the lipid bilayer of the vesicle membrane and translocate the L chain into
the cytosol. (4) Inside the cytosol the L chain catalyses the proteolysis of one of the three SNARE
proteins VAMP, SNAP-25 and syntaxin, depicted in the lower panel. The same four-step pathway
of entry of BoNTs into peripheral nerve terminals is believed to be followed by TeNT in the in-
hibitory interneurons of the spinal cord, which are reached after retroaxonal transport and release
from the peripheral motoneurons.

6.1 Binding

From the site of adsorption, BoNTs diffuse in the body fluids and eventually bind
very specifically to the presynaptic membrane of cholinergic terminals. At vari-
ance, the pathway of TeNT is more complex, as it involves an additional retroax-
onal transport to the spinal cord and a specific binding to inhibitory interneurons
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(Lalli et al. 2003). The Hc domain plays the major role in the neurospecific binding
(Chai et al. 2006; Jin et al. 2006). Polysialogangliosides are involved in CNT bind-
ing (reviewed in Montecucco et al. 2004; Rossetto et al. 2006; Schiavo et al. 2000;
Verderio et al. 2006; Yowler and Schengrund 2004). In fact, the HcC subdomain
of BoNT bind polysialogangliosides, particularly GD1a, GT1b, and GQ1b, via the
conserved peptide motif H...SXWY...G (Rummel et al. 2004b). Pre-incubation
of BoNTs with polysialogangliosides partly prevents cell intoxication and the pre-
treatment of cultured cells with polysialogangliosides increases their sensitivity to
BoNT/A; conversely, depletion of gangliosides in neuroblastoma or PC12 cells
impairs BoNT/A and BoNT/B internalization. Neuraminidase removes sialic-acid
residues and decreases BoNT cell binding. Knockout mice defective in the pro-
duction of polysialogangliosides show reduced sensitivity to BONT/A and BoNT/B
(Bullens et al. 2002; Chai et al. 2006; Kitamura et al. 2005; Schiavo et al. 2000;
Yowler et al. 2002). More recently, polysialogangliosides GD1b and GT1b and
phosphatidylethanolamine were reported to be the functional receptors of BoNT/C
and BoNT/D, respectively (Tsukamoto et al. 2005). At variance, two sugar-binding
sites have been identified within the TeNT HcC fragment and this double binding,
possibly to a polysialoganglioside molecule and to a glycoprotein, is essential for
the toxicity of TeNT (Rummel et al. 2003; Herreros et al. 2000).

It is well established that both glycolipid and protein receptors are crucial for
high-affinity binding to nerve cell membranes (Rummel et al. 2007). As BoNTs and
TeNT are toxic at concentrations estimated to be < picomolar (Montecucco et al.
2004), binding has to be interpreted as the simultaneous occupation of the ganglio-
side binding pocket(s) and of the protein binding site. Indeed, TeNT was shown to
interact with a GPI-anchored glycoprotein and to bind to lipid rafts (Herreros and
Schiavo 2002; Herreros et al. 2001; Munro et al. 2001). Synaptic vesicle (SV) pro-
teins participate with their luminal domains to the neurospecific binding of BoNT/A,
/B, and /G, and this is probably true for all the other BoNTs (for a recent review,
see Verderio et al. 2006). BoONT/B and BoNT/G interact with the luminal domain
of the SV proteins synaptotagmin I (Syt-I) and Syt-II. BoNT/B has a higher affinity
for Syt-II (Dong et al. 2003; Nishiki et al. 1996), whereas BoNT/G interacts pref-
erentially with Syt-I (Rummel et al. 2004a). The crystal structures of BoNT/B in
complex with the luminal domain of Syt-II (Chai et al. 2006; Jin et al. 2006) shows
that HcC accommodates the o-helical segment 45-59 of Syt-1I in a cleft adjacent
to the polysialogangliosides-binding site of the toxin (Figure 2). Mutations in the
synaptotagmin-binding cleft and in the polysialoganglioside-binding pocket greatly
reduce the toxicity of BONT/B and /G, and double mutants at the two binding sites
abolish neurotoxicity (Rummel et al. 2007).

At variance, BONT/A binds specifically to the luminal domain of SV2 (Dong
et al. 2006; Mahrhold et al. 2006). SV2 is a highly glycosylated transmembrane pro-
tein of SV implicated in vesicle recruitment to the plasma membrane in endocrine
cells (Iezzi et al. 2005). Vertebrates express three distinct, but homologous, SV2 pro-
teins termed SV2A, SV2B, and SV2C (Bajjalieh et al. 1992; Bajjalieh et al. 1994).
Interestingly, motor neuron terminals express the receptor isoforms that bind BoNTs
more strongly, such as Syt-II (Juzans et al. 1996; Li et al. 1994; Marqueze et al.
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1995) and SV2C (Janz and Siidhof 1999). Conversely, high-affinity isoforms are
poorly expressed in CNS neurons and terminals, in which Syt-I, SV2A, and SV2B
are the prevalent isoforms (reviewed in Verderio et al. 2006). Recently Baldwin and
Barbieri (2007) demonstrated that BoNT/A and /B binding domains associate with
synaptic vesicle membrane proteins and suggested that BoNT protein receptor may
be a component of a larger protein complex.

Both TeNT and BoNTs bind the presynaptic membrane of oi-motoneurons, but
then TeNT follows a different intracellular trafficking route and this must be deter-
mined by yet unidentified specific receptor(s).

6.2 Internalization

Available evidence indicates that CNTs do not enter the cell directly from the
plasma membrane, but are endocytosed inside the lumen of vesicular structures in a
temperature- and energy-dependent process (Black and Dolly 1986; Critchley et al.
1985; Dolly et al. 1984; reviewed in Schiavo et al. 2000). The finding of SV pro-
teins as receptors of BoNTs support the proposal (Montecucco and Schiavo 1995)
that, after binding, BoNTs are endocytosed within synaptic vesicles (SV) via their
retrieval to be refilled with neurotransmitter, an hypothesis originally advanced to
account for the increased rate of poisoning with NMJ activity (Figure4) (Hughes
and Whaler 1962).

The protein receptor of TeNT would be responsible for its inclusion in an en-
docytic vesicle that moves in a retrograde direction all along and inside the axon
(Figure 4). TeNT-Hc internalization at the motor nerve terminal occurs via a spe-
cialized clathrin-dependent pathway, which is distinct from SV endocytosis and is
preceded by a lateral sorting from its lipid raft—associated ligand GD1b. (Deinhardt
et al. 2006; Roux et al. 2005). The TeNT-carrying vesicles reach the cell body of
the motoneurons which reside within the spinal cord and then move to dendritic ter-
minals to release the toxin in the intersynaptic space. TeNT then binds and enters
the inhibitory interneurons of the spinal cord via SV endocytosis (Matteoli et al.
1996). Consequently, it blocks the release of inhibitory neurotransmitters and im-
pairs the system which controls the balanced movement of the skeleton (Kandel
et al. 2000), giving rise to a spastic paralysis. It is not known if, and if so, to what an
extent, BONTs migrate retroaxonally. Direct measurements of retroaxonal transport
indicated that '>I-BoNT/A does not reach the central nervous system (Habermann
and Dreyer 1986).

6.3 Membrane Translocation

The L chains of CNTs block neuroexocytosis by acting in the cytosol, and therefore
at least this toxin domain must reach the cell cytosol. In order to do so, the L chain
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must cross the hydrophobic barrier of the vesicle membrane, and compelling ev-
idence indicates that CNTs have to be exposed to low pH for this step to occur
(Matteoli et al. 1996; Simpson et al. 1994; Williamson and Neale 1994). In fact,
acidic pH causes a conformational change from a water-soluble “neutral” structure
to an “acid” structure with exposure of hydrophobic patches on the surface of both
the H and L chains which then enter into the hydrocarbon core of the lipid bilayer
(Montecucco et al. 1989; Puhar et al. 2004; Schiavo et al. 2000; Shone et al. 1987).
Following this low pH-induced membrane insertion, BoNTs and TeNT form trans-
membrane ion channels (reviewed in Montecucco and Schiavo 1995) and in PC12
membranes (Sheridan 1998). The cleavages of SNAP-25 by BoNT/A and BoNT/E
is differentially affected by inhibitors of the vacuolar ATPase proton pump (Keller
et al. 2004), but this is unlikely to be due to a difference in the toxin acid-triggered
conformational change, as the low pH-driven toxin conformational change takes
place in a very narrow range of pH: 4.4-4.6 for TeNT and BoNT/A, /B, /C, /E, and
/F (Puhar et al. 2004). This similarity indicates that the key residues for the con-
formational change are conserved among CNTs and that they behave very similarly
with respect to lowering pH. Currently, membrane translocation is the least under-
stood step of the mechanism of cell intoxication of CNTs, and further investigation
is required to uncover the extent and implication of the structural changes that occur
at low pH (for a recent discussion see Rossetto and Montecucco 2004). Koriazova
and Montal (2003) have proposed that the H chain channel acts as a trans-membrane
chaperone for the L chain, preventing its hydrophobicity-driven aggregation and
maintaining its unfolded conformation during translocation. The L chain is then re-
leased into the neutral cytosol where it refolds into its native enzymatically active
conformation. In this vision, additional chaperones are not implicated. However, a
complex of cytosolic chaperones and thioredoxin present on the cytosolic face of
endosomes was recently found to assist the translocation of the enzymatic chain of
other bacterial toxins acting in the cytosol (Haug et al. 2003; Ratts et al. 2003). Four
different chaperone systems have been found so far within neuron terminals and are
essential for normal function of the synaptic vesicle cycle during neurotransmitter
release (Evans et al. 2003; Zinsmaier and Bronk 2001). In light of the proposed role
of SVs as vesicular carriers of BoNTs inside peripheral neurons, it is noteworthy
that two out of four synaptic terminals chaperone complexes includes the cystein
string protein of SVs. It is therefore possible that the membrane translocation and
refolding of the L chain is assisted by SV chaperones in addition to the H chain, but
this remains to be proven.

6.4 SNARE Proteins’ Specific Metalloproteolytic Activity

The L chains of BoNTs and TeNT are highly specific proteases that recognize and
cleave only three proteins, the so-called SNARE proteins, which form the core of
the neuroexocytosis apparatus (Figure 4) (Schiavo et al. 2000). TeNT, BoNT/B, /D,
/F and /G cleave VAMP, a protein of the SV membrane, at different single peptide
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bonds; BoNT/C cleaves both syntaxin and SNAP-25, two proteins of the presynaptic
membrane; BONT/A and /E cleave SNAP-25 at different sites within the COOH-
terminus (reviewed in Humeau et al. 2000; Schiavo et al. 2000). BoNT-poisoned
nerve terminals have a normal size and appearance with normal content and shape
of synaptic vesicles and mitochondria (Duchen 1971; Thesleff 1960). Possibly the
only morphological sign of BONT/A poisoning is noticeable at the frog NMJ with
the disappearance of the small outward curvatures of the membrane close to the
active zones (Harlow et al. 2001; Pumplin and Reese 1977).

VAMP, SNAP-25, and syntaxin form an heterotrimeric coiled-coil complex,
termed the SNARE complex, which induces the juxtaposition of vesicle to the tar-
get membrane (Jahn et al. 2003; Siidhof 2004). Several SNARE complexes assem-
ble into a rosette in order to bring the SV membrane close enough to the cytosolic
face of the presynaptic membrane to permit their fusion with subsequent release
of the vesicle neurotransmitter content into the synaptic cleft (Montecucco et al.
2005). Proteolysis of one SNARE protein prevents the formation of a functional
SNARE complex and, consequently, the release of neurotransmitter. This is not true
for BONT/A and /C, which cleave SNAP-25 within few residues from the C terminus
giving rise to a truncated SNAP-25, which can still form a SNARE complex but not
a rosette of SNARE complexes. Given the fact that a rosette of SNARE complexes
is necessary for the exocytosis of one synaptic vesicle, the presence of a single de-
fective SNARE complex will have a dominant negative effect on neurotransmitter
release. This rationale explains the experimental finding that incomplete proteolysis
of SNAP-25 at nerve terminals by BoNT/A is sufficient to cause full inhibition of
neurotransmitter release (Bruns et al. 1997; Foran et al. 1996; Jurasinski et al. 2001;
Keller et al. 2004; Osen-Sand et al. 1996; Raciborska et al. 1998; Williamson et al.
1996). This also explains the fact that the paralysis induced by BoNT/A and /C is
long lasting, as the inhibitory activity of C-terminal truncated SNAP-25 on the as-
sembly of the rosette of SNARE complexes overlaps and functionally extends the
lifetime of the metalloproteolytic activity of the L chain of these two BoNTs (for
a detailed discussion see Rossetto et al. 2006). These explanations, however, may
not be sufficient to account for the astonishing fact that the duration of the BoNT/A
inhibition of autonomic nerve terminals is more than one year (Naumann and Jost
2004).

The molecular basis of the CNTs specificity for the three SNARESs resides on
protein-protein interactions which extend well beyond the proteolysed SNARE re-
gions, and a major role is played by a nine-residue-long motif present within the
SNARE proteins. This motif is characterized by three carboxylate residues alter-
nated with hydrophobic and hydrophilic residues (Breidenbach and Brunger 2004;
Evans et al. 2005; Pellizzari et al. 1996; Rossetto et al. 1994; Vaidyanathan et al.
1999; Washbourne et al. 1997). This motif is present in two copies in VAMP and
syntaxin and four copies in SNAP-25. The various CNTs differ with respect to the
specific interaction with the recognition motif (Rossetto et al. 2001b). Only pro-
tein segments including at least one copy of the motif are cleaved by the toxins,
and mutations within the motif inhibit the proteolysis (Fang et al. 2006; Schiavo
et al. 2000). Moreover antibodies against the SNARE motif inhibit the proteolytic
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activity of the neurotoxins (Pellizzari et al. 1997). A recent co-crystal structure of
LC/A and SNAP25-(146-204) defined additional regions of interaction external to
the cleavage site and to the motif (Breidenbach and Brunger 2004; Breidenbach and
Brunger 2005b). More recently, the fitting of an extended region of the substrate
(residues 189-203) within the long active site cleft was defined following extensive
mutagenesis of LC/A and SNAP-25 (Chen and Barbieri 2006; Chen et al. 2007).

There are no quantitative data on the number of L chains required to intoxicate a
nerve terminal. In Aplyisa californica cholinergic neurons, few molecules of toxin
appear to be sufficient to block neuroexocytosis within an hour at room temperature
(Poulain, personal communication). It is even more likely that few copies of L chain
are sufficient in warm-blooded animals. It is evident that as long as the toxin is
present in an active form, the nerve signal cannot be transmitted.

The half-time of action of the different BoNTs has been estimated in mice cere-
bellar granular neurons in culture by Foran et al. (2003b): BoNT/A (31 days) >
BoNT/C (25) > BoNT/B (10) > BoNT/F (2) > BoNT/E (0.8). Comparable data
were found in the mice NMJ in vivo (Meunier et al. 2003; Morbiato et al., 2007).
These data parallel those observed in human patients injected with different BoONTs
within skeletal muscles: BoONT/A (2-4 months) > BoNT/C (12-16 weeks) >
BoNT/B (5-10w) > BoNT/F (5-8 w) > BoNT/E (4-6 w). In general, humans re-
cover more slowly than do rodents. The lifetime of LC inside the nerve terminal
is clearly involved in determining the duration of paralysis. The finding that LC/A
overexpressed in cultured cells binds to the cytosolic face of cell membrane, while
LC/E is prevalently cytosolic (Fernandez-Salas et al. 2004), has provided a possi-
ble explanation, within the limits of the significance of protein overexpression with
respect to their intracellular localization. However, it is hard to conceive that this
is the sole explanation, particularly if one considers that the duration of the effect
of BoNT/A in autonomic disfunction in humans is 12-15 weeks (Naumann and
Jost 2004). As discussed above, experimental evidence supports the proposal that
an important role is also played by the dominant negative effect on neurotransmis-
sion exerted by the BONT/A- or /C-truncated SNAP-25 (Montecucco et al. 2005;
Rossetto et al. 2006). Nevertheless, even the addition of the lifetimes of LC and
of truncated SNAP-25 may not be sufficient to provide a satisfactory explanation
for the very long time of recovery of intoxicated autonomic terminals of exocrine
glands.

7 The Mode of Action of PLA2 Snake Presynaptic Neurotoxins

Contrary to TeNT and BoNTs, which act inside nerve, there is a consensus that, at
least in the initial phases of intoxication, SPANS act on the presynaptic plasma mem-
brane. Many investigations performed with different SPANs using different NMJ
preparations have documented that the progression of muscle paralysis consists of
three phases:
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(1) A brief initial phase of weak inhibition of Ach release, lasting few minutes,
which is absent with some toxins such as notexin and paradaxin, and which has
a different relevance in mice and rats NMJ preparations.

(2) A more prolonged second phase (10-30 min) which consists in a facilitated
neurotransmitter release with generation of sufficient intersynaptic Ach to stim-
ulate muscle twitch. The increased ACh release, induced by SPANS, is due to
an increased frequency of m.e.p.p.s with no change in m.e.p.p.s amplitude, in-
dicating an unaltered response of endplates; also e.p.p.s are larger in this phase
of SPAN action and, in some cases, giant m.e.p.p.s are induced.

(3) A third phase of progressive decline of neurotransmission with strong decrease
of e.p.p.s and m.e.p.p.s and no alteration of muscle contractile properties (re-
viewed in Harris 1997; Howard and Gundersen 1980; Montecucco and Rossetto
2000; Rowan 2001).

Moreover, the time course of the SPAN-induced paralysis is greatly shortened by
nerve stimulation, which increases the tightly coupled events of SV exocytosis and
endocytosis (Sudhof 2004); on the contrary depressing nerve terminal activity de-
creases the rate of intoxication (Chang et al. 1973). The action of SPANSs is also
characterized by the fact that the toxic effects can be neutralized by antitoxin anti-
bodies, or Sr’* or washing with fresh medium only if performed within a short time
period after toxin addition (Kamenskaya and Thesleff 1974; Simpson et al. 1993;
Wilson et al. 1995).

Phase 1 is promoted by Ca’" and is largely unaffected by temperature and
by treatments that depress the PLA2 activity of SPANs. In addition this phase is
saturated at low toxin concentrations (Caratsch et al. 1981, 1985; Simpson et al.
1993), and the binding of radioactively labeled SPANSs to the central nervous tis-
sue indicates high affinity and limited number of binding sites, mainly located
at presynaptic nerve terminals (Lambeau and Lazdunski 1999; Lambeau et al.
1989; Othman et al. 1982; Rehm and Betz 1982; Strong et al. 1977). The different
SPANs do not compete one with another for binding to the presynaptic membrane.
B-bungarotoxin is rather specific for motor nerve terminals, and sensory discharges
are not affected for several hours of incubation with the toxin. At variance in the
central nervous system this neurotoxin appear to bind more specifically to cholin-
ergic and GABAergic terminals (Abe et al. 1976; Rehm and Betz 1982). These
data suggest that phase 1 represents SPAN binding to the nerve terminal, a bio-
logical activity not overlapping the enzymatic one. Why the mere SPAN binding
on the extracellular surface of presynaptic terminals should inhibit neuroexocytosis
is not clear. This is even more puzzling if one considers that lysophosphatidylser-
ine, lysophosphatidylglycerol, and lysophosphatidic acid also induce a phase 1 in
the mouse hemidiaphragm (Caccin et al. 2006). These authors have suggested that
SPANs and some lysophospholipids bind to selected portions of the presynaptic
membrane corresponding to the active zones of neuroexocytosis (AZ), which face
the Ach receptor rich in foldings of the muscle membrane (Couteaux and Pécot-
Dechavassine 1970; Harlow et al. 2001). SPAN binding causes by itself, or follow-
ing a limited and local phospholipid hydrolysis, a structural alteration of these sites
of neurotransmitter release resulting in a lowered probability of membrane fusion; it
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is conceivable that certain lysophospholipids can as well alter the AZ, making them
less prone to membrane fusion with synaptic vesicles. Toxin binding to the AZ also
accounts for the lack of binding competition among the different SPANs, and, at the
same time, for the presynaptic neurospecificity of SPANs. Additionally, it is possi-
ble that SPANs display their hydrolytic activity within AZ boundaries where some
lipid mismatching and a reduced amount of cholesterol may exist. This suggestion
follows the finding that B-bungarotoxin is most active at the liquid crystalline-gel
phase transition of phosphatidylcholines and virtually inactive in the presence of
cholesterol (Kelly et al. 1979; Strong and Kelly 1977). Different pharmacokinetics
and/or different affinities of binding of SPANs to the AZ also account for the lack
of correlation between their PLA2 activity and toxicity (Montecucco and Rossetto
2000) and the very large difference in toxicity between SPANs and the pancreatic
PLAZ2. In fact, in this view, binding with consequent strict localization of the PLA2
activity is a major event in the entire intoxication procession.

The progressive increase of lysophospholipids within the AZ due either to SPAN
PLA2 mediated hydrolysis of phospholipids, or to partition of lysophospholipids
present in the bathing medium (Rigoni et al. 2005), is suggested to cause a transi-
tion from inhibition (phase 1) to promotion of neuroexocytosis (phase 2) with the
mechanisms discussed here below.

Most studies indicate that the PLA2 activity is implicated in phase 3, though it
is not clear how and to what an extent (Howard and Gundersen 1980; Kini 1997,
Montecucco and Rossetto 2000). SPANs were indeed shown to hydrolyse phos-
pholipids with production of lysophosphatidylcholine (IysoPC) and fatty acids (FA)
with no preference for a particular FA chain (Rigoni et al. 2005). Moreover, it was
found that an equimolar mixture of these two lipids (lysoPC + FA) inhibit nerve
terminals in a manner identical to that of SPANS, conclusively demonstrating that
phase 3 is caused by the PLA?2 activity of nerve-bound toxins. These findings clearly
show that, at least in the initial phase of their action, SPANs acts on the outside
of neurons. This does not exclude that later on SPANs may enter the paralyzed
nerve terminal and contribute to further damage. Indeed. ammodytoxin (from the
venom of Vipera ammodytes ammodytes) binds to cytosolic and mitochondrial pro-
teins and has been detected inside hippocampal neurons (Petrovic et al. 2004; Sribar
et al. 2001, 2003a, 2003b). In addition, taipoxin was found to bind to a 49-kDa
calcium-binding protein located on the endoplasmic reticulum (Dodds et al. 1997,
Kirkpatrick et al. 2000) and has been immunodetected inside chromaffin cells (Neco
et al. 2003).

The involvement of the PLA2 activity in phase 2 is more controversial, as it was
implicated in the case of the frog NMJ (Abe and Miledi 1978; Abe et al. 1977,
Caratsch et al. 1981; Kondo et al. 1978; Oberg and Kelly 1976) and in some studies
employing rat and mice NMJ preparations (Strong et al. 1976, 1977) but not in oth-
ers (Chang 1979; Chang and Su 1982; Chang et al. 1977). However, an enhanced
ACh release can be also induced by lysophosphatidylserine and lysophosphatidyl-
glycerol with no toxin present, providing compelling evidence for the involvement
of PLA2 in phase 2 (Caccin et al. 2006).
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Electron microscopic pictures taken during phase 2 show an increased number
of clathrin-coated Q-shaped plasma membrane invaginations, which were initially
attributed to synaptic vesicle caught in the process of fusion with the presynaptic
membrane (Abe et al. 1976; Chen and Lee 1970), but later studies interpreted them
as incomplete endocytosis of SV (Dixon and Harris 1999; Harris et al. 2000). We
have suggested that SPAN halts endocytosis at its very last step, the fission of the
vesicle from the plasma membrane which requires the neck closure, i.e., exactly the
reverse process of membrane fusion (Montecucco and Rossetto 2000; Rossetto et al.
2006).

Frog, mice, and rat preparations fixed in phase 3 show enlarged axon terminals
with large depletion of synaptic vesicles, including those close to the membrane
(ready to release pool) and those occupying a more internal position (reserve pool).
There are several clathrin-coated Q-shaped plasma membrane invaginations, also
in areas not facing the muscle membrane foldings. Mitochondria are swollen with
altered cristae, so much as to appear in some cases as large vacuoles. Smaller vac-
uoles are also present (Abe et al. 1976; Chen and Lee 1970; Cull-Candy et al.
1976; Dixon and Harris 1999; Gopalakrishnakone and Hawgood 1984; Hamilton
et al. 1980; Harris et al. 2000; Lee et al. 1984; Prasarnpun et al. 2004). It should be
emphasized that even at this late stage of SPAN intoxication, no damage to mus-
cle, fibroblasts, and Schwann cells is noticeable. Observations made at later stages
(several hours after treatment) both in frog and rat muscles show that the nerve
terminal of the motor neuron axon virtually disappears from the endplate. This is
accompanied by protrusions of Schwann cells establishing extensive contacts with
the muscle fiber, similar to what happens after several days of denervation achieved
by transecting the motor axon or by crushing the nerve terminal (Abe et al. 1976;
Dixon and Harris 1999; Harris et al. 2000; Kang et al. 2003; Son and Thompson
1995). Prasarnpun et al. 2005 also documented a substantial axonal degeneration
with loss of mitochondria, neurofilaments, and synaptophysin staining. The robust
extracellular matrix structure of the NMJ, which binds ACh esterase, remains in
place.

Loss of SVs and alterations of mitochondria are also caused by SPANs on neu-
rons in culture or by incubation with the LysoPC + OA lipid mixture (Bonanomi
et al. 2005; Rigoni et al. 2004, 2005, 2007). A stricking and typical morphological
alteration of cultured neurons and of uncovered Drosophila NMI is the bulging of
their nerve terminals (Megighian et al. 2007; Rigoni et al. 2004). The kinetics and
the morphological changes induced by SPANs at NMJs and these in vitro findings
led us to propose that SPANs promote fusion of SV with the presynaptic mem-
brane, and at the same time, inhibit their retrieval (Figure 5). These alterations are
the consequence of the same membrane lesion which consists in the hydrolysis of
the cylindrically shaped phospholipids into the cone-shaped fatty acids and the in-
verted cone-shaped lysophospholipids. At least in the initial stages of intoxication,
this hydrolysis takes place on the external leaflet of the presynaptic membrane, close
to the SPAN binding sites, as indicated by the finding that LysoPC is the major
product of SPAN hydrolysis with very little hydrolysis of phospholipids present
on the cytosolic membrane leaflet (Rigoni et al. 2005). FAs rapidly equilibrate by
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Fig. 5 The snake PLA2 neurotoxin is depicted here as a snake, which binds to an active zone,
i.e., a synaptic vesicle (SV) release site, and hydrolyses the phospholipids of the external layer of
the presynaptic membrane (green) with formation of the inverted-cone shaped lysophospholipid
(yellow) and the cone-shaped fatty acid (dark blue). Fatty acids rapidly equilibrate by trans-bilayer
movement among the two layers of the presynaptic membrane. In such a way lysophospholipids,
which induce a positive curvature of the membrane, are present in trans and fatty acid, which
induce a negative curvature, are present also in cis, with respect to the fusion site. This membrane
conformation facilitates the transition from a hemifusion intermediate to a pore. Thus, the action
of the toxin promotes exocytosis of neurotransmitter (NT) (from the left to the right panel) and,
for the same membrane topological reason, it inhibits the opposite process, i.e., the fission of the
synaptic vesicle.

trans-bilayer movement among the two layers of the presynaptic membrane (Kamp
et al. 1995), while lysoPC remains largely confined to the outer membrane leaflet.
LysoPC, which induces a positive curvature of the membrane, is present in trans,
and FAs, which induce a negative curvature, are also present in cis with respect to
the synaptic vesicle-membrane fusion site. This membrane conformation is fuso-
genic because it facilitates the transition from an hemifusion lipid intermediate to
a pore, which develops by intermixing the cis monolayers of the two membranes
that have come together following the formation of the rosette of SNARE com-
plexes (Chernomordik and Kozlov 2003; Chernomordik et al. 2006) (Figure 5).The
existence of a lipid hemifusion intermediate has been theoretically predicted long
ago (Kozlov and Markin 1983) and experimentally documented in the case of vi-
ral membrane fusion (Chernomordik et al. 1997), and, more recently, in the case
of SNARE-mediated fusion (Giraudo et al. 2005; Reese and Mayer 2005; Xu et al.
2005, Yoon et al. 2006). It is possible that the ready-to-release SVs are indeed al-
ready hemifused with the presynaptic membrane. and this would account for the
ultra-fast event of neuroexocytosis that takes place within few hundreds of microsec-
onds from the entry of calcium (Zimmerberg and Chernomordik 2005). For the same
reason, the membrane configuration induced by the SPAN hydrolytic action inhibits
membrane fission, which is the reverse of the membrane fusion, and is essential for
the recycling of the empty SV (Figure 5). This scenario accounts for the bulging of
nerve terminals and the Q-shaped membrane indentation induced by SPANSs. It also
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explains the acceleration of SPAN intoxication induced by electrical stimulation of
the NMJ, mentioned above, as there is a tight coupling between SV exocytosis and
retrieval and increasing nerve stimulation increases the rate of SV exo-endocytosis
(Cremona and De Camilli 1997; Sudhof 2004). In addition, it explains the finding
that SPAN injected into the cytosol inhibit exocytosis (Wei et al. 2003) because this
generates an anti-fusogenic membrane configuration with LysoPC on the cytosolic
leaflet and FA on both sides.

The SPANs PLAZ2 activity is not fatty acid specific. Eicosopentanoic acid and
arachidonic acid were recently found to promote exocytosis as deduced from in-
creased membrane capacitance in PC-12 cells (Ong et al. 2006). Moreover, arachi-
donic acid, and some detergents, were found to stimulate the release of muncl8
from syntaxin, thus allowing formation of SNARE complexes, a passage which is
expected to increase exocytosis (Rickman and Davletov 2005). Moreover, omega-3
and omega-6 polyunsaturated fatty acids were found to stimulate membrane expan-
sion at the nerve growth cone by a mechanism requiring syntaxin 3 (Darios and
Davletov 2006). Accordingly, it is possible that these fatty acids contribute to the
increased neuroexocytosis triggered in phase 2, but their role may be limited in vivo
as the lysophospholipid was found to be much more effective than the fatty acid in
the induction of paralysis (Caccin et al. 2006; Rigoni et al. 2005).

This rationale explains the induced neuroexocytosis of the ready-to-release SV
pool, but does not well account for the massive vesicle depletion observed in the
later phases of intoxication. However, one should consider that, with time, more and
more lysophospholipids and FAs are generated and their accumulation may cause
additional phenomena. Among them, increased plasma membrane permeability to
ions caused by lysophospholipids (Leung et al. 1998; Wilson-Ashworth et al. 2004;
Woodley et al. 1991) and partition of FAs inside mitochondria where they act as un-
couplers of respiration with inhibition of ATP generation (Wojtczak and Schonfeld
1993). A specific, site-directed permeabilization of the membrane was proposed
to be implicated in the intoxication by B-bungarotoxin (Rugolo et al. 1986), but
how this would generate the observed alterations of morphology was not discussed.
Clearly the FA uncoupling of mitochondria proposed by Wernicke et al. 1975 plays
little role, if any, in SPAN intoxication because FA alone does not inhibit the NMJ
(Rigoni et al. 2005). The products of SPAN phospholipid hydrolysis are likely to
act at the plasma membrane level, as the SPAN-induced NMJ paralysis is rapidly
reversed by albumin washing (Caccin et al. 2006). It was recently found that the
bulged nerve terminals accumulate calcium independently on the agent responsible
for bulging, whether it is SPAN or the LysoPC 4 FA mixture (Rigoni et al. 2007).
Ca’* ions entered from the medium and an increased cytosolic Ca>* concentration
within the nerve terminal of a synapse is by itself sufficient to trigger the release of
all vesicles, including the SV reserve pool (Ceccarelli et al. 1972; Rizzoli and Betz
2005). Such high Ca®>* has an additional pathological consequence owing to the ac-
cumulation of this ion into the mitochondrial matrix with precipitation of calcium
phosphate (Carafoli 1986).

The last event of this SPAN nerve terminal intoxication scenario may be the entry
of the SPAN inside the nerve terminal, as suggested by two studies performed with
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cells in culture (Neco et al. 2003; Petrovic et al. 2004). A SPAN inside a nerve
terminals in the presence of Ca>* could damage profoundly mitochondria and other
organelles via its PLA2 activity as shown with isolated mitochondria (Wagner et al.
1974; Wernicke et al. 1975). In fact, B-bungarotoxin is much more active on low
cholesterol membranes than on the plasma membrane (Lee et al. 1972; Strong and
Kelly 1977; Kelly et al. 1979).

8 Regeneration of the Skeletal Neuromuscular Junction
and the Innervated Muscle Fibers after Poisoning
by Botulinum or Snake Neurotoxins

None of the clostridial or snake neurotoxins, when used at concentrations corre-
sponding to the mouse lethal doses, kill intoxicated neurons in vivo, although they
are extremely toxic to the animal because of the unique role of synaptic transmission
in animal physiology and behavior. A small amount of BoNT, dissolved in a mini-
mal volume of carrier solution and injected into a muscle, does not spread around
significantly. NMJs present at and around the injection site become paralyzed and
lose their functionality, but the motoneuron and the innervated muscle fiber remain
alive. Anatomical contacts between nerve and muscle are maintained, and there is
no apparent loss of motor axons (Eleopra et al. 2002). However, the muscle under-
goes a transient atrophy with loss of acetylcholine esterase staining and dispersion
of acetylcholine receptors from the end plate (Angaut-Petit et al. 1990; Bambrick
and Gordon 1994; Comella et al. 1993). Thin, amyelinated neuritic processes are
emitted from their original parent nerve ending (terminal sprouting) or from the
most proximal node of Ranvier (nodal sprouting), ultimately growing into the mus-
cle (de Paiva et al. 1999; Son and Thompson 1995). Sprouting from the poisoned
nerve terminal is preceded and guided by the nerve terminal Schwann cells, which
are, at least in part, activated to migrate by the lack of supply of ACh consequent to
the persistent inhibition of ACh release caused by the toxin (Kang et al. 2003; Son
and Thompson 1995). Nerve sprouting is a remarkable example of synaptic plastic-
ity. The number of motor end plates on single muscle fibers increases as well as the
number of fibers innervated by a single motor axon. Moreover, single muscle fibers
may become innervated by more than one motor axon. Following recovery of the
normal function by the original NMJ, the sprouts degenerate and ACh esterase and
ACh receptors reconcentrate exclusively at the junctions; the muscle eventually re-
gains its normal size (Borodic et al. 1994; de Paiva et al. 1999; Meunier et al. 2003;
reviewed in Foran et al. 2003a; Meunier et al. 2002).

The time necessary to recover the function after BoNT paralysis mainly depends
on the type of nerve terminal and the type of BoNT. The entire process of recovery
from BoNT/A intoxication typically requires two to four months at the mammalian
NM]J, but much longer (>1 year) at glands (Naumann and Jost 2004). BoNT/A has
been the first type of BoNT used for therapy in humans (Schantz and Johnson 1997;
Scott et al. 1989), and luckily it is the one that gives the longest lasting effects.



Presynaptic Neurotoxins with Enzymatic Activities 153

In fact, the other BoNT serotypes are very effective paralyzing agents, but their ac-
tion is much shorter, except in the case of BoONT/C, which is comparable to BoONT/A
(Eleopra et al. 1997, 1998a, 2002, 2004; Ludlow et al. 1992; Morbiato et al. 2007).
This parallels the well-known fact that botulism caused by BoNT/A in humans is
more dangerous than that caused by BoNT/B and /E (Smith and Sugiyama 1988)
and observations performed at the rat NMJ (Kauffman et al. 1985; Molgé et al.
1989; Sellin et al. 1983).

The biochemical/cellular events at the basis of the different duration of action of
the different toxins are unknown, but several factors may contribute: (1) the lifetime
of the L chain in the cytosol, (2) the turnover of the truncated SNARE proteins,
(3) secondary biochemical events triggered by the production of truncated SNARE
proteins and/or the released peptides, and (4) other effects. The lifetime of intra-
cellular acting toxins is usually quite long, and it is estimated to be on the order of
weeks (Bartels et al. 1994; Habig et al. 1986; Keller et al. 1999; Marxen and Bigalke
1991; O’Sullivan et al. 1999). Moreover, it was documented that in chromaffin cells
and at the frog NMJ, the truncated SNAP-25 generated by BoNT/A or /C persists
for a long time and does interfere with exocytosis (Criado et al. 1999; Huang et al.
1998; O’Sullivan et al. 1999; Raciborska and Charlton 1999).

The cotreatment of human endplates with BoNT/A and E results in a rapid re-
covery of neuromuscular function, equivalent to that of BoNT/E alone (Eleopra
et al. 1998b). This suggests that the lifetime of the protease activities does not
account for the duration of paralysis at the motor nerve endings in situ. Meunier
et al. (2003) have recently shown that the prolonged paralysis induced by BoNT/A
arises from the slow replacement of BoNT/A truncated SNAP-25 fragment 1-197
(SNAP-25A), which is known to be inhibitory when overexpressed (O’ Sullivan et al.
1999). Moreover, type E was shown to hasten the removal of inhibitory SNAP-25A
from BoNT/A-treated mouse neuromuscular synapses by converting it to SNAP-
25E (fragment 1-180). SNAP-25E can be replaced rapidly by newly synthesized
SNAP-25, thereby accelerating resumption of synaptic transmission. Co-injection
of BoNT/A and BoNT/E in rats and mice does not produce the same effect as in hu-
mans (Keller et al. 1999), raising the question of how comparable are data obtained
in different animal species. Even larger are the differences found with cultured neu-
rons (Foran et al. 2003b; O’Sullivan et al. 1999).

Fewer data are available on the regeneration of the NMJ intoxicated by SPANs
(Dixon and Harris 1999; Gopalakrishnakone and Hawgood 1984; Grubb et al. 1991;
Harris et al. 2000). As mentioned above, SPANs impair the nerve terminal function
more rapidly than BoNTs, and morphological alterations are much more extensive.
Within few hours nerve terminals degenerate with loss of neurofilaments to such an
extent that some terminals are barely discernible. Schwann cells are unaffected and
extend their processes into the synaptic cleft. Also, the muscle fibers may degenerate
and be invaded by phagocytic cells. Re-innervation of the muscle fibers is achieved
by pre- and postterminal sprouts within three to five days from intoxication. This is
accompanied by muscle regeneration with the appearance of smaller fibers with a
typical central nucleus, which persists in this location for months. By 7 to 10 days
more than 90% of the muscle fibers are capable of generating an indirect action
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potential, and by three to four weeks the process of regeneration is complete and
few examples of multiple innervation originated by the sprouting process persist.
The short duration of the effects of SPAN with the relatively rapid recovery with
respect to BoNT/A or /C can be rationalized by considering the different nature of
the SPAN hydrolysis products, which are highly diffusible. Moreover, phagocytic
cells are recruited, possibly following the release of inflammatory mediators, either
directly by the SPAN via release of arachidonic acid or indirectly by other chemo-
tactic substances, or both.

9 Clostridial Neurotoxins in Cell Biology

It is presently very difficult to isolate and culture peripheral motoneurons, and this
has hampered research on the morphological and functional consequences of CNT
intoxication. However, dissociated spinal cord neurons in culture, including primary
motorneurons, are very sensitive to CNTs. In addition, brain neurons derived from
the cortex or the hippocampus or the cerebellum are sensitive to these neurotoxins.
In these cells, BONT/A was found to cause no detectable morphological changes. In
contrast BONT/C, which cleaves both SNAP-25 and syntaxin, brings about rapid
swelling of synaptic terminals followed by degeneration of axons and dendrites
followed by cell death (Williamson and Neale 1998) and the collapse of growth
cones in chick dorsal root ganglia (Igarashi et al. 1996). BoNT/C also kills corti-
cal and hippocampal neurons (Osen-Sand et al. 1996) and cerebellar granular cells
(Berliocchi et al. 2005; Foran et al. 2003b). In contrast, when injected in different
human muscles, BONT/C does not cause loss of motoneurons (Eleopra et al. 2002).
Taken together, these results demonstrate the central role played by syntaxin in the
control of the integrity of synaptic contacts, in addition to its essential function in
exocytosis.

Given the general role of SNAREs in vesicular trafficking, which is paral-
leled by a strong structural similarity, the use of CNTs is not limited to neuronal
cells possessing receptors (for comprehensive reviews see Rossetto et al. 2001b;
Schiavo et al. 2000). If the simple incubation with CNTs is sufficient to cause inhi-
bition of neurotransmitter release in nerve cells or synaptosomes following SNARE
cleavage, exocytosis can be inhibited in many non-neuronal cells as well, provided
that they are permeabilized or microinjected. Incubation with very high doses of
CNTs may be also sufficient to elicit effects with cells characterized by a large fluid
phase endocytosis. Alternatively, cells can be transfected with the gene encoding
for the light chain. The fact that the SNARE protein isoforms are involved in a va-
riety of intracellular vesicle fusion events (Jahn and Scheller 2006; Takamori et al.
2006), in addition to exocytosis, has extended their potential range of use, but a
word of caution is called for because more than one SNARE isoform can be inacti-
vated by a given toxin within the same cell. It is not straightforward to predict the
cleavability of a SNARE by a CNT from its sequence. Moreover, low sensitivity
of GABA release to BONT/A and BoNT/E intoxication, relative to the release of
ACh, noradrenaline or glutamate has been reported by different studies (Ashton and
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Dolly 1988; Bigalke et al. 1981). This could result from the different expression of
the proteolytic substrate in different neuronal populations. Indeed, the virtual ab-
sence of SNAP-25, as detected by immunofluorescence at inhibitory terminals of
CNS neurons (Frassoni et al. 2005; Verderio et al. 2004, 2007) parallels the low
sensitivity of GABAergic exocytosis to BONT/A and BoNT/E. On the same line,
the higher sensitivity to these neurotoxins of synaptic vesicle recycling in immature
GABAergic cells parallels the higher degree of SNAP-25 expression in develop-
ing inhibitory neurons as compared to the mature neurons (Frassoni et al. 2005;
Verderio et al. 2007). Different amounts of the expressed SNARESs or their differ-
ent intracellular distributions relative to the toxin location, as well as the expression
of toxin-insensitive SNARE isoforms, could therefore explain the distinct proper-
ties or the different efficacy of intoxication in specific neuronal subpopulation. The
finding that BONT/A and BoNT/E, used at suitable concentrations, only partially af-
fect GABAergic transmission, while impairing glutamatergic signaling, opened the
possibility of using these toxins to treat CNS diseases characterized by imbalances
between excitatory and inhibitory transmission such as epilepsy (Costantin et al.
2005; Verderio et al. 2007).

The absolute neurospecificity of clostridial neurotoxins, and the ability of TeNT
to undergo axonal retrograde transport, make them ideal tools to study endocyto-
sis and sorting at the synapse, and of retro-axonal transport both in vitro and in
vivo (reviewed in Deinhardt and Schiavo 2005). These processes, which are still
poorly understood at the molecular level, represent an exciting area of application
for clostridial neurotoxins and their binding fragments.

10 Therapeutic Uses

The demonstration that the inhibition of the nerve-muscle impulse is followed by a
functional recovery of the NMJ provides the scientific basis of the rapidly growing
use of BoNTs in the therapy of a variety of human diseases caused by hyperfunc-
tion of cholinergic terminals and other neurodiseases (Jankovic 2006; Montecucco
et al. 1996; Scott et al. 1989; Truong and Jost 2006). Injections of minute amounts
of BoNT into the muscle(s) to be paralyzed lead to a depression of the symptoms
lasting months. Owing to the long lasting duration of its effect, BONT/A has al-
most invariably been used. Since the NMJ paralysis is reversible, the injection
has to be repeated, and the possibility of an immune response with production of
BoNT/A-neutralizing antibodies can occur (Brin 1997; Hanna et al. 1999; Jankovic
and Schwartz 1995; Sankhla et al. 1998; Zuber et al. 1993). The injection of a dif-
ferent BoNT serotype could overcome this drawback. BONT/E and BoNT/F were
tested in humans and were found to have beneficial effects of short duration (Aoki
2001; Billante et al. 2002; Chen et al. 1998b; Eleopra et al. 1998b, 2006; Mezaki
et al. 1995). Also BoNT/B has a rather short duration of action, and longer paraly-
sis can only be achieved with very high doses, thus increasing the possibility of an
immune response (Brin et al. 1999; Dressler and Bigalke 2005; Dressler and Eleopra
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2006; Lew et al. 1997; Sloop et al. 1997). Studies performed in humans (reviewed
in Eleopra et al. 2006) and in mice (Morbiato et al. 2007), show that BONT/C has a
general profile of action similar to that of BoONT/A.

Injection of BoNT is currently recognized as the best available treatment for
dystonias and for certain types of strabismus, and new uses are continuously found
(Bhidayasiri and Truong 2005; Montecucco and Molgé 2005). In addition, BONT/A
inhibit ACh release at autonomic nerve terminals which innervate the glands and
smooth muscle, and it is currently used to treat diseases such as hypersalivation and
hypersudoration (Brisinda et al. 2004; Naumann and Jost 2004).

The use of BONT/A has been increasingly reported in many conditions of patho-
logical pain, including migraine and other headache disorders (Aoki 2003; Binder
and Blitzer 2003), musculoskeletal pain, such as myofascial pain, low back pain,
and other chronic pain syndromes (Luvisetto et al. 2007; Reilich et al. 2004; Sycha
et al. 2004).

BoNTs are not known to be retrotransported to the CNS, but they are highly toxic
when injected directly in the brain (Luvisetto et al. 2003). Both the intraventricular
and the hind paw injection of minute amounts of BoNT/A in mice strongly depress
the perception of inflammatory pain induced by formalin (Luvisetto et al. 2006). On
the basis of the differential effect of BoNT on glutamatergic and GABAergic nerve
terminals in hippocampal neurons (Verderio et al. 2004), BONT/E was tested as a
potential therapeutic of epilepsy, and it was found to effectively lower the symptoms
induced in mice by the epileptogenic kaininic acid (Costantin et al. 2005).

TeNT has not yet been used as a therapeutic but it has a series of interesting bio-
logical properties. When injected in the hippocampus of rats it induces an epileptic-
like syndrome (Bagetta and Nistico 1994). The carboxy-terminal third of TeNT,
which retains most, but not all, of the neuronal binding and uptake properties of
the entire toxin, has been used as a carrier of lysosomal hydrolase (Dobrenis et al.
1992; Jiang et al. 2005), superoxide dismutase inside cells in culture (Figueiredo
et al. 1997; Francis et al. 1995), or B-galactosidase in mouse embryos (Coen et al.
1997). These studies open the possibility of using TeNT as carrier of various bio-
logicals from peripheral sites of injections to selected areas of the CNS.
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Abstract a-Latrotoxin (a-LTX) from black widow spider venom induces exhaus-
tive release of neurotransmitters from vertebrate nerve terminals and endocrine
cells. This 130-kDa protein has been employed for many years as a molecular tool
to study exocytosis. However, its action is complex: in neurons, o-LTX induces
massive secretion both in the presence of extracellular Ca’t (Ca’*.) and in its
absence; in endocrine cells, it usually requires Ca2+e. To use this toxin for fur-
ther dissection of secretory mechanisms, one needs an in-depth understanding of its
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functions. One such function that explains some o-LTX effects is its ability to form
cation-permeable channels in artificial lipid bilayers. The mechanism of o-LTX pore
formation, revealed by cryo-electron microscopy, involves toxin assembly into ho-
motetrameric complexes which harbor a central channel and can insert into lipid
membranes. However, in biological membranes, o-LTX cannot exert its actions
without binding to specific receptors of the plasma membrane. Three proteins with
distinct structures have been found to bind a-LTX: neurexin o, latrophilin 1, and
receptor-like protein tyrosine phosphatase 6. Upon binding a receptor, o--LTX forms
channels permeable to cations and small molecules; the toxin may also activate the
receptor. To distinguish between the pore- and receptor-mediated effects, and to
study structure-function relationships in the toxin, o-LTX mutants have been used.
At least one non-pore-forming o-LTX mutant can activate latrophilin, a G protein-
coupled receptor, causing release of Ca?t from intracellular stores. Latrophilin
action still requires Ca’>*, and may trigger transmitter secretion either by itself
or by activating Ca>*-channels and/or inducing Ca>* waves. These results reveal
two Ca’*.-dependent mechanisms of o-LTX action (membrane pore formation and
signalling via latrophilin), but how a-LTX triggers Ca’*-independent neurotrans-
mitter release still remains unexplained. Hypotheses for this action include direct
interaction with intracellular components involved in exocytosis or the effects of
o-LTX pores.

1 o-LTX and Release of Neurotransmitters

The notorious black widow spider (Latrodectus genus) and its venom, first stud-
ied by ancient Greeks (Aristotle 350 B.C.), entered the era of modern science in
the 1930’s with the discovery of its proteinacious active principles (D’ Amour et al.
1936) and, following the demonstration that it affects synaptic neurotransmitter re-
lease (Longenecker et al. 1970) and the isolation of toxic components (Frontali
et al. 1976), gripped the attention of neurobiologists. It played a role in the de-
bate leading to the Ca>* (Augustine et al. 1987) and vesicular quantum (Cecca-
relli and Hurlbut 1980) paradigms of neurotransmission. However, some details of
o-LTX actions still remain mysterious, despite its widespread use as a stimulant of
neurosecretion.

The venom contains at least 86 unique proteins (Duan et al. 2006), including
several homologous LTXs which play a role in its toxicity to insects and crustaceans
(Grishin 1998), with only one, a-LTX, targeting vertebrates specifically; reviewed
by Rosenthal and Meldolesi (1989). a-LTX is usually isolated from spider venom
by conventional chromatography (Frontali et al. 1976; Tzeng et al. 1978), but to
achieve homogeneity and remove contaminants (Volkova et al. 1995; Pescatori et al.
1995) that may endow the preparation with uncharacteristic properties (Umbach
et al. 1998), preparative native electrophoresis should ideally be used (Ashton et al.
2000).
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1.1 Target Cells

The toxin induces strong and sustained release of neurotransmitters and hormones
from secretory cells capable of regulated exocytosis (Rosenthal et al. 1990). The ef-
fects of -LTX on neurosecretion were first described on a cellular level in the 1970s
at frog neuromuscular junctions (NMJ) (Longenecker et al. 1970; Frontali et al.
1976); and later in mouse brain slices (Tzeng et al. 1978), in synaptosomes (iso-
lated brain nerve terminals) from rat (Grasso et al. 1978), dog (Tzeng and Siekevitz
1979), and guinea pig (Nicholls et al. 1982); primary cerebellar granule cell cul-
tures (Grasso and Mercanti-Ciotti 1993); and in hippocampal organotypic cul-
tures (Capogna et al. 1996). In addition, catecholamine-secreting chromaffin cells
(Picotti et al. 1982) and PC12 cell line (Robello et al. 1987), insulin-secreting pan-
creatic B-cells in primary or derived cell cultures (Lang et al. 1998), oxytocin- and
vasopressin-secreting neurohypophysis cells (Hlubek et al. 2003) and luteinizing
hormone-secreting rat gonadotropes (Tse and Tse 1999) were also used to charac-
terize the toxin’s effects on secretion from non-neuronal excitable cells. A secretory
cell not sensitive to o-LTX still remains to be found.

1.2 Site and Mode of Action

From the earliest description of the toxin’s actions on neuronal systems, it emerged
that o-LTX affects specifically the presynaptic element, from which it causes mas-
sive neurotransmitter release (e.g., Longenecker et al. 1970). The toxin has no major
enzymatic activities (Frontali et al. 1976). Crucially, a-LTX has been discovered to
create Ca’"-permeable channels in lipid bilayers (Finkelstein et al. 1976), and a
large body of evidence shows that Ca>* influx through membrane channels induced
by a-LTX in the presynaptic membrane accounts for a major part of its effect. Pore
formation occurs in all the biological systems mentioned above, but the features of
a-LTX-triggered release cannot be fully explained by the toxin pore.

The effect of a-LTX at NMJs is usually delayed and develops fully after ~10min,
although synaptosomes react much faster. It is detected electrophysiologically as
an increase in the frequency of spontaneous miniature postsynaptic potentials at
NMIJs (Longenecker et al. 1970; Misler and Hurlbut 1979; Ceccarelli and Hurlbut
1980; Tsang et al. 2000) and excitatory or inhibitory postsynaptic currents at central
synapses (Capogna et al. 1996). In addition, a-LTX affects action potential-evoked,
synchronous release, and does this in a time-dependent manner: initially, it enhances
evoked potentials, but eventually inhibits (Capogna et al. 1996) or blocks them (Lon-
genecker et al. 1970; Hurlbut and Ceccarelli 1979; Liu and Misler 1998). Finally,
when used in higher concentrations, o-LTX can cause morphological deformation
and cell death, as reviewed by Siidhof (2001).

However, the most surprising feature of the a-LTX-evoked secretion is that it can
occur both in the presence and absence of Ca’*..
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1.3 Ca**-Independent Release

The ability of a-LTX to trigger neurotransmitter exocytosis in the absence of
extracellular Ca®* remains particularly interesting and inexplicable to the field
(Longenecker et al. 1970; Ceccarelli et al. 1979; see also Siidhof (2001) and
Ushkaryov et al. (2004) for review). This is clearly different from depolarization-
induced exocytosis, which is Ca>* -dependent, but not unlike the effect of hypertonic
sucrose. The possibility that o-LTX-induced release involves an unknown, Ca>*-
independent mechanism which may also occur during normal synaptic activity has
provided the casus belli for many a quest for o-LTX structure and receptors that
could trigger neurotransmission via intracellular mechanisms.

In neurons, the Ca>*-independent secretion is restricted to small synaptic vesi-
cles, as demonstrated by synaptosomal and NMJ experiments, where glutamate,
GABA, and acetylcholine are released in the absence of Ca?", while catecholamines
or peptides are not (Matteoli et al. 1988; Davletov et al. 1998; Khvotchev et al.
2000). Ca*>*-independent release does not normally occur in endocrine cells (Grasso
et al. 1980; Michelena et al. 1997; Silva et al. 2005), although in some cultured cells
it does (Meldolesi et al. 1983; Lang et al. 1998; Tse and Tse 1999).

The characteristics of Ca>* -independent release are peculiar: it requires the pres-
ence of divalent cations, such as Mg2+, which can be added or removed in suc-
cession, causing respective bouts of secretion or its cessation (Misler and Hurlbut
1979). In the absence of Mg”", this release can be supported by slightly hyper-
tonic sucrose, by itself insufficient to cause secretion (Misler and Hurlbut 1979).
The Ca’*-independent release can be blocked by millimolar La** (Rosenthal et al.
1990) or concanavalin A (Grasso et al. 1978; Boehm and Huck 1998). It may in-
volve release of Ca?* from mitochondria, as observed in peripheral (Tsang et al.
2000) and not central synapses (Adam-Vizi et al. 1993), but it is unclear if stored
Ca’*, itself can trigger release.

As Ca’* is important for endocytosis, the sustained secretory activity in its
absence eventually depletes NMJ terminals (Longenecker et al. 1970; Ceccarelli
and Hurlbut 1980), but not synaptosomes (Watanabe and Meldolesi 1983), of all
vesicles. Electrophysiological recordings at NMJs show that in the absence of
Ca’"o-LTX causes a large but slow rise in the frequency of spontaneous exocy-
totic events, which then slow down and cease altogether; bursts of miniatures are
never observed.

1.4 Ca**-Dependent Release

In the presence of Ca’"., a-LTX also causes a slow and large increase in the fre-
quency of miniature events, overlaid by bursts of release (Ceccarelli et al. 1979). As
in the absence of Ca’", depletion of vesicles and block of exocytosis also occurs,
but because vesicles are able to recycle for some time, the total number of quanta
released is twice higher in Ca?* than in its absence (Fesce et al. 1986; Auger and
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Marty 1997). It appears that the gradual rise and fall of the frequency of vesicle
fusion events is a common feature of o-L'TX-induced release both with and without
Ca’*., and that Ca>* adds an extra component, increasing the total release.

Influx of Ca’>* through o-LTX pores might explain Ca>*-dependent secretion,
but not the bursts of miniatures. These may be due to Ca’" waves caused by
activation of phospholipase C (PLC) (Vicentini and Meldolesi 1984; Davletov et al.
1998) and release of intracellular Ca** (Ca*;). In fact, U73122 (blocks PLC ac-
tivation by G proteins), thapsigargin (depletes Ca’>* stores), and 2-APB (inhibits
activation of Ca>* stores) block a-LTX action (Davletov et al. 1998; Ashton et al.
2001; Capogna et al. 2003), implicating a G protein cascade in Ca’>"-dependent
toxin-induced release.

2 The Structure of o.-LTX

In order to understand and explain the complex activities of o-LTX, its primary and
three-dimensional (3D) structure has been thoroughly studied.

2.1 Sequence Analysis

o-LTX is synthesized as a 157 kDa polypeptide (Kiyatkin et al. 1990) (Figure 1a)
by free ribosomes in the cytosol of secretory epithelial cells of the venom glands
(Cavalieri et al. 1990). These cells disintegrate (Smith and Russell 1966) and expel
toxin into the gland lumen together with various proteases (Duan et al. 2006). Here,
itis cleaved at both termini by a furin-like protease (Volynski et al. 1999), producing
an active a-LTX of ~131kDa (Kiyatkin et al. 1990; Ichtchenko et al. 1998).

The most striking feature of the o-LTX primary structure is a series of 22 ankyrin
repeats that account for about two thirds of the sequence (Figure 1b) (Kiyatkin et al.
1995). Ankyrin repeats are found in a wide variety of proteins and generally medi-
ate protein-protein contacts but, unlike other protein-binding motifs, they take part
in a wide range of interactions and do not have a specific target (Sedgwick and
Smerdon 1999). The N-terminal third of o-LTX shows no significant homology to
other proteins. This region contains three conserved cysteines important for struc-
tural stability and activity of all LTXs (Kiyatkin et al. 1995; Ichtchenko et al. 1998).

a-LTX is a mostly hydrophilic protein that does not have a classical hydrophobic
signal peptide or clear transmembrane regions (TMRs). The hydrophilic nature of
o-LTX seemed for a long time at odds with its membrane insertion capabilities, but
a study of its 3D structure (Orlova et al. 2000) shed light on this issue (Section 2.2).

2.2 Higher-Order Structures

So far, crystallization of a-LTX has not been reported. However, the toxin has been
successfully studied by cryo-electron microscopy (cryo-EM) (Orlova et al. 2000),
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Fig. 1 The structure of o-LTX. (a) Schematic of a-LTX processing in the venom gland. (b) Pri-
mary and domain structure. The numbered boxes, ankyrin repeats (ARs). Grey, imperfect repeats;
C, conserved cysteines residues in the N-terminal domain; open arrowhead, insert in the mutant
o-LTXNC, Protein domains identified from the 3D structure (Orlova et al. 2000) are delimited
below. (¢) 3D reconstructions of the -LTX monomer, dimer and tetramer, viewed from the top
and side. The monomer has been computationally extracted from the experimentally determined
tetramer structure. Left-most image, a scheme of the monomer, with the domains designated by
different shades of grey. Filled arrowhead, strong association of the head domains in the dimer.

a method that allows visualization of proteins instantly frozen in their native confor-
mations. The size of the toxin tetramer (~520 kDa) proved ideal for this approach
to reveal medium-resolution (14 A) information, and even the dimer (~260 kDa)
was reconstructed to below 20 A resolution, revealing detailed information on the
domain organisation of the toxin in its two oligomeric states (Orlova et al. 2000).
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2.2.1 Domain Structure of the Monomer

The 3D cryo-EM reconstructions of the a-LTX tetramer and dimer (Orlova et al.
2000) show that the monomer consists of three domains (Figure 1¢): (1) The wing,
at the N-terminus, has an estimated molecular mass of 36 kDa. Thought to comprise
mainly o-helices, it has no close homologues among proteins of known 3D struc-
ture. The wing links to the rest of the toxin molecule through a narrow rigid connec-
tion. (2) The body comprises the first 17 ankyrin repeats of the o-LTX sequence. Its
estimated molecular mass is 76 kDa. The ankyrin repeats forming the “vertical” part
of the body are tightly packed into a characteristic structure, reminiscent of ankyrin.
However, the lower part of the body is bent and has a more complex arrangement.
(3) At the C-terminus is the head, the smallest domain, with an estimated 18.5-kDa
mass. It consists of 4.5 ankyrin repeats and demonstrates high spatial homology to
ankyrin-repeat-containing proteins with known 3D structures (Orlova et al. 2000).

Despite having a large number of ankyrin repeats (superseded only by the 24
repeats in ankyrin itself), a-LTX does not assume the monotonous arch-like shape
so characteristic of proteins with multiple ankyrin repeats, such as the 12-repeat
ankyrin fragment (Michaely et al. 2002), the human protein phosphatase HEAT (15
repeats), or the porcine ribonuclease inhibitor LRR (16 repeats) (Andrade et al.
2001). Instead, the ankyrin repeat-containing part of a-LTX is broken in several
places and forms clearly delimited domains and subdomains, probably reflecting
sequence divergence of some repeats and the functional specialization of the subdo-
mains.

2.2.2 Quaternary Structures

Although some monomers have been observed by cryo-EM in EDTA-treated o-LTX,
the toxin almost always exists as a stable dimer (Orlova et al. 2000; Ashton et al.
2001). In the asymmetric dimer, the two monomers are associated “head to tail” by
tight multipoint contacts mediated by the “horizontal” parts of the bodies and by the
sides of the head domains (arrowhead in Figure 1c).

Association of dimers, strongly catalyzed by Mg?*, produces a cyclical structure
(Figure 1c) that can contain four monomers only. The tetramer has C4 rotational
symmetry and resembles a bowl, in which the bottom is formed by the “horizontal”
parts of the bodies. This part is important for penetration into lipid bilayers, and
it is likely that structural rearrangements required for tetramerization expose the
surface regions favorable to interaction with lipid bilayers. In addition, this part
represents the intracellular mouth of the channel, with a large (30 A) central hole in
its center.

Above this, in the centre of the “bowl,” the four heads form a cylindrical as-
sembly surrounding the channel (Figure Ic), which is restricted at one point to 10 A
(Figure 2; see also Section 3.4.7). This constriction most probably corresponds to
the cation binding site (selectivity filter) of the a-LTX channel (Section 3.4.1).
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Fig. 2 Membrane topography of the a-LTX pore. Cross-section of the o-LTX tetramer embedded
in a membrane (as observed in liposomes) (Orlova et al. 2000) is shown alongside the cut-open
voltage-dependent K+ channel (Kv1.2) (Long et al. 2005) and Ca>* release channel (ryanodine
receptor) (Serysheva et al. 2005). Fully hydrated cations and molecules known to permeate through
the respective channels are shown next to each reconstruction (FITC, fluoresceine isothiocyanate;
NE, norepinephrine). The narrowest part of the a-LTX channel is 10 A. Molecular images were
produced using the UCSF Chimera package (Pettersen et al. 2004).

The wings extend sideways from the body domains perpendicular to the central
symmetry axis of the tetramer and could participate in the binding to some receptors
(see Sections 2.3 and 4). They also seem to mediate homotypic interactions, caus-
ing tetramers to assemble into flat 2D crystals, often containing large numbers of
tetramers (Lunev et al. 1991). These lattices could underlie the frequently described
phenomenon of a-LTX channel clusterization (Robello et al. 1987; Krasilnikov and
Sabirov 1992; Filippov et al. 1994; Van Renterghem et al. 2000).

2.3 Recombinant o-LTX

Detailed structure-function analysis of -LTX is impossible without generating mu-
tants. The difficulty inherent to this approach is to ensure proper folding of this large
protein. Two groups relied on baculovirus expression and successfully purified ac-
tive recombinant toxins. Ichtchenko et al. (1998) used two 8-histidine tags for pu-
rification, whereas Volynski et al. (1999, 2003) utilized a monoclonal antibody.

Recently, active recombinant a-LTX has been generated using bacteria in which
both thioredoxin reductase and glutathione reductase are inactivated to improve the
formation of disulphide bonds in expressed proteins (Li et al. 2005). The toxin is ex-
pressed as a fusion with glutathione-S-transferase (GST), which is used for affinity
purification of the recombinant toxin and can be subsequently removed by selective
proteolysis. Considering the relative ease of generating recombinant proteins in bac-
teria, this approach will facilitate structure-function studies of o-LTX.

Using these methods, several useful observations regarding the functions of the
o-LTX domains have been made by analyzing various mutants of recombinant
toxin. These results are discussed in relevant sections below.
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3 Membrane Pore

How the hydrophilic o-LTX inserts into lipid membranes and makes cation-
permeable pores is not fully known, but an in-depth insight into the mechanisms
of channel formation has been gained by combining cryo-EM, biochemical and bio-
physical studies with toxin mutagenesis. o-LTX pore formation consists of at least
three steps: toxin tetramerisation, interaction with a specific cell-surface receptor
and, finally, membrane insertion. Many experimental procedures can affect some of
these steps and thereby prevent or assist channel formation.

3.1 Tetramerization

The tetrameric state of o-LTX is divalent cation-dependent. Accordingly, treatment
with EDTA renders purified o-LTX mostly dimeric, while subsequent addition of
millimolar Ca”* or Mg?* promptly restores tetramerization (Ashton et al. 2000).
This transition, requiring conformation changes (Orlova et al. 2000) and catalyzed
by divalent cations, may explain the dependence of a-LTX pore-mediated actions
on Mg?* (e.g. Misler and Hurlbut 1979). Tetramerization can also be triggered by
amphipathic molecules (Ashton et al. 2000), possibly membrane lipids.

Interestingly, La>" at a concentration higher than 100uM also greatly reduces
the number of tetramers (Ashton et al. 2001). In addition, this trivalent cation is able
to block the channels of membrane-inserted tetramers (see Section 3.4.6), making
La** useful in studying pore-independent toxin effects.

The role of tetramerization in toxin pore formation has been vividly illustrated
by mutagenesis of o-LTX. In particular, Ichtchenko et al. (1998) have generated
an interesting mutant (a-LTXN4C) that contains a four-amino-acid insert between
the N-terminal domain and the ankyrin repeats (Figure 1b). This insert apparently
causes a conformational change enabling ai-LTXNC to form dimers but not cyclical
tetramers (Volynski et al. 2003). Accordingly, although o-LTXN4C still binds its
receptors (Ichtchenko et al. 1998), it fails to incorporate into the membrane and form
pores (Ashton et al. 2001; Volynski et al. 2003), providing a powerful argument that
the tetramer is the molecular species that inserts into membranes.

3.2 Receptor Interaction

Although o-LTX is able to insert into pure lipid membranes (Finkelstein et al.
1976), reconstituted receptors greatly enhance the rate of insertion (Scheer et al.
1986). Biological membranes seem even more refractive to the toxin: when cells
do not possess o--LTX receptors, no pore formation can be detected (Hlubek et al.
2000; Van Renterghem et al. 2000; Volynski et al. 2000), whereas expression of
exogenous receptors allows abundant o-LTX insertion and concomitant channel
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formation. Receptors, thus, confer specificity to the pore-mediated effects of a-LTX.
It is not clear whether receptors are directly involved in membrane insertion, simply
concentrate toxin near the membrane, or organize membrane lipid domains to make
them accessible to o-LTX. Importantly for some aspects of toxin-evoked secretion,
interaction with one of the receptors, neurexin (NRX), is Ca“-dependent, while in-
teraction with the other two, latrophilin 1 (LPH1) and protein tyrosine phosphatase
6 (PTPo), is completely Ca”—independent (see Section 4 for more details).

The role of the structural domains of o-LTX in receptor interaction has been
studied by mutagenesis. Ichtchenko et al. (1998) have generated three point-mutants
by replacing conserved cysteines in the N-terminal domain (Figure 1b) with serines.
These mutants (C14S, C718S, C393S) are inactive in release, probably because they
do not bind o-LTX receptors. Accordingly, chemical reduction of disulphide bonds
in o-LTX abolishes receptor binding (Ichtchenko et al. 1998). Thus, proper folding
of the N-terminal domain, aided by disulphide bonds, is essential for toxin-receptor
interactions.

In another work, Li et al. (2005) have deleted the C-terminal ankyrin repeats 15
to 22, comprising the head and part of the body (Figure 1b), and found that this
mutant fails to bind LPH1 but still interacts with NRX Io. This suggests that a-LTX
complex with LPHI1 requires an intact C-terminal quarter of the toxin molecule.
Whether this sequence binds LPH1 directly or affects the conformation of other
o-LTX regions that actually interact with LPH remains to be addressed. Clearly, the
C-terminal region is not necessary for binding of NRX Iat.

3.3 Membrane Insertion

The insertion of the a-LTX channel into black lipid membranes is unidirectional
(Robello et al. 1984), suggesting that the toxin has evolved specialized domains to
help it enter lipid bilayers. The direct observation of tetramers inserted into artificial
lipid membrane (Orlova et al. 2000) indicates that the “bow]” formed by the body
domains is immersed deeply in the lipid, while the wing domains remain splayed
on, and slightly buried into, the extracellular surface of the bilayer, while the heads
are exposed to the extracellular space (Figure2). In this model, some regions of
the body domains are exposed to the cytosol, consistent with the observation that
protease treatment from that side of the lipid bilayer modifies the inserted channel
(Robello et al. 1984; Chanturia and Lishko 1992) and supportive of the hypotheses
that o-LTX could interact with intracellular release machinery (Khvotchev et al.
2000) or act as a fusogen catalyzing vesicle fusion (Sokolov et al. 1987; Lishko
et al. 1990).

In addition to the presence of receptors, the ionic composition of buffer
(Finkelstein et al. 1976) and the makeup of lipid bilayer (Robello et al. 1984) can
influence the rate of o-LTX insertion into lipid membranes. It is possible that the
membrane microenvironment affects the insertion of a receptor-bound tetramer also
in a physiological context. For example, at 0° C, o--LTX binds to receptor-containing
membranes, but it is not inserted (Khvotchev et al. 2000; Volynski et al. 2000).
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Another feature of a-LTX is that it co-purifies with a small protein, called LMWP
(Volkova et al. 1995) or latrodectin (Pescatori et al. 1995). It does not affect the tox-
icity of o-LTX nor has secretory activity of its own (Volkova et al. 1995). However,
when LMWP is removed (Ashton et al. 2000), the toxin becomes unable to form
channels in artificial lipid bilayers, although its receptor-mediated permeation of bi-
ological membranes is unhindered (Volynski et al. 2000). It is tempting to speculate
that LMWP helps wild-type a-LTX to penetrate lipid bilayers (see also Grishin et al.
1993). To test this, recombinant toxins lacking LMWP need to be studied in pure
lipid membranes.

The receptor-aided insertion of a-LTX into biological membranes has been re-
cently investigated using recombinant toxin N-terminally fused to GST and ex-
pressed in bacteria (Li et al. 2005). When, after purification, the GST moiety is
removed, the resulting wild-type recombinant o-LTX inserts into the plasma mem-
brane and induces strong cation currents in tsA cells (HEK-293-derived) transfected
with NRX Ia, whereas the GST-fused toxin is much less effective. As both the GST-
free and GST-fused toxins bind well to the receptors (Li et al. 2005), it is clear that
GST attached to the a-LTX N-terminus decreases the efficiency of toxin incorpora-
tion into membranes. However, despite its large size and hydrophilicity, GST does
not block channel formation completely, indicating that when o-LTX inserts into
the membrane, the wing does not need to penetrate the bilayer.

This idea is further supported by the analysis of a series of o-LTX truncation mu-
tants, lacking 1, 2, 3, or 8 C-terminal ankyrin repeats (Li et al. 2005). When tested in
NRX Io-transfected tsA cells, some of these constructs induce cation conductance;
others completely lack this ability. As all these mutants possess unaltered N-terminal
wing domains, the wing apparently does not participate in pore formation, while the
structure of the C-terminal head is crucial for membrane insertion. This is consistent
with the model of the membrane-inserted o-LTX tetramer in Figure 2.

3.4 Features of the Pore

3.4.1 Ion Selectivity

Once formed, the a-LTX channel only mediates cationic currents, probably because
negatively charged acidic side chains line the channel (Finkelstein et al. 1976). Most
significantly, the a-LTX channel is permeable to Ca>* (Finkelstein et al. 1976;
Krasil’nikov et al. 1982; Mironov et al. 1986), and it is this aspect of the a-LTX
channel that is most often considered. However, this channel is not very selective,
and Ba®T, Sr>*, Mg?" as well as Li*, Cs* and, importantly, Na™ and K* currents
are also carried by the channel (Krasil’nikov et al. 1982; Mironov et al. 1986).

A detailed analysis of the permeability of a-LTX channels to cations and non-
electrolytes (Mironov et al. 1986; Robello 1989; Krasilnikov and Sabirov 1992)
postulates that the negatively charged selectivity filter of the channel is located close
to the extracellular side of the membrane, fitting in with the hypothesis that the
C-terminal head domains form the selectivity filter (see Section 2.2.2).
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This hypothesis finds additional confirmation in the features of the o-LTX trun-
cation mutants described above (Section 3.3) (Li et al. 2005). These mutants have
1 to 8 ankyrin repeats removed from their C-termini and form cation channels of
dramatically different conductivities. For example, a-LTxAl mutant mediates an
enormous conductance, by far exceeding that of wild-type toxin. It is possible that
the removal of the last ankyrin repeat lifts an obstruction for cation movements in
the extracellular mouth of the channel. In contrast, ®-LTxA2 and o-LTxA3 make
very inefficient channels, probably due to perturbations of the channel lining. Fi-
nally, a-LTxA8 does not induce any cation currents, as it seemingly cannot form
tetramers.

3.4.2 Ca** Currents

Although Ca* only carries a small proportion of currents through cell membrane-
inserted o-LTX channels (Hurlbut et al. 1994; Tse and Tse 1999), the influx of
Ca’* through presynaptically-targeted o-LTX channels is most often referred to,
because of the well-established link between presynaptic [Cazﬂ and neurotransmit-
ter release. There is a wealth of evidence indicating that in conditions favorable to
channel formation (e.g., in the presence of divalent cations), influx of extracellular
Ca”* through a-LTX channels is an important aspect of o-LTX action.

Increases in [Ca®>*]; upon a-LTX addition in the presence of Ca?" have been
detected in synaptosomes (Nicholls et al. 1982; Meldolesi et al. 1984), native PC12
(Grasso et al. 1980; Meldolesi et al. 1984), and chromaffin (Barnett et al. 1996) cells,
as well as in receptor-transfected COS (Volynski et al. 2000; Ashton et al. 2001),
BHK (Krasnoperov et al. 1997) and neuroblastoma cells (Volynski et al. 2004).

While the bulk of this effect is due to calcium influx through the toxin chan-
nel, it is possible that the rise in [Ca’*]; is contributed to by Ca*" release from
intracellular stores (Tse and Tse 1999; Tsang et al. 2000; Liu et al. 2005) or in-
flux through endogenous Ca?* channels (Nicholls et al. 1982; Lajus et al. 2006).
In LPH-transfected neuroblastoma cells, Cai2+ waves caused by LPH signalling are
observed in response to non-pore-forming a-LTX (Volynski et al. 2004). Neverthe-
less, influx of Ca?* through the channel formed by wild-type toxin appears more
dramatic.

3.4.3 Na' Currents

0-LTX channels inserted in artificial membranes are permeable to Na™ (Krasil nikov
et al. 1982; Robello et al. 1984), which is modulated by Ca>* added to the topolog-
ically extracellular side of the bilayer (Mironov et al. 1986). Inward Na™* currents
are observed electrophysiologically in Xenopus oocytes, PC12 and neuroblastoma
cells (Wanke et al. 1986; Filippov et al. 1994; Hurlbut et al. 1994), and a-LTX ele-
vates [Na;“ ] in synaptosomes detectable with a fluorescent dye (Deri and Adam-Vizi
1993), although not with radioactive Na™ (Storchak et al. 1994).
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Such currents probably account for at least one of o-LTX actions: tetrodotoxin-
insensitive depolarization of artificial and biological membranes (Grasso and Senni
1979; Nicholls et al. 1982; Scheer et al. 1986). Although depolarization could
cause neurotransmitter release by activating voltage-gated Ca’>* channels, Ca’"
flow through the a-LTX channel probably overwhelms this effect (Nicholls et al.
1982), so the role of depolarization in a-LTX action is unclear.

In addition, Na™ currents through a-LTX channels can underlie some of the
a-LTX-induced nonvesicular neurotransmitter release by causing, for example, the
collapse of the cross-membrane Na™ gradient and the reversal of some (McMahon
et al. 1990) but not all (Deri and Adam-Vizi 1993) transmitter uptake pumps.

o-LTX-mediated Na™ influx can also induce mitochondria of frog NMJ synapses
(Tsang et al. 2000) and neurohypophysis terminals (Hlubek et al. 2003) to release
large amounts of Ca>* into the cytosol because of the reversal of their Na™ /Ca?*
exchangers, although this seems to be inconsequential for secretion in the absence
of Ca*. In contrast, increases in [Ca’"];, partially dependent on NaJ, correlate
with acetylcholine release in synaptosomes (Deri and Adam-Vizi 1993). Generally,
a rise [Na™]; in nerve terminals correlates with enhanced secretion (Meiri et al.
1981). Thus, Na™ currents represent yet another facet of the a-LTX channel actions
at the synapse and could account for some of the toxin-evoked CaZ*-independent
vesicular release. However, o-LTX may be able to induced release even in Ca%t-
free and Na™-free medium in synaptosomes (Storchak et al. 1994) and frog NMJs
(Tsang et al. 2000).

3.4.4 Factors Affecting Conductance

A perplexing feature of the literature that explores a-LTX channels is the ex-
tremely wide range of single-channel conductances, ranging from 15 pS (Wanke
et al. 1986; Krasilnikov and Sabirov 1992) to 100-300 pS (Finkelstein et al. 1976;
Van Renterghem et al. 2000) or even 1100 pS (Krasilnikov and Sabirov 1992). To put
these figures in perspective, the voltage-gated K™ channel Kv1.2 and the ryanodine-
sensitive Ca’*-release channels have conductances of 14-18 pS and ~700pS, re-
spectively (Lindsay et al. 1994; Gutman et al. 2005) (Figure 2).

Several plausible hypotheses can explain this variability. Firstly, the venom con-
tains a range of pore-forming toxins with varying conductances. Secondly, there is
evidence that the make-up of the permeated membrane (Robello et al. 1984; Scheer
et al. 1986; Krasilnikov and Sabirov 1992) and variations in lipid packing and or-
der (Chanturia and Lishko 1992), but not the type of receptor present (Hlubek et al.
2000; Van Renterghem et al. 2000), can affect the properties of a-LTX channels.

Interestingly, Ca>*t inhibits the conductance of o-LTX channels to monova-
lent cations, causing a “flickery block,” in artificial membranes (Mironov et al.
1986; Krasil’nikov et al. 1988), neuroblastoma cells (Hurlbut et al. 1994), and
embryonic kidney cells (Hlubek et al. 2000), although this is not apparent in
receptor-expressing oocytes (Filippov et al. 1994). Mg?* positively modulates the
conductivity of toxin channel for Ca** (Davletov et al. 1998; Van Renterghem et al.
2000).
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Finally, the frequent observation of bursts of conductance, likely corresponding
to synchronized opening and closing events, has led many authors to suggest that
a-LTX channels form clusters in the membrane (Robello et al. 1987; Krasilnikov
and Sabirov 1992; Filippov et al. 1994; Van Renterghem et al. 2000). Such clustering
is plausible from a structural point of view, as crystalline arrays of a-LTX tetramers
are observed by EM (Lunev et al. 1991) (see Section 2.2.2), and it may account for
some of the variability in conductances reported in the literature.

3.4.5 Gating

The channel is open most of the time, with an open probability of 0.8 (Filippov et al.
1994). Closure events, albeit rare, have been observed in many systems (Finkelstein
et al. 1976; Wanke et al. 1986; Hurlbut et al. 1994), and several channels can open
and close in concert (Krasilnikov and Sabirov 1992; Filippov et al. 1994; Tse and
Tse 1999). Membrane depolarization may increase the likelihood of closure events
(Filippov et al. 1994; Van Renterghem et al. 2000), and Ca>* and Mg?" modulate
gating (Filippov et al. 1994; Hurlbut et al. 1994). The molecular basis of gating is
currently unknown, but is likely to involve head domains.

3.4.6 Divalent and Trivalent Cations

The a-LTX pore is permeable to alkaline earth cations, whose affinities for the chan-
nel decrease in the following sequence: Mg>* > Ca?* > Sr** > Ba?" (Mironov
et al. 1986). Transition metal cations (Cd** > Co®>" > Ni** > Zn?* > Mn?*)
strongly block Ca** and K* currents through o-LTX channels in artificial mem-
branes (Mironov et al. 1986). This block is only effective when the cation is applied
from the cis-side (equivalent to the extracellular side) of the membrane.

Millimolar concentrations of trivalent cations, such as Yb>T, Gd**, Y3+, La’t
and AI’T, block the pore-mediated effects of a-LTX in synaptosomes (Scheer
1989). The nature of this effect is complex. For example, AI** blocks the bind-
ing of a-LTX to synaptosomes (Scheer 1989), while La** prevents tetramerization
(Ashton et al. 2000) and thereby channel insertion and formation.

Most trivalent cations, at 50—100uM, block previously inserted channels (Scheer
1989; Hurlbut et al. 1994; Van Renterghem et al. 2000) and inhibit o--LTX-mediated
Ca**-uptake, while La*>" blocks depolarization as well (Scheer 1989). Channel in-
hibition by trivalent cations is very important because La’" is essentially the only
reagent that blocks the Ca®*-independent a-LTX-evoked neurotransmitter secretion
in neurons (Scheer 1989; Capogna et al. 2003).

The use of trivalent cations for the purpose of dissecting the mechanisms of
o-LTX action, however, is complicated by their well-described ability to trigger neu-
rotransmitter release in the absence of other stimuli (Scheer 1989). Furthermore, at
low concentrations, both La** (at 15uM) and Cd** (at 50 uM) support, rather than
block, the secretagogue activity of the toxin (Misler and Falke 1987).
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3.4.7 Permeation of Molecules/Leakage

It is possible that the water-filled o-LTX channel, which is relatively wide (~10A
at its narrowest (Krasilnikov and Sabirov 1992; Orlova et al. 2000), can pass small
molecules. Indeed, o-LTX channels inserted in the membranes of synaptosomes,
NMIJ nerve terminals, and receptor-transfected COS7 cells appear to pass fluores-
cein (Stokes-Einstein radius, R. = 4.5A) and norepinephrine (R. < 4A) (Davletov
et al. 1998; Rahman et al. 1999; Volynski et al. 2000), shown in Figure 2 for com-
parison with 8-hydrated calcium ion (R, = 4.2 A) and the toxin channel. Analysis of
“impermeant” cations commonly used in channel studies reveals that a-LTX chan-
nels are poorly permeable (Hurlbut et al. 1994) to glucosamine H* (R, = 4.6A)
and not significantly permeable (Tse and Tse 1999) to N-methyl-D-glucamine
(R. = 5.2A), thus limiting the pore diameter by ~10A.

These observations are particularly relevant to the experimental use of o-LTX
in neurotransmission studies, since 0-LTX has been shown in several systems to
cause nonvesicular release by allowing leakage of cytoplasmic neurotransmitters
(McMabhon et al. 1990; Deri et al. 1993; Davletov et al. 1998). This flux could be
mediated by the -LTX channel itself, by local disruptions of cellular membranes, or
by reversal of transmitter uptake pumps driven by Na™ gradient (see Section 3.4.3).
Synaptosomes seem to be particularly sensitive to an increase in hydrostatic pres-
sure, which may occur when influx of Na™t or CaZt leads to a concomitant influx
of water.

3.5 Can the Pore Explain Everything?

It is now universally accepted that a-LTX can insert into, and permeabilize, artificial
and biological membranes. Cation currents can explain some, but not all, of the
toxin’s effects. For example, it is not clear how the a-LTX channel could mediate
Caﬁ*-independent exocytosis in neurons. Although it would be tempting to assign
some of a-LTX actions in the absence of Ca2* to Na™ currents, lack of Na™ does
not prevent Ca’*-independent secretion (Tsang et al. 2000). Cation flux-associated
incursion of terminals by water could be involved, but a-LTX effect on intracellular
osmotic pressure has not been characterized yet.

Based on the results of a-LTX mutagenesis, strong correlation exists between
pore formation and stimulation of Ca>*-dependent exocytosis from neuroendocrine
cells. However, in some experiments with chromaffin cells, a-LTX action does not
involve CaZt entry (Michelena et al. 1997). In addition, a-LTX sensitizes chromaf-
fin cells to Ca®>" even when the cells are permeabilized and toxin pores should have
no effect; this involves protein kinase C (PKC) activation (Bittner and Holz 2000).
Furthermore, the ability of a-LTXNC to induce Ca’>*-dependent exocytosis without
forming pores implicates a stimulating mechanism other than pore formation.

Therefore, o-LTX receptors, which are so crucial for the toxin’s action in all
biological systems, have been comprehensively studied.
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4 Receptors

The three currently known receptors for a-LTX — NRX, LPH (or CIRL) and PTPc —
were all isolated from brain extracts by affinity chromatography on immobilized
o-LTX (Petrenko et al. 1990; Davletov et al. 1996; Krasnoperov et al. 1996;
Krasnoperov et al. 2002a). Surprisingly, they were purified only as a result of three
separate efforts several years apart. In part, this piecemeal discovery of o-LTX
receptors reflects differences in purification procedures; in part, it is due to the
researchers’ inability to explain all the actions of the toxin by the features of each
newly found receptor, warranting further attempts at isolating the “ultimate” tar-
get of o-LTX. While new proteins interacting weakly/transiently with the toxin and
mediating some of its activities may still be found, there is no doubt that NRX Ia,
LPH1 and PTPo exhaust the repertoire of major oi-LTX receptors. As these proteins
are discussed in detail below, it is important to remember that, with any receptor,
wild-type o-LTX can insert into the membrane and form pores (or engage in other
interactions), causing strong direct effects that make definitive conclusions regard-
ing receptor signalling, or lack of it, difficult. Only when membrane insertion and
pore formation are blocked (as, for example, in o-LTXNC mutant, see Section 2.3),
can the observed effects be attributed to the action of one or the other receptor.

4.1 Neurexin

The first a-LTX receptor to be identified was isolated from solubilized bovine brain
by toxin-affinity chromatography in the presence of Ca>* (Petrenko et al. 1990) and
termed neurexin (NRX) (Ushkaryov et al. 1992) (Figure 3).

4.1.1 Structure

NRX is a member of a family of polymorphous neuronal cell-surface receptors
(Ushkaryov et al. 1992; Ushkaryov and Siidhof 1993; Ullrich et al. 1995)
(Figure 3a). Three homologous genes encode NRXs I, II, and III. Each gene, in
turn, is transcribed from two independent promoters (o and PB), leading to a long
(o) and a short (B) forms of each NRX (Missler et al. 1998a). The resulting six
main NRXs are further diversified by extensive alternative splicing at five splice
sites. As a result of independent combinations of variable-size inserts, hundreds of
NRX isoforms may be produced (Ullrich et al. 1995; Missler and Siidhof 1998).
Given the differential expression of the three NRX genes in brain regions (Ullrich
et al. 1995), developmental regulation of the two promoters and cell-specific al-
ternative splicing (Ushkaryov and Siidhof 1993; Ullrich et al. 1995; Occhi et al.
2002), NRXs could play the role of neuronal recognition tags (Missler and Siidhof
1998).
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All NRXs have a single transmembrane region (TMR) and a short cytoplasmic
tail. In a-NRXs, the large ectodomains are composed of six LNS domains
(Figure 3a) characteristic of many adhesion molecules. Pairs of LNS(A) and
LNS(B) domains, with EGF-like sequences in the middle, form three “major re-
peats” (Figure 3a). In contrast, f-NRXs have one LNS(B) domain and a unique
N-terminal sequence. All NRXs contain an extensively O-glycosylated Thr- and
Ser-rich region upstream of the TMR (Ushkaryov et al. 1992; Ushkaryov et al.
1994).

4.1.2 Distribution

NRXs are present mostly in brain (Ushkaryov et al. 1992) but also in pancreas and
lung (Occhi et al. 2002). They are differentially expressed in brain regions, showing
partially overlapping patterns of distribution of their six main forms and region-
specific splice variants (Ullrich et al. 1995). It is difficult to localize NRX proteins
at the cellular level, partly because the respective - and B-forms are almost identi-
cal immunologically. As demonstrated by light microscopy, NRXs are expressed at
synapses (Ushkaryov et al. 1992; Dean et al. 2003), but in the absence of EM data,
their distribution between the pre- and postsynaptic membranes is not clear. Based
on the presynaptic action of o-LTX, NRX It is implicitly presynaptic; f-NRXs are
assigned to presynaptic membranes due to their interaction with neuroligins, indeed
localized in the postsynaptic membrane by EM (Song et al. 1999). It remains to be
seen whether any NRXs may be expressed postsynaptically.

4.1.3 Binding of o-LTX

Analysis of NRX isolated from brain by a-LTX-affinity chromatography (Petrenko
et al. 1990; Petrenko et al. 1993) shows that out of the six main isoforms only NRX
Iow binds toxin with sufficient affinity (Davletov et al. 1995), and this interaction
strictly requires Ca®>* (Petrenko et al. 1990; Davletov et al. 1995).

The o-LTX binding site has not been mapped in a systematic effort, but inciden-
tal evidence implicates the third major repeat, LNS(A3/B3). In particular, o-LTX
binds neither a NRX It mutant lacking the LNS-domains B2, A3, and B3, nor
the full-size NRX Ia with an insert in LNS(B3) (Davletov et al. 1995). Although
LNS(B3) domains of all three B-NRXs are able to interact with o-LTX in a splicing-
dependent manner under mild conditions (Sugita et al. 1999), they are not sufficient
for strong toxin binding: NRX If3 does not pull down o-LTX (Davletov et al. 1995),
nor are B-NRXs isolated from brain by a-LTX chromatography (Petrenko et al.
1990). Finally, a NRX Io mutant, containing only LNS(A3/B3), binds the toxin well
(Li et al. 2005). Thus, the strong interaction of o-LTX with NRX Iot is mediated by
both LNS(A3) and LNS(B3), while splicing in LNS(B3) regulates this binding.
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4.1.4 Proposed Functions

The structure of NRXs is consistent with a function in cell adhesion and/or lig-
and binding. Indeed, the extracellular domains of ®-NRXs interact specifically and
strongly with neurexophilins (Petrenko et al. 1993; Petrenko et al. 1996; Missler
et al. 1998b), a family of glycosylated, proteolytically processed hormone-like 30-
kDa proteins with species-specific differential expression in mammalian tissues (Pe-
trenko et al. 1996; Missler and Siidhof 1998). The biological role of neurexophilins
is unknown (Missler et al. 1998b), but their tight binding to the LNS(B1) domain of
o-NRXs implies long-term/structural, rather than short-term/signaling, interactions.

In addition, both a- and B-NRXs can interact with neuroligins, a family of neu-
ronal proteins that contain a region of homology to esterases in their extracellular
domains and a single TMR (Ichtchenko et al. 1995; Ichtchenko et al. 1996) (Nguyen
and Siidhof 1997; Boucard et al. 2005). Neuroligin-1 has been identified owing to
its ability to bind all three B-NRXs — only if they lack an insert at splice site 4
(Ichtchenko et al. 1995) (Figure 3). Neuroligins are also differentially spliced, and
the absence of an insert at splice site B enables neuroligins to bind also a-NRXs
(Boucard et al. 2005). These proteins are localized on the postsynaptic membrane of
excitatory (Song et al. 1999) and inhibitory (Varoqueaux et al. 2004) synapses. Their
Ca”*-dependent, splicing-controlled interaction with B-NRXs (Ichtchenko et al.
1996; Nguyen and Siidhof 1997; Comoletti et al. 2006) is important for synapse
formation (Scheiffele et al. 2000; Dean et al. 2003; Chih et al. 2006), differentia-
tion (Levinson et al. 2005), and maturation (Dresbach et al. 2004; Varoqueaux et al.
2006).

In the cytoplasmic tail of NRXs, there is a short C-terminal site that binds to PDZ
domain-containing scaffold proteins, CASK (Hata et al. 1996) and Mint (Biederer
and Siidhof 2000). These proteins interact with each other and with Ca** chan-
nels; Mint also makes complexes munc18, a protein involved in vesicle exocytosis
(Verhage et al. 2000). Therefore, NRXs may participate in arranging transmitter re-
lease mechanisms. Indeed, knockout of all three oi-NRXs has demonstrated that they
play arole in organizing N- and P/Q-type Ca’>* channels (Zhang et al. 2005) in nerve
terminals (Missler et al. 2003) and endocrine cells (Dudanova et al. 2006). Even
though B-NRXs have the same C-terminal sequences as the respective 0-NRXs, the
two isoforms participate differently in synaptogenesis and transmitter secretion. In
particular, &-NRXs are apparently not involved in synapse formation (Missler et al.
2003) but may influence the expression of postsynaptic NMDA (but not AMPA)
glutamate receptors (Kattenstroth et al. 2004).

4.2 Latrophilin

Because NRX Ia requires Ca?" to bind o-LTX, it cannot mediate the toxin’s ef-
fects in the absence of Ca’". The quest for a Ca’*-independent receptor con-
tinued, and a major protein was eventually isolated by o-LTX-chromatography
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of solubilized brain proteins and termed latrophilin (LPH) (Figure4) (Davletov
et al. 1996; Lelianova et al. 1997), or Ca*t -independent receptor of o--LTX (CIRL)
(Krasnoperov et al. 1996; Krasnoperov et al. 1997). LPH binds toxin in the pres-
ence or absence of divalent cations (Davletov et al. 1996). It was not discovered
earlier because its 120-kDa toxin-binding fragment was confused on SDS gels with
o-LTX, while the second (65 kDa) fragment was lost due to its quantitative precip-
itation upon boiling with SDS.

4.2.1 Structure

LPH is a large (185 kDa) heptahelical receptor. It comprises three major domains
(Figure4a): (1) a long, glycosylated N-terminal extracellular domain; (2) seven
hydrophobic TMRs; and (3) a long cytoplasmic tail. The ectodomain contains



a-Latrotoxin and Its Receptors 191

regions of homology to: galactose-binding lectin; the surface-attached extracellu-
lar matrix protein olfactomedin (Snyder et al. 1991; Loria et al. 2004); a hormone
receptor motif (HRM) found also in other G-protein-coupled receptors (GPCRs)
and probably involved in ligand binding; a “Stalk” domain important for prote-
olytic cleavage (Chang et al., 2003); and the G-protein-coupled receptor proteolysis
site (GPS). The seven TMRs are similar to the corresponding regions of the se-
cretin/calcitonin GPCRs that bind peptide hormones and induce release of various
substances (Harmar 2001).

Based on this homology and on the length of ectodomains, LPH and simi-
lar receptors have been initially classified as “Long N-terminus group B” GPCRs
(Hayflick 2000; Stacey et al. 2000). However, it is recognized now (Fredriksson
and Schioth 2005) that they form a separate group, termed “adhesion GPCRs.” This
nomenclature stems from the fact that these receptors contain various cell adhesion
modules in their ectodomains. The group includes 33 proteins identified by their
function/activity or through genome searches (Fredriksson and Schioth 2005).

LPH has two very similar homologues, LPH2 and LPH3 (Matsushita et al. 1999).
The family is also called CIRL1-3 (Ichtchenko et al. 1999) and CL1-3 (an abbre-
viation combining the two other names of the protein, CIRL and LPH) (Sugita
et al. 1998). The LPHs have seven sites of alternative splicing (Sugita et al. 1998;
Matsushita et al. 1999). Some splice variants encode receptors with an altered third
cytoplasmic loop or a truncated cytoplasmic tail (Matsushita et al. 1999), modifica-
tions that are likely to affect coupling to G proteins.

4.2.2 Unusual Architecture

“Adhesion GPCRs” have an unusual architecture (Gray et al. 1996; Krasnoperov
et al. 1997; Volynski et al. 2004). They contain two functional parts: an N-terminal
cell adhesion receptor-like extracellular domain and a C-terminal domain with seven
TMRs and a signaling potential (Hayflick 2000; Stacey et al. 2000). Intriguingly, all
these receptors are post-translationally cleaved at the GPS domain (Krasnoperov
et al. 1997) (Figure 4a, b) into N- and C-terminal fragments (NTF and CTF), which
correspond to the two functional parts. This constitutive proteolysis, occurring in the
endoplasmic reticulum, is prerequisite for LPH cell surface delivery (Krasnoperov
et al. 2002a; Volynski et al. 2004). The GPS is localized upstream of the first TMR,
yet the ectodomain is not released into the medium, apparently because it is attached
to the membrane by a hydrophobic anchor (Volynski et al. 2004).

The peculiar biology of LPH has been studied in neuroblastoma cells stably ex-
pressing recombinant LPH1 (Volynski et al. 2004). Following delivery to the plasma
membrane, the two receptor fragments can dissociate and behave as independent
cell-surface proteins. However, under certain conditions, the fragments reassociate.
This reassembly, mediated only by seven most N-terminal amino acids of the CTF,
is induced by detergents and also by o-LTX binding to the NTF (Volynski et al.
2004). Ternary oi-LTX-NTF-CTF complexes form large patches in the plasma mem-
brane, triggering formation of molecular dimers of the CTF. This process temporally
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and spatially correlates with signal transduction, which can be visualized using the
non-pore-forming mutant o-LTXN4C (see Section 2.3). This signaling requires the
full-size CTF and involves activation of PLC and release of Ca>* from intracellu-
lar stores (Volynski et al. 2004). It is interesting that both in this model system and
in central synapses (Ashton et al. 2001; Capogna et al. 2003), a-LTXN4C induces
Ca*" signals only in the presence of Ca?". Calcium ions may serve here as a co-
factor for LPH activation or they may enter the cytosol through an LPH-activated
Ca" channel(s).

4.2.3 Distribution

LPHs are differentially distributed in mammalian tissues: while LPH1 and LPH3
are enriched in brain, LPH2 features more prominently in other tissues (Sugita
et al. 1998; Ichtchenko et al. 1999; Matsushita et al. 1999). Similar to NRX Ia
(Ushkaryov et al. 1992; Occhi et al. 2002), very small levels of LPHI mRNA
can be detected outside brain, especially in kidneys and pancreas, and both recep-
tors reside in endocrine cells, such as pancreatic B-cells (Lang et al. 1998). Based
on 0-LTX binding and action, which are dramatically inhibited by the LPH gene
knockout, this receptor is localized in presynaptic terminals. In a yeast two-hybrid
system, the C-terminal cytoplasmic tail of LPH can bind Shank (Tobaben et al. 2000;
Kreienkamp et al. 2000), an ankyrin repeat-containing protein of postsynaptic den-
sity, although the specificity and significance of this interaction is unclear.

4.2.4 Binding of o-LTX

LPH1 has a very high affinity for o-LTX (Kd ~0.1-1.5nM) (Volynski et al. 2000;
Ichtchenko et al. 1999), while the interaction of LPH 2 with toxin is more than
10-fold weaker (Ichtchenko et al. 1999). a-LTX binds the Stalk/GPS domains of
the NTF (Krasnoperov et al. 1999), while the lectin and olfactomedin regions up-
stream could participate in adhesion interactions with the extracellular matrix or
adjacent cells (Figure 4b). Hence, the NTF is thought to remain on the cell surface
at specialized cell-cell or cell-matrix junctions (Volynski et al. 2004) and, thus, de-
fine the sites where the LPH fragments can interact with each other. If endogenous
CTF-mediated signaling requires NTF-CTF complex formation (as with o-LTX),
then LPH signals may be restricted to adhesion foci.

4.2.5 Proposed Functions

The functions of LPH remain to be elucidated. As follows from the results of LPH1
gene knockout (Tobaben et al. 2002), this receptor is not crucial for basic neuronal
survival and activity, although LPH2 and 3 may compensate for the lack of LPH1.
The structure of all adhesion GPCRs indicates that these receptors can transform



a-Latrotoxin and Its Receptors 193

extracellular interactions into intracellular signaling. Being involved in some path-
ways leading to release of stored Ca>*, LPH may participate in the cell contact-
dependent fine tuning of Ca>*; levels and modulation of transmitter secretion.

4.3 Protein Tyrosine Phosphatase G

In the search for a Ca>* independent o-LTX receptor, affinity chromatography in
the absence of Ca>* was used to isolate brain proteins with any affinity for a-LTX.
Sequencing of all proteins in the a-LTX column eluate (Krasnoperov et al. 1996;
Krasnoperov et al. 2002b) has revealed that, in addition to LPH1, PTPc can also
bind to the column as a set of two minor bands.

4.3.1 Structure

PTPc is a member of the family of receptor-like PTPs that contain cell adhe-
sion molecule-like extracellular domains, a single TMR, and cytoplasmic phos-
phatase domains (Tonks 2006). In PTPo, the extracellular domain comprises three
immunoglobulin-like modules and, depending on alternative splicing, from four to
eight fibronectin type III-like domains (Figure 5a). The cytosolic portion of the pro-
tein contains a catalytically active phosphatase domain and a pseudo-phosphatase.

Reminiscent of LPH, PTPoc is proteolytically cleaved 125 residues upstream of
the TMR into two fragments, which remain non-covalently associated (Figure 5a)
(Yan et al. 1993; Aicher et al. 1997). The proteolysis occurs inside the cell but,
unlike in LPH, is not necessary for cell surface delivery of PTPs (Serra-Pages et al.
1994). On the cell surface, the P-subunit of PTPG can be further cleaved by the
metalloprotease TAC