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Abstract

The mechanisms underlying spontaneous neurotransmitter release are not well understood. Under
physiological as well as pathophysiological circumstances, spontaneous fusion events can set the
concentration of ambient levels of neurotransmitter within the synaptic cleft and in the extracellular
milieu. In the brain, unregulated release of excitatory neurotransmitters, exacerbated during
pathological conditions such as stroke, can lead to neuronal damage and death. In addition, recent
findings suggest that under physiological circumstances spontaneous release events can trigger
postsynaptic signaling events independent of evoked neurotransmitter release. Therefore, elucidation
of mechanisms underlying spontaneous neurotransmission may help us better understand the
functional significance of this form of release and provide tools for its selective manipulation. For
instance, our recent investigations indicate that the level of cholesterol in the synapse plays a critical
role in limiting spontaneous synaptic vesicle fusion. Therefore, alterations in synaptic cholesterol
metabolism can be a critical determinant of glutamatergic neurotransmission at rest. This article aims
to provide a closer look into our current understanding of the mechanisms underlying spontaneous
neurotransmission and the signaling triggered by these unitary release events.
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Introduction

Spontaneous neurotransmitter release in the absence of presynaptic action potentials is a
common property of all synapses (Katz, 1969). Several studies, for more than five decades,
have examined this form of vesicle fusion to elucidate the mechanisms of neurotransmitter
release. In most cases, these low probability release events correspond to a single quantum of
neurotransmitter that presumably originates from fusion of a single synaptic vesicle (Frerking
etal., 1997). In this respect, spontaneous release events provide hard to obtain information on
the unitary properties of neurotransmitter release such as the neurotransmitter content of
individual vesicles and the number of postsynaptic receptors that respond to single vesicle
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release. Therefore, spontaneous neurotransmission is widely studied, though most often as a
simpler proxy for the more complicated action potential driven synchronized release of
neurotransmitters. However, only few studies have addressed the functional importance of
these random unitary release events. These small number of studies have revealed that
spontaneous release events may be required for signaling leading to maturation and stability
of synaptic networks (McKinney et al., 1999; Verhage et al., 2000), inhibition of local dendritic
protein synthesis (Sutton et al., 2004) or may even drive action potential firing in cells with
high membrane resistance (Carter and Regehr, 2002; Otsu and Murphy, 2003). In contrast to
the highly regulated and precisely timed nature of evoked neurotransmitter release,
spontaneous synaptic vesicle fusion can only be loosely regulated by extracellular Ca2*,
fluctuations in intracellular calcium and neuromodulators (Dittman and Regehr, 1996; Llano
et al., 2000; Angleson and Betz, 2001). This dichotomy led to a debate on the mechanism and
location of spontaneous fusion (Colmeus et al., 1982; Van der Kloot, 1996; Deitcher et al.,
1998). In rat anterior pituitary lactotrophs, spontaneous neuropeptide discharge from a single
vesicle is slower than that of stimulated release, because of the kinetic constraints of fusion
pore opening as well as the subnanometer size of the fusion pores that form during spontaneous
exocytosis (Vardjan et al., 2007). Accordingly, recent studies in central synapses have shown
that spontaneously fused vesicles are swiftly retrieved by endocytosis (Ryan et al., 1997;
Murthy and Stevens, 1999; Prange and Murphy, 1999; Sun et al., 2002) suggesting the presence
of an effective recycling mechanism that operates at rest. These spontaneous release events are
generally assumed to be due to low probability fusion of docked synaptic vesicles that are
already primed for release (Murthy and Stevens, 1999), with a rate of one vesicle per synapse
every 60-90 seconds (Geppert et al., 1994; Murthy and Stevens, 1999). This rate is extremely
slow in comparison to the rate of evoked release at CNS synapses that can exceed 100 vesicles
per second (Saviane and Silver, 2006).

Despite the extensive number of studies taking advantage of these spontaneous release events
to assess alterations in the pre- or postsynaptic properties of neurotransmission, the mechanism
(s) underlying spontaneous fusion are not well understood. Under physiological as well as
pathophysiological circumstances, spontaneous fusion events can set the concentration of
ambient levels of neurotransmitter within the synaptic cleft and in the extracellular milieu. In
the brain, unregulated release of excitatory neurotransmitters, exacerbated during pathological
conditions such as stroke, can lead to neuronal damage and death (Lo et al., 2003). In addition,
recent work suggests that spontaneous neurotransmitter release may activate a distinct set of
postsynaptic signaling cascades compared to evoked neurotransmission (Sutton et al., 2004;
Sutton et al., 2007). This article aims to provide a closer look into our current understanding
of the mechanisms underlying spontaneous neurotransmission and signaling mediated by
spontaneous neurotransmitter release events.

The origin of synaptic vesicles that give rise to spontaneous fusion

In order to visualize the pathways underlying spontaneous fusion, it is important to pay
particular attention to the organization of synaptic vesicles within a synapse. Vesiclesina CNS
nerve terminal can be divided into two pools (Fig. 1). The first pool contains a relatively small
fraction (5-10%) of vesicles close to release sites. These vesicles are generally thought to be
ready for release since they can be fused by rapid uncaging of intrasynaptic Ca2*
(Schneggenburger et al., 1999), a 10-millisecond Ca2*-current pulse (Wu and Borst 1999), a
brief high-frequency train of action potentials (Murthy and Stevens 1999) or by hypertonic
stimulation (Rosenmund and Stevens 1996). This release-ready pool of vesicles is referred to
as the immediately releasable pool or the readily releasable pool (RRP). RRP vesicles are
usually considered to be in a morphologically docked state, although not all morphologically
docked vesicles are necessarily release competent at any given time (Schikorski and Stevens
2001). In addition to the morphological docking, a “priming” step is required to make vesicles
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fully release competent (Jahn et al., 2003). A secondary pool of vesicles, the reserve pool (RP),
is thought to be spatially distant from the release sites and replenishes the vesicles in the RRP
that have exocytosed. The number of vesicles contained in the RRP is a critical parameter that
regulates the probability of release, which is defined as the probability that a presynaptic action
potential can result in an exocytotic event. In addition, several lines of evidence support the
presence of a non-recycling pool of vesicles in the synapse. Mechanisms that can render this
“resting” (or “dormant”) pool functional remain to be determined (Sudhof 2000;Harata et al.,
2001).

Within the synapse, neurotransmitter release is restricted to active zones. The presynaptic
active zone is precisely aligned with the postsynaptic neurotransmitter receptors and the post-
synaptic density (PSD). The fusion of synaptic vesicles with these electron-dense regions of
the presynaptic plasma membrane is spatially and temporally regulated. After docking at the
active zone, synaptic vesicles undergo a series of priming reactions to mature to a fusion-
competent state. Recent evidence suggests that docking and priming reactions can occur within
300 ms (Zenisek et al., 2000). At this point, the influx of Ca2* ions through voltage-gated
Ca2*-channels in response to action potentials triggers rapid exocytosis of fusion-competent
vesicles. The initial release of vesicles from the RRP or docked-primed pool, and subsequent
replenishment and release from the reserve pool, results in biphasic release kinetics, with a
rapidly depressing release phase corresponding to release from the RRP and a slow depressing
release phase due to the mobilization and release of vesicles from the reserve pool.

This functional allocation of synaptic vesicles into pools aims to account for the properties of
evoked neurotransmitter release during activity. On the other hand, studies examining
spontaneous neurotransmission typically rely on three assumptions with respect to the pool
organization of the vesicles giving rise to spontaneous release. First, it is generally assumed
that in a nerve terminal, vesicles that fuse spontaneously originate from the same readily
releasable pool as the vesicles that fuse in response to stimulation. This is a key assumption
used to justify the analysis of spontaneous release kinetics as a reporter of the number and
fusion propensity of vesicles in the readily releasable pool. Second, the priming mechanisms
that prepare synaptic vesicles for fusion are believed to be the same for both spontaneous and
evoked fusion. In addition, the fusion machinery leading to spontaneous and evoked release
are thought to be identical and subject to similar types of regulation aside from evoked release’s
steep Ca?*-dependence and reliance on Ca2* influx (Lou et al., 2005). Finally, the analysis of
spontaneous neurotransmission relies on the assumption that evoked fusion events and
spontaneous fusion events in a given synapse activate the same set of postsynaptic receptors.

Although only a small number of studies have questioned the validity of the last assumption
(Colmeus et al., 1982; but see Van der Kloot, 1996), recent studies have addressed the first
two assumptions and provided further insight to the complex relationship between evoked and
spontaneous release. For instance, a recent study from our group proposed that a large fraction
of vesicles that fuse spontaneously do not originate from the RRP, which gives rise to evoked
release in response to action potential firing and Ca2* influx into nerve terminals (Sara et al.,
2005). In this study, synaptic vesicle recycling at rest was detected by the uptake and re-
availability of an antibody against the lumenal domain of synaptic vesicle protein
synatotagmin-1 as well as the internalization and release of styryl dye FM2-10. Results of these
experiments indicated that vesicles recycling spontaneously were more likely to re-fuse
spontaneously. Vesicles that took up dye during spontaneous exo-endocytosis were swiftly
mobilized in the absence of activity compared to vesicles that recycle during activity.
Moreover, spontaneous dye release after spontaneous dye uptake closely followed the kinetics
of spontaneous neurotransmission as estimated by previous work (Murthy and Stevens,
1999). In contrast, vesicles that fuse in response to action potentials were not as readily
available for release in the absence of stimulation. Taken together, this study proposed that
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spontaneously endocytosed vesicles preferentially populate a reluctant/reserve pool, which has
limited cross talk with vesicles in the activity-dependent recycling pool. However, a later study
using simultaneous multicolor imaging of spontaneous and evoked uptake of FM1-43 (a green
dye) and FM5-95 (a red dye) argued that vesicles that fuse and endocytose spontaneously
populate the same pool as vesicles that fuse in response to action potentials (Groemer and
Klingauf, 2007), corroborating an earlier study (Prange and Murphy, 1999). Although, this
elegant study disagreed with the proposal that spontaneously endocytosed vesicles recycled
independently of the RRP vesicles, it did not examine the resistance of RRP vesicles to
spontaneous fusion. Our recent studies showed that after activity-dependent dye uptake stained
synapses were resistant to spontaneous dye loss up to 6 hours, consistent with the resilience of
RRP vesicles to spontaneous fusion (Wasser, Chung and Kavalali unpublished observations).
Sustained resistance of RRP vesicles to spontaneous fusion implies that most synaptic vesicles
are actively prevented from fusing spontaneously by an unknown mechanism. To better
understand this potential mechanism, we recently investigated the role of synaptic cholesterol
levels in the regulation of spontaneous fusion propensity and found that synaptic vesicle
cholesterol is a major factor impeding spontaneous fusion (Wasser et al., 2007).

Taken together, currently there are multiple scenarios that can account for the origin of
spontaneous release, which do not necessarily constitute mutually exclusive possibilities. First,
spontaneous fusion events may originate from the same pool as vesicles giving rise to evoked
fusion, (Fig. 1A) and therefore the extent of spontaneous fusion may reflect the number and
fusion propensity of readily releasable vesicles in the synapse (Prange and Murphy,
1999;Groemer and Klingauf, 2007). Second, spontaneous and evoked fusion may occur in the
same synapse but may be carried out via a separate pool of vesicles, which may recycle
independently. This scenario suggests that spontaneous fusion may require different molecular
machinery and recycle uniquely from vesicles that fuse in response to action potentials (Fig.
1B) (Huaet al., 1998;Angleson and Betz, 2001;Sara et al., 2005). Third, spontaneous synaptic
vesicle fusion may occur away from the active zone, thus releasing neurotransmitter ectopically
(Fig. 1C). Earlier results in the neuromuscular junction (NMJ) support the hypothesis that
spontaneous fusion occurs at an ectopic site (Colmeus et al., 1982; but see Van der Kloot,
1996). In addition, recent evidence for ectopic neurotransmitter release brings further credence
to this scenario (Matsui and Jahr, 2003;Coggan et al., 2005). Finally, some synapses may have
a strong propensity for spontaneous fusion, whereas others may preferentially release
neurotransmitter in response to action potentials (Fig. 1D). In the frog NMJ, the lack of a strong
correlation between the amounts of spontaneous versus evoked fusion at individual release
sites is consistent with the notion that some release sites may preferentially support spontaneous
or evoked release (Zefirov et al., 2005). Future experiments will clearly need to discern these
possibilities. This effort will also help us gain important insight to the functional organization
of synaptic transmission at the level of individual synapses.

The role of SNARES in spontaneous neurotransmission

Priming is a process that occurs after vesicle docking at the active zone and before the execution
of fusion. Molecularly, this process is thought to correspond to the formation of SNARE
(acronym for soluble N-ethylmaleimide-sensitive factor attachment protein receptor)
complexes and dissolution of SNARE interactions that typically hinder individual SNAREs
from participating in SNARE complexes. Synaptic vesicle fusion is mediated by the formation
of SNARE complexes (Sollner et al., 1993) from the SNARE proteins synaptobrevin/VAMP,
syntaxin-1 and SNAP-25 (Rizo and Sudhof, 2002; Jahn et al., 2003; Jahn and Scheller,
2006). Syntaxin and synaptobrevin are anchored on the plasma and the synaptic vesicle
membrane, respectively, by a transmembrane region, whereas SNAP-25 is attached to the
plasma membrane by palmitoylated cysteines (Hess et al., 1992). All SNARE proteins contain
a sequence called the SNARE motif that associates into parallel four-helical bundles to form
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SNARE complexes, with SNAP-25 contributing two SNARE motifs, and syntaxin and
synaptobrevin each contributing one SNARE motif to the synaptic SNARE complex (Sutton
etal., 1998). SNARE complexes are thought to assemble by ‘zippering’ in an N- to C-terminal
direction, thereby forcing their resident membranes closely together (Sorensen et al., 2006).
SNAREs alone appear sufficient to fuse lipid bilayer vesicles (Weber et al., 1998) as well as
fibroblast plasma membranes (Hu et al., 2003), and so may represent the minimal fusion
machinery. It is less clear whether SNAREs alone are sufficient to execute fusion
physiologically, but likely cooperate with SM-proteins (Sec1/Munc18-like proteins) in a
poorly understood reaction (Rizo and Sudhof, 2002).

Analyses of genetic deletions of individual SNARE proteins present a complicated view of
SNARE function in spontaneous and evoked neurotransmitter release. In Drosophila, loss of
either syntaxin or synaptobrevin results in a complete loss of Ca2*-evoked release, but some
spontaneous release persists (Schulze et al., 1995; Deitcher et al., 1998) along with a residual
hyperosmotic saline response (Broadie et al., 1995). In C. elegans, syntaxin null mutants were
almost completely paralyzed (Saifee et al., 1998), whereas synaptobrevin nulls exhibit reduced
but not absent movements, such as pharyngeal pumping (Nonet et al., 1998). In mice, loss of
syntaxin 1A results in normal basic neurotransmitter release, but there is a deficiency in
hippocampal long term potentiation as well as conditioned fear memory (Fujiwara et al.,
2006). This relatively weak phenotype might be due to compensation by syntaxin 1B. Deletion
of mouse synaptobrevin-2, the major vesicular SNARE protein in the brain, also causes only
a partial impairment of neurotransmitter release. Here, spontaneous and hypertonic sucrose-
induced neurotransmitter release is relatively less affected than evoked release (Schoch et al.,
2001). Moreover, both in flies and mice, synaptobrevin null mutants exhibit a facilitation of
release during 10 Hz stimulation (Yoshihara et al., 1999; Deak et al., 2004). In contrast to
synaptobrevin, loss of SNAP-25 in flies did not diminish neurotransmission substantially,
partly due to potential compensation from SNAP-24, a protein closely related to SNAP-25
(Niemeyer and Schwarz, 2000; Vilinsky et al., 2002). In mice, SNAP-25 deletion leads to
lethality at birth, and secretion, in particular stimulus evoked secretion, is severely impaired
(Washbourne et al., 2002; Sorensen et al., 2003; Tafoya et al., 2006). Our group has recently
analyzed the remaining neurotransmission in mature hippocampal cultures from SNAP-25
deficient mice and tested whether loss of SNAP-25 causes a differential impairment of Ca?*-
dependent and -independent synaptic vesicle trafficking (Bronk et al., 2007). In SNAP-25
knockout neuronal cultures, we detected almost no Ca2*-evoked release, which agrees with
earlier findings (Washbourne et al. 2002). Even strong stimulation with elevated potassium
could barely elicit responses. In contrast, spontaneous neurotransmission occurs reliably in
SNAP-25 knockout neurons, albeit at a lower frequency than controls. In addition, SNAP-25
mutants always responded to hypertonic sucrose application, a calcium-independent form of
stimulation. Furthermore, SNAP-25 deficient synapses are capable of synaptic vesicle
recycling monitored by uptake and release of FM dyes in response to hypertonic sucrose
stimulation. Together, these results suggest that SNAP-25 has a more significant role in
calcium-secretion coupling than synaptobrevin-2.

One puzzling finding in SNARE loss of function studies was the persistence of spontaneous
neurotransmitter release. This result was interpreted as the presence of alternative pathways
presumably requiring a distinct set of SNARE proteins that mediate this unregulated form of
release. Earlier results have shown that after the loss of synaptobrevin-2 and of SNAP-25,
spontaneous transmission is largely preserved at a diminished level and the properties of
individual events are essentially unaffected. However, we have only limited information on
the role of SNAREs in the regulation of unitary release events in central synapses. A new
insight to this issue came from experiments designed to test whether the distance between the
SNARE motif and transmembrane region is critical for fusion. This distance is expected to be
an important determinant of a vesicle’s fusion propensity if SNARE complexes force
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membranes into close proximity. To test this hypothesis, insertions of 12 or 24 residues were
introduced between the SNARE motif and the transmembrane region of synaptobrevin-2 (Deak
et al., 2006). These mutants revealed that the physical distance between the two regions of
synaptobrevin-2 is indeed critical for the rescue of evoked fusion, which agrees with the
proposal that the assembly of SNARE complexes provides the energy for membrane fusion.
Surprisingly, in contrast to the insertion of 24 amino acids, the 12 amino acid insertion mutant
completely rescued spontaneous release, suggesting that constraints on SNARE function
during spontaneous fusion are more flexible than for evoked fusion. This finding argues against
the traditional notion that spontaneous release events arise from the random low probability
exocytosis of docked and fully primed vesicles in the RRP. According to this view, spontaneous
fusion should possess the same structural requirements as evoked fusion. This finding could
not be ascribed to a selective effect of synaptobrevin-2 in Ca2*-dependence of evoked fusion
(Sakaba et al., 2005; Young, 2005), because the synaptobrevin-2 carrying the 12-residue
insertion was also largely unable to rescue hypertonic sucrose evoked fusion, which is Ca2*-
independent (Rosenmund and Stevens, 1996).

The differential requirement of membrane proximity in Ca2*-evoked and spontaneous synaptic
release raises the question of whether the release machinery for spontaneous fusion is identical
to the one required for evoked fusion. Clearly, both forms of fusion are impaired in the absence
of the same SNARE molecules, albeit to different degrees (Schoch et al., 2001; Washbourne
et al., 2002). Taken together with the earlier observations from the SNARE mutant studies,
this finding suggests that spontaneous fusion may require an alternative fusion complex (with
a different vesicular SNARE) or the same complex formed with less stringency (Xu et al.,
1999; Melia et al., 2002). The stronger dependency of evoked release on the close proximity
of membranes is also more compatible with its strict Ca?*-dependence. Paradoxically, the
mechanism of evoked release appears to be closely related to the evolutionally conserved
exocytosis, because yeast vacuolar fusion was similarly strictly dependent on membrane
proximity and the length of vesicular SNAREs (McNew et al., 1999).

Ca?*-dependence of spontaneous release

Spontaneous release events persist at reduced levels after the removal of extracellular Ca2* or
after strong chelation of intracellular Ca2*. In contrast, increases in intracellular Ca?* can
robustly augment spontaneous fusion (e.g. Angleson and Betz, 2001). Despite these widespread
observations, the mechanism(s) underlying Ca2*-dependent regulation of spontaneous release
remains poorly understood (Lou et al., 2005; Glitsch, 2007). At mammalian central synapses,
as well as the Drosophila NMJ, fast synchronous CaZ*-dependent vesicle fusion requires
synaptotagmin-1 as the Ca2* sensor (Geppert et al., 1994; Fernandez-Chacon et al., 2001;
Nishiki et al., 2001; Yoshihara et al., 2002). In the spinal cord and the brain stem,
synaptotagmin-2 is similarly required as a fast Ca2* sensor (Pang et al., 2006). Genetic studies
showed that the spontaneous fusion rate was increased or unchanged in the knockout of
synaptotagmin-1 or synaptotagmin-2 (Geppert et al., 1994; Pang et al., 2006), which is
consistent with the notion that synaptotagmins contribute to a clamp on spontaneous fusion in
addition to their obligatory role in fast evoked fusion. Nevertheless, the exact mechanism
underlying this increase in spontaneous neurotransmission is currently unknown. Furthermore,
the loss of synaptotagmin-1 or synaptotagmin-2 leads to a prominent increase in asynchronous
release (Sun et al., 2007) consistent with the proposal that synchronous and asynchronous
release compete for the same pool of vesicles (Otsu et al. 2004). Despite the apparent parallels
between the negative regulation of spontaneous and asynchronous release by synaptotagmins,
the precise molecular relationship between asynchronous release and spontaneous release
remains to be determined. In contrast to the persistence of spontaneous and asynchronous
release after deletion of synaptotagmins, these two forms of release are significantly reduced
after deletion of synaptobrevin-2/VAMP-2 or completely abolished after genetic deletion of
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munc-18 or munc-13 isoforms (Verhage et al., 2000; Schoch et al., 2001; Varoqueaux et al.,
2002). The selective role of proteins such as synaptotagmin-1 and synaptotagmin-2 in evoked
neurotransmitter release is hard to reconcile with the substantial role of synaptobrevin,
munc-18 or munc-13 in both forms of vesicle trafficking if indeed the two forms of release
were part of the same pathway. In addition to synaptotagmins, complexins, small soluble
proteins that compete with synaptotagmins for binding to SNAREs, are key players in
regulation of Ca2*-dependent fusion. The crystal structure of complexins suggests that it forms
an a-helix that interacts with SNAREs with 1:1 ratio in an anti-parallel manner (Chen et al.,
2002). This interaction is thought to stabilize the C-terminal part of the coiled SNARE complex.
In complexin knock-out mice, Ca2*-triggered release is compromised but Ca2*-independent
hypertonic sucrose triggered release is normal (Reim et al., 2001). Enrichment of complexin
at the SNARE complex sites by expression of a synaptobrevin-complexin fusion protein
imitated synaptotagmin knockout phenotype (Tang et al, 2006). In agreement with this finding,
at the Drosophila NMJ, lack of complexin mimicked the loss of function in phenotype of
synaptotagmin-1, by facilitating spontaneous neurotransmitter release (Huntwork and
Littleton, 2007). Complexin binds the SNARE complex in the groove between synaptobrevin
and syntaxin. Synaptotagmin and complexin compete relatively equally for SNARE complex
binding, unless synaptotagmin binds CaZ* and then it has amuch higher affinity for the SNARE
complex compared to complexin (Tang et al, 2006). Complexin seems to play a role not only
in stabilizing the SNARE complex butalso in the inhibition of spontaneous fusion after SNARE
assembly.

A non-Ca?* binding isoform of synaptotagmin, synaptotagmin-12, has recently been
implicated as selective regulator of spontaneous neurotransmission (Maximov et al., 2007).
Synaptotagmin-12 binds synaptotagmin-1 and specifically increases spontaneous fusion.
Overexpression of synaptotagmin-12, in both wild type and synaptotagmin-1-deficient
neurons, resulted in a large increase in spontaneous fusion events without affecting the
properties of evoked fusion (Maximov et al., 2007) suggesting that this molecule promotes
spontaneous vesicle fusion in a synaptotagmin-1-independent manner. Taken together, studies
so far indicate that synaptotagmin-1 or -2 in conjunction with complexins constitute a fusion
clamp on spontaneous release. However, in the absence of any available structure-function
data from synaptotagmins and complexins on their impact on spontaneous neurotransmission,
it is currently difficult to propose a precise mechanism for this clamp.

Properties of spontaneous synaptic vesicle recycling

In addition to loss of function studies of SNARESs and presynaptic proteins such as
synaptotagmins and complexins, manipulations of key molecules involved in synaptic vesicle
endocytosis and trafficking also suggest a divergence in the mechanisms that mediate
spontaneous and evoked synaptic vesicle recycling. For instance, Drosophila NMJs mutant in
rab5, a small GTPase critical for vesicle trafficking through early endosomes, showed no
differences in the frequency and amplitude of miniature excitatory junction potentials
compared to wild type junctions (Wucherpfennig et al., 2003). In contrast, evoked
neurotransmitter release probability was significantly altered in these mutants supporting the
argument that both forms of release operate through distinct vesicle trafficking pathways. This
premise is further supported by experiments performed by Koenig and Ikeda in the Drosophila
NMJ where they monitored the recovery of evoked and spontaneous synaptic responses after
vesicle depletion induced by the temperature sensitive dynamin mutant shibire (Koenig and
Ikeda, 1999). In this study, the authors observed that the active zone population of vesicles and
evoked neurotransmitter release recovered in parallel within 30 seconds, in contrast, full
recovery of spontaneous release took 10 to 15 minutes and required the recovery of the non-
active zone population of vesicles. In mice, mutations in dynamin-1 show a disparate effect on
spontaneous and evoked neurotransmission. Dynamin-1 is an integral player in clathrin-
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dependent endocytosis, where it acts to pinch off endocytosing membrane from the plasma
membrane. Dynamin-1-deficient cortical neurons display a large attenuation in evoked
responses with no change in the frequency of spontaneous events (Ferguson et al., 2007).

In addition to dynamin and rab5 mutants, modifications in clathrin adaptor molecules, such as
AP180 and AP3, reveal differences in the vesicle recycling pathways that give rise to evoked
versus spontaneous neurotransmission. AP180 binds to clathrin and AP2, and this binding is
essential for vesicle recovery from the plasma membrane after full exocytosis. In Drosophila,
mutation in the AP180 (lap) gene results in an increase in the rate of spontaneous fusion, while
Ca?*-dependent fusion is decreased (Bao etal., 2005). Neurons lacking AP3, which is a clathrin
adaptor protein involved in endosomal trafficking, show an increase in spontaneous fusion
frequency with a significant decrease in the evoked responses (Scheuber et al., 2006).

In summary, findings from genetic manipulations of nerve terminals agree well with the
proposal that the spontaneous recycling and activity-dependent recycling operate
independently. The functional segregation of the two sets of vesicles may be mediated by
differences in the molecular composition of synaptic vesicles that make up the two pools.
However, the observation that the antibodies to synaptotagmin-1 can readily label
spontaneously recycling vesicles (Sara et al., 2005) argues against a simple molecular
dichotomy (such as absence or presence of synaptotagmin-1) as the underlying reason for this
phenomenon. Moreover, a simple replacement of a single molecule would be hard to reconcile
with the finding that the readily releasable vesicles have a lower tendency than spontaneously
recycling ones to fuse spontaneously. This result implies that the docked vesicle pool is to a
large extent stable in the absence of stimulation. A divergence in the molecular composition
of vesicles may also make differential regulation of these two recycling pathways a possibility.
Such selective regulation may provide neural networks a means to distinguish between evoked
and spontaneous synaptic activity.

Regulation of spontaneous neurotransmission

While the absence of spontaneous signaling may compromise neuronal survival and structural
stability of synaptic connections (Verhage et al., 2000) in the brain, unregulated enhanced
release of excitatory neurotransmitters can lead to neuronal damage and death. This excitotoxic
neuronal death induced by increased synaptic glutamate is implicated in the pathology of
multiple neurodegenerative diseases including Alzheimer’s and Huntington’s diseases along
with ischemia and epilepsy (Nishizawa, 2001; Lo et al., 2003; Hynd et al., 2004). In addition,
excess spontaneous fusion may cause presynaptic vesicle depletion and impair synaptic
function in the long term. As excess or diminished spontaneous neurotransmitter release may
lead to adverse consequences, regulatory mechanisms are necessary to fine-tune this type of
fusion. The modulation of spontaneous neurotransmitter release occurs through several
signaling pathways (reviewed in Bouron, 2001). Many neuromodulators decrease evoked
release through inhibition of voltage gated Ca2* channels (GBy-mediated), but some can also
exert inhibition on spontaneous release. For example, adenosine acts through A, receptors and
unlike other neuromodulators attenuates both evoked and spontaneous neurotransmission
(Fredholm et al., 2005). To suppress evoked neurotransmission, A; receptors act through P-
type Ca2* channels to inhibit neurotransmission (Dittman, and Regehr, 1996). The mechanism
underlying inhibition of spontaneous neurotransmission is unclear but it may be shared with
the action of glutamate through presynaptic group 1l metabotropic glutamate receptors to
inhibit spontaneous vesicle fusion (Glitsch, 2006).

In addition to neuromodulators, membrane lipids such as cholesterol also have a strong impact
on the propensity of synaptic vesicle fusion. Cholesterol contributes to membrane dynamics,
particularly the regulation of membrane fluidity and microdomains involved in protein
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interactions. In the central nervous system, cholesterol synthesis is primarily de novo and
tightly regulated (Spady and Dietschy, 1983; Dietschy et al., 1993; Jurevics and Morell,
1995; Turley et al., 1998). At the synapse, cholesterol depletion experiments implicate
cholesterol in the regulation of the efficiency of Ca2*-dependent exocytosis by mediating
SNARE protein localization at the synapse (Chamberlain et al., 2001; Lang et al., 2001; Salaun
et al., 2004; Churchward et al., 2005) and the retrieval of exocytosed membrane through
clathrin-dependent pathways (Rodal et al, 1999; Subtil et al., 1999).

In addition to the role of cholesterol in the efficacy of endocytosis and evoked exocytosis,
cholesterol is also thought to act to inhibit spontaneous vesicle fusion (Zamir and Charlton,
2006; Wasser et al., 2007). In hippocampal neurons, decreasing cholesterol by acute depletion
with methyl-B-cyclodextrin (MCD, Fig. 2A-C), via inhibition of its synthesis, or by using
cultured neurons from mice deficient in cholesterol trafficking all result in a significant increase
in the rate of spontaneous vesicle fusion and a substantial decrease in evoked vesicle fusion.
Cholesterol addition reversed each of these effects (Wasser et al., 2007). After acute depletion
of cholesterol with MCD, the spontaneous release rate potentiates for up to 20 minutes (Fig.
2D), and the number of vesicles that take up horse radish peroxidase (HRP) spontaneously
increases compared to untreated synapses (Fig. 3). The increase in spontaneous uptake of HRP
and the continued high level of spontaneous release observed after cholesterol removal suggest
that the enhanced spontaneous fusion is coupled to an increase in endocytosis indicating an
overall alteration in the recycling of spontaneous vesicles rather than an increase spontaneous
fusion alone after acute MCD-mediated cholesterol removal.

Synaptic neurotransmission in Niemann-Pick type C1 (NPC1)-deficient neuronal cultures
mimicked the observations seen after acute cholesterol depletion. These NPC1-deficient
neurons have a defect in cholesterol trafficking, which traps cholesterol in the late endosome/
lysosome and results in a decreased concentration of cholesterol at the synapse. Along with
the attenuation of evoked responses in the cultures, both NPC1-deficient neurons in slice or
culture display a higher frequency of spontaneous vesicle fusion compared to the wild-type
littermates (Fig. 4).

These findings suggest that the presence of cholesterol increases the efficiency of Ca2*-
dependent fusion while inhibiting spontaneous fusion. Interestingly, vesicular cholesterol
oxidation (instead of complete extraction) also results in an increase in spontaneous fusion
frequency (4-fold increase, Wasser and Kavalali unpublished observations). The oxidation of
cholesterol does not affect the fluidity of the membrane (Lau and Das, 1995), however
alterations in cholesterol-dependent protein interactions could occur suggesting a protein-
mediated inhibition of spontaneous fusion regulated by the presence of cholesterol. These
impairments in synaptic transmission, especially the large increase in spontaneous
neurotransmission, might form the basis for the neurological symptoms and neurodegeneration
seen in patients with Niemann-Pick disease.

Spontaneous neurotransmission as an independent pathway for
interneuronal signalling

Does spontaneous neurotransmitter release, a common feature of synapses through out the
nervous system, serve a purpose? Since Paul Fatt and Bernard Katz in early 1950s discovered
neurotransmission in the absence of nerve impulses (Fatt and Katz, 1952), this question has
been in the minds of neurophysiologists. A few studies have examined spontaneous
neurotransmission for its own sake and have shown that spontaneous release events may trigger
action potential firing in cells with high membrane resistance and may also be required for
maturation of synapses (Zucker, 2005). For instance, dendritic spine density is susceptible to
decreases in spontaneous release or block of postsynaptic glutamate receptors but is largely
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unaltered after blockade of action potentials (McKinney et al., 1999). Synapses in mice
deficient in munc-18 experience no evoked or spontaneous vesicle fusion. Interestingly,
although synapse numbers and their morphology are normal before birth, synapses quickly
disassemble during development suggesting an integral role for spontaneous neurotransmitter
release in synapse stability (Verhage et al., 2000). Another mysterious phenomenon that has
puzzled neurophysiologists over a century is the hyperexcitability of target membranes that
follows denervation or other disruption of their nervous input (Axelsson and Thesleff, 1959).
Early experiments in the NMJ have shown that the increase in sensitivity of muscle tissue to
acetylcholine seen after denervation was due to upregulation of acetycholine receptors.
Experiments in late 1990s elucidated a similar receptor upregulation at central synapses,
revealing a powerful mechanism for maintenance of homeostatic stability of CNS synaptic
networks (Turrigiano et al., 1998). Furthermore, chronic blockade of action potential firing in
neuronal cultures increases trafficking of the AMPA receptor subunits GIuR1 and GIuR2 to
postsynaptic sites, thus increasing sensitivity to released glutamate (Wierenga et al., 2005).

Recent studies by Sutton and colleagues (Sutton et al., 2006; Sutton et al., 2007) bridged these
two persistent questions of neurophysiology through a comprehensive set of experiments and
provide a causal link between the two phenomena. This work showed that spontaneous
neurotransmitter release, rather than evoked neurotransmission, is a specific regulator of
postsynaptic sensitivity to neurotransmitters by suppressing the dendritic protein translation
machinery locally and thereby maintaining receptor composition of synapses. The initial set
of experiments performed by Sutton et al. documents that, unlike the blockade of action
potentials, inhibition of either NMDA receptors or AMPA receptors can increase the amplitude
of miniature excitatory postsynaptic currents (“minis”) within mere hours. The frequency of
“minis” remains unchanged, and the increased mini amplitude is seen even when action
potentials are allowed during receptor blockade. This finding has two surprising aspects. First,
it strongly suggests that NMDA receptors are active at rest during spontaneous
neurotransmission, despite their reduced ion conductance due to Mg2* block. Second, the
observation that amplitudes of unitary synaptic responses increase rapidly within an hour after
NMDA receptor blockade stands in striking contrast to earlier reports that chronic blockade of
neuronal firing by tetrodotoxin (TTX) leads to slow rescaling of unitary synaptic efficacy.
Moreover, the authors show that this rapid effect of NMDA receptor blockade on unitary
transmission is strictly dependent on protein synthesis, which is consistent with earlier findings
from the same group (Sutton et al., 2004). A recent study by the same investigators showed
that regulation of protein translation by spontaneous release events occurs through the
eukaryotic elongation factor-2 (eEF2), which distinguishes unitary Ca?* currents generated by
evoked release from currents mediated by spontaneous release and controls protein synthesis
accordingly (Sutton et al., 2007).

An intriguing implication of this work is the divergence of mechanisms underlying synaptic
scaling after chronic inhibition of NMDA receptor mediated miniature currents versus chronic
inhibition of action potentials. The difference in the time course of action of the two
manoeuvres argues for separate mechanisms mediating the increase in AMPA receptor activity.
Wierenga et al. (2005) suggested that synaptic scaling in response to chronic action potential
blockade does not involve the transient expression of Ca2* -permeable AMPA receptors. The
exact mechanism mediating synaptic scaling induced by chronic TTX treatment remains
unknown. It is thought to act more globally (Turrigiano et al., 2004), which is consistent with
the idea of large-scale homeostatic maintenance of synaptic circuits. If chronic blockade of
action potential firing also mediates its effect synaptically but by activating a different
signalling cascade, then how do neurons distinguish evoked and spontaneous
neurotransmission? Are the differences in temporal characteristics of the two forms of
neurotransmission sufficient? Or, are there distinct postsynaptic detection machineries for
spontaneously released neurotransmitters? Better understanding of the presynaptic machinery
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and its postsynaptic counterparts that underlie spontaneous and evoked neurotransmission will
provide us with molecular and pharmacological tools that can selectively manipulate the two
forms of neurotransmission. Independent analysis of spontaneous and evoked
neurotransmission may uncover more surprises in the intricacies of communication within
individual synapses.
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Figure 1. Four possible scenarios for the structural origin of spontaneous neurotransmission

(A) Same synapse & same pool: spontaneous fusion events may originate from the same pool
as the evoked fusion and therefore the extent of spontaneous fusion may reflect the number
and fusion propensity of readily releasable vesicles in the synapse

(B) Same synapse & different pool: spontaneous and evoked fusion may occur in the same
synapses but may be carried out via a separate pool of vesicles, which may recycle
independently. This scenario suggests that spontaneous fusion may require different molecular
machinery and recycle uniquely from vesicles fusing in response to an action potential

(C) Ectopic release: spontaneous synaptic vesicle fusion may occur away from the active zone
and thus releasing neurotransmitter ectopically.

(D) Different synapses: some synapses may have a strong propensity for spontaneous fusion
whereas others may preferentially release neurotransmitter in response to action potentials.
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Figure 2. Cholesterol depletion augments spontaneous fusion rate

(A) Sample traces of spontaneous miniature excitatory postsynaptic currents (mEPSC) after
MCD treatment of dissociated hippocampal cultures.

(B) Summary graph showing a 5-fold increase in the frequency of mEPSCs for MCD-treated
cultures compared to non-treated cultures. Treatment with 20mM K* alone did not alter the
frequency of mEPSC events. Cultures treated with MCD alone had an average 3-fold higher
frequency of mEPSCs; however the rate was not significantly different from the non-treated
cultures. (C) Cumulative histograms of the distribution of mMEPSC amplitudes showed no
differences using Kolmogorov-Smirnov test (K-S test, p>0.0001).

(D) Summary graph depicting the persistent 5-fold increase of the average mEPSC frequency
(integrated per 10-second intervals) for 20 minutes for non-treated cultures and cultures treated
in 20mM K* with MCD. (at least 3 cultures, No treatment n=28, 20 mM K* Only n=6, MCD
alone n=24, 20 mM K* with MCD n=31, and 20 mM K* with MCD + cholesterol n=4). Error
bars represent the SEM (*p< 0.001). (modified with permission from Wasser et al., 2007 The
Journal of Physiology, Blackwell Publishing)
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Figure 3. Cholesterol depletion decreases the number of vesicles per synapse and effects
depolarization-evoked and spontaneous Horse Radish Peroxidase uptake differentially

(A) Representative electron micrographs of MCD-treated cultures loaded with Horse Radish
Peroxidase (HRP) spontaneously (white arrows indicate HRP-positive (HRP+) vesicles).

(B) Summary graph showing a 1.6-fold increase in the average number of HRP+ vesicles per
synapse for cultures treated in 20 mM K* with MCD.

(C) Summary graph showing a 2.5-fold increase in the average percent of HRP+ vesicles per
synapse for cultures treated in 20 mM K* with MCD. (No treatment n=47 and 20 mM K* with
MCD n=72). Error bars represent the SEM (*p<0.05; scale bar = 100 nm). (modified with
permission from Wasser et al., 2007 The Journal of Physiology, Blackwell Publishing)
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Figure 4. Altered cholesterol trafficking in Niemann Pick C1-deficient mice causes abnormalities
in neurotransmission mimicking the effect of acute cholesterol depletion

(A—C) mEPSCs from NPC1 and WT cells. (A) Sample traces. (B) Summary plot shows a 2.5-
fold increase in the frequency of mMEPSCs for NPC1 neurons compared to WT neurons. The
increased frequency in NPC1 neurons was reduced to the WT frequency levels after incubation
with MCD: cholesterol complexes. (C) The distributions of mEPSC amplitudes were not
different under all conditions as determined by the K-S test (p>0.0001) (4 cultures, WT n=16,
NPC1 n=17 NPC1 + cholesterol n=9).

(D-F) Electrophysiological recordings from NPC1 and WT hippocampal slices. (D) Sample
mMEPSC traces. (E) Summary graph of the frequency of mEPSCs showing a 3.4-fold increase
in the frequency of mMEPSCs in the NPC1 neurons. (F) The distributions of mEPSC amplitudes
were not different as determined by the K-S test (p>0.0001) (WT n=6, NPC1 n=5). Error bars
represent the SEM (*p<0.01, ** p<0.005). (modified with permission from Wasser et al.,
2007 The Journal of Physiology, Blackwell Publishing)
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