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Abstract

Rapid information processing in our nervous system relies on high-frequency fusion of
transmitter-filled vesicles at chemical synapses. Some sensory synapses possess prominent
electron-dense ribbon structures that provide a scaffold for tethering synaptic vesicles at the active
zone (AZ), enabling sustained vesicular release. Here, we review functional data indicating that
some central and neuromuscular synapses can also sustain vesicle-fusion rates that are comparable
to those of ribbon-type sensory synapses. Comparison of the ultrastructure across these different
types of synapses, together with recent work showing that cytomatrix proteins can tether vesicles
and speed vesicle reloading, suggests that filamentous structures may play a key role in vesicle
supply. We discuss potential mechanisms by which vesicle tethering could contribute to sustained
high rates of vesicle fusion across ribbon-type, central, and neuromuscular synapses.

Introduction

Rapid inter-neuronal communication is typically mediated by the release of neurotransmitter
at cell—cell contacts termed chemical synapses, where neurotransmitter-filled vesicles fuse
with the plasma membrane at specialized sites termed AZs [1]. At some sensory synapses,
large electron-dense ribbon-like structures, which accumulate synaptic vesicles at the AZ,
help to convert analog signals from sensory receptors into phasic and sustained vesicular
release (reviewed in [2]). The fidelity and speed of the sensory representation depends on
fast and repetitive vesicular release at these specialized early-stage synapses [3-5]. Many
types of sensory signals are then converted into an action-potential-based rate code before
being rapidly transmitted to the central nervous system for processing. Firing rates of
neurons in the sensory pathways can reach frequencies as high as 1 kHz [6,7], and rates of
hundreds of hertz can be sustained for long periods [8]. To transmit these high-frequency
inputs, some central synapses sustain high rates of vesicle fusion [9-13], comparable to the
rates found at sensory ribbon-type synapses (see below and Table 1) [4,14,15]). Firing rates
of neurons in the motor pathways can also reach high levels (~100 Hz), and firing rates ~20
Hz can be sustained for minutes [16]. This raises the question of how these central synapses
and neuromuscular junctions (NMJs), which lack specialized ribbon structures that
accumulate vesicles at the AZ, can transmit broad-bandwidth rate-coded sensory and motor
command information effectively over sustained periods of time.
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Small electron-dense structures that are reminiscent of ribbons have been found at central
and NMJ synapses (reviewed in [17]), but recent technical advances in electron microscopy
suggest that their appearance may depend on the fixation procedure (reviewed in [18]).
Electron-dense structures following chemical fixation appear as a network of fine vesicle-
tethering filaments when rapid freeze and stain-free approaches are used together with
electron tomography (reviewed in [19,20]), although some filaments that link vesicles to the
ribbon and to the plasma membrane can be resolved with chemical fixation (e.g., [21,22]).
Electron-dense structures at the NMJ have been shown to consist of a scaffold of distinct
filaments that can tether vesicles when high-pressure freezing [23,24] and high-resolution
tomography was used [25]. These data support the idea that fine filamentous structures of
various lengths are common to AZs at ribbon-type, central, and NMJ synapses. Moreover,
recent studies at these three types of synapses indicate that the number of tethered vesicles
decreases during synaptic activity [25,26], and that interference with vesicle tethering or
putative vesicle-tethering proteins [22,27-29] impairs sustained vesicular release. Here, we
review the mechanisms underlying vesicle reloading during sustained activity and discuss
the potential roles that vesicle tethering could play in fast and sustained vesicular release
across ribbon, central, and NMJ synapses.

What are the processes involved in vesicle reloading?

According to the conventional view, to become release-competent, a transmitter-filled
vesicle must first move to and then attach (dock) to the AZ plasma membrane. The docked
vesicle is then converted into a state of release-competence by proteins such as SNAREs
(soluble NSF attachment protein receptors), SM (Sec1l/Munc18-like) proteins, and low-
affinity Ca%* sensors that trigger fast vesicle fusion (reviewed in [18,30]). In addition to this
‘molecular priming’, vesicles must colocalize with CaZ* channels, which provide the high
Ca?* concentrations required to trigger fusion rapidly (‘positional priming’; reviewed in
[31,32]). During sustained activity, once all the docked and primed vesicles (i.e., the release-
ready pool: RRP; Box 1) are released, release may be limited by the translocation of new
vesicles to the docking site(s) within the AZ, their molecular and positional priming, and/or
the clearance of membrane and protein debris of fused vesicles [33-35]. For the latter, the
speed of endocytosis might be important [36,37]. Thus, during sustained transmission,
repetitive fusion of synaptic vesicles at a release site involves a complex sequence of events,
which we refer to as ‘vesicle reloading’.

Measuring the speed of vesicle reloading

Various techniques have been developed to measure vesicular release directly. These
include optical reporters, amperometric techniques, and presynaptic capacitance
measurements, which have specific advantages and disadvantages in terms of temporal
resolution, sensitivity, invasiveness, and applicability (e.g., [38—40]). A common, but less
direct, approach used to measure vesicle reloading under intact conditions has been to
measure the postsynaptic current that often decreases during sustained activity, reflecting
activity-dependent synaptic depression. Depression can be caused by both pre- and
postsynaptic mechanisms, with vesicle depletion and receptor desensitization (e.g., [41]),
respectively, being the most common. However, other presynaptic mechanisms such as
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Ca?*-dependent modulation of the presynaptic Ca?* currents [42—-45], or inhibition by
presynaptic autoreceptors [46], can be the dominating cause for depression, in particular at
lower transmission frequencies or during post-tetanic depression. Even when only vesicle
depletion is considered, the time-course and extent of activity-dependent depression, reflect
a complex interplay between the size of the RRP, the release probability per release-ready
vesicle (pry), and the rate of vesicle reloading (k).

By contrast, the recovery from synaptic depression is more directly related to the rate of
vesicle reloading because it is independent of the size of the RRP (Box 1). Under these
conditions only the time-dependences of pyy (e.g., due to various mechanisms of facilitation)
and k need to be disentangled to determine the reloading rate-constant. To do this, k can be
estimated from the onset of, and recovery from, depression by applying quantal modeling of
release that includes short-term facilitation [9,29,47,48]. Interestingly, a temperature
increase from room to physiological temperatures doubles k without effecting RRP or pyy
[29,49], consistent with the idea that the kinetics of vesicle reloading is rate limiting.

Activity-dependent speeding of vesicle reloading

The kinetics of recovery of release have been analyzed at ribbon-type, NMJ, and central
synapses (but here we restrict our review of the latter to excitatory cerebellar and auditory
synapses because they are specialized for sustained signaling; see also [38,39]). Two
components of recovery have been observed at all three types of synapse (Figure 1; see Tfast
and tgjow in Table 1). The rapid component of recovery often becomes more apparent with
stronger synaptic activity (e.g., [29,50-52]). Indeed, the amount of synaptic depression
observed during activity is less than one would expect, based on the slower recovery from
depression [53]. These observations suggest that the rate of vesicle reloading increases
during activity at some synapses (reviewed in [32,54-56]). However, activity-dependent
changes in the time-course of recovery of release could also be affected if the size of the
RRP changes with activity, or if p,, changes with activity due to facilitation. Interestingly,
the fast component of recovery of release was altered at a ribbon synapse (Figure 1a), a
central synapse (Figure 1b), and the Drosophila NMJ (Figure 1c), when putative vesicle
tethering cytomatrix proteins (Box 2) were deleted. These data suggest that vesicle tethering
plays a role in vesicle reloading and in particular in the activity-depended speeding of
vesicle reloading.

Comparing the speed of vesicle reloading at different synapses

To aid cross-synapse comparison, we express the rate of vesicle reloading per release-ready
vesicle, thereby taking account of the size of the RRP [57,58], or by assuming k was the
reciprocal of the recovery time-constant in the absence of a more direct estimate (Box 1).
The estimated rates of vesicle reloading per release-ready vesicle differ by more than one
order of magnitude, even for structurally and functionally similar synapses (Table 1, Box 3).
Likely reasons for these discrepancies include the difficulties in determining the size of the
RRP (Box 1) and simplifying assumptions used in estimating k in some studies. Presynaptic
voltage-clamp recordings tend to reveal a larger RRP, and therefore possibly give a lower
estimate of the vesicle reloading rate-constant, because they allow the application of
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stronger stimuli compared with extracellular axonal stimulation. Moreover, vesicle fusion
can be determined with presynaptic capacitance measurements independently of possible
contamination by postsynaptic receptor saturation or desensitization [32]. However, it is
unclear how the rates obtained with strong biophysical stimuli (e.g., prolonged presynaptic
voltage depolarization) relate to those that occur during brief action potentials. Indeed,
strong biophysical stimuli might release remote vesicles that cannot be released with action
potentials, by increasing the spatial and temporal extent of the intracellular Ca2*
concentration [31,59]. Thus, some of the dispersion in the estimated rate of vesicle reloading
is likely to arise from methodological differences. Nevertheless, the considerable overlap in
the spread of reloading rate-constants at ribbon-type, central, and NMJ synapses, is
consistent with the idea that similar mechanisms are involved in sustaining transmission at
different types of synapses [14]. However, the rate of vesicle reloading per AZ is higher in
ribbon compared to non-ribbon-type synapses, due to the high number of release-ready
vesicles per AZ at ribbon synapses (reviewed in [60]). For example, capacitance
measurements revealed 12-15 release-ready vesicles per ribbon of bullfrog amphibian
papilla hair cells, consistent with the number of docked vesicles in complete ultrastructural
reconstructions [61].

Does efficient vesicle reloading require vesicle tethering?

Vesicle reloading involves a complex sequence of steps including translocation and
molecular and positional priming. The SNARE proteins [30] can be viewed as tethers that
interact with the vesicle late within the docking/priming process to mediate vesicle fusion.
Recent work showing that deletion of the cytomatrix proteins Bassoon and Bruchpilot slows
down vesicle reloading suggests that these and other putative vesicle tethers (Box 2) are
actively involved in some of the steps before vesicle fusion (Figure 1) [22,27,29]. Moreover,
recent improvements in electron microscopy (reviewed in [18-20]) have revealed a range of
vesicle-tethering structures at ribbon-type, central, and NMJ synapses (Figure 2). The
function of vesicle tethering has been analyzed in most detail at synapses containing ribbons
(reviewed in [2]), which are classically considered as vesicle-transport structures that deliver
vesicles to the AZ (“conveyer belt’) [62]. Although additional functions have been
demonstrated, such as compound fusion [63], multivesicular release [64], restricting Ca?*
diffusion [61], clustering of CaZ* channels [22,65], and even constraining vesicle delivery
[66], the importance of vesicle-tethering ribbons for vesicle reloading has recently been
demonstrated by acute disruption [28] or deletion of the ribbon (Figure 1a) [22].

At central synapses, impaired vesicle tethering but no detectable changes in vesicular release
were observed in Bassoon—Piccolo double mutants, suggesting that tethering of vesicles was
not rate-limiting under the investigated conditions [67]. However, higher-frequency
sustained synaptic transmission at cerebellar mossy fiber to granule cell synapses was
significantly impaired in Bassoon mutants, due to a slowed vesicle-reloading rate during
synaptic activity (Figure 1b) [29]. In contrast to Bassoon, the AZ protein Rim, which may
also be involved in tethering vesicles (Box 1), is essential for basal synaptic transmission
[68,69].
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The most direct evidence for a causal relationship between tethering and reloading has
recently been obtained at the Drosophila NMJ. The powerful molecular and genetic
approaches available in Drosophila allowed a specific impairment of vesicle tethering by
deletion of a small domain of the cytomatrix protein Bruchpilot, resulting in impaired
sustained vesicular release (Figure 1c) [27].

Finally, electron microscopy has revealed a loss of tethered vesicles during synaptic activity.
At ribbon synapses, synaptic activity reduced the number of vesicles tethered at the base of
the ribbon [4,66,70]. At central synapses, activity-dependent analysis of tethering suggests
that long, SNARE-independent filaments initially tether the vesicles to the AZ and then give
way to multiple shorter ones in a SNARE-dependent transition [26]. In a comparable study
at the frog NMJ, specific filaments (spars and ribs; Figure 2c) less frequently linked vesicles
to the plasma membrane, and other filaments (pins) were longer during synaptic activity
compared to resting conditions [25]. In summary, a growing number of studies suggest that
vesicle tethering supports vesicle reloading. Because the fast component of recovery from
synaptic depression was preferentially affected by interfering with vesicle tethering (Figure
la—c), tethering seems to be particularly important for the speeding of vesicle reloading
during high-frequency transmission.

How could vesicle tethering support vesicle reloading during sustained

release?

To understand how tethering might support reloading during sustained release, we will first
outline the mechanisms that are thought to underlie the speeding of vesicle reloading during
activity. Two distinct (but not mutually exclusive) classes of mechanisms have been
proposed that could account for the activity-dependent speeding observed at many synapses
(reviewed in [32,54-56]): (i) a Ca2*-dependent enhancement in the rate of vesicle reloading
(Figure 3a), and (ii) two pools of vesicles: vesicles with a high release probability that are
reloaded slowly, and vesicles with a low release probability that are reloaded rapidly (Figure
3b).

Mechanism 1 (Figure 3a) is based on experiments which indicate that the elevated
intracellular CaZ* concentration occurring during synaptic activity increases the rate of
vesicle reloading. This mechanism has been proposed to account for reloading at ribbon-
type [71-73], central [50,74-76], and NMJ synapses [77]. Moreover, calmodulin has been
implicated in this regulation of the rate of vesicle reloading [78], probably via its interaction
with Munc13 [79]. This mechanism predicts an activity-dependent fast component of
recovery of release (cf. Figure 1 and Table 1) due to elevated intracellular Ca2*
concentration, and a slow component of recovery reflecting the basal rate of reloading.

Mechanism 2 (Figure 3b) requires that the RRP is made up of vesicles with two or more
release probabilities. It has been proposed that such a heterogeneous release probability
could arise from differences in the Ca2*-sensitivity of the vesicles (molecular priming [80])
or from differences in the coupling distance between the Ca2* channels and sensors
(positional priming [32,81]). In the latter scenario, tightly coupled high py vesicles are
released first and recover slowly due to a slow positional-priming step that colocalizes them
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with Ca2* channels [81]. The more remote, loosely coupled low pyy vesicles that are released
at a slower rate can be replenished more rapidly. The py, of remote, loosely coupled vesicles
may be elevated during sustained release (i.e., facilitation), due to increased intracellular
Ca?* concentration (i.e., enlargement of the spatial and temporal extent of [Ca2*]; Figure
3b), thereby allowing the release of vesicles remote from the Ca2* entry site. Mechanism 2
has been proposed to account for activity-dependent speeding of vesicle reloading at ribbon-
type [73], central [78], and NMJ synapses [77,82]. Indeed, both Ca2*-dependent and Ca2*-
independent models could account for the activity-dependent speeding and biphasic
recovery of vesicle reloading [29,53].

Although there are several other mechanisms that could also underlie activity-dependent
speeding of vesicle reloading, the evidence for them is less clear than for mechanisms 1 and
2. Because vesicle tethering is particularly relevant for activity-dependent speeding of
vesicle reloading (cf. Figure 1), we tentatively suggest that vesicle tethering could support
the fast reloading of vesicles by three mechanisms (Figure 3c): (i) tethering provides a
reservoir of vesicles at the AZ [17], allowing the rapid delivery of vesicles during activity,
(ii) tethers constrain and position vesicles close to Ca2* channels (positional priming [28]),
and (iii) tethers support rapid vesicle fusion by molecular interaction of the tether with
vesicular proteins and other priming factors (molecular priming), enabling the vesicle to
become primed as it approaches the AZ membrane. This would facilitate sustained vesicular
release by allowing vesicles to fuse as soon as they reach the plasma membrane, a variant of
‘crash fusion’ as proposed in [83]. Consistent with this idea, the putative tethering proteins
Bassoon and Rim interact with the ‘priming” protein Munc13 [84,85].

Although speculative, these proposals could explain how impaired vesicle tethering and
deletion of putative tethering proteins [22,27,29] seem preferentially to affect the activity-
dependent speeding of reloading (i.e., the fast component of recovery; Figure 1).

Although these scenarios are attractive, it is important to keep in mind that vesicle tethers
could play additional or very different roles: (i) tethers could support sustained release by
binding to Ca2* channels, thereby inhibiting their inactivation [86], (ii) tethering vesicles
could increase the chance for compound fusion [87] by enabling ‘piggyback’ fusion, (iii)
because SNARE complexes are highly fusogenic it is possible that, rather than promoting
fusion, tethers actually prevent the vesicle from fusing except when the Ca2*-sensing trigger
is present [88]. However, this hypothesis suggests that an increase in spontaneous fusion
should occur when tethers are compromised. And (iv) rather than promoting or inhibiting
fusion, tethers could support the clearing of the release site from fragments of fused vesicles
by accelerating endocytotic processes; in other words, vesicles could be pulled ‘inward” by
the tethers. However, at ribbon synapses, recent data argue against such a scenario: during
activity, the base of the cytomatrix is depleted of vesicles [66], and vesicles originating from
the cytoplasm [89] replaced vesicles at the ribbon. Whatever the precise mechanisms
involved, the fact that interfering with specific cytomatix proteins impairs vesicle reloading
suggests that tethers accelerate what would otherwise be a rate-limiting step for exocytosis.
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Concluding remarks

The repetitive fusion of vesicles at a release site includes a highly complex sequence of
processes [18,30]. During sustained rapid vesicular release, speeding of vesicle reloading
has been observed at several ribbon-type, central, and NMJ synapses. The comparable
kinetics and activity-dependence of vesicle reloading at these three synapse types suggest
that similar mechanisms could be involved in sustaining transmission. Recent work at retinal
bipolar cells [28], inner hair cells [22], cerebellar mossy-fiber synapses [29], and Drosophila
NMJs [27] suggests that efficient speeding of vesicle reloading during synaptic activity
relies on vesicle tethering [62]. Moreover, technical improvements in the analysis of the
ultrastructure have revealed filamentous structures that tether vesicles at the AZs of these
synapses, and alterations in tethering have been resolved during activity [25,26].

We suggest that individual tethers and filamentous scaffolds at central and NMJ synapses
may play roles in vesicle supply and reloading, similar to those proposed for the much larger
electron-dense structures at ribbon synapses [2,17]. Although there is little direct evidence
for the molecular nature of these AZ filaments (Boxes 2 and 3), recent studies suggest that
large proteins such as Bassoon, Piccolo, or Drosophila Bruchpilot may tether vesicles
directly or indirectly to the release site. The mechanisms by which vesicle tethering could
accelerate vesicle reloading is unclear, but it seems likely that vesicle tethers somehow
support the repetitive guiding, docking, and priming of vesicles close to Ca2* channels
during high-frequency synaptic transmission (Figure 3c). However, future studies are
required to elucidate the precise molecular interactions that enable fast and sustained vesicle
reloading during high-frequency signaling.
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Box 1

Impact of the size of the release-ready pool (RRP) of vesicles on estimates
of the reloading rate

To sustain a particular level of release, the required rate of vesicle reloading depends on
the size of the RRP at a synaptic connection. RRP can be defined functionally: for central
and NMJ synapses the RRP is the total number vesicles that could potentially be released
by a single action potential at a synaptic connection, whereas at analog ribbon-type
synapses (and for presynaptic capacitance measurements) the RRP is the number of
vesicles released in the initial, rapid phase of release during a depolarizing pulse. To
illustrate how the size of the RRP affects release, we compare the mean properties of two
central synapses, one with a RRP size of 2 and a vesicular release probability (p;,) of 0.6
(Figure la) and another with a RRP of 6 and a py, of 0.2 (Figure Ib). Both result initially
in the release of on average 1.2 vesicles per action potential (quantal content of 1.2).
Assuming a reloading rate-constant per release-ready vesicle (k) of 30 s~ and 10 s72,
respectively, the sustained release during 100 Hz transmission (10 APs) is in both cases
approximately 0.4 vesicles per AP (neglecting any facilitating mechanisms; see equation
5 in [96]). Thus, despite the lower k, both scenarios result in the same amount of
sustained release because, with a RRP of six vesicles, each vesicle is released less
frequently and can afford slower reloading. The time-course of depression is slightly
faster in the small RRP synapse. Experimental estimation of k therefore critically
depends on the correct determination of the RRP size, at least when analyzing sustained
release. By contrast, the recovery from synaptic depression is independent of the size of
the RRP [i.e., the time-constant of recovery is the inverse of k; 33 ms (left) and 100 ms
(right)]. However, the recovery from synaptic depression must be analyzed with caution
because it is often influenced by other time-dependent factors such as presynaptic
facilitation in py, the recovery from Ca2*-dependent modulation of the presynaptic Ca2*-
currents, and the recovery from postsynaptic depression.

Trends Neurosci. Author manuscript; available in PMC 2016 February 10.

Page 13




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hallermann and Silver Page 14

A -30s1 B s

¥ 32222
RRP=2 _() @ 6 _ 0000080

Py =0.6 0.2

100 Hz recovery 100 Hz recovery
6*0.2

”

EPSC

Figure I.
Properties of two central synapses with different RRP sizes. Top: illustration of a synapse

with a small release-ready pool (RRP) and rapid vesicle reloading (a), and a larger RRP
and slower vesicle reloading (b). Bottom: both synapses exhibit a similar sustained
release rate as shown in this simulation. However, to achieve this a threefold faster
reloading rate is required for the smaller RRP. The time-constant of recovery reveals the
rate of vesicle reloading when there are no other time-dependent processes involved (see
Box 1 in main text).
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Box 2
Molecular nature of the vesicle tethers

Many proteins seem to be involved in building the vesicle-tethering cytomatrix at the AZ
[18,97], and alterations of specific molecules have been linked to the etiology of several
neurodevelopmental and neurodegenerative diseases [98]. Although there is some
information on Golgi- and endoplasmic reticulum-resident vesicle-tethering factors
[99,100], the molecular composition of the cytomatrix that tethers vesicles at the AZs of
synapses is not well understood. Some of the possible vesicle-tethering proteins —
excluding the SNARE complexes — are listed below:

» Piccolo and Bassoon [~4000 and ~5000 amino acids (aa), respectively] are
highly homologous AZ proteins [101] and are orientated similarly within the AZ
[102,103]. No obvious ultrastructural alterations were resolved in Bassoon
mutants [104], but a reduction in the number of tethered vesicles within 150 nm
of the membrane was observed in Bassoon/Piccolo double mutants [67].

»  Bruchpilot (~1700 aa) is a Drosophila protein, has some homology to the
vertebrate ELKS/CAST, is an integral component of the electron-dense structure
[23], clusters Ca2* channels [105], and its C-terminal 17-aa are required for
vesicle tethering [27].

« Rim (~1600 aa) tethers vesicles and Ca?* channels [68,69,106,107] and
alterations in vesicle distribution and cytomatrix architecture might be
resolvable in RIM1a knockout mice (Ferndndez-Busnadiego et al., Society for
Neuroscience abstract 318.09, 2011).

* Ribeye (~900 aa) is the only known protein specific for synaptic ribbons [108],
but the protein that tethers vesicles to the ribbon is currently not known.

e Muncl8 (~600 aa) has been shown to interact with syntaxin to tether dense-core
vesicles at the plasma membrane of chromaffin cells [109] and synaptic vesicles
at the NMJ of Caenorhabditis elegans [110]. However, a normal density of
docked vesicles was observed at vertebrate central AZs upon interference with
binding of syntaxin to Munc18 [111].

e Synapsin (~600 aa) crosslinks vesicles and thus tethers vesicles indirectly at the
AZ [112,113]. Interference with synapsin or synapsin phosphorylation alters
vesicle-reloading kinetics [114], but see [115].

»  Anactin-myosin-mediated scaffold (actin ~400 and myosin ~2000 aa) may
mediate the delivery of synaptic vesicles to the AZ [116-118].
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Box 3

Outstanding questions

Although the speed of vesicle reloading is likely to differ between synapses
(e.g., [121]), it is currently unclear to what extent methodological differences
contribute to the divergent estimates of the rate of vesicle reloading (see Table 1
in main text).

Does the coupling distance between the fusion sensor and the Ca?* channels
increase during high-frequency transmission? This question has only been
addressed at a limited number of synapse (e.g., [81]), but the answer might
allow the mechanisms illustrated in Figure 3 in main text to be distinguished.

What are the molecular identities of the tethers?
What are the interaction partners of the tethers?

What is the temporal sequence of vesicle binding to the tethers during vesicle
docking and priming? In other words, do vesicles first bind to larger tethers and
then sequentially to shorter ones, before finally reaching the membrane in a
primed state?
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Figure 1.
Deletion or mutation of putative vesicle tethering proteins impairs the rapid component of

recovery from synaptic depression. (a—c) Examples of a ribbon-type, central, and NMJ
synapse with two kinetic components of recovery from synaptic depression (also see Table 1
in main text). Deletion of putative vesicle-tethering proteins or specific interference with
vesicle tethering (magenta) resulted in all three examples in a slower recovery from synaptic
depression [22,27,29]. The preferentially impaired first component of recovery (magenta
arrows) suggests that vesicle tethering is important for activity-dependent speeding of

Trends Neurosci. Author manuscript; available in PMC 2016 February 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hallermann and Silver Page 18

vesicle reloading. (a) Ribbon synapses. Left: presynaptic recordings from a hair cell ribbon
synapse. Capacitance increases (upper trace) and Ca2* current (lower trace) elicited by a
paired-pulse paradigm (two 15 ms depolarizations). Right: average capacitance increases of
the 2nd pulse of paired depolarizations (ACy2) versus inter-pulse interval superimposed
with a bi-exponential fit [71]. Inset: capacitance increases of the 2nd pulse of paired
depolarizations (20 ms) normalized to the 1st response (ACpo/ AC1) versus inter-pulse
interval for control (black) and Bassoon mutants (magenta) [22]. (b) Central synapses. Left:
excitatory postsynaptic currents (EPSCs) recorded at a cerebellar mossy fiber to granule-cell
synapse elicited by 300 Hz stimulation followed by test stimuli of increasing intervals.
Right: average EPSC amplitude during recovery from depression normalized to the 1st
EPSC amplitude for control (black) and Bassoon mutants (magenta) superimposed with bi-
exponential fits [29]. Inset: the fast component of recovery on expanded scale. (c)
Neuromuscular synapses. Left: EPSCs recorded at the NMJ of 3rd instar Drosophila larvae
elicited by 60 Hz stimulation followed by test stimuli of increasing intervals. Right: average
EPSC amplitude during recovery from depression normalized to the 1st EPSC amplitude for
control (black) and Bruchpilot mutants lacking the last 17 C-terminal amino acids (brp™de,
magenta) superimposed with exponential fits to the slow component [27]. Inset:
corresponding fits to the fast component. Adopted, with permission, from [71] and [22] (a),
[29] (b), and [27] (c).
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Figure 2.
Vesicle tethering at ribbon-type, central, and neuromuscular junction (NMJ) synapses.

Examples of vesicle tethers (magenta arrows). (a) Ribbon synapses. Top: electron
micrograph (EM) of a vesicle tethered at the plasma membrane of a ribbon-type mouse inner
hair-cell synapse [22]. Bottom: EM of a cross-fractured synaptic ribbon (horizontal) with
tethered vesicles [21]. (b) Central synapses. Top: electron tomographic slice of
cerebrocortical synaptosomes [26]. Bottom: 3D reconstruction of vesicles and tethers [119].
(c) Neuromuscular synapses. Left: high-pressure freeze EM with filamentous structures at a
Drosophila NMJ AZ (top) [23], consisting most likely of the Drosophila protein Bruchpilot
(BRP), that has a funnel-like topology (bottom); SV, synaptic vesicle; adapted from [27],
see also [120]. Right: electron tomographic slice of corresponding filamentous structures at
the frog NMJ AZ (top), consisting most likely of different classes of AZ macromolecules, as
illustrated in the schematic model (bottom) [25]. Adapted, with permission, from [22] and
[21] (a), [26] and [119] (b), and [23], [27] and [25] (c).
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Figure 3.
Schematic illustrations of potential mechanisms underlying vesicle reloading and the

putative role of tethers. Vesicular release under resting conditions (top) is followed by
vesicle reloading mechanisms (middle) that allow repetitive release during synaptic activity
(bottom). Although vesicle reloading during synaptic activity is fast, the complete recovery
to the resting condition is slow (gray arrows). Three mechanisms explaining activity-
dependent speeding of vesicle reloading are illustrated, although it is important to note that
these mechanisms are not mutually exclusive. (a) Ca2*-dependent model. Influx of Ca?*
through Ca2* channels triggers the fusion of a vesicle which has undergone ‘molecular’
priming (illustrated by v- and t-SNARE assembly) and “positional’ priming (illustrated by
the proximity of the fusion sensor to the Ca2* channels, ‘coupling distance’) [31,32]. During
activity, the Ca2* concentration rises in the terminal, and reloading of vesicles to a
molecular and positional primed state is accelerated [48,74]. After activity, Ca?* decays and
reloading slows. (b) Two-pools model. Two populations of vesicles with different release
probabilities due to different coupling distances. After fusion of both docked vesicles, rapid
molecular priming of vesicles is sufficient to sustain release of vesicles loosely coupled to
Ca?* channels during activity. The spatial and temporal extent of [Ca2*] may increase
during sustained activity, augmenting this process. After activity, slower positional priming
of a small subset of vesicles resupplies the pool of high release-probability vesicles [78]. (c)
Tethering model. Vesicle tethers could accelerate vesicle reloading by (i) providing release-
ready vesicles at AZs, (ii) constraining vesicles to dock closer to Ca* channels (positional
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priming), and/or (iii) enriching priming factors on the vesicle (molecular priming). After
activity, slow positional priming of vesicles closer to Ca2* channels occurs as in panel (b).
The inset illustrates vesicle tethering at ribbons, highlighting the similarities between vesicle
tethering by ribbons at sensory synapses and by filamentous structures at central and
neuromuscular junction (NMJ) synapses.

Trends Neurosci. Author manuscript; available in PMC 2016 February 10.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Hallermann and Silver Page 22
Table 1
Kinetics of recovery from synaptic depression and rate of vesicle reloading per release-ready vesicle at
. a
different types of synapses
i Recovery kineticsb Reloading rate-constant®
Synapse Species T (°C) Method Refs
Trast (5) | Tstow () | max (1/s) | resting (1/s)
Ribbon-type
RT 0.640 31.0 (2)d (0.03) Cm [72]
_ RT & - 4 - TIRF 190"
Goldfish
Bipolar cell RT B R R 0.23 Cm [91]9
RT - - 23 - Cm [15]
Rat (PZO)h RT 0.400 5.9 8 0.2) Pair [51]
RT 0140 | 3.0 50 (0.3) Cnm 71y’
) Mouse
Hair cell RT - _ 70 _ Cm [4]
Bullfrog RT 0.015 0.6 (67) (1.7) Pair [5]
Central (Cerebellum and auditory only)
Mouse (P13) RT 0.052 11 (19) (0.9) Axon stim [50]
Mouse (P27) 36 0.050 2.0 (20) (0.5) Axon stim [92]
Calyx of Held
Rat (P9) RT - - 33 0.1 Cm [74]
Rat (P14) 35 - - 35 - Cn [34]
Cerebellar mossy fiber-granule Mouse (P27) 37 0.026 2.0 70 0.5 Axon stim [29]
cell Rat (P27) 37 ; . 80 - Axonstim | [9]
Axon stim
Cerebellar granule-stellate cell Rat (P18) 35 . . 63 ) and a-LTX | (11
. L. Rat (P18) 34 - - 30 2 Axon stim [48]
Cerebellar parallel fiber-purkinje
1l i
¢ Rat (adult) 32 - . 21 - Axonstim | [12]
Rat (P13) RT 0.300 2.7 3) (0.4) Axonstim | [93]
Cerebellar climbing fiber- .
purkinje cell Rat (P13) 37 0.044 1.2 (23) (0.8) Axon stim [76]
Rat (P18) 34 - - 20 0.7 Axon stim [48]
Neuromuscular
RT 0.052 6.1 (19) 0.2) Axonstim | [27]
Muscle 6/7 Drosophila larvae
RT 15 0.05 Axon stim [47]
Dorsal longitudinal flight muscle | Drosophila fly 33 0.040 15 (25) (0.7) Axon stim [94]
Carpopodite extensor muscle . .
(phasic junction) Crayfish RT 0.130 2.1 (8) (0.5) Axon stim [77]
Levator auris longus muscle Mouse (adult) RT 2.3 11 Axon stim [95]k

a - . . . . . .
Abbreviations: axon stim, extracellular axonal stimulation; Cyy, membrane capacitance measurements; a-LTX, a-latrotoxin; pair, pre- and

postsynaptic whole-cell voltage-clamp recording; RT, room temperature; T, recording temperature; TIRF, total internal reflection fluorescence

microscopy.
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b . . . .
Fast and slow time-constants (tfast and tslow, respectively) of recovery from synaptic depression.

Rate-constant of vesicle reloading per release-ready vesicle both during (maximal rate) and after activity (resting rate).

If the reloading rate-constants were not determined, the inverse of the time-constant of the recovery from depression is shown in brackets (see
Box 1 in main text). However, this neglects any presynaptic changes in pry due to processes such as facilitation and postsynaptic contributions to
the time-course of recovery from depression.

e—,Not determined.
f . : . -
Mean latency of a newcomer vesicle was 250 ms during sustained depolarisations.
gRecovery from paired-pulse depression induced by 8 ms depolarizations with a time-constant of 4.3 s.
h
P, postnatal day.

ISustained exocytosis: 320 fF s_1/(140 release-ready vesicles x 45 aF single-vesicle capacitance).

JMean of estimates of the reloading time-constant of 30 and 65 ms.

k40 quanta per action potential during 100 Hz (=4000 s_l)/1700 release-ready vesicles; 850 ms time-constant of recovery of the RRP.
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