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Invasion of an action potential (AP) to presynaptic terminals triggers calcium dependent
vesicle fusion in a relatively short time window, about a millisecond, after the onset of the
AP. This allows fast and precise information transfer from neuron to neuron by means of
synaptic transmission and phasic mediator release. However, at some synapses a single
AP or a short burst of APs can generate delayed or asynchronous synaptic release
lasting for tens or hundreds of milliseconds. Understanding the mechanisms underlying
asynchronous release (AR) is important, since AR can better recruit extrasynaptic
metabotropic receptors and maintain a high level of neurotransmitter in the extracellular
space for a substantially longer period of time after presynaptic activity. Over the last
decade substantial work has been done to identify the presynaptic calcium sensor that
may be involved in AR. Several models have been suggested which may explain the
long lasting presynaptic calcium elevation a prerequisite for prolonged delayed release.
However, the presynaptic mechanisms underlying asynchronous vesicle release are still
not well understood. In this review article, we provide an overview of the current state
of knowledge on the molecular components involved in delayed vesicle fusion and
in the maintenance of sufficient calcium concentration to trigger AR. In addition, we
discuss possible alternative models that may explain intraterminal calcium dynamics
underlying AR.

Keywords: presynaptic, calcium, synaptotagmins, calcium extrusion, synaptic release

INTRODUCTION

In most of the synapses in the central and peripheral nervous system, release of synaptic
vesicles is tightly temporally coupled to presynaptic action potentials (APs). Usually synaptic
delay, the time between the peak of the AP and the onset of the postsynaptic response, does
not exceed a few milliseconds. This holds true even for synapses where APs can trigger multi
vesicular release (Watanabe et al., 2005). Short synaptic delay also suggests a small range
of synaptic jitter, which, in turn, provides the functional basis for the synchronization of
postsynaptic responses (Burkitt and Clark, 1999). This feature of synaptic transmission allows
rapid information transfer between connected cells and within neuronal networks. The level of
synchronization between APs and synaptic vesicle fusion is mainly determined by the affinity
of vesicular Ca’" sensors and Ca’>" dynamics within presynaptic microdomains. In most cases,
Ca’* concentration collapses below the threshold level for triggering vesicle fusion within a
few milliseconds of the AP reaching the presynaptic terminal. Generally, even high frequency
bursts of APs result in highly synchronized postsynaptic activity. However, at some synapses
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high frequency stimulation can trigger not only synchronized
phasic transmitter release but can also generate vesicle fusion
that lasts for tens or hundreds of milliseconds after the end of
the AP burst (Figure 1A; Hefft and Jonas, 2005; Daw et al,
2009; Ali and Todorova, 2010; Wen et al., 2010; Jappy et al.,
2016; Chen et al., 2017; Li et al., 2017; Luo and Sudhof, 2017;
Turecek and Regehr, 2018). This phenomenon is known as
asynchronous release (AR). Most likely, this mode of release
is not involved in rapid information transfer within CNS,
but plays an important role in the generation of long-lasting
forms of synaptic plasticity especially at those synapses where
plasticity requires the involvement of extrasynaptic metabotropic
receptors (Jappy et al., 2016). Also, taking into account that the
output of synapses with AR lasts for tens of milliseconds after
the end of the presynaptic AP burst, neurons possessing the
ability to release neurotransmitter in this delayed asynchronous
fashion may participate in the generation of low frequency
oscillations. For instance, hippocampal cholecystokinin (CCK)-
positive basket interneurons show prominent AR and play a
key role in the maintenance of the hippocampal theta rhythm
(Hefft and Jonas, 2005; Klausberger and Somogyi, 2008). Finally,
similarly to phasic release, AR undergoes short-term plasticity
dependent on presynaptic stimulation frequency and duration
(Iremonger and Bains, 2007; Ali and Todorova, 2010). Thus, the
understanding of mechanisms underlying AR will contribute to
our knowledge on the generation of different forms of synaptic
plasticity and network integration of distinct neuronal types.

Over the last couple of decades, the molecular components
and mechanisms involved in delayed synaptic vesicle fusion
have been extensively studied using different approaches. It has
been proposed that the synchronous and asynchronous modes
of release recruit different Ca’" sensors and are differentially
regulated by proteins involved in the vesicle cycle. Both release
modes are Ca’*-dependent, however, the number of Ca®*
ions required to bind with Ca?* sensors that is necessary to
trigger these distinct types of release might be different. Another
question that remains a subject of discussion is: what are the
Ca** sources for triggering the two types of vesicle release? While
there is a common agreement that synchronous release is mainly
triggered by Ca?* influx through presynaptic voltage-gated Ca?*
channels, the source of long-lasting Ca** entry required for
AR triggering remains poorly identified and, probably varies
depending on the identity of the presynaptic neuron. The main
differences in mechanisms underlying phasic and asynchronous
modes of release have been discussed in an excellent review by
Kaeser and Regehr (2014). However, it is still unclear why the
same stimulation protocol on two types of presynaptic inputs to
the same postsynaptic cell triggers highly synchronized release
from one type of terminal and strong long lasting AR at the
other (Hefft and Jonas, 2005). In this review article, we discuss
the molecular players involved in AR generation in inhibitory
and excitatory central synapses and in neuromuscular junctions.
In addition to that, we review the current opinion on the
mechanisms that allow a sufficient level of presynaptic Ca?* to
trigger delayed fusion of synaptic vesicles. Finally, we suggest
the possible involvements of calcium extrusion pumps in AR
generation and maintenance.
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FIGURE 1 | Asynchronous release (AR) is temporally separated from action
potential (AP) generated calcium concentration microdomains. (A) Example
traces of responses recorded from a pair of connected cells, a hippocampal
presynaptic cholecystokinin (CCK)™ basket cell (black) and postsynaptic
CA1 pyramidal neuron (red, three subsequently recorded traces). Five APs
(50 Hz) trigger synchronized phasic IPSC [labeled with (*)] and delayed
responses that can be observed both during the AP train [yellow window;
labeled with (*)] and after termination of presynaptic stimulation (green
window). (B) Schematic drawing of the presynaptic calcium concentration
dynamics after a single AP. Opening of the voltage gated calcium channel
(VGCC) causes formation of a calcium concentration microdomain—a
short-lasting local elevation of [Ca*]; sufficient to trigger phasic release (left
panel). After closure of the VGCC, [Ca?t]; radially diffuses and equilibrates
within the terminal and then further declines due to binding to endogenous
buffers and extrusion (right panel). (C) Schematic drawing of vesicle fusion
driven by an AP evoked Ca?t micro/nano-domain (upper panel). Note that
high synchrony arises from the low affinity of the Ca®* sensor (Syt 4) and tight
spatial coupling of the Ca®* source and Ca* sensor. The lower panel shows
delayed vesicle fusion mediated by residual [Ca®*]; remaining in terminals
several milliseconds after the last AP. In this case recruitment of high affinity
synaptotagmins (Sytna) is necessary, but vesicles can be spatially separated
from VGCC, since release is triggered by bulk [Ca®t];. (D) Schematic
representation of the [Ca?*]; time course at the release site (blue) after AP.
Dotted lines show time windows for synchronous (SR) and AR components
of release that are probably mediated by synaptotagmins with different Ca2*
affinities.

PRESYNAPTIC CALCIUM DOMAINS AND
ASYNCHRONOUS RELEASE

According to the most widely accepted model, synaptic release
is triggered in the active zones by Ca?" entering through
voltage gated calcium channels (VGCCs). When these channels
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open during AP, short lasting and spatially restricted elevation
of intraterminal Ca** ([Ca®*];) occurs in close vicinity to
the channels or the cluster of the VGCCs known as nano-
or microdomains (Chad and Eckert, 1984; Simon and Llinds,
1985; Neher, 1998; Eggermann et al., 2011). Although, direct
measurements of [Ca?t]; dynamics in the active zone are
technically challenging at this time, all existing mathematical
models predict that [Ca?t]; elevation sufficient for triggering
fast phasic release remains in the microdomain no longer
than a few milliseconds after AP (Arai and Jonas, 2014).
Then [Ca?*]; equilibrates within the terminal because of radial
diffusion, and further declines due to binding to endogenous
buffers and calcium extrusion (Figures 1B,D). The rapid
temporal dynamics of calcium concentration in microdomains
ensures high fidelity AP-driven phasic synaptic transmission.
However, it seems very unlikely that the same calcium sensor
(synaptotagmins) and calcium source are involved in the
generation of both the phasic and asynchronous components
of evoked release. Taking into account the duration of AR, at
some synapses hundreds of milliseconds, the [Ca?*]; available
at the release site should be substantially lower than that in the
microdomain during phasic release. This assumption strongly
suggests three possible scenarios for AR generation: (1) affinity
of the calcium sensor mediating AR should be high enough
so that fusion events may be triggered by the remaining bulk
[Ca?t];; (2) invasion of APs to the presynaptic terminals,
besides opening VGCC, triggers additional long lasting Ca?*
entry; and (3) a combination of both high-affinity calcium
sensors and an additional calcium source is necessary for AR
generation.

CALCIUM SENSORS UNDERLYING
ASYNCHRONOUS RELEASE

One of the popular hypotheses to explain delayed vesicle
fusion after high frequency presynaptic stimulation is that the
synchronous and asynchronous modes of release are triggered
by different types of Ca** sensors (Figure 1C). The selective
suppression of AR by moderate concentrations of EGTA
(Hefft and Jonas, 2005; Iremonger and Bains, 2007) speaks in
favor of this notion, suggesting both spatial separation of the
asynchronously released vesicles from Ca?* microdomains and
high affinity of the sensor mediating this mode of release. It
is commonly accepted that the role of vesicular Ca*" sensor is
played by proteins belonging to the synaptotagmin (Syt) family
consisting of 17 members. They differ in their expression pattern
and Ca’" binding properties (Bhalla et al., 2008; Gustavsson
et al., 2008; Craxton, 2010; Moghadam and Jackson, 2013).
The vital role in the generation of the phasic component of
synaptic release is usually attributed to Sytl and Syt2. Indeed,
homozygous Sytl knockout mice die within 48 h of birth.
Analysis of synaptic transmission between cultured hippocampal
pyramidal neurons has shown that deletion of Sytl leads to
the selective loss of fast evoked synaptic release while AR and
spontaneous vesicle fusion remain unaffected (Geppert et al.,
1994). Furthermore, point mutations in Sytl that result in
either reduction of Ca?* affinity or a decrease in phospholipid

binding also selectively suppress the phasic component of
evoked release (Pang et al, 2006; Fleidervish et al., 2010).
Similarly to Sytl omission, knockout of Syt2 results in severe
desynchronization of synaptic release from presynaptic APs
(Sun et al,, 2007). In calyx of Held synapses, synaptic delay in
Syt2-knockout mice was approximately 3-4 times longer than
synaptic delay in wild type animals. Moreover, in wild type
calyxes, when [Ca?T]; exceeded 1 wM most of the vesicles
were released within first few milliseconds, resulting in fast
rising excitatory postsynaptic currents (EPSCs); in knockout
animals, using flash photolysis of caged Ca?*, release rate
progressively increases reaching a peak about 100-200 ms after
the flash that triggered Ca?* uncaging (Sun et al., 2007). The
authors concluded that the presence of Syt2 is essential for
rapid synchronization of vesicle fusion at high [Ca%t];. The
major role of Sytl and Syt2 as the vesicular calcium sensors
at GABAergic and glutamatergic synapses was further proven
in a number of studies (Xu et al., 2007; Siidhof, 2013; Chen
et al,, 2017; Li et al,, 2017). Of the synaptotagmins Sytl and
Syt2 have the lowest Ca>* affinity (EC50 = 10-20 wM; Sugita
et al., 2002). Therefore, although these Syts are suitable for
triggering highly synchronized phasic release during the short-
lived [Ca®*]; elevation within the microdomain, it seems unlikely
that they can maintain vesicle fusion even a few milliseconds after
VGCC closure.

Another isoform of synaptotagmin, Syt7, that has been
proposed to mediate AR, has tenfold higher Ca’* affinity
(EC50 = 1-2 uM; Sugita et al.,, 2002). At wild-type zebrafish
neuromuscular junctions, high frequency stimulation leads to
a high level of desynchronization of vesicle fusion that may
be observed as a barrage of EPSCs between two subsequent
APs. Knockdown of Syt7 almost completely abolished these
events without having a major effect on the synchronous release
occurring 1-3 ms after APs (Wen et al, 2010). Conversely,
in a study conducted in T. Sudhofs laboratory (Maximov
et al,, 2008) deletion of Syt7 did not have any effect on either
synchronous or AR measured at inhibitory synapses in cortical
neuronal cultures. However, in a subsequent study the same
group used a knockdown approach to eliminate the contribution
of Syt7 to AR and they found that indeed, similarly to the
neuromuscular junction, this isoform of synaptotagmin plays a
significant role in AR generation (Bacaj et al., 2013). The authors
explained the apparent discrepancy between these two reports as
possible developmental compensation in Syt7 knockout animals.
Finally, involvement of the Syt7 isoform in delayed vesicle
fusion during neuroendocrine exocytosis has been demonstrated
in numerous studies (Sugita et al., 2001; Shin et al., 2002;
Fukuda et al., 2004; Tsuboi and Fukuda, 2007; Gustavsson et al.,
2008; Schonn et al., 2008; Gustavsson and Han, 2009; Li et al,,
2009; Segovia et al., 2010). Recently, the crucial role of Syt7 in
AR generation has been confirmed in inhibitory hippocampal
synapses (Li et al., 2017), cerebellar GABAergic (Chen et al,
2017) and glutamatergic (Turecek and Regehr, 2018) synapses,
and at excitatory calyx of Held synapse (Luo and Sudhof,
2017).

However, despite the growing data pool supporting the notion
that Syt7 is the AR calcium sensor, there are several features of
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this isoform suggesting a more complex mechanism underlying
AR. First, in contrast to Sytl and Syt2, Syt7 was found on the
presynaptic plasma membrane and other internal membranes,
but not synaptic vesicles (Sugita et al., 2001; Virmani et al.,
2003; Takamori et al., 2006; Stidhof, 2013) implying that this
isoform either does not participate in vesicle exocytosis or
does it in a non-canonical fashion. An alternative function of
Syt7 was proposed by Liu et al. (2014) and they demonstrated
the involvement of Syt7 in synaptic vesicle replenishment in
response to high frequency depleting stimulation. In support
of this hypothesis it has been recently shown that robust high
frequency stimulation (20 Hz for 5 s) promotes Syt7-dependent
endocytosis and formation of Syt7-containing vesicles, which
might be later released asynchronously (Liu et al., 2014). This
mechanism may underlay the delayed release observed at the
cerebellar GABAergic basket to Purkinje cell synapses, where
AR may be triggered by several repetitions of 20 Hz 50 APs
trains (Chen et al, 2017), but fails to explain how in the
terminals of hippocampal CCK-positive basket interneurons a
single burst of a few APs (3-5 APs at 50 Hz; Figure 1A)
generates AR lasing over 100 ms (Hefft and Jonas, 2005;
Daw et al, 2009; Ali and Todorova, 2010; Jappy et al,
2016).

Second, the main evidence that Syt7 is the AR calcium
sensor comes from experiments conducted on knockout animals.
Indeed, deletion of this isoform leads to a reduction of
the delayed release component in synapses which have a
moderate contribution of AR to synaptic response (Bacaj
et al., 2013; Chen et al, 2017; Turecek and Regehr, 2018).
Nevertheless, there is evidence that the “desynchronizing” action
of Syt7 depends on the identity of the interaction partners in
the SNARE complex. For instance, in hippocampal cultured
neurons substitution SNAP-25 by SNAP-23 in the presence of
endogenous Syt7 resulted in strong desynchronization of evoked
release, but omission of Syt7 in SNAP-23 expressing cultures
made release even more asynchronous (Weber et al., 2014).
Moreover, Weber and co-authors showed that asynchronously
released vesicles carried Sytl, but not Syt7. Finally, the
single-cell expression profile of synaptotagmins clearly shows
that Syt7 is expressed in most hippocampal and neocortical
neurons (Zeisel et al., 2015) and the level of Syt7 mRNA in
excitatory hippocampal cells, which show very moderate AR,
is substantially higher than in CCK/CB1-positive interneurons,
which demonstrate pronounced AR (Zeisel et al., 2018). Recent
articles proposed that this isoform is responsible for paired
pulse synaptic facilitation at a number of excitatory synapses
(Jackman et al., 2016; Turecek and Regehr, 2018) assuming
that recruitment of Syt7 in synaptic release occurs during
the second AP. Nevertheless, most of these connections, three
hippocampal and one corticothalamic, do not show AR at a
level that might have physiological relevance. Thus, one can
conclude that different isoforms of synaptotagmins can play
different roles in determining the modality of vesicle fusion at
different synapses. Most likely, low-affinity isoforms Sytl and
Syt2 are responsible for the high level of synchronization of fast
release with presynaptic APs, while high-affinity Syt7 participates
in generation of delayed release. However, the mechanism

of recruitment of Syt7 in phasic and AR needs to be
identified.

Doc2 proteins were proposed as another candidate for the
Ca?* sensor responsible for AR (Yao et al., 2011; Xue et al., 2015).
However, the initial finding that knockout of cytosol soluble
Doc2A reduces the asynchronous component of evoked release
has not been confirmed by other groups (Groffen et al., 2010;
Pang et al., 2011). More recently, it has been shown that proteins
of the Doc2 family participate in spontaneous release rather than
take part in AR generation (Ramirez et al., 2017). In particular,
Doc2a is involved in spontaneous release at excitatory synapses
while Doc2p knockout selectively affects spontaneous release
from GABAergic terminals (Courtney et al, 2018). Finally,
consideration of Doc2 proteins as specific Ca?* sensors for AR
is challenged by single-cell RNA-seq data, according to which
expression of Doc2 proteins is substantially higher in excitatory
hippocampal and cortical neurons with very weak AR than in
those subpopulations of interneurons that have very pronounced
AR (Zeisel et al., 2018).

CALCIUM SOURCES FOR TRIGGERING
ASYNCHRONOUS RELEASE

Despite the fact that asynchronous and phasic releases can be
triggered by distinct Ca?" sensors, the main prerequisite for
triggering prolonged delayed release is long-lasting presynaptic
[Ca?*]; elevation. Thus, the two main questions when studying
AR are:

1. what is the source of presynaptic Ca** that triggers AR?
2. how does elevated [Ca®*]; persist in presynaptic terminals for
tens or hundreds of milliseconds?

The suggested sources of Ca?t for AR generation are
summarized on Figure 2A. It has been proposed that
P2X2 receptors mediate/modulate AR at glutamatergic synapses
formed by Schaffer collaterals on CA1l stratum radiatum
interneurons. Here a high frequency train of 3 or 9 stimuli
triggered AR lasting for several seconds (Khakh, 2009). In half of
the neurons tested, the frequency of the post-train asynchronous
event could be reduced by application of a P2X2 antagonist,
however, drug application did not have any effect on the
remaining interneurons. This finding has potential interest for
two major reasons. First, it gives a hint that the P2X2 receptor
is expressed in the brain in adulthood which so far has not been
shown by RNA-seq (Zeisel et al., 2015; Cembrowski et al., 2016).
Second, it shows that activation of Ca?*-permeable purinergic
receptors may play a modulatory role in transmitter release at
glutamatergic synapses.

In frog neuromuscular junctions, long-lasting amplification
of Ca?" transients was suggested to be due to Ca?*-induced
Ca?" release from intracellular stores. In two articles published
by Narita et al. in 1998 and 2000, the authors claimed that
during high frequency stimulation [Ca?*]; in motor neuron
terminals reaches a sufficient level for the activation of ryanodine
receptors located on presynaptic Ca** depots (Narita et al,
1998, 2000). Subsequently, this can trigger massive Ca?* release
from presynaptic intracellular stores. The major proof of this
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FIGURE 2 | Sources of calcium for AR generation. (A) Proposed sources of
calcium for AR generation: (i) ATP-gated ionotropic P2X2 receptors; calcium-
dependent release from intracellular calcium stores; and

(ii) calcium-dependent prolongation of calcium entry through VGCC.

(B) Schematic representation of a hypothetical [Ca2t]; time course at the
release site during SR and AR. Conventional [Ca®*]; elevation due to the flux
through VGCC during AP (blue) combines with Ca?* entry via an additional
AP activated Ca®* source (green). Dotted lines show time windows for

SR and AR.

conclusion is that, in the presence of thapsigargin, the amplitude
of the [Ca®*]; transient evoked by high frequency afferent nerve
stimulation was greatly reduced relative to control. The role of
intracellular Ca?* depots in shaping fast synchronous release
and the contribution to AR was later studied in cerebellar and
hippocampal synapses (Carter et al., 2002). In both preparations,
caffeine-induced Ca’" release from intracellular stores could
be efficiently blocked by ryanodine or thapsigargin application.
However, neither ryanodine nor thapsigargin had any effect on
paired pulse facilitation in cerebellar parallel fibers or in most
hippocampal excitatory synapses (Schaffer collaterals, associated
commissural input, and mossy fiber input to pyramidal cells). In
addition, both drugs failed to block AR evoked by stimulation
of parallel fibers. Thus, additional experiments are necessary
to determine the impact of Ca’" release from presynaptic
intracellular stores on AR generation.

A very interesting hypothesis was proposed by Few et al.
(2012). They showed that prolonged or repetitive activation of
N- and/or P-types of VGCC triggers sustained Ca?*-dependent
activation of these channels resulting in long-lasting Ca?* influx.
Indeed, this current might be sufficient to trigger vesicle fusion.
However, since the peak amplitude of the Ca?*-induced current
is about 10% of the peak amplitude of the depolarization-

induced Ca?* current, the amplitude of asynchronous events
should be substantially smaller than that of synchronous fast
responses. This is probably the case at synapses formed by
cerebellar parallel fibers, but seems to be unlikely in the case
of AR from hippocampal CCK-positive basket cells. In the
latter connection, the integral of asynchronously released IPSC
detected after the bust of Aps is in the same range as the
cumulative phasic response evoked during the AP train (Hefft
and Jonas, 2005), suggesting similarity in release probability and
[Ca?"]; during the synchronous and asynchronous phases of
release. Even when taking into account the difference in the
cooperativity of synchronous and AR (approximately 2-4 fold)
and high Ca’* affinity of Syt7, the Ca?*-induced tail current
through N- and P- type Ca*" channels is unlikely to be sufficient
to trigger AR at CCK-positive synapses. In addition to that,
activation of CB1 receptors expressed on these terminals leads to
suppression of VGCC reducing overall Ca** entry; this mostly
affects synchronous release and has a weaker effect on the
asynchronous component (Ali and Todorova, 2010). A similar
picture was observed in the zebrafish neuromuscular junction,
where blockade of voltage-gated P/Q Ca?* channels during a
burst of APs did not prevent either delayed [Ca?t]; increase or
AR (Wen et al, 2013). Taken together, the findings made by
Ali and Todorova (2010) and Wen et al. (2013) suggest that a
burst of APs may trigger some additional processes except from
Ca** entry via VGCC which may induce [Ca?*]; increase and
trigger AR.

HYPOTHETICAL ROLE OF CALCIUM
EXTRUSION IN ASYNCHRONOUS
RELEASE

Most of the mechanisms of [Ca®*]; elevation discussed above,
which trigger AR, consider the participation of either ligand-
gated or voltage-gated slow Ca’" conductances (Figure 2B).
However, taking into account the fact that Syt7-mediated
release can be triggered by [Ca?*]; in the range of 1 pM,
the role of residual Ca’™ in AR generation has to be
considered. Disruption of Ca?" extrusion from presynaptic
terminals might lead to a prolongation of [Ca?t]; transients
and consequently evoke delayed vesicle fusion. Two major
plasma membrane transport proteins are involved in the
maintenance of presynaptic Ca?* homeostasis, these are: plasma
membrane calcium-ATPase (PMCA) and the sodium/calcium
exchanger (NCX; Figures 2A, 3A,C). It was suggested that
the major role of PMCA is the maintenance of low cytosolic
Ca?, since its affinity to Ca?" is rather high and the rate
of extrusion was thought to be slow. In contrast, NCX can
rapidly counteract large cytosolic Ca?t elevations especially in
excitable cells. However, recently the roles of the two Ca?*
extrusion systems have been revised, since it has been shown
that some PMCA isoforms may be involved in the regulation
of basal Ca?* concentration (in the 100 nM range) and in
the Ca?* elevations generated by cell stimulation (in the M
range). For instance, PMCA2, in particular, PMCA2a, exhibits
exceptionally rapid activation in response to a rise in [Ca?*];
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(Caride et al,, 2001). PMCA2a is ideally suitable for quick
Ca?" handling even during prolonged high-frequency firing.
Interestingly, in hippocampal perisomatic inhibitory synapses
this isoform is selectively expressed in parvalbumin-containing
terminals (Jensen et al., 2007; Burette et al., 2009), while in
CCK-terminals characterized by massive AR PMCA2a has not
been detected.

NCX is a plasma membrane transport protein that exchanges
3 Na* for 1 Ca’?*; its functioning is strongly dependent on
Nat and Ca’" gradients and plasma membrane potential.
Thus, strong Na® accumulation in the cytosol (for example,
after a train of APs) substantially slows down NCX-mediated
Ca’* extrusion resulting in elevation of residual [Ca’*];.
Presynaptic Nat dynamics are not well studied, however, several
lines of evidence suggest that the decay time constant of
Na' extrusion is in the range of hundreds of milliseconds
(Regehr, 1997; Fleidervish et al.,, 2010). Thus, during a high
frequency burst of APs Na™ concentration can rapidly build
up in the terminal and then slowly decay to the basal level;
in this period NCX will extrude Ca?* at a substantially
slower rate (Figures 3B,D). Elevation of residual [Ca’*];
due to Na'-dependent decelerating of NCX-mediated Ca?*
extrusion is even more pronounced at synapses with reduced
PMCA function (Roome et al., 2013a). Moreover, extreme
clevation of [Na']; may reverse NCX and result in Ca?*
influx into the cell via this exchanger (Roome et al, 2013b;
Khananshvili, 2014). The latter suggests that NCX may act
either as a Ca’T-clearing protein or Ca’* source, depending
on the intensity of presynaptic activity (Figure 3A). In the
case of CCK-positive hippocampal basket cells, which do not
express the fast isoform of PMCA, slowing of the rate of
NCX-mediated extrusion or switching to NCX reverse mode
might provide a level of [Ca?T]; sufficient for AR generation.
Selective suppression of AR at these GABAergic synapses and
at some excitatory terminals by moderate concentration of
EGTA strongly suggests that residual Ca?* and Ca*" extrusion
machinery, determining the kinetics of [Ca?T]; are involved in
delayed release generation (Hefft and Jonas, 2005; Iremonger and
Bains, 2007).

ASYNCHRONOUS RELEASE TRIGGERED
BY STRONTIUM OR LANTHANIDES

Substitution of extracellular Ca*" with Sr>* or application
of lanthanides reduces phasic release and greatly promotes
AR (Dodge et al.,, 1969; Heuser and Miledi, 1971; Goda and
Stevens, 1994; Xu-Friedman and Regehr, 2000; Shin et al., 2003).
Although, the underlying mechanisms are certainly different
from AR evoked at physiological conditions by high frequency
stimulation, some of the effects of Sr>* and La** on the timing
of synaptic release can be explained by a reduction in the
functioning of extrusion pumps.

Strontium can enter the terminals and trigger synaptic
vesicle fusion via interaction with Sytl, although in a way
that does not involve activation of SNARE (Shin et al., 2003;
Li et al, 2017). However, in contrast to Ca?*, clearance
of “residual Sr**” from presynaptic terminals is significantly
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FIGURE 3 | Possible role of the presynaptic calcium extrusion pumps in AR
generation. (A) Schematic drawing of presynaptic sequence of Na* and
Ca?t fluxes triggered by a single AP: (i) Nat entry trough voltage-gated
sodium channels (VGSCs); (i) Ca®* entry trough VGCGC; (jii) Fast Ca®+
extrusion via sodium/calcium exchanger (NCX); and (iv) Final clearance of the
presynaptic Ca?* by plasma membrane calcium-ATPase (PMCA).

(B) Massive elevation of intra-terminal Na* concentration during the high
frequency train of APs can strongly reduce the NCX extrusion rate (a), or at
extreme elevation of [Na*];, reverse the direction of Nat and Ca?* fluxes (b)
through NCX prolonging the time course of the presynaptic calcium
clearance, especially in terminals with reduced function of PMCA.

(C) Schematic representation of intraterminal [Ca®+]; (blue) and [Na*]; (red)
time courses after a single AP. (D) Schematic representation of the [Ca?t];
time course (blue) after burst APs leading to the massive elevation [Na*t]; (red)
when NCX is the only extrusion pump. Note, that direct simultaneous
measurements of intraterminal [Na*]i and [Ca2t]; are not technically possible
at the moment. However, modeling studies suggest that in the case of PMCA
absence the temporal dynamics of [Ca®*]; and [Na*]; are be tightly coupled.

slower (Xu-Friedman and Regehr, 2000), which can explain the
extended time course of Sr>*-driven release. The rapid effect of
La*>" does not require La®* entry into the terminal, or binding
to Sytl and is independent of extracellular Ca?* concentration.
Nevertheless, the delayed component of an La**-evoked increase
of spontaneous release frequency can be blocked by intracellular
loading of Ca?t buffers (Chung et al., 2008). The latter, probably,
can be attributed to the known ability of La** to block PMCA
(Shimizu et al., 1997) which results in elevation of [Ca®*]; and
promotes vesicle fusion. Thus, one can assume that the lack or
reduced function of one of the extrusion proteins may result in
slowed presynaptic [Ca*"]; dynamics leading to prolongation of
vesicle release.
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CONCLUDING REMARKS

Currently, there is an agreement that the Ca?* sensors involved
in fast and AR are different and that they have different
Ca**-binding kinetics. Syt7 has been proposed to perform
the function of high affinity Ca** sensors for AR generation
that is spatially and temporally located outside Ca?* domains.
However, Syt7 was found on the presynaptic plasma membrane
and other internal membranes, but not on synaptic vesicles
suggesting a non-canonical mechanism of Syt7-mediated of
vesicle exocytosis. Thus, recruitment of Syt7 into evoked delayed
release needs to be more thoroughly studied. In addition to
that, involvement of other synaptotagmins to AR generation,
which have high Ca?* affinity and neuronal expression, has to
be investigated. Importantly, experiments with EGTA loading
clearly show that AR requires the presence of long-lasting
elevation of free intraterminal Ca?". In this respect, it might
be promising to study the possible role of modulation of Ca’*
extrusion proteins. The role of NCX should be investigated, since
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