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Abstract The hypothesis that release of classical neuro-
transmitters and neuropeptides is facilitated by increasing
the mobility of small synaptic vesicles (SSVs) and dense
core vesicles (DCVs) could not be tested until the advent of
methods for visualizing these secretory vesicles in living
nerve terminals. In fact, fluorescence imaging studies have
only since 2005 established that activity increases secretory
vesicle mobility in motoneuron terminals and chromaffin
cells. Mobilization of DCVs and SSVs appears to be due to
liberation of hindered vesicles to promote quicker diffusion.
However, F-actin and synapsin, which have been featured
in mobilization models, are not required for activity-
dependent increases in the mobility of DCVs or SSVs.
Most recently, the signaling required for sustained mobili-
zation has been identified for Drosophila motoneuron
DCVs and shown to increase synaptic transmission.
Specifically, presynaptic endoplasmic reticulum ryanodine
receptor-mediated Ca2+ release activates Ca2+/calmodulin-
dependent kinase II to mobilize DCVs and induce post-
tetanic potentiation (PTP) of neuropeptide release in the
Drosophila neuromuscular junction. The shared signaling
for increasing vesicle mobility and PTP links vesicle
mobilization and synaptic plasticity.

Keywords Synaptic vesicle . Dense core vesicle . Release .

Exocytosis . Neuropeptide .Mobility

It has long been speculated that neurotransmission is
facilitated by increasing synaptic vesicle mobility. For
example, it was hypothesized that liberation of small

synaptic vesicles (SSVs) tethered to F-actin by synapsin
regulates transmitter release [1]. However, without direct
observation of regulated vesicle mobility in nerve terminals,
the meaning of the term “mobilization” broadened to
encompass any process that increases release. This vague-
ness arose because an activity-dependent increase in vesicle
mobility (i.e., what is meant by “mobilization” for the rest
of this review) was not detected directly until the advent of
approaches for labeling vesicles with green fluorescent
protein (GFP) and FM1–43 (a styryl dye) so that vesicle
motion could be monitored directly in living cells with
fluorescence microscopy. Here we describe the recent
insights made with live cell imaging that link the signaling
that increases vesicle mobility in the nerve terminal to
synaptic plasticity.

Vesicle Mobilization by Liberation

Activity-dependent vesicle mobilization in a native nerve
terminal was first demonstrated with neuropeptide-containing
dense core vesicles (DCVs) in the Drosophila neuromuscular
junction (NMJ) [2]. In that case, DCV mobility is increased
for minutes following seconds of electrical activity. A year
and a half later, stimulation was found to mobilize
chromaffin cell DCVs and frog NMJ SSVs [3, 4]. Mobilized
secretory vesicles appear to move randomly with little
sensitivity to temperature [2–4]. These observations are in
accord with the earlier demonstration that releasable and
reserve vesicles move by diffusion, but at different rates [5].
Of course, such movement is not necessarily simple because
vesicle diffusion is affected by heterogeneities in the
cytoplasm (e.g., caging by the cytoskeleton). Nevertheless,
the simplest interpretation of vesicle mobility experiments is
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that activity-induced mobilization liberates hindered vesicles
to quicken their local diffusion.

F-actin and Synapsin are not Involved in Mobilization

Vesicle mobility measurements also ruled out two players
in popular models of mobilization: F-actin and synapsin. F-
actin had been speculated to either hinder vesicles directly,
to act as a scaffold for tethering vesicles, or to provide a
track for regulated motors. However, depolymerizing F-
actin does not mimic or prevent activity-induced mobiliza-
tion of DCVs or SSVs [2–4]. The first indication that
synapsin is also not essential came with the observation of
DCV mobilization in type III Drosophila NMJ boutons [2],
which do not have detectable synapsin [6]. More recently,
SSV mobilization at the mouse NMJ was found to be intact
even when all three synapsin genes are knocked out [7].
The lack of involvement of F-actin and synapsin shows that
a new model is required to explain activity-dependent
secretory vesicle mobilization. The shared features of
mobilization in diverse cell types with different types of
secretory vesicles (i.e., DCVs and SSVs) suggest that this
mechanism is conserved for all secretory vesicles in
presynaptic terminals.

Variation in Vesicle Mobility Affects the Size
of the Reserve and Releasable Pools

The relevance of vesicle mobility in release was first
established by in vitro imaging experiments. Specifically, it
was shown that most cytoplasmic DCVs are held in reserve by
being immobilized in the cytoplasm [8]. Even if such vesicles
are close to the cell surface, they do not undergo exocytosis
because they do not move to the plasma membrane [5]. Thus,
mobility, rather than initial location, determines whether
vesicles are relegated to the reserve or releasable pools.

This conclusion was strengthened by the finding that the
most mobile cytoplasmic DCVs were most prone to
undergo exocytosis [5]. Subsequently, similar conclusions
were reached for SSVs: releasable SSVs are mobile and
widely distributed, while reserve SSVs hardly move [4, 9].
The importance of vesicle mobility for release was further
bolstered by the demonstration that the rate at which mobile
vesicles can encounter the cell surface can be slower than
docking and fusion [10–12]. Indeed, the kinetics of
neuropeptide release is affected by an unusual wide
distribution of vesicle diffusion coefficients, which can
shift in response to facilitators of release [10, 13]. Hence, the
time course and extent of release, which are often interpreted
to be due to releasable and reserve vesicle pools, are affected
by differences in vesicle mobility at release sites.

In addition to mobilization that promotes cytoplasmic
vesicle movement to the membrane, a recent study detected
an increase in vesicle motion associated with membrane
fusion itself [14]. This could reflect the operation of
exocytotic machinery or be a specialized version of the
Ca2+-induced liberation that occurs with cytoplasmic
vesicles that are not in contact with the membrane.
Regardless of its basis, the increase in vesicle mobility just
prior to release reiterates that the emphasis on immobiliza-
tion in a long-lived docked state before exocytosis, which
was formulated based on static electron microscopy images,
should be replaced by the realization that vesicle motion is
beneficial for release.

The Importance of Signaling for Vesicle Mobilization

Past studies raised the possibility that physiological
regulation of vesicle mobility could contribute to facilita-
tion of release. However, because there was no method for
perturbing activity-dependent vesicle mobilization (e.g., it
was resistant to inhibitors of motors and actin polymeriza-
tion), this hypothesis could not be tested experimentally.
Without knowing the molecular basis of mobilization, how
could its relevance be probed? Seizing on signal transduc-
tion, Shakiryanova et al. focused on the trigger for
prolonged mobilization [15]. Their strategy was to identify
signaling steps that produce activity-dependent DCV
mobilization and then to test whether disrupting this
pathway affects a form of synaptic plasticity that accom-
panies mobilization. Post-tetanic potentiation (PTP) of
neuropeptide release was a natural candidate for inquiry
because seconds of activity had been shown to produce
minutes of DCV mobilization and potentiated neuropeptide
release [2].

Presynaptic ER Ca2+ Release is Necessary
for Activity-induced DCV Mobilization

The many minutes of increased DCV mobility following
seconds of activity and the requirement for Ca2+ influx for
mobilization suggested that Ca2+ triggered signaling to
induce prolonged mobilization. Shakiryanova et al. began
their signaling studies with the hypothesis that a brief influx
of Ca2+ could trigger a long-lasting effect by evoking Ca2+-
induced Ca2+ release via ryanodine receptors (RyRs) in the
presynaptic endoplasmic reticulum (ER). First, RyR-mediated
Ca2+ release was shown to be sufficient to increase DCV
mobility in type Ib boutons in the absence of extracellular
Ca2+. Specifically, when bath Ca2+ was replaced with the a
Ca2+ chelator EGTA, (a) a Ca2+ ionophore increased DCV
mobility; (b) application of the RyR channel opener

40 Mol Neurobiol (2008) 37:39–43



caffeine evoked Ca2+ release from internal stores and
increased DCV mobility; (c) ryanodine at a concentration
known to block RyRs prevented DCV mobilization in
response to caffeine; and (d) genetic depletion of ER Ca2+

stores blocked caffeine-evoked vesicle mobilization. For
the latter experiments, the Kum170 mutant was used, which
results in temperature-sensitive, long-lasting loss of func-
tion of the Ca2+ pump that maintains ER Ca2+ storage, the
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA). To-
gether, the above results established that ER Ca2+ release
via RyRs is sufficient to induce DCV mobilization in
synaptic boutons.

ER Ca2+ release was then shown to be necessary for
activity-induced mobilization (Fig. 1). In these experiments,
vesicle mobility was quantified in terms of the decrease in
the pixel-by-pixel correlation coefficient (CC) between
sequential images in a time lapse experiment: mobility
index=1−CC [2, 15, 16]. This assay has the benefit that
dynamic and reversible changes in vesicle mobility can be
followed continually during an experiment. Prolonged
mobilization of DCVs induced by brief tetanic stimulation
of motor neurons was evident in Kum170 larvae at
permissive temperatures (Fig. 1a, Kum−heat) and in
control animals briefly heated to 40°C (Con+heat). How-
ever, the tetanus failed to evoke DCV mobilization in
Kum170 mutant synaptic boutons following the tempera-
ture-dependent inactivation of SERCA (Kum+heat). ER
Ca2+ stores were also implicated with the SERCA inhibitors
thapsigargin and cyclopiazonic acid, which also inhibited
activity-induced DCV mobilization (Fig. 1b). Inhibition of
RyRs with ryanodine (Ryan) also blocked mobilization
induced in the presence of extracellular Ca2+ (Fig. 1b).
Finally, a genetically targeted dominant negative SERCA
subunit was used to demonstrate that presynaptic ER Ca2+

release was required. Thus, genetic and pharmacological
experiments showed that Ca2+ influx from the extracellular
medium induces Ca2+ release via presynaptic ER RyRs that
is necessary for activity-induced vesicle mobilization.

Transient Ca2+ Release Activates CamKII to Induce
Mobilization

Shakiryanova et al. then addressed whether presynaptic Ca2+

sustains prolonged mobilization. Specifically, to test whether
DCV mobilization is maintained by residual [Ca2+]i follow-
ing stimulation, [Ca2+]i in synaptic boutons was measured
with Ca2+ indicators. Motor neuron terminals were either
induced transgenically to express the ratiometric Ca2+

indicator Cameleon 2.1 or boutons were loaded with
dextran-conjugated OGB-1, a chemical single wavelength
indicator. With either indicator, a 70-Hz, 15-s tetanus
increased cytoplasmic Ca2+ in boutons only briefly (i.e.,
Ca2+ decayed back to baseline levels within seconds of
halting the stimulus). Thus, the cytoplasmic Ca2+ increase is

a
Vehicle
CPA
Tg
Ryan

Con+heat
Kum+heat
Kum-heat

b
Fig. 1 ER Ca2+ release via
RyRs is necessary for DCV
mobilization evoked by electri-
cal activity. Emptying the ER
Ca2+ stores with genetics (a) or
SERCA inhibitors (b) blocks
mobilization by a 15-s tetanus
(arrow). Ryanodine also inhibits
mobilization (b). From [15]

KN-92

KN-93

KN-62

Fig. 2 DCV mobilization induced by a 70-Hz, 15-s tetanus (arrow) is
blocked by the CamKII inhibitors KN-62 and K-93, but not by the
inactive analog KN-92. KN compounds were applied at 10 μM.
Similar results were obtained with AIP-II, a CamKII inhibitory
peptide. From [15]
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far too transient to sustain the many minutes of vesicle
mobilization induced by this stimulus.

The mismatch in the kinetics of [Ca2+]i and mobilization
suggested that downstream signaling sustains activity-
induced vesicle mobilization. Ca2+/calmodulin-dependent
kinase II (CamKII) is a potential long-acting mediator of
transient Ca2+ changes that is activated by RyRs to facilitate
SSV exocytosis and release of neurotrophins [17–19].
Therefore, Shakiryanova et al. probed the role of this
plasticity-associated enzyme. Specifically, CamKII was
acutely inhibited by treating boutons with the CamKII
inhibitors KN-62 or KN-93, which bind to the calmodulin
binding site (Fig. 2), or a membrane permeant inhibitory
peptide (AIP-II), which binds to the active site. Each
CamKII inhibitor abolished vesicle activity-induced mobi-
lization, while inactive controls such as KN-92 did not
prevent mobilization. Thus, CamKII is required for activity-
induced DCV mobilization.

The next question was whether CamKII functions as an
upstream activator of RyRs or a downstream effector of
released ER Ca2+. In fact, the latter proved to be the case.
First, Ca2+ responses were unaffected by CamKII inhibi-
tion, showing that RyRs were not regulated by CamKII.
Second, bypassing RyRs to evoke Ca2+ release in the
absence of bath Ca2+ with an ionophore or veratridine
(which was shown to act independently of the ER) evoked
mobilization that still required CamKII [15]. Therefore,

Fig. 3 PTP requires CamKII and RyRs. Top, PTP is evident with the
inactive control (KN92, left), but abolished with the CamKII inhibitor
(KN93, right). Bottom, PTP occurs with vehicle (Con, left), but is
blocked with the RyR inhibitor ryanodine (Ryr, right). Open bars
indicate 3-Hz stimulation. Open circles show response to first bout of
3-Hz stimulation. Closed circles show response to 3-Hz stimulation
2.5 min after 70-Hz, 15-s tetanus. From [15]

V-gated calcium channel

Ryanodine Receptor 

Calcium flux

CaMKII

Fig. 4 Model of vesicle mobilization and facilitation of neuropeptide
release. Calcium influx through voltage-gated channels elicits calcium
release from endoplasmic reticulum via ryanodine receptors, which in

turn activates CamKII. The kinase then increases the mobility of
secretory vesicles so that they can encounter the plasma membrane
more quickly to undergo calcium-evoked exocytosis
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CamKII must be a downstream effector of the transiently
released Ca2+.

RyR-activated CamKII Induces Vesicle Mobilization
and Synaptic Plasticity

As mentioned earlier, increased DCV mobility induced by a
conditioning tetanus is correlated with PTP of neuropeptide
secretion [2]. Are vesicle mobilization and synaptic
plasticity coincidental? To test whether mobilization-inducing
signaling has a role in PTP, nerve terminals were treated with
inhibitors of CamKII (KN-93) and the RyR (ryanodine), or
their associated controls (KN-92 or vehicle, respectively), and
then stimulated to induce release. Release evoked by 3-Hz
stimulation, which was measured as the decrease in GFP-
tagged peptide fluorescence in boutons, was not affected by
the inhibitors. This shows that RyR-activated CamKII is not
relevant at a low firing rate. However, no PTP was induced
after inhibiting CamKII (Fig. 3, KN93) or RyRs (Fig. 3,
Ryan). Therefore, CamKII activated by presynaptic RyRs
increases DCV mobility and evokes potentiation of neuro-
peptide release after a tetanus. These results are consistent
with the conclusion that RyR-activated CamKII induces
DCV mobilization, which in turn contributes to PTP of
neuropeptide secretion (Fig. 4).

Conclusions

Shakiryanova et al. reasoned that identifying the signaling that
controls vesicle motion would provide the opportunity to test
whether inhibiting mobilization affects synaptic plasticity.
Synaptic DCV motion and neuropeptide release were imaged
in vivo to show that both activity-dependent increases in DCV
mobility and PTP in Drosophila synaptic boutons require
presynaptic ER Ca2+ release via RyRs leading to CamKII
activation [15]. The use of a single signaling pathway for
controlling DCV mobility and release establishes a mecha-
nistic connection between vesicle mobilization and synaptic
plasticity. Mobilization of DCVs and SSVs is similar (see
“Vesicle Mobilization by Liberation” and “F-actin and
Synapsin are not Involved in Mobilization” sections) and
synaptic plasticity mechanisms are likely to be evolutionarily
conserved. Hence, the RyR–CamKII–vesicle mobilization
mechanism discovered in Drosophila may facilitate classical
neurotransmission and DCV-mediated release of neuropep-
tides and neurotrophins in mammalian synapses.
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