
Cellular/Molecular

Presynaptic Ryanodine Receptor-Activated Calmodulin
Kinase II Increases Vesicle Mobility and Potentiates
Neuropeptide Release

Dinara Shakiryanova,1 Markus K. Klose,2 Yi Zhou,1 Tingting Gu,3 David L. Deitcher,4 Harold L. Atwood,2

Randall S. Hewes,3 and Edwin S. Levitan1

1Department of Pharmacology, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, 2Department of Physiology, University of Toronto, Toronto,
Ontario, Canada M5S 1A8, 3Departments of Zoology and Cell Biology, University of Oklahoma, Norman, Oklahoma 73019, and 4Department of
Neurobiology and Behavior, Cornell University, Ithaca, New York 14853

Although it has been postulated that vesicle mobility is increased to enhance release of transmitters and neuropeptides, the mechanism
responsible for increasing vesicle motion in nerve terminals and the effect of perturbing this mobilization on synaptic plasticity are
unknown. Here, green fluorescent protein-tagged dense-core vesicles (DCVs) are imaged in Drosophila motor neuron terminals, where
DCV mobility is increased for minutes after seconds of activity. Ca 2�-induced Ca 2� release from presynaptic endoplasmic reticulum
(ER) is shown to be necessary and sufficient for sustained DCV mobilization. However, this ryanodine receptor (RyR)-mediated effect is
short-lived and only initiates signaling. Calmodulin kinase II (CaMKII), which is not activated directly by external Ca 2� influx, then acts
as a downstream effector of released ER Ca 2�. RyR and CaMKII are essential for post-tetanic potentiation of neuropeptide secretion.
Therefore, the presynaptic signaling pathway for increasing DCV mobility is identified and shown to be required for synaptic plasticity.
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Introduction
It has long been speculated that vesicle motion at synapses could
be controlled to influence neurotransmission, but activity-
dependent increases in vesicle mobility (i.e., mobilization) in
nerve terminals were detected directly only recently. This was
first accomplished with neuropeptide-containing dense-core
vesicles (DCVs) in Drosophila neuromuscular junction (NMJ) by
using two methods, fluorescence recovery after photobleaching
(FRAP) and image correlation analysis of time-lapse movies
(Shakiryanova et al., 2005) [for movies and technical details, see
Levitan et al. (2007)]. Subsequently, stimulus-induced vesicle
motion was detected with mammalian neuroendocrine DCVs
and frog NMJ small synaptic vesicles (SSVs) (Allersma et al.,
2006; Gaffield et al., 2006). The increase in vesicle mobility in
these diverse preparations shares common features. First, mobi-
lized vesicles move randomly, in accordance with single particle-
tracking studies that showed that releasable and reserve secretory
vesicles move by diffusion, albeit at different rates (Han et al.,
1999; Ng et al., 2003). Second, stimulation-induced mobility is
unaffected by depolymerizing F-actin. Along with other experi-
ments (Silverman et al., 2005; Gaffield et al., 2006; Tokuoka and

Goda, 2006), this finding suggests that the long-standing ques-
tion of whether F-actin is a barrier for vesicle immobilization or a
track for motor-mediated translocation (Nunes et al., 2006; Scal-
ettar, 2006) is not central to understanding stimulation-induced
vesicle motion. Finally, the stimuli in each case are associated
with Ca 2� influx, which was explicitly demonstrated to be re-
quired for enhancing vesicle mobility in two of the studies (Sha-
kiryanova et al., 2005; Allersma et al., 2006). Although SSV mo-
bilization is not seen in all neurons (Rea et al. 2004; Lemke and
Klingauf, 2005), these shared properties indicate that a conserved
mechanism may underlie mobilization of both SSVs and DCVs at
sites that are capable of this regulation.

Mobilization of neuropeptide-containing DCVs likely in-
volves sustained signal transduction because seconds of activity
in Drosophila NMJ type Ib boutons induce many minutes of in-
creased DCV mobility even after release is inhibited (Shakiry-
anova et al., 2005). However, the specific pathway activated by
Ca 2� influx has not been identified. Thus, the role of this signal-
ing pathway in synaptic function and plasticity is not known.
Indeed, although pharmacological manipulations have been
shown to produce DCV mobility increases that can account for
increased release in vitro (Ng et al., 2002, 2003), inhibiting phys-
iological vesicle mobilization has never been shown to block po-
tentiation of release in vivo.

Here, in vivo imaging of a green fluorescent protein (GFP)-
labeled neuropeptide, which reports native neuropeptide secre-
tion (Heifetz and Wolfner, 2004; Husain and Ewer, 2004; Kula et
al., 2006), shows that ryanodine receptor (RyR)-mediated Ca 2�
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release from presynaptic endoplasmic reticulum (ER) is neces-
sary and sufficient for triggering DCV mobilization in the larval
NMJ. Calmodulin kinase II (CaMKII) then acts as an effector of
released ER Ca 2�. Finally, RyR-mediated Ca 2� release and
CaMKII are shown to be required for post-tetanic potentiation
(PTP) of neuropeptide secretion.

Materials and Methods
Animals and preparations. Most experiments were performed on the
third instar larval NMJ from transgenic Drosophila expressing Emerald
GFP-tagged atrial natriuretic factor (elav-GAL4 UAS-preproANF-EMD)
as described previously (Rao et al., 2001; Shakiryanova et al., 2005; Levi-
tan et al., 2007). The temperature-sensitive dSERCA (Drosophila Sarco/
endoplasmic reticulum Ca 2� ATPase) mutant Ca-P60AKum170

(Kum170) and the targetable conditional dominant-negative UAS-
CaP60AKum170 (UAS-Kum170) flies were kindly provided by S. Sanyal
(Emory University, Atlanta, GA). In both cases, the Ca-P60 refers to the
P-type Ca 2�-ATPase gene at chromosomal position 60A on the right
arm of the second chromosome, which is the sole SERCA gene in the
Drosophila genome (Sanyal et al., 2005). For global disruption of SERCA,
we studied larvae with the genotype elav-GAL4 UAS-preproANF-EMD;
Kum170/CyO. For disruption of SERCA function only in neurons, we
studied larvae with the genotype elav-GAL4 UAS-preproANF-EMD;
UAS-Kum170/CyO, Act-GFP. The fluorescence signal from the balancer
chromosome (i.e., produced by Act-GFP) is not localized to the NMJ and
so did not interfere with synaptic bouton measurements. Furthermore,
the use of a single pan-neuronal GAL4 driver and GAL4-responsive UAS
constructs ensured that dominant-negative SERCA and the GFP-tagged
peptide were coexpressed in neurons but not in postsynaptic muscle. To
disable SERCA function in Kum170 and UAS-Kum170 lines, wandering-
stage third instar larvae were placed in a chamber with Ca 2�-free HL3
(see below) at 40°C for 8 min. The animals were then filleted, and the
solution was replaced as needed. UAS-Cameleon 2.1 flies (Diegelmann et
al., 2002) were obtained from the Bloomington Stock Center (Blooming-
ton, IN) and crossed with 386-GAL4 to induce expression in motor
neurons.

Solutions. HL3 saline contained (in mM) 70 NaCl, 5 KCl, 1.5 CaCl2, 20
MgCl2, 10 NaHCO3, 5 trehalose, 115 sucrose, and 5 sodium HEPES, pH
7.2. Calcium was substituted with 0.5 mM EGTA to generate Ca 2�-free
saline.

Electrical stimulation. Synaptic boutons were electrically stimulated via
intact segmental motor nerves with a suction electrode. To minimize the
muscle contractions, which disrupt imaging during stimulation,
postsynaptic glutamate receptors were desensitized with 10 mM

L-glutamate or blocked by including an antagonist, 100 �M

1-napthylacetyl spermine trihydrochloride. Furthermore, the high-
Mg/Ca HL3 solution was used for extracellular medium (see above).
Finally, spontaneous muscle contractions were also reduced by cutting
the ventral ganglion, which prevents input from a central pattern gener-
ator to motor neurons.

Imaging and data analysis. Imaging was performed with type Ib syn-
aptic boutons on muscles 6 and 7, which contain �260 DCVs (Shakiry-
anova et al., 2006), as described previously (Shakiryanova et al., 2005;
Levitan et al., 2007). In brief, data were acquired with cooled CCD cam-
eras, direct water-immersion 60� objectives, and wide-field epifluores-
cence microscopes. Although activity-induced DCV mobility changes in
Drosophila NMJ are evident in time-lapse movies (Levitan et al., 2007),
simple inspection is not quantitative. Therefore, mobility was quantified
based on changes in the pixel-by-pixel correlation coefficients (CCs)
between consecutive images in a time-lapse series. The CC was calculated
with an ImageJ plug-in CC calc.java, which was written by A. Tully and is
available at http://shell.abtech.org/�tully/ImageJ/index.html. For each
experimental condition (e.g., control), nine images were acquired. After
discarding out-of-focus images, the CC was calculated between sequen-
tial images, and a mean was determined for the data set. Image correla-
tion spectroscopy uses such data to determine diffusion coefficients, but
this depends on the assumption that moving particles are small com-
pared with the volume sampled by a pixel on the camera chip. Because

DCVs are large and produce complex images in wide-field microscopy,
this theory does not apply here. Therefore, as in a past study (Shakiry-
anova et al., 2005), we calculated the mobility index as 1-CC, which
increases with mobility (i.e., the CC will be 1 when image pairs are iden-
tical and will drop when there is detectable DCV motion). This correla-
tion assay allows for rapid and continual monitoring of reversible
changes in mobility without significant photodamage (Shakiryanova et
al., 2005; Levitan et al., 2007). Indeed, this approach could be used be-
tween spontaneous centrally generated repetitive muscle contractions in
standard saline to detect DCV mobility increases that are larger [i.e., the
mobility index reaches 0.2 (Shakiryanova et al., 2005)] than the responses
to a single 15 s tetanus in HL3. Mobilization of Drosophila DCVs is also
evident with FRAP. However, each FRAP assay takes minutes, and so this
approach has poor time resolution. Furthermore, several bouts of pho-
tobleaching (each associated with photodamage) would be required to
deduce the overall kinetics of mobilization with FRAP. Finally, interpre-
tation of FRAP data are difficult with DCVs: the immobile fraction re-
vealed by FRAP does not correspond to an immobile pool of DCVs but
instead is caused by the unusually broad and non-Gaussian distribution
of DCV diffusion coefficients (Ng et al., 2003). The goal here was to
identify signaling required for DCV mobilization and to test whether this
signaling affects release. Correlation analysis allows for reproducible and
quantitative dynamic detection of changes in DCV mobility and so is well
suited for this purpose.

Peptide secretion was measured as the loss of GFP fluorescence. Ra-
tiometric Ca 2� imaging with Cameleon was performed with a 440DF20
excitation filter, a 455DRLP dichroic mirror, and alternating emission
filters [480DF30 for enhanced cyan fluorescent protein (ECFP),
535DF25 for enhanced yellow fluorescent protein (EYFP)] on a filter
wheel. The ratio of the emissions (EYFP/ECFP) was then determined.
However, because the absolute value of this ratio depends on the specific
optics and camera used, data were normalized to the initial ratio before
stimulation and percentage changes from this ratio were calculated. For
single wavelength Ca 2� imaging, cut motor nerves in Canton S larvae
were loaded with dextran-conjugated Oregon Green Bapta-1 (OGB-1)
and assayed as described previously (Macleod et al., 2002). In vivo caf-
feine responses were corrected for �5% quenching of OGB-1 detected
with in vitro experiments (data not shown). Data from two to four bou-
tons were pooled for each OGB-1 measurement. However, all other mea-
surements were made from a single bouton in each experiment.

Reagents. Caffeine, veratridine, and 1-napthylacetyl spermine trihy-
drochloride were purchased from Sigma (St. Louis, MO). 4-Bromo-
calcimycin (4-Br-A13287) was purchased from Alexis Biochemicals (San
Diego, CA). Cyclopiazonic acid (CPA) and thapsigargin (Tg) were ob-
tained from Alomone Labs (Jerusalem, Israel). KN-92, KN-93, KN-62,
ryanodine (high purity), Antennapedia autocamtide-2-related inhibi-
tory peptide II (AIP-II), and Drosophila Antennapedia homeodomain
(DT-5) were obtained from Calbiochem (La Jolla, CA). Stock solutions
of Tg, CPA, veratridine, and KN-92 were prepared in DMSO. The final
DMSO concentration in saline was no more than 0.1%.

Results
Ca 2� release from internal Ca 2� stores induces
vesicle mobilization
To test whether Ca 2� released from internal pools affects synap-
tic DCV mobility, we bath applied a Ca 2� ionophore (4-bromo-
calcimycin, also called 4-Br-A23187) in Ca 2�-free saline contain-
ing 0.5 mM EGTA, a Ca 2� chelator. On application of the Ca 2�

ionophore, DCV mobility increased (Fig. 1A). These data dem-
onstrate that release of Ca 2� from internal Ca 2� pools is suffi-
cient to mobilize DCVs in synaptic boutons.

Because the ER is a potential source of stored Ca 2�, we
explored the role of Ca 2� derived from ER in DCV mobiliza-
tion. Specifically, we focused on the RyR, which mediates
Ca 2�-induced Ca 2� release (CICR) from the ER. Consistent
with a potential role for ER Ca 2� stores, application of the RyR
channel opener caffeine in Ca 2�-free saline evoked DCV mo-
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bilization (Fig. 1 B, open circles). Three types of experiments
verified that the caffeine effect was mediated by Ca 2� release
from the ER. First, treating the preparation with ryanodine at
a concentration known to block RyRs prevented DCV mobi-
lization in response to caffeine (Fig. 1 B, filled circles). Second,
the Ca 2� indicator dextran-conjugated OGB-1 revealed that
caffeine application in the absence of extracellular Ca 2� in-
creased cytoplasmic Ca 2� in presynaptic boutons (Fig. 1C):
the Ca 2� signal increased by 42.8 � 7.2% (n � 6). Finally,
genetically depleting ER Ca 2� stores blocked caffeine-evoked
vesicle mobilization. For the latter experiments, we used the
Ca-P60AKum170 (Kum170) mutant, which results in
temperature-sensitive loss of function of the Ca 2� pump that
maintains ER Ca 2� storage (Sanyal et al., 2005). Prolonged
paralysis at room temperature is induced in the Kum170
SERCA mutant by brief exposure to 40°C. Using this heating
protocol, we found that exposing Kum170 mutant larvae to
the restrictive temperature for 8 min blocked DCV mobiliza-
tion induced by subsequent application of caffeine at room
temperature (Fig. 1 D). However, DCV mobilization in re-
sponse to caffeine was evident in unheated Kum170 animals
(i.e., under permissive conditions), as well as in control ani-
mals exposed to the same heating regimen (Fig. 1 D). Hence,
disabling SERCA blocked the caffeine-induced increase in
DCV motion in synaptic boutons. Together, the effects of the
SERCA pump mutant and ryanodine, in addition to cytoplas-
mic Ca 2� measurements in synaptic boutons, establish that
Ca 2� release from ER in the absence of Ca 2� influx from
external medium is sufficient to induce DCV mobilization in
synaptic boutons.

ER Ca 2� release is necessary for activity-induced
mobilization of DCVs
Prolonged mobilization of DCVs is induced by brief tetanic stim-
ulation of motor neurons (Shakiryanova et al., 2005). Specifi-
cally, stimulation at 70 Hz for 15 s induces DCV mobilization for
�6 min. This effect is evident in Kum170 larvae at permissive
temperatures and in control animals briefly heated to 40°C. How-
ever, the tetanus failed to evoke DCV mobilization in Kum170
mutant synaptic boutons after the exposure to 40°C (Fig. 2A).
The implication of ER Ca 2� stores was verified with the SERCA
inhibitor Tg. Boutons were incubated with Tg for 20 min in the
absence of bath Ca 2� according to previous studies with the Dro-
sophila NMJ (Kuromi and Kidokoro, 2002). Then, Ca 2�-free
saline was replaced with Ca 2�-containing saline before stimula-
tion. In contrast to the vehicle control, stimulation-evoked DCV
mobilization was abolished in boutons after depletion of ER
Ca 2� with Tg (Fig. 2B). Incubation of boutons with CPA, an-
other SERCA inhibitor structurally unrelated and mechanisti-
cally distinct from Tg, also prevented activity-induced DCV mo-
bilization (Fig. 2B). Finally, inhibition of RyRs with ryanodine
eliminated DCV mobilization induced by stimulation in the
presence of extracellular Ca 2� (Fig. 2B). Thus, genetic and phar-
macological experiments show that Ca 2� influx through plasma
membrane voltage-gated channels cannot induce sustained DCV
mobilization on its own. Instead, Ca 2� influx from the extracel-
lular medium induces RyR-mediated Ca 2� release from the ER
that is necessary for activity-induced DCV mobilization.

Activity-induced mobilization requires Ca 2� release in the
presynaptic neuron
Because Drosophila has a single SERCA gene that is expressed in
neurons and muscle (Sanyal et al., 2005), the Kum170 mutant
and the bath-applied inhibitors affected both presynaptic and
postsynaptic SERCA function. The latter could be relevant be-
cause there is Ca 2�-dependent retrograde signaling at the Dro-
sophila NMJ (Haghighi et al., 2003). However, presynaptic DCV
mobilization persists even after release is blocked or postsynaptic
receptors are desensitized or inhibited (Shakiryanova et al., 2005)
(see Materials and Methods), suggesting that presynaptic signal-
ing is responsible. To test explicitly whether presynaptic ER Ca 2�

release initiates DCV mobilization, SERCA pumps were disabled
only in neurons with targeted expression of a conditional
dominant-negative SERCA subunit (UAS-Kum170) (Sanyal et
al., 2005). This was feasible because this construct and the GFP-
tagged peptide share the same promoter, which is activated by the

Figure 1. Ca 2� release from internal stores induces DCV mobilization. A, Ca 2� ionophore
increases DCV motion in synaptic boutons (n � 4). Application of 10 �M bromo-calcimycin is
indicated by the bar. B, Time course of vesicle mobilization induced by 20 mM caffeine (n � 5;
application indicated by bar) in control (F) and ryanodine (100 �M)-pretreated (E) boutons.
C, Fluorescence images of boutons loaded with OGB-1 before and 1 min after caffeine applica-
tion. Fluorescence intensity is presented on a pseudo-color scale indicated by the colored bar.
Scale bar, 2 �m. In this case, data were averaged from the first, third, and last boutons (starting
from the left). D, DCV mobility before and after caffeine application in control animals exposed
to brief heating (con�heat, n � 5) and Kum170 mutants that were either unheated (�heat,
n � 3) or heated (�heat, n � 4). �, Control; f, 2 min after caffeine application. Error bars
indicate SEM. Con, Control; Caff, caffeine.

Figure 2. Inhibition of Ca 2� release from ER Ca 2� stores abolishes sustained activity-
induced DCV mobilization. A, Time course of DCV mobility before and after 15 s, 70 Hz stimulus
(indicated by arrow) in heated control larvae (Con�heat; E) and in heated (Kum�heat; F)
and unheated (Kum�heat; f) Kum170 mutants. B, Changes in DCV mobility during 15 s, 70 Hz
stimulation in control boutons exposed to vehicle (0.1% DMSO; E; n � 5), 50 �M CPA (Œ; n �
5), 20 �M Tg (ƒ; n � 5), or ryanodine (Ryan; f; n � 3). Error bars indicate SEM.
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transcription factor GAL4. Hence, any GAL4 driver would nec-
essarily induce coexpression of the GFP-tagged peptide and the
dominant-negative SERCA subunit. In our case, the pan-
neuronal driver elav-GAL4 was used to produce coexpression in
neurons but not in postsynaptic muscle. Under permissive con-
ditions, activity-dependent mobilization was unaffected, but un-
der restrictive conditions (i.e., after exposure to 40°C for 8 min),
the sustained increase in DCV mobility induced by electrical
stimulation was abolished (Fig. 3). Thus, activity-dependent
DCV mobilization requires ER Ca 2� release in the presynaptic
nerve terminal.

Presynaptic Ca 2� release triggers, but does not sustain,
DCV mobilization
We then addressed whether presynaptic Ca 2� sustains prolonged
mobilization. Specifically, to test whether DCV mobilization is
maintained by residual [Ca 2�]i after stimulation, the [Ca 2�]i

time course in synaptic boutons was determined with Ca 2� indi-
cators. Notably, previous studies had shown that brief bouts of
activity result in transient elevation of Ca 2� but long bouts of
stimulation can produce a prolonged Ca 2� response (Kuromi
and Kidokoro, 2002; Macleod et al., 2002; Sanyal et al., 2005).
Therefore, motor neuron terminals were loaded with dextran-
conjugated OGB-1 and stimulated at 70 Hz for 15 s [i.e., the
stimulus for maximal synaptic DCV mobilization (Shakiryanova
et al., 2005)]. This activity caused a marked enhancement of
OGB-1 fluorescence (Fig. 4A,B). After cessation of stimulation,
presynaptic [Ca 2�]i decayed back to baseline levels within 10 –15
s (Fig. 4B). Thus, the elevation in cytoplasmic Ca 2� is far more
transient than the many minutes of vesicle mobilization induced
by this stimulus (Fig. 2).

Because dextran-conjugated OGB-1 was loaded into synaptic
boutons via cut axons (see Materials and Methods), we consid-
ered whether this procedure could have affected the Ca 2� time
course. To address this concern, Ca 2� imaging experiments were
performed with transgenic animals expressing the cytoplasmic
Ca 2� sensor protein Cameleon 2.1 (Dieglemann et al., 2002).
Ratiometric Cameleon measurements are based on fluorescence
resonance energy transfer between ECFP and EYFP, resulting in
an increased EYFP emission at 535 nm and a corresponding de-
crease in ECFP emission at 485 nm in the presence of elevated
[Ca 2�]i. Recordings of the EYFP and ECFP emission intensities
in boutons of intact motor neurons revealed opposing ECFP and
EYFP signal changes evoked by 15 s of stimulation at 70 Hz (Fig.
4C). Importantly, the normalized EYFP/ECFP ratio increased

during stimulation and returned rapidly to the resting level after
the end of stimulation (Fig. 4D). The time course of the Ca 2�

response revealed by Cameleon agrees with data obtained from
boutons loaded with OGB-1. Thus, both chemical and transgenic
protein indicators show that residual Ca 2� is too transient to
maintain the long-lasting DCV mobilization induced by a brief
tetanus. This implies that presynaptic Ca 2� release triggers, but
does not sustain, prolonged mobilization.

CaMKII is required for activity-induced mobilization
The mismatch in the time courses of [Ca 2�]i and mobilization
suggests that downstream signaling sustains activity-induced
DCV mobilization. CaMKII is an established long-acting media-
tor of transient Ca 2� changes (see Discussion). Therefore, we
focused on this signaling enzyme. First, we genetically targeted
expression of the CaMKII inhibitory Ala peptide (Griffith et al.,
1994) to neurons, but this yielded uninterpretable results:
activity-dependent mobilization was reduced, but baseline DCV
motion was increased (data not shown). This might reflect a de-
velopmental effect that is a consequence of the presynaptic hy-
perexcitability and incomplete CaMKII inhibition induced by
genetic expression of CaMKII inhibitory peptides (Griffith et al.,
1994). Therefore, we used two pharmacological approaches to
ensure acute and robust inhibition of CaMKII without any po-
tential for long-term developmental effects.

First, boutons were treated before stimulation with the
CaMKII inhibitors KN-62 or KN-93, which bind to the calmod-
ulin site on the kinase. In both cases, sustained DCV mobilization
in response to a tetanus was abolished (Fig. 5A). However, KN-
92, an inactive analog of KN-93, did not affect vesicle mobiliza-
tion. Second, CaMKII activity was specifically inhibited with the
membrane-permeant version (i.e., Antennapedia peptide fused)
of AIP-II, which binds to the substrate site of CaMKII. Exposure
of boutons to AIP-II eliminated activity-induced mobilization of

Figure 3. Inhibition of Ca 2� release from presynaptic neuronal but not postsynaptic muscle
ER abolishes activity-induced DCV mobilization. The time course of DCV mobility before and
after the 15 s, 70 Hz stimulus (indicated by arrow) in unheated larvae (E) and heated (F)
larvae expressing a temperature-sensitive dominant-negative SERCA subunit UAS-Kum170
(UAS-Kum) specifically in neurons is shown. Error bars indicate SEM.

Figure 4. Activity-evoked elevation in presynaptic [Ca 2�]i is transient. A, OGB fluorescence
in boutons before (Pre), during (Stim), and after (Post) 15 s, 70 Hz stimulation. Scale bar, 2 �m.
In this example, data were averaged from the two large round boutons. B, Relative changes in
[Ca 2�]i during 15 s, 70 Hz stimulation (indicated by bar) in OGB-1-loaded boutons (n � 4). The
dashed line shows the resting level of [Ca 2�]i. C, Consecutive recordings of the Cameleon EYFP
(Œ) and ECFP (f) emission intensities during 15 s, 70 Hz stimulation in boutons expressing
Cameleon 2.1. D, Percentage change in the EYFP/ECFP ratio during 15 s, 70 Hz stimulation
indicated by the bar (n � 7). The EYFP/ECFP ratio was normalized to the ratio before electrical
stimulation. Error bars indicate SEM.
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DCVs (Fig. 5B). In contrast, DCV mobilization in response to
stimulation was evident in boutons treated with the control pep-
tide DT-5. Mobilization was shorter-lived in the latter case than
in other experiments, but this could be attributable to the 1 h
preincubation in this experiment or a nonspecific effect of
membrane-permeant peptides. Importantly, this kinetic change
does not change the main conclusion: structurally and mechanis-
tically distinct specific inhibitors show that CaMKII activation is
required for activity-induced DCV mobilization.

CaMKII is a downstream effector of RyR-mediated
Ca 2� release
Our experimental findings indicate that both Ca 2� release via
RyRs and CaMKII activation are necessary for activity-induced
DCV mobilization. CaMKII might function either as a down-
stream effector of released ER Ca 2� or as an upstream activator of
RyRs to prime CICR at nerve terminals. In the latter case, the
requirement for CaMKII could be bypassed by evoking Ca 2�

release from internal stores without the involvement of RyRs. In
contrast, if CaMKII is a downstream effector of released Ca 2�,
then inhibition of CaMKII should disrupt DCV mobilization re-
gardless of the mechanism underlying the release of stored intra-
cellular Ca 2�.

To distinguish between these possibilities, we studied the ac-
tion of veratridine, a sodium channel opener that increases
[Ca 2�]i in Drosophila nerve terminals in the absence of external
Ca 2� (Kuromi and Kidokoro, 2002). Cytoplasmic sodium is
known to induce Ca 2� release from nerve-terminal mitochon-
dria (Yang et al., 2003). Therefore, we first examined whether
veratridine acts independently of the ER. Imaging verified that 10
�M veratridine increases cytoplasmic Ca 2�: the OGB-1 signal
increased by 50 � 17% (n � 4) in the absence of bath Ca 2�.
Veratridine also induced DCV mobilization in the absence of
bath Ca 2�. However, in contrast to the effects of caffeine and
activity, the increase in DCV mobility induced by veratridine
persisted even after depleting ER Ca 2� stores by heating mutant
SERCA pump larvae (Fig. 6A). This implies that veratridine does
not rely on ER Ca 2� stores to induce mobilization and so by-
passes RyRs. Despite the lack of involvement of RyRs, mobiliza-
tion by veratridine required CaMKII activity: it was inhibited by
KN-93 but unaffected by inert KN-92 (Fig. 6B). This cannot be
attributed to a coincidental requirement for CaMKII for the ac-
tion of veratridine because inhibition of CaMKII also prevented
DCV mobilization in response to a Ca 2� ionophore (Fig. 6C). In
contrast, the inactive analog KN-92 did not affect mobilization of

DCVs induced by the ionophore. Because RyR-independent
Ca 2� release can only induce DCV mobilization when CaMKII is
active, CaMKII is required as a downstream effector of released
internal Ca 2�.

This conclusion is also supported by Ca 2� imaging. If
CaMKII induced mobilization by activating RyRs, then inhibit-
ing CaMKII should reduce the Ca 2� response evoked by a teta-
nus. However, the increase in presynaptic Ca 2� in response to a
tetanus and the subsequent decay in residual [Ca 2�]i are not
affected by CaMKII inhibition (Fig. 7). Hence, activity-evoked
DCV mobilization is not limited by CaMKII-dependent RyR ac-
tivity but occurs as a result of CaMKII that was stimulated by
RyR-mediated Ca 2� release.

PTP of neuropeptide secretion requires the RyR and CaMKII
Increased DCV mobility induced by a brief high-frequency con-
ditioning tetanus is correlated with PTP of neuropeptide secre-
tion (Shakiryanova et al., 2005). Specifically, two 30 s bouts of 3
Hz stimulation that do not induce mobilization evoke reproduc-
ible neuropeptide secretion responses, but 15 s of 70 Hz stimula-
tion, which induces mobilization (Fig. 2), increases neuropeptide
release evoked 2.5 min later by low-frequency activity. Although
this PTP of neuropeptide release occurs when mobilization is at
its peak, it is not known whether inhibiting DCV mobilization
affects this synaptic plasticity.

To test whether inhibiting mobilization-inducing signaling
alters PTP, nerve terminals were treated with KN-93, ryanodine,
or their associated controls (KN-92 or vehicle, respectively) and
stimulated according to above mentioned protocol. PTP of neu-
ropeptide release was evident in the controls (Fig. 8, left column).
However, no PTP was induced after inhibiting CaMKII (Fig. 8A,
right). Likewise, inhibition of RyRs blocked PTP (Fig. 8B, right).
Therefore, CaMKII activated by RyR-mediated CICR from the
ER induces DCV mobilization in synaptic boutons and PTP of
neuropeptide secretion.

Discussion
It has long been speculated that vesicle mobility is increased to
facilitate secretion. In favor of this model, in vitro studies showed
that DCV mobility limits neuropeptide release (Burke et al., 1997;
Han et al., 1999), and pharmacologically increasing DCV mobil-
ity enhances neuropeptide release (Ng et al., 2002, 2003). How-
ever, native signaling mechanisms that induce such DCV mobi-
lization in a nerve terminal in vivo and the impact of this signaling
on release have not been determined. Indeed, the importance of
vesicle mobility has been obscured because the term mobilization
has been co-opted to include almost any process that increases
release. The recent direct detection of regulated vesicle mobility
in motor neuron terminals has opened the door to probing the
signaling involved in bona fide vesicle mobilization and its con-
nection to synaptic plasticity. Specifically, we reasoned that iden-
tifying the signaling that controls vesicle motion would serve two
purposes: (1) to delineate regulatory mechanisms in the nerve
terminal and (2) to produce the opportunity to test whether in-
hibiting mobilization affects release for the first time. Here, syn-
aptic DCV motion and neuropeptide release were imaged in vivo
to show that both activity-dependent increases in DCV mobility
and PTP require presynaptic ER Ca 2� release via RyRs leading to
CaMKII activation. The use of a single signaling pathway for
controlling DCV motion and release provides the first empirical
indication of a mechanistic connection between mobilization
and synaptic plasticity. Baseline DCV mobility and secretion
evoked by low-frequency activity are not markedly affected by

Figure 5. Inhibition of CaMKII eliminates activity-induced DCV mobilization. A, Time course
of DCV mobility before and after 15 s, 70 Hz stimulation in boutons preincubated with KN-92
(E; n � 8), KN-93 (Œ; n � 9), or KN-62 (F; n � 5). Compounds were applied 15 min before
stimulation at 10 �M. B, Changes in DCV mobility before and after 15 s, 70 Hz stimulation in
boutons treated with control peptide (DT-5; E; n � 6) or the CaMKII inhibitory peptide AIP-II
(F; n � 5). Peptides were applied 1 h before stimulation at 10 �M. Arrows indicate stimulation
points. Error bars indicate SEM.

Shakiryanova et al. • RyR and CaMKII Evoke Mobilization and PTP J. Neurosci., July 18, 2007 • 27(29):7799 –7806 • 7803



inhibiting RyRs or CaMKII (Figs. 2, 5, 8).
Therefore, this signaling pathway has a mi-
nor role until it is recruited by tetanic
activity. The activity requirement for re-
cruitment of RyR–CaMKII-activated mo-
bilization and PTP is well matched to the
native activity found at the larval NMJ
[i.e., rhythmic bursting (Klose et al.,
2005)] and the activity patterns known to
be optimal for neuropeptide release. Given
past in vitro studies of DCV mobility
(Burke et al., 1997; Han et al., 1999; Ng et
al., 2002, 2003), the in vivo results pre-
sented here are consistent with the conclu-
sion that physiological activity triggers
RyR-activated CaMKII to increase DCV mobility, which in turn
contributes to PTP of neuropeptide secretion.

The necessity for RyR-mediated Ca 2� release for mobilization
and PTP is surprising because bulk Ca 2� is effectively elevated in
Drosophila motor neuron terminals by Ca 2� influx through
plasma membrane voltage-gated channels even when ER Ca 2� is
depleted (Kuromi and Kidokoro, 2002; Sanyal et al., 2005). In-
deed, as noted above, plasma membrane voltage-gated Ca 2�

channels are sufficient for triggering some neuropeptide release
at low levels of activity but apparently cannot induce sustained
mobilization without the participation of RyRs. Thus, as far as
mobilization is concerned, CaMKII is apparently more sensitive
to Ca 2� released from intracellular stores than extracellular Ca 2�

influx. Perhaps this specificity arises because of positioning of
CaMKII closer to RyRs than voltage-gated channels in the pre-
synaptic plasma membrane. Alternatively, a small amount of
Ca 2� influx through a voltage-gated channel may trigger a much
larger Ca 2� spark by opening multiple RyRs. This could be am-
plified by production of RyR-mediated Ca 2� waves. Thus, local
Ca 2� elevation at the surface, which is sufficient for triggering
exocytosis of docked vesicles, could give rise to a propagating
CICR from the ER to activate CaMKII in the cytoplasm where
most DCVs reside. This positive feedback might also set the
threshold activity required for activating CaMKII-induced mo-
bilization. Hence, RyRs could control the activity dependence
and spatial propagation of vesicle mobilization. Regardless of the
underlying mechanism, the requirement for ER Ca 2� stores de-
lineated here implies that the Ca 2� sources for triggering exocy-
tosis (i.e., plasma membrane voltage-gated Ca 2� channels) and
sustained mobilization (i.e., intracellular RyRs) are distinct.

Our studies establish that RyR–CaMKII-dependent DCV mo-
bilization is initiated in the presynaptic terminal. First, mobiliza-
tion is blocked by disabling neuronal SERCA function, while
leaving muscle SERCA intact (Fig. 3). Second, the activity-
induced increase in presynaptic DCV motion does not depend on
standard synaptic transmission between nerve and muscle: mo-
bilization persists after inhibiting exocytosis (Shakiryanova et al.,
2005) or postsynaptic glutamate receptors with desensitizing
doses of glutamate (Shakiryanova et al., 2005) or an antagonist
(see Materials and Methods). RyR and CaMKII are present in
muscle as well as neurons (Hasan and Rosbash, 1992; Griffith et
al., 1994; Haghighi et al., 2003; Lu et al., 2003), but it is not known
whether muscle CaMKII, which participates in retrograde signal-
ing (Haghighi et al., 2003), is activated by Ca 2� flux through
RyRs. Further study may show that the intimate functional rela-
tionship between the RyR and CaMKII exists on both sides of the
synapse.

We also discovered that a short-lived elevation in Ca 2� in-

duces long-lasting mobilization and PTP. Hence, residual Ca 2�,
which is important for synaptic plasticity (Zucker, 1999), does
not sustain these responses. The downstream involvement of
CaMKII suggests that phosphorylation leading to a sustained in-
crease in vesicle mobility and secretion persists after residual
Ca 2� has dissipated. This could reflect either slow substrate de-
phosphorylation because of limited phosphatase activity or pro-
longed activation of CaMKII, possibly by autophosphorylation
on T287 of the Drosophila CaMKII (Wang et al., 1998; Lu et al.,
2003). The presence of some autophosphorylated CaMKII at the
resting NMJ (Hodge et al., 2006) might also explain the small
reduction in DCV mobility induced by CaMKII inhibitors ap-
plied at rest (Fig. 5). Unfortunately, because it is very difficult to
specifically measure presynaptic autophosphorylation of
CaMKII with phosphospecific antibodies in the context of far
greater amounts of CaMKII in the postsynaptic side of the Dro-
sophila NMJ (Hodge et al., 2006; L. Griffith, personal communi-
cation), the prevalence of presynaptic autophosphorylated
CaMKII is not known. Likewise, we cannot exclude the partici-
pation of other Ca 2�-signaling proteins. Nevertheless, it is clear
that CaMKII-induced phosphorylation is critical for sustained
DCV mobilization and PTP after Ca 2� has returned to baseline
levels.

Our results also hint that the RyR–CaMKII pathway may not
be the sole signaling mechanism for regulating DCV mobility in
synaptic boutons. First, inhibiting Ca 2� release revealed a sus-
tained small decrease in DCV mobility (Fig. 2), which was not
detected in the absence of Ca 2� influx (Shakiryanova et al.,
2005). Previously, we showed that DCV mobilization in type Ib
boutons begins to reverse after �5 min (Shakiryanova et al.,
2005). Given that CaMKII is required for sustained mobilization,
we hypothesize that dephosphorylation resets DCV dynamics.
Future experiments could explore whether an activity-sensitive

Figure 6. CaMKII is a downstream effector of RyR-mediated Ca 2� release. A, DCV motion before and after 2 min of veratridine
treatment in boutons of wild-type (wt) SERCA animals (n � 6) and heated Kum170 animals (n � 4). B, DCV mobility before and
after veratridine treatment in boutons incubated with KN-92 (n �5) and KN-93 (n �7). C, Vesicle mobility before and after 2 min
of exposure to bromo-calcimycin in boutons pretreated with KN-92 (n � 4) and KN-93 (n � 4). Error bars indicate SEM. Con,
Control.

Figure 7. Presynaptic [Ca 2�]i is not affected by inhibition of CaMKII. Changes in OGB-1
fluorescence intensities in boutons treated with KN-92 (n � 5) and KN-93 (n � 5) in response
to 15 s, 70 Hz stimulation (indicated by bars).
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phosphatase such as calcineurin reduces DCV mobility. Such a
mechanism could be responsible for reducing steady-state phos-
phorylation in the absence of Ca 2� release and reversing the
effects of additional CaMKII-mediated phosphorylation when
RyRs are active. We also observed that there was a small transient
increase in DCV motion in many of the experiments in which
RyRs and CaMKII were inhibited. The simplest explanation for
this result is that this is a consequence of incomplete inhibition of
mobilization combined with the above described demobilization
mechanism. However, we have not excluded that this represents
the direct, but inefficient, activation of CaMKII by Ca 2� influx. It
would be interesting to test whether DCV mobility is transient
and limited to near the cell surface when RyRs are inhibited, but
this is beyond the resolution of current methods that can be used
with the intact living NMJ.

The signaling responsible for increasing DCV mobility and
PTP of neuropeptide secretion in Drosophila motor neuron ter-
minals may be widely relevant. For example, this pathway could
be responsible for mobilization in neuroendocrine cells
(Allersma et al., 2006). Likewise, CaMKII-mediated DCV mobi-
lization may contribute to the increase in activity-dependent

neuropeptide release by dendritic spines (Lochner et al., 2006)
induced by release of ER Ca 2� (Ludwig et al., 2002). The signal-
ing described here could also be important in synapses capable of
SSV mobilization (e.g., the NMJ), which shares many features
with DCV mobilization (see Introduction). In fact, presynaptic
RyR and CaMKII contribute to synaptic potentiation in Aplysia
synapses and the neurotrophin-induced increase in spontaneous
neurotransmitter release in developing NMJs (Jin and Hawkins,
2003; He et al., 2000). SSV mobility studies should be able to test
whether mobilization occurs and is necessary in these cases of
synaptic plasticity.
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