
MOLECULAR AND SYNAPTIC MECHANISMS

Synaptic vesicle glycoprotein 2A modulates vesicular
release and calcium channel function at peripheral
sympathetic synapses

Christian Vogl,1* Shota Tanifuji,2 Benedicte Danis,3 Veronique Daniels,3 Patrik Foerch,3 Christian Wolff,3

Benjamin J. Whalley,1 Sumiko Mochida2 and Gary J. Stephens1
1School of Pharmacy, University of Reading, Reading, UK
2Department of Physiology, Tokyo Medical University, Tokyo, Japan
3UCB Centre for CNS Innovation, UCB Pharma SA, Braine l’Alleud, Belgium

Keywords: Cav2.2, cholinergic, rat, synaptic transmission

Abstract

Synaptic vesicle glycoprotein (SV)2A is a transmembrane protein found in secretory vesicles and is critical for Ca2+-dependent
exocytosis in central neurons, although its mechanism of action remains uncertain. Previous studies have proposed, variously, a
role of SV2 in the maintenance and formation of the readily releasable pool (RRP) or in the regulation of Ca2+ responsiveness of
primed vesicles. Such previous studies have typically used genetic approaches to ablate SV2 levels; here, we used a strategy
involving small interference RNA (siRNA) injection to knockdown solely presynaptic SV2A levels in rat superior cervical ganglion
(SCG) neuron synapses. Moreover, we investigated the effects of SV2A knockdown on voltage-dependent Ca2+ channel (VDCC)
function in SCG neurons. Thus, we extended the studies of SV2A mechanisms by investigating the effects on vesicular transmit-
ter release and VDCC function in peripheral sympathetic neurons. We first demonstrated an siRNA-mediated SV2A knockdown.
We showed that this SV2A knockdown markedly affected presynaptic function, causing an attenuated RRP size, increased
paired-pulse depression and delayed RRP recovery after stimulus-dependent depletion. We further demonstrated that the SV2A–
siRNA-mediated effects on vesicular release were accompanied by a reduction in VDCC current density in isolated SCG neurons.
Together, our data showed that SV2A is required for correct transmitter release at sympathetic neurons. Mechanistically, we dem-
onstrated that presynaptic SV2A: (i) acted to direct normal synaptic transmission by maintaining RRP size, (ii) had a facilitatory
role in recovery from synaptic depression, and that (iii) SV2A deficits were associated with aberrant Ca2+ current density, which
may contribute to the secretory phenotype in sympathetic peripheral neurons.

Introduction

Synaptic vesicle glycoprotein (SV)2A is the major 12-transmem-
brane domain glycoprotein SV2 family isoform and is critical for
regulated exocytosis (Buckley & Kelly, 1985; Bajjalieh et al., 1992;
Feany et al., 1992). It is the protein target for the antiepileptic drug
levetiracetam and its analogues (Lynch et al., 2004; De Smedt
et al., 2007; Daniels et al., 2013), and botulinum and tetanus neuro-
toxins (Dong et al., 2006; Yeh et al., 2010). Genetic deletion of
SV2A causes a reduction in stimuli-evoked transmitter release and
produces a phenotype characterised by severe seizures in mice
and, as a consequence, a severely restricted lifespan (Crowder
et al., 1999; Janz et al., 1999). Interestingly, it was reported that

overexpression of SV2A also reduced evoked neurotransmitter
release (Iezzi et al., 2005; Nowack et al., 2011). These studies high-
light the importance of SV2A in the maintenance of regulated
neurotransmission. Despite this knowledge, the exact mechanism of
SV2 action at the presynapse remains controversial. Previous studies
have proposed a role of SV2 in vesicle pool regulation in central
and retinal neurons and neuroendocrine cells (Xu & Bajjalieh, 2001;
Iezzi et al., 2005; Custer et al., 2006; Wan et al., 2010), although
others failed to observe similar effects and have suggested that
SV2 renders primed vesicles Ca2+-responsive for release (Chang &
Sudhof, 2009). In particular, the effects of SV2A on the regulation
of presynaptic Ca2+ concentration are controversial (Mendoza-Torre-
blanca et al., 2013). For example, although SV2A-deficient hippo-
campal neurons were reported to show normal electrophysiological
responses, repetitive stimulation in SV2A/SV2B-deleted neurons
increased synaptic transmission in response to trains of action poten-
tials, an effect reversed by the Ca2+ chelator, EGTA (Janz et al.,
1999; Chang & Sudhof, 2009). Similarly, in rod bipolar cells, dele-
tion of the predominant SV2B isoform caused presynaptic Ca2+

accumulation and changes to synaptic function (Wan et al., 2010),
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although SV2B knockouts do not have any obvious phenotype. We
have recently shown that the SV2A ligand, levetiracetam, inhibits
presynaptic voltage-dependent Ca2+ channels (VDCCs) through an
intracellular pathway in superior cervical ganglion (SCG) neurons
(Vogl et al., 2012), suggesting a potential SV2A role in VDCC
modulation. SV2A has also been associated with the modulation of
VDCC-binding partners, including synaptotagmin, the Ca2+ sensor
for synaptic release in neurons. Thus, SV2A binds synaptotagmin
(Schivell et al., 1996), mediates synaptotagmin trafficking (Yao
et al., 2010) and, in SCG synapses, introduction of an SV2A amino
terminal peptide (to disrupt known SV2A–synaptotagmin interaction
sites) inhibits transmitter release (Schivell et al., 2005).
To address these issues, we took advantage of the SCG synapse

preparation, an established model to study the role of VDCCs in
synaptic function (Mochida et al., 2003; Stephens & Mochida,
2005; Bucci et al., 2011). SCG synapses allow the introduction of
exogenous material into a presynaptic locus (Ma & Mochida, 2007);
thus, we employed a small interference RNA (siRNA) approach for
target-specific and solely presynaptic SV2A knockdown at SCG
synapses. We demonstrate that SV2A knockdown is associated with
a secretory phenotype, causing deficits in the RRP size and attenu-
ated RRP recovery, which suggests that SV2A normally maintains
correct vesicular release in SCG neurons. These effects were also
associated with a VDCC phenotype, suggesting that functional mod-
ulation of presynaptic VDCCs by SV2A also regulates stimuli-
evoked transmission between peripheral neurons.

Materials and methods

Ethical standards

Experiments were conducted in accordance with the UK Animals
(Scientific Procedures) Act, 1986. Work was also subject to ethical
approval at all centres; thus, the University of Reading Local Ethical
Research Panel and the Ethics Committee of Tokyo Medical Univer-
sity approved the work.

Tissue culture

Long-term superior cervical ganglion cultures for microelectrode
recordings

The SCG neurons were cultured as previously described (Mochida,
1995). Briefly, Wistar rats (postnatal day 7) were anesthetised with
diethylether and decapitated following the guidelines of the Physio-
logical Society of Japan. The SCGs were desheathed, incubated in
L-15 medium (Gibco Industries, Inc., Langley, OK, USA) contain-
ing 0.5 mg/mL collagenase (Worthington Biochemical Corp., Lake-
wood, NJ, USA) and gently triturated. After washing, centrifugation
and resuspension, isolated neurons were plated and maintained in a
water-saturated incubator (37 °C, 5% CO2) for more than 5 weeks
in growth medium that comprised 84% Eagle’s minimal essential
medium, 10% fetal calf serum, 5% horse serum, 1% penicillin–
streptomycin (all from Gibco Industries, Inc.) and nerve growth fac-
tor (2.5 S, grade II; Alomone, Jerusalem, Israel). The medium was
changed twice per week.

Superior cervical ganglion neurons for patch-clamp recordings

The SCGs were obtained from postnatal day 21-25 male Wistar
rats as described previously (Bucci et al., 2011). Briefly, SCGs
were dissected and placed in cold L-15 medium (Sigma Aldrich,

Poole, UK) containing 5% penicillin–streptomycin (Gibco Invitro-
gen, Paisley, UK). The ganglia were then acutely dissociated in
DMEM (Dulbecco’s Modified Eagle’s Medium) containing 0.5 mg/
mL trypsin, 1 mg/mL collagenase and 3.6 mg/mL glucose (all from
Sigma Aldrich). The digestion reaction was stopped by the addition
of 84% Eagle’s minimal essential medium, 10% fetal calf serum,
5% horse serum (all from Lonza, Wokingham, UK), 25 ng/mL
nerve growth factor (2.5 S, grade II; Alomone) and 1% penicillin–
streptomycin supplemented with 4 lM aphidicolin (Sigma Aldrich)
to inhibit glial proliferation. Cells were plated onto coverslips
coated with poly-L-ornithine (Sigma Aldrich) and incubated over-
night in a humidified incubator (37 °C, 5% CO2) before microin-
jection with either non-silencing RNA (nsRNA) or SV2A-siRNA
(both 10 lM in the injection pipette) and fluorescein-dextran or rho-
damine B-dextran 10 000 MW (Life Technologies, Paisley, UK)
markers. The nsRNA-injected and siRNA-injected coverslips were
used in parallel to avoid cell culture-related artifacts. All recordings
were performed at 4 days after RNA injection.

tsA201 cell culture and transfection procedure

The tsA201 cells were cultured in DMEM with 10% fetal bovine
serum and 1% penicillin–streptomycin. Cells were transiently trans-
fected with CaV2.2, a2d1, b2a and either pmaxGFP (green fluores-
cent protein) or pcDNA3.3 SV2A-GFP (kind gift of UCB Pharma,
Braine l’Alleud, Belgium) in antibiotic-free growth medium using
Fugene 6 (Promega, Southampton, UK). Cells were plated onto cov-
erslips coated with poly-L-ornithine (Sigma Aldrich) and incubated
in a humidified incubator (37 °C, 5% CO2). Electrophysiological
recordings were performed at 2 days post-transfection.

In vitro testing of small interference RNA efficiency

Synaptic vesicle glycoprotein 2A expression analysis and knockdown
efficiency

Stable HEK FLipIn cells overexpressing rat SV2A (Rn-SV2A) were
generated (Life Technologies) and stable expression was confirmed
by quantitative real-time polymerase chain reaction and Western
blotting. Cells were seeded in six-well plates at 1 9 106 cells/well
in DMEM without antibiotics and transfected with validated siRNAs
(5 lM/well) from two different sources (siRNA 1-4, Sigma Mission�

siRNA; siRNA 5-7, Life Technologies Stealth siRNA) using Tran-
sIT�-TKO (Mirus Bio, Madison, USA). Cells were harvested at
48 h post-transfection, total cellular RNA extracted (RNeasy Plus
Mini Kit, Qiagen, KJ Venlo, Netherlands) and concentrations
assessed using a NanoDrop ND-1000 spectrophotometer. Total
RNA (500 lg) was used to synthesise cDNA (Applied Biosystems
High Capacity cDNA reverse transcription kit, Life Technologies)
and TaqMan RT-qPCR reactions were performed (Applied Biosys-
tems 7900HT Sequence Detection System). Undiluted, 109 and
1009 diluted cDNA was analysed in duplicate for Rn-SV2A expres-
sion using Applied Biosystems TaqMan gene expression assays with
b-actin as the housekeeping gene. Cq values were obtained using
automatic threshold and baseline methods (Applied Biosystems SDS
2.3 software, Life Technologies). Relative gene expression was cal-
culated using the delta Cq method (2�DCQ) (de Kok et al., 2000)
(Supporting Information Fig. S1). For all subsequent experiments,
siRNA#5 (sequence GCUGCGUCUGAAGUCAGUGUCCUUU),
which produced maximum SV2A knockdown in HEK293T cells,
was used alongside the recommended High-GC nsRNA (Life
Technologies).
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Immunofluorescence microscopy

The SCG neurons were washed and fixed with acetone prior to per-
meabilization with phosphate-buffered saline containing 0.25% Tri-
ton X-100. After blocking in phosphate-buffered saline with 0.05%
Triton X-100, 1% bovine serum albumin and 2% fetal bovine
serum, cells were probed with primary antibodies against SV2A
and synaptophysin 1 (both 1 : 1000; Synaptic Systems, G€ottingen,
Germany), and visualised with fluorophore-conjugated secondary
antibodies (Alexa Fluor 488 or 633, both 1 : 1000; Life Technolo-
gies) using an AxioImager microscope with Axiovision software
(Carl Zeiss Ltd, Welwyn Garden City, UK) or a Leica TCS SP2
confocal laser-scanning microscope equipped with Ar 488 nm and
HeNe 633 nm lasers and a 63 9 /1.4 NA oil-immersion lens (Leica
Microsystems Ltd, Milton Keynes, UK). In parallel, control experi-
ments with primary antibodies omitted were performed to
ensure secondary antibody specificity (see Vogl et al., 2012).
Images were background-subtracted and adjusted for brightness and
contrast with ImageJ (Schneider et al., 2012) for illustration pur-
poses only.

Electrophysiology

Synaptic transmission between superior cervical ganglion neurons

Paired intracellular recordings were made from two proximal neu-
rons in long-term culture using microelectrodes filled with 1 M

potassium acetate (70–90 MΩ) as described previously (Ma et al.,
2009). Briefly, SCG neurons were superfused with modified Krebs
solution containing (in mM): 136 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2
MgCl2, 11 glucose, and 3 Na-HEPES, pH 7.4 (adjusted with
NaOH). Action potentials were generated in a neuron by current
injection (at 0.1 Hz) through the intracellular recording electrode
and excitatory postsynaptic potentials (EPSPs) recorded from the
synaptically-coupled neuron. Data were obtained at room tempera-
ture (20–22 �C). Data were analysed using software written by the
late Ladislav Tauc (CNRS, France).

Whole-cell voltage clamp

Experiments were performed as described previously (Bucci et al.,
2011; Vogl et al., 2012). Borosilicate glass capillaries (Harvard
Apparatus, Kent, UK) had resistances of 4–6 MΩ when filled with
intracellular solution consisting of (in mM): 140 CsCl, 1 EGTA, 1
MgCl2, 0.1 CaCl2, 4 Mg-ATP and 10 HEPES, pH adjusted to 7.3
(CsOH). The extracellular bath solution contained (in mM): 160
tetraethylammonium-bromide, 3 KCl, 1 NaHCO3, 1 MgCl2, 10 HE-
PES, 4 D-glucose and 2 CaCl2 for SCG neurons, 10 CaCl2 for
tsA201 cells, pH 7.4 (Tris base). Membrane currents were acquired
at a holding potential (VH) of -70 mV using an Axopatch 200B
patch-clamp amplifier and WINWCP v4.0.7 software (John Dempster,
University of Strathclyde, UK). Linear components of capacitive
and leak currents were subtracted using the standard P/4 protocol.
Series resistance compensation of >70% was typically employed. A
liquid junction potential of �21.7 mV was not corrected for. Nifed-
ipine (10 lM) was used to inhibit CaV1 VDCCs. All recordings
were performed at room temperature (20–22 °C). Data were analy-
sed offline using WINWCP v4.0.7 and ORIGINPRO 7.0 (Microcal, North-
ampton, MA, USA) software. Current–voltage data were fitted with
the equation

Current density : Gmax V � Vrevð Þ= 1þ exp V � V0:5ð Þ=kð Þð Þ

where Gmax is the maximum conductance, Vrev is the null potential,
V0.5 is the voltage at which 50% of the current is activated and k is
the slope factor.

Statistical methods

Data are presented as mean � SD (unless stated) or mean � SEM
and statistical significance was determined by two-sample Student’s
t-tests or ANOVA with posthoc Bonferroni or Dunnett’s test as indi-
cated in the text. Statistically significant differences were accepted
at P < 0.05.

Results

Synaptic vesicle glycoprotein 2A-small interference RNA
reduces synaptic vesicle glycoprotein 2A expression in
superior cervical ganglion presynaptic terminals

We have previously demonstrated SV2A expression and antibody
specificity in cultured SCG neurons (Vogl et al., 2012); here, we
first showed that SV2A colocalized with the presynaptic marker syn-
aptophysin 1 at SCG neuronal presynaptic terminals in the long-term
cultures used in this study (Fig. 1A). Moreover, antibody specificity
was demonstrated in untransfected tsA201 cells, which lack SV2A
expression (see Fig. 6Ai). These experiments established SV2A
expression at SCG presynaptic terminals. Before assessing siRNA-
mediated SV2A knockdown and its functional consequences in SCG
neurons, seven siRNAs were screened in a stable HEK293T cell line
overexpressing Rn-SV2A (Rn-SV2A HEK293T) and their knock-
down efficiencies were measured by quantitative real-time polymer-
ase chain reaction. All investigated siRNAs caused significant
knockdown relative to nsRNA treatment or control transfection
reagent (TKO) alone, whereas transfection of nsRNA had no effect
on SV2A-mRNA levels in this assay (Supporting Information Fig.
S1). On average, SV2A-siRNA#5 caused the highest degree of
mRNA knockdown in Rn-SV2A HEK293T (Fig. 1B) and was
hence used for all subsequent siRNA experiments. To confirm
knockdown of SV2A protein in our experiments, selected SCG neu-
rons were cytoplasmically microinjected with SV2A-siRNA along-
side a fluorescent indicator dye (i.e. dextran-coupled rhodamine). In
these experiments, microinjection of SV2A-siRNA#5 significantly
decreased somatic SV2A fluorescence intensity in comparison to
non-injected cells (Fig. 1C and D). The observed decrease in SV2A
fluorescence intensity, in combination with our HEK293 knockdown
experiments, strongly argued for successful SV2A depletion in the
injected SCG neurons.

Presynaptic synaptic vesicle glycoprotein 2A knockdown
attenuates readily releasable pool size in sympathetic neurons

The above experiments established knockdown of SV2A in SCG
neurons. The SCG preparation is a useful model as it permits the
injection of exogenous material into the presynaptic partner of syn-
aptically-coupled neurons and allows the investigation of presynaptic
effects, such as on vesicular release (Ma & Mochida, 2007). In these
cells, cholinergic synapses form between postganglionic neurons in
culture (Iacovitti et al., 1981). Thus, we microinjected SV2A-siRNA
or control nsRNA into SCG neurons and examined the effects of
presynaptic SV2A knockdown at SCG synapses on cholinergic
transmission. To investigate SV2A synaptic function, we first sub-
jected nsRNA-injected and SV2A-siRNA-injected SCG neurons to a
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protocol of a high-frequency train of action potentials (20 Hz, 2 s)
to elicit multi-peak EPSPs that depressed quickly before reaching a
steady state (Fig. 2A and B). Such protocols allow the investigation
of the effects of SV2A knockdown on EPSP amplitude and also the
experimental estimation of RRP sizes, as the initial phase is a mea-
sure of RRP depletion, whereas the linear phase is representative of
ongoing RRP replenishment and immediate release of newly
recruited vesicles (see Ma et al., 2009). Our first observation was
that, consistent with other preparations (Crowder et al., 1999; Xu &
Bajjalieh, 2001; Custer et al., 2006; Chang & Sudhof, 2009), SV2A
knockdown reduced stimuli-evoked transmitter release in cholinergic
SCG synapses. Initial EPSP amplitudes in SV2A-siRNA-injected
neurons were significantly attenuated compared with nsRNA-
injected neurons (nsRNA: 17.9 � 7.0 mV, n = 10 vs. SV2A-siR-
NA: 12.4 � 1.6 mV, n = 7; P < 0.05, Student’s two-sample t-test;
Fig. 2C). The postsynaptic response can be modulated via the
effects on RRP size or vesicle release probability. We investigated
the effects of SV2A-siRNA on RRP size. In this regard, one major
difference in studies delineating SV2A mechanisms is in reports
regarding the differential effects of SV2 knockout on RRP size
(Custer et al., 2006; Chang & Sudhof, 2009). In our experiments,
cumulative integrals of data sets were fitted with linear regressions
to the steady-state replenishment phases and extrapolated to individ-
ual values at the zero time point (Fig. 2D and E). The linear compo-
nent had similar slope values for nsRNA and SV2A-siRNA
(nsRNA: 1.5 � 0.5 mV/s, n = 6 vs. SV2A-siRNA: 1.3 � 0.4 mV/s,
n = 5; P > 0.05, Student’s two-sample t-test), indicating that there
was no replenishing defect following high-frequency action potential
trains, as the steady-state replenishment rates were similar under

SV2A knockdown. The reduced EPSP integral at the zero time point
in SV2A-siRNA-treated (Fig. 2E) vs. nsRNA-treated SCGs
(Fig. 2D) may suggest a reduction in RRP size due to SV2A knock-
down. To quantify this effect, cumulative EPSP integrals were
divided by the mean quantal EPSP integral to estimate the RRP size
(Ma et al., 2009). Here, a significant reduction in RRP size was
seen (nsRNA: 79 � 20 vesicles, n = 6 vs. SV2A-siRNA: 41 � 27
vesicles; P < 0.05, Student’s two-sample t-test; Fig. 2F). Together,
these data suggest that presynaptic SV2A knockdown-induced
decrease in EPSP amplitude is associated with the attenuation of
RRP size, consistent with the availability of fewer release slots.

Presynaptic synaptic vesicle glycoprotein 2A knockdown
increases paired-pulse depression and delays readily
releasable pool recovery after depletion

We next investigated the consequences of SV2A knockdown upon
the RRP in more detail. We applied a paired-pulse protocol whereby
two successive action potentials were evoked presynaptically at
varying interstimulus intervals (20–1000 ms) and the postsynaptic
responses of the partner cell were recorded as EPSPs (Fig. 3A and
B). These data, expressed as the paired-pulse ratio (PPR) (P2 : P1),
showed that, for control nsRNA conditions, the PPR increased with
interstimulus interval duration; these data are in good agreement
with the PPR characteristics in control SCG synapses (Lu et al.,
2009; Ma et al., 2009; Tanifuji et al., 2013). The clear reduction in
the PPR in the presence of SV2A-siRNA showed that synaptic
depression was significantly increased in comparison to nsRNA at
all interstimulus intervals measured (Fig. 3A and B). Whereas the

A

B C D

Fig. 1. SV2A expression and knockdown efficiency in SCG neurons and stable Rn-SV2A HEK293T cells. (A) Representative images of SV2A (green), syn-
aptophysin 1 (red) and merged channels illustrate the common presynaptic distribution of the two proteins. (B) SV2A expression analysis of stably expressing
Rn-SV2A in HEK293T cells transiently transfected with either nsRNA or SV2A-siRNA. mRNA expression levels were measured by quantitative real-time poly-
merase chain reaction and normalised to b-actin. Presented are pooled results from four independent experiments expressed as mean � SD. (C) SV2A fluores-
cence intensity in SCG neurons. In injected SCG neurons, SV2A-siRNA decreased SV2A fluorescence intensity by ~60% compared with culture-matched
injection of nsRNA. (D) Representative immunofluorescence image of SCG neurons coinjected with SV2A-siRNA and rhodamine B-dextran injection marker
(red) and an adjacent non-injected cell (green) and merged channels. Note that SV2A fluorescence intensity of SV2A-siRNA-injected neurons is markedly
decreased in comparison to adjacent non-injected cells. Scale bars, 20 lm. **P < 0.01, Student’s one-tailed two-sample t-test; ***P < 0.001, one-way ANOVA

followed by a posthoc two-sided Dunnett’s test. A.U., arbitrary units.
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PPRs of nsRNA-injected SCG synapses returned to baseline at an
interstimulus interval of >100 ms, responses of SV2A siRNA-
injected cells failed to recover, even at prolonged time intervals of
up to 1 s, clearly indicating enhanced and deeper synaptic depres-
sion. These data suggest that, under normal conditions, SV2A aids
rapid vesicular replenishment of the RRP and therefore acts to
promote recovery from synaptic depression.

The above data demonstrate that SV2A regulates the RRP size
and that changes to the RRP recovery kinetics may underlie the
SV2A effects on stimuli-evoked transmitter release. Previous studies
have reported that SV2-deficient central synapses had normal recov-
ery kinetics following depletion of the RRP (Chang & Sudhof,
2009). However, another study reported a phenotype more consis-
tent with our study and concluded that SV2A maintains the RRP

A B C

D E F

Fig. 2. Knockdown of SV2A reduces basal EPSP amplitudes and the size of the RRP in SCG synapses. Multi-peak EPSPs estimated by a train of action
potentials (20 Hz, 2 s) for (A) nsRNA-injected and (B) SV2A-siRNA-injected neurons. (C) Initial EPSP amplitudes (mean + SEM) were significantly smaller in
SV2A-siRNA-injected cells. Cumulative integrals of data in (A) and (B) plotted for (D) nsRNA and (E) SV2A-siRNA. The linear component was fitted with a
linear regression y = mx + b between 0.5 and 2.0 s after onset of high-frequency stimulation (where m is the slope and b is the Y intercept), according to hav-
ing an established stable steady-state response. Linear regression fits were extrapolated to time 0 and reflect a reduction in EPSP amplitude in SV2A-siRNA-
injected cells. (F) The RRP size (number of vesicles in the RRP) was estimated by dividing cumulative EPSP integrals from D and E by the mean quantal
EPSP integral (mean + SEM). RRP size was significantly reduced in SV2A-siRNA-injected cells. *P < 0.05, Student’s two-sample t-test.

A B

Fig. 3. Knockdown of SV2A increases synaptic depression in SCG synapses. (A) Representative traces of EPSPs elicited by two subsequently evoked action
potentials at 30 and 120 ms interstimulus intervals (ISIs) in SCG neurons either injected with nsRNA (top) or SV2A-siRNA (bottom). (B) Ratios of the peak
amplitude of the second EPSP over the first EPSP plotted against ISI (mean � SEM). SV2A-siRNA caused an increase in magnitude of synaptic depression at
all ISIs tested. **P < 0.01, ***P < 0.001, ANOVA followed by posthoc Bonferroni test.
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size and modulates the RRP refilling kinetics (Custer et al., 2006).
We have previously characterised the RRP recovery kinetics follow-
ing pool depletion in SCG synapses (Lu et al., 2009; Ma et al.,
2009); therefore, we next examined the dynamics of RRP refilling
after depletion by monitoring the recovery of EPSP amplitudes
(recorded at 1 Hz basal stimulation frequency) using a train of stim-
uli (5 Hz, 4 min) to clear release-ready vesicles from presynaptic

terminals (Fig. 4A). SV2A knockdown caused an initial reduction in
EPSP amplitude in comparison to nsRNA controls, consistent with
the data above (Fig. 2C). Whereas the depletion phase followed a
similar time course in both conditions, clear differences in the recov-
ery phase were seen. We have previously demonstrated that, follow-
ing RRP depletion, the synaptic vesicle pool in SCG synapses
recovers via two phases, i.e. fast (complete by ~ 10 s) and slow (Lu

A

B C

D E

Fig. 4. Knockdown of SV2A delays RRP recovery after depletion in SCG synapses. (A) EPSP amplitudes recorded at 1 Hz basal stimulation frequency before
and after a depleting stimulus (5 Hz, 4 min) either injected with nsRNA (black line) or SV2A-siRNA (red line). SV2A-siRNA caused a major depression in
rapid replenishment phase with fast refilling kinetics remaining unchanged (inset). EPSP amplitudes normalised to the mean value prior to start of depletion,
shown for individual time points postdepletion for (B) the fast recovery phase (0–10 s) and (D) the slow recovery phase (1–5 min). (C) Normalised recovery
curves for the fast recovery phase were best fitted with a single exponential function fit to group data for nsRNA (black line: srecovery = 0.3 s), but required a
triple exponential function for SV2A-siRNA (red line: srecovery1 = 0.3 s, srecovery2 = 26.0 s, srecovery2 = 26.3 s). (E) Normalised recovery curves for the slow
recovery phase were best fitted with a single exponential function fit to group data for nsRNA (black line: srecovery = 12.1 min) and SV2A-siRNA (red line:
srecovery1 = 3.5 min).
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et al., 2009; Ma et al., 2009; Tanifuji et al., 2013). The rapid, initial
phase of recovery is proposed to represent vesicle recruitment from
the reserve pool (RP) and the slow component is proposed to indi-
cate replenishment through endocytotic pathways. Here, the fast

phase of RRP recovery was shown over 0-10 s (Fig. 4B and C) and
the slow phase over 1–5 min (Fig. 4D and E). For control nsRNA,
the RRP recovered with fast kinetics according to a single exponen-
tial fit to the fast recovery phase and with recovery complete by
~4 s (Fig. 4C). For SV2A-siRNA, the recovery of the EPSP ampli-
tude was clearly attenuated during the fast phase, with the recovery
rate fitted with a more complex triple exponential function
(Fig. 4C). Continuously, the slow phase of recovery was also altered
(Fig. 4D and E), suggesting that SV2A knockdown caused a delay-
ing of RRP replenishment with vesicles from the RP during the fast
phase and a bypassing of the RP during the slow phase. Overall,
these findings strongly implicated a role for SV2A in maintaining
correct RRP refilling in SCG synapses.

Synaptic vesicle glycoprotein 2A knockdown impairs
presynaptic voltage-dependent Ca2+ channel current density in
sympathetic neurons

Regulated exocytosis is highly dependent on precise presynaptic
Ca2+ influx (Sudhof, 2004) and SV2A modulation of presynaptic

A B

C D E F

Fig. 5. Knockdown of SV2A impairs presynaptic VDCC function in SCG neurons. (A) Current–voltage relationships from SCG neurons injected with either
nsRNA or SV2A-siRNA reveal a significant reduction in current density around peak values (*P < 0.05, repeated-measures ANOVA followed by posthoc Bonfer-
roni test). (B) Steady-state inactivation data show similar voltage dependency of inactivation properties between the two groups. (C) The maximum conductance
(Gmax) of SV2A-siRNA-injected neurons is significantly reduced in comparison to the nsRNA group (*P < 0.05, two-sample Student’s t-test). Other parameters,
including (D) reversal potential, (E) half-activation potential and (F) slope factor remain unchanged after SV2A-siRNA-mediated knockdown. All data are mean
� SEM.

Table 1. Effects of SV2A-siRNA on ICa activation properties in SCG
neurons

Parameter

Mean � SEM

P-value
nsRNA
(n = 13)

SV2A-siRNA
(n = 11)

Maximum conductance
(Gmax) (nS)

0.92 � 0.08 0.68 � 0.07 0.04

Half-activation potential
(V0.5) (mV)

�11.8 � 1.1 �13.5 � 1.5 0.35

Slope factor
(k) (mV)

3.2 � 0.3 2.9 � 0.4 0.54

Reversal potential
(Vrev) (mV)

53.0 � 0.9 51.4 � 1.1 0.24
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VDCCs could contribute to the deficient secretory phenotype
described here. Moreover, use of high-frequency action potential
trains to deplete the RRP involves stimuli-induced Ca2+ entry into
the presynaptic terminal, permitting the study of activity-dependent
regulation of vesicle priming and replenishment (Stevens & Wessel-
ing, 1998). Therefore, we examined the effects of SV2A knockdown
on whole-cell ICa in isolated SCG neurons, measured using approxi-
mately physiological Ca2+ (2 mM), as the best available model of

the presynapse. CaV2.2 channels underlie transmitter release at SCG
synapses (Mochida et al., 2003) and are the predominant VDCC
isoform in somatic whole-cell recordings from these neurons (~85%
of whole-cell ICa; remainder largely carried by L-type VDCCs)
(Bucci et al., 2011). In conditions in which L-type VDCCs were
inhibited by 10 lM nifedipine, SCG neurons injected with SV2A-
siRNA showed a ~25% reduction in peak Ca2+ current density in
comparison to nsRNA-injected cells (Fig. 5A) and a corresponding

Ai Aii Aiii

B C

D E F G

Fig. 6. Overexpression of SV2A does not alter CaV2.2 function in transfected tsA201 cells. (A) Transiently transfected tsA201 cells express SV2A-GFP in
close proximity to the plasma membrane. Representative confocal section of a central plane through tsA201cells transfected with SV2A-GFP, with (Ai) trans-
mitted light, (Aii) GFP and (Aiii) SV2A staining. Note the absence of SV2A immunoreactivity in the proximal non-transfected cells (indicated by arrowheads
in A). SV2A plasma membrane localization was apparent; the large intracellular fluorescent signal probably represents the endoplasmatic reticulum/Golgi of the
HEK cells. (B) Current–voltage relationships from tsA201 cells transiently transfected with CaV2.2/a2d1/b2a and either GFP or SV2A-GFP showed no change
in current density (P = 0.96; repeated-measures ANOVA). (C) Steady-state inactivation data were recorded from the same batch of cells as in B and show similar
voltage dependency of inactivation properties. Parameters including (D) maximum conductance (Gmax), (E) reversal potential, (F) half-activation potential and
(G) slope factor remain unchanged between GFP-transfected and SV2A-GFP-transfected cells. All data are mean � SEM.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 41, 398–409

SV2A modulates release at peripheral synapses 405



decrease in maximum conductance (gmax) (Fig. 5C; Table 1).
There were no SV2A-siRNA-induced changes to other biophysical
properties derived from current–voltage relationships (Fig. 5D–F;
Table 1). There were also no alterations in steady-state inactivation
parameters (Fig. 5B). These data are consistent with SV2A regulat-
ing Ca2+ influx through presynaptic VDCCs in SCG neurons
without changing voltage-dependent activation and inactivation
properties, in addition to maintaining the RRP.
Finally, we used a heterologous expression system to examine the

effects of overexpressing SV2A-GFP on recombinant CaV2.2/a2d1/
b2a channels. Here, despite the expression of SV2A-GFP at or close
to the plasma membrane (Fig. 6A), the voltage dependence of acti-
vation (Fig. 6B) and associated parameters (Fig. 6D–G; Table 2)
were unchanged by SV2A-GFP. CaV2.2/a2d1/b2a steady-state inacti-
vation was also unaffected by SV2A-GFP (Fig. 6C). The demonstra-
tion that the modulation of SV2A expression affects VDCC current
density in native neurons, but not recombinant channels in a non-
neuronal expression system, may indicate that an, as yet unidenti-
fied, neuronal protein is necessary to mediate the SV2A–CaV2.2
interaction, as discussed more fully below.

Discussion

In this study, we investigated the unknown contribution of the syn-
aptic vesicle protein SV2A to neurotransmission in peripheral SCG
neurons. We used an siRNA strategy and injected directly into SCG
synapses to reduce solely presynaptic SV2A levels. Our approach
differs from previous studies using transgenic mouse models to
reduce SV2A levels, which may potentially be confounded by
accompanying compensatory and/or developmental changes (Cr�eve-
cœur et al., 2013). Throughout, the siRNA experiments were con-
trolled by an appropriate nsRNA; in this regard, the nsRNA
construct produced control parameters, including EPSP amplitude,
RRP size, overall vesicle count and synaptic depression characteris-
tics, which were in good agreement with control data from our pre-
vious studies in SCG neurons (Krapivinsky et al., 2006; Ma et al.,
2009; Tanifuji et al., 2013; Mori et al., 2014), suggesting that the
injection of RNA had no detrimental effects per se on basal cell
physiology in this experimental system (Ma & Mochida, 2007).

Synaptic vesicle glycoprotein 2A maintains normal
neurotransmission by regulating readily releasable pool size in
sympathetic neurons

We demonstrate that SV2A-siRNA-injected SCG neurons have
abnormalities in stimuli-evoked neurotransmitter release, as previously
shown for SV2-deficient central neurons (Crowder et al., 1999; Janz
et al., 1999; Custer et al., 2006; Chang & Sudhof, 2009), rod
bipolar cells (Wan et al., 2010) and adrenal chromaffin cells (Xu &
Bajjalieh, 2001). Our results initially suggest the conservation of

SV2A function on evoked release between peripheral and central
neurons as well as neuroendocrine cells. In our experiments, two
different stimulation protocols revealed an SV2A-siRNA-mediated
reduction in EPSP amplitude, suggesting that SV2A is required to
maintain regulated stimuli-evoked neurotransmission at SCG syn-
apses. The SV2A-siRNA effects on multi-peak EPSPs evoked by
high-frequency trains of action potentials suggest that the reduction
in EPSP amplitude in the initial phase is mainly due to a reduction
in RRP size. We provide evidence that SV2A knockdown may also
increase the vesicular release probability in SCG neurons; in particu-
lar, and as discussed further below, we report a clear increase in
synaptic depression, a phenomenon accompanied by increased
release probability in SCG synapses (Ma et al., 2009). Our data are
in general agreement with those proposed by Custer et al. (2006),
who similarly reported that SV2 regulates RRP size in hippocampal
excitatory autapses. This group also reported a similar reduction in
RRP size in SV2A-deficient adrenal chromaffin cells (Xu & Bajja-
lieh, 2001). Moreover, Wan et al. (2010) reported a secretory phe-
notype in SV2B-deficient rod bipolar cells characterised by a
decrease in the number of rapidly releasing vesicles. Our data do,
however, contrast with those from Chang & Sudhof (2009), who
reported that SV2-deficient cortical neurons, despite similar reduc-
tions in stimuli-evoked transmission, have a normal RRP size. The
reasons for these disparities may reflect the nature of the synapses
investigated; Chang & Sudhof (2009) examined effects at cortical,
glutamatergic synapses, whereas we investigate peripheral, choliner-
gic synapses. Related to this, glutamatergic and GABAergic termi-
nals in the hippocampus preferentially express different SV2
isoforms (Gronborg et al., 2010), which might influence synaptic
release differentially, as reported in CA1 hippocampal neurons
(Venkatesan et al., 2012). Finally, the differential expression of
other presynaptic proteins that associate with SV2 could potentially
contribute to phenotypic variations within distinct cell populations.

Synaptic vesicle glycoprotein 2A promotes readily releasable
pool refilling and recovery after depletion

We also investigated the effects of SV2A on synaptic plasticity. At
SCG synapses, PPRs are dependent on the presynaptic Ca2+ channel
subtype. Synaptic release at SCG synapses is almost exclusively
mediated by CaV2.2 (Mochida et al., 2003); release mediated by
endogenous CaV2.2 is associated with persistent synaptic depression
at physiological external Ca2+ concentrations (Lu et al., 2009;
Ma et al., 2009; Tanifuji et al., 2013). In the central nervous
system, the major VDCC isoform is typically CaV2.1 (or a mixture
of CaV2.1 and CaV2.2), thus, CaV2.2-dependent paired-pulse
depression in SCG synapses is longer than is typically reported for
central neurons. Here, SV2A knockdown increased paired-pulse
depression at physiological Ca2+ concentrations. However, the
synaptic response to an SV2 deficit appears to be highly dependent
on the nature of the synapse investigated, e.g. SV2A or SV2A/B
deletion was reported to cause an increase in paired-pulse facilitation
in hippocampal autapses under similar conditions (Custer et al.,
2006). Here, our data are consistent with a facilitatory role for
SV2A in the recovery from synaptic depression.
Following depletion of the RRP using a train of stimuli, EPSP

amplitudes recovered more slowly in SV2A-siRNA-injected neurons
than nsRNA-injected cells, consistent with the hypothesis that SV2A
aids refilling of the RRP to maintain normal neurotransmission.
Thus, the RRP size is smaller than control (Fig. 2), as indicated by
the finding that the paired-pulse depression is enhanced (Fig. 3).
RRP recovery from the depletion followed a fast and slow phase in

Table 2. Effects of GFP-SV2A on ICa in recombinant CaV2.2/a2d1/b2a
activation properties in tsA201 cells

Parameter

Mean � SEM

P-value
GFP
(n = 9)

GFP-SV2A
(n = 6)

Maximum conductance (Gmax) (nS) 0.64 � 0.13 0.71 � 0.19 0.79
Half-activation potential (V0.5) (mV) 9.7 � 1.1 12.6 � 1.4 0.10
Slope factor (k) (mV) 3.4 � 0.3 3.8 � 0.2 0.28
Reversal potential (Vrev) (mV) 72.9 � 0.7 75.0 � 1.0 0.08
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both nsRNA-injected and SV2A-siRNA-injected neurons (Fig. 4).
Recovery curves illustrate the clearly attenuated EPSP amplitude in
SV2A-siRNA-injected neurons during the fast phase, suggesting
incomplete recovery in the fast phase, contributing to ~35% recovery
with nsRNA and less than 10% recovery with siRNA. These results
also suggest that the RP size is smaller after a train of stimuli with
SV2A knockdown. SV2A deficits in the fast phase are also proposed
to delay RRP replenishment from the RP and cause impaired, i.e.
temporally delayed, Ca2+-dependent long-term vesicle replenishment
from the RP to the RRP following depletion (Mori et al., 2014). It
was also reported that SV2B deletion in rod bipolar cells caused a
slowing in recovery of membrane capacitance in response to a train
of stimuli, potentially reflecting a slowing in the rate of endocytosis
(Wan et al., 2010). These effects were proposed to occur secondarily
to changes in Ca2+ signaling (see also Mori et al., 2014). Overall,
our data support a scenario whereby, in control conditions, empty
release slots are filled rapidly after the cessation of high-frequency
stimulation through vesicles from the recycling pool, whereas, under
conditions of SV2A knockdown, this process takes longer and
appears to be more reliant on slower endocytic pathways. In contrast
to our findings that a major effect of SV2A is to promote RRP refill-
ing, previous studies using similar depletion/recovery experimental
paradigms in central neurons have reported differential SV2A effects
on RRP recovery. Custer et al. (2006) reported that SV2-deficient
hippocampal autapses exhibited a short-lived increase in RRP recov-
ery in response to exhaustive (40 Hz for 5 min) stimuli-induced
depletion, whereas Chang & Sudhof (2009) observed no differences
in RRP recovery to depletion using milder (10 Hz for 10 s) stimuli
in cortical neurons. As above, it appears that the SV2A effects on
the RRP differ between synapses; moreover, such effects may also
be influenced by the depletion protocols used. We have characterised
the effects of several different presynaptic modulatory agents on the
RRP recovery from depletion in SCG synapses (Lu et al., 2009; Ma
et al., 2009). Using the same protocols here, we demonstrate that
SV2A knockdown clearly slows RRP recovery in this preparation.
Overall, we demonstrate that presynaptic SV2A knockdown is asso-
ciated with a secretory phenotype, suggesting that SV2A acts to reg-
ulate stimuli-evoked transmission by maintaining the RRP and
facilitating recovery from synaptic depression.

Synaptic vesicle glycoprotein 2A maintains presynaptic
voltage-dependent Ca2+ channel current density in
sympathetic neurons

The requirement for SV2A for normal neurotransmission might also
involve effects on presynaptic VDCCs. For example, the observed
RRP attenuation is characteristic of reduced Ca2+ influx through pre-
synaptic VDCCs (Xu & Wu, 2005) and increased synaptic depres-
sion can be caused by decreased RRP size and altered
replenishment and/or impaired VDCC function (Zucker & Regehr,
2002). In addition, the slowed recovery from RRP depletion seen is
consistent with a reduction in presynaptic Ca2+ (Mori et al., 2014).
Here, we demonstrate, for the first time, that SV2A knockdown
reduces whole-cell ICa. These data raise the possibility that the
secretory phenotype occurs, at least partially, downstream of Ca2+

channel deficits. In our study, the SV2A-siRNA-mediated decrease
in VDCC current density was not accompanied by any change to
biophysical properties such as the voltage dependence of activation
or steady-state inactivation. We have previously shown that the
SV2A ligand, levetiracetam, attenuates the Ca2+ current density in
SCG neurons without effects on the voltage dependence of activa-
tion and inactivation (Vogl et al., 2012). Such data potentially

reflect a pharmacological disruption of SV2A function by levetirace-
tam similar to that reported here for SV2A-siRNA. In this regard, it
has been reported that levetiracetam modulates SV2A neuronal func-
tion (Nowack et al., 2011) and that the antiepileptic efficacy of lev-
etiracetam was reduced in heterozygous SV2A mice (Kaminski
et al., 2009).
Here, we were unable to demonstrate any effects of SV2A overex-

pression on recombinant CaV2.2 channels in HEK cells. Although
HEK cells lack conventional synaptic vesicles, we propose that
SV2A is targeted to transport vesicles resupplying plasma membrane
proteins in non-neuronal cells (see Feany et al., 1993). Previous
studies suggest that correct SV2A glycosylation is maintained in
HEK cells (Dong et al., 2008), consistent with the SV2A HEK cell
plasma membrane association shown here and by others (Peng et al.,
2011). Furthermore, the recombinant SV2A expressed in HEK cells
was shown to retain the pharmacology towards small molecule
ligands, indicating that the SV2A protein is correctly processed and
folded in this cell system (Gillard et al., 2006; Daniels et al., 2013).
Previous proteomic studies did not detect a direct physical link
between isolated CaV2.2 and SV2A (Khanna et al., 2007; Muller
et al., 2010), which may reflect this reported lack of direct SV2A
effects on CaV2.2. However, the clear phenotype seen in native SCG
neurons might indicate that an intermediate linker protein, present in
SCG neurons and necessary to translate the SV2A-dependent modu-
lation of CaV2.2, is absent in HEK cells. Candidate molecules here
include synaptotagmin, which has been shown to interact with both
the synprint site of the intracellular CaV2.2 II–III linker (Sheng
et al., 1997) and the N-terminus of SV2A in a Ca2+-dependent man-
ner (Schivell et al., 1996; Yao et al., 2010). Moreover, this interac-
tion was shown to regulate transmitter release in SCG synapses
(Schivell et al., 2005). Another candidate is AP-2, which also inter-
acts with SV2A, synaptotagmin and the CaV2.2 synprint site
(Haucke & De Camilli, 1999; Watanabe et al., 2010).
Previous reports have suggested presynaptic Ca2+ accumulation

due to perturbation of SV2 expression (Chang & Sudhof, 2009).
However, other groups have disputed this hypothesis (Custer et al.,
2006). Here, the reduced VDCC current density seen following
SV2A knockdown might support the Ca2+ accumulation hypothesis
at SCG synapses, as increased [Ca]i could facilitate Ca2+-dependent
VDCC inactivation. However, we report no changes to steady-state
inactivation and the dramatic increase in synaptic depression seen in
our paired-pulse experiments argues against this idea, as elevated
presynaptic Ca2+ has been shown to accelerate recovery from synap-
tic depression (Fioravante & Regehr, 2011). In the future, it will be
of interest to determine if a linker between SV2A and CaV2.2 is
indeed required and, also, if the reported direct SV2A interaction
with CaV2.1 (the major VDCC subunit in central synapses cf. the
predominant role of CaV2.2 in peripheral synapses) has effects on
VDCC function in central synapses that are similar to those reported
here.

Function of synaptic vesicle glycoprotein 2A in sympathetic
neurons

Our data provide compelling evidence that SV2A is required for
regulated neurotransmission at peripheral cholinergic synapses. We
demonstrate a requirement for SV2A for normal neurotransmission
at SCG synapses, suggesting a broad conservation of SV2A function
between central and peripheral synapses. We propose that SV2A
knockdown leads to a deficient secretory phenotype that can be
explained by a combination of altered vesicle recruitment to the
RRP and aberrant VDCC function. Our findings not only support
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SV2A acting as an important factor to establish RRP size, as pro-
posed previously in central synapses, but also suggest that SV2A
has a previously undescribed Ca2+ channel phenotype, acting as a
positive modulator of presynaptic VDCCs.

Supporting Information

Additional supporting information can be found in the online ver-
sion of this article:
Fig. S1. Evaluation of multiple siRNAs to assess SV2A knock-down
efficiency in stable Rn-SV2A HEK293T cells.
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