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␣-Synuclein Overexpression in PC12 and Chromaffin Cells
Impairs Catecholamine Release by Interfering with a Late
Step in Exocytosis
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␣-Synuclein (␣-syn), a protein implicated in Parkinson’s disease pathogenesis, is a presynaptic protein suggested to regulate transmitter
release. We explored how ␣-syn overexpression in PC12 and chromaffin cells, which exhibit low endogenous ␣-syn levels relative to
neurons, affects catecholamine release. Overexpression of wild-type or A30P mutant ␣-syn in PC12 cell lines inhibited evoked catecholamine release without altering calcium threshold or cooperativity of release. Electron micrographs revealed that vesicular pools were not
reduced but that, on the contrary, a marked accumulation of morphologically “docked” vesicles was apparent in the ␣-synoverexpressing lines. We used amperometric recordings from chromaffin cells derived from mice that overexpress A30P or wild-type
(WT) ␣-syn, as well as chromaffin cells from control and ␣-syn null mice, to determine whether the filling of vesicles with the transmitter
was altered. The quantal size and shape characteristics of amperometric events were identical for all mouse lines, suggesting that
overexpression of WT or mutant ␣-syn did not affect vesicular transmitter accumulation or the kinetics of vesicle fusion. The frequency
and number of exocytotic events per stimulus, however, was lower for both WT and A30P ␣-syn-overexpressing cells. The ␣-synoverexpressing cells exhibited reduced depression of evoked release in response to repeated stimuli, consistent with a smaller population
of readily releasable vesicles. We conclude that ␣-syn overexpression inhibits a vesicle “priming” step, after secretory vesicle trafficking
to “docking” sites but before calcium-dependent vesicle membrane fusion.
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Introduction
␣-Synuclein (␣-syn) is a 14 kDa protein widely expressed in central neurons that display synaptic plasticity. The protein is initially observed in neuronal cell bodies and later in presynaptic
neuronal terminals (Maroteaux and Scheller, 1991; Jakes et al.,
1994; Iwai et al., 1995; Hsu et al., 1998; Bayer et al., 1999), in
which its distribution changes in response to neuronal stimulation (Fortin et al., 2005).
Three ␣-syn mutations cause forms of familial Parkinson’s
disease (Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz
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et al., 2004), and overexpression of wild-type (WT) ␣-syn can
lead to early-onset Parkinson’s disease (Singleton et al., 2003),
suggesting that its physiological function could be relevant to
disease pathogenesis. Although ␣-syn has been suggested to be
neuroprotective (Chandra et al., 2005), there are abundant data
implying a role in the regulation of presynaptic secretory function. ␣-Syn-deficient knock-out (null) mice maintain a reduced
reserve pool of synaptic vesicles in hippocampal synapses (Cabin
et al., 2002), and ␣-syn knockdown in hippocampal cell cultures
reduces reserve vesicle pools (Murphy et al., 2000) and inhibits
long-term potentiation (Liu et al., 2004). Studies measuring
evoked striatal dopamine (DA) release indicate an enhanced rate
of presynaptic recovery in ␣-syn null mice (Abeliovich et al.,
2000; Yavich et al., 2004). Accordingly, mice overexpressing
A30P ␣-syn show decreased DA release in response to prolonged
stimulation (Yavich et al., 2004, 2005). Together, results from
studies on DA release suggest that ␣-syn may act presynaptically
to inhibit neurosecretion.
If ␣-syn expression indeed inhibits evoked transmitter release,
there are a variety of steps at which this could occur. Previous
studies report that ␣-syn can interfere with catecholamine synthesis and vesicular and plasma membrane uptake (Lee et al.,
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2001; Lotharius et al., 2002; Perez et al., 2002; Wersinger et al.,
2003; Peng et al., 2005), and regulation of each of these processes
is known to affect the quantal size of transmitter release (Sulzer
and Pothos, 2000). Effects of ␣-syn on quantal size, however,
have not been studied directly. Additional possible inhibitory
actions of ␣-syn on transmitter release include a regulation of the
number of secretory vesicles, their trafficking to release sites, altering the calcium dependence of release, or direct effects on
vesicle fusion with the plasma membrane.
We studied effects of ␣-syn on evoked transmitter secretion
using adrenal chromaffin cells from ␣-syn-overexpressing and
␣-syn null mice and chromaffin cell-derived PC12 cell lines with
high expression levels of WT and A30P mutant ␣-syn. These cells
possess advantages for studies of this type because quantal catecholamine secretion can be directly recorded and because they
normally express very low levels of endogenous ␣-syn, so that
overexpression of ␣-syn may more effectively reveal its function.
Our data confirm that ␣-syn overexpression inhibits evoked
transmitter secretion. The inhibition of secretory transmission by
␣-syn does not occur via effects on quantal size, the calcium
dependence of transmitter release, or the kinetics of quantal exocytosis but apparently via interfering with a step after vesicle
docking and before calcium-dependent fusion.

Materials and Methods
PC12 cell lines. PC12 cells were grown on rat tail collagen-coated dishes in
RPMI 1640 media containing 5% fetal bovine serum and 10% heatinactivated horse serum (complete media) as described previously
(Greene and Tischler, 1976). Cell lines overexpressing human WT (line
EP1) or mutant ␣-syn (lines AP2, AP3, and AM9) were generated based
on the TET-On system (Clontech, Mountain View, CA). The cloning of
WT and mutant ␣-syn inserts into a pCDNA3 vector (Invitrogen, Carlsbad, CA) has been described previously (Stefanis et al., 2001). To subclone genes into phosphorylated TET-responsive element (pTRE) vector
(Clontech), a SacII site was added to the 5⬘ end of each DNA fragment by
PCR using pCDNA3-based constructs as templates. The PCR products
were inserted into the topoisomerase TOPO–TA cloning vector (Invitrogen), the obtained fragments were verified by sequencing, and the
TOPO–TA vectors were restriction digested with SacII/XbaI. The resulting inserts were subcloned into pTRE vectors. PC12 cells were then cotransfected with a pTRE vector encoding either WT or A30P ␣-syn and a
pTK– hygromycin vector encoding hygromycin resistance, which allowed to select stable transfectants. Two control (CNT) cell lines were
generated: TET-On cells transfected with empty pTRE vector and cells
expressing enhanced green fluorescent protein (EGFP) from pBI–EGFP
vector (Clontech). Clones were selected after hygromycin treatment (400
g/ml; Roche, Nutley, NJ), and monoclonal and polyclonal cell lines
were generated. Screening of clones for ␣-syn overexpression was performed by Western blotting (mouse monoclonal anti-␣-syn-1; BD
Transduction Laboratories, Lexington, KY). For this purpose, cells were
cultured using TET-free FBS (Clontech), and lysates were collected 24 h
after exposure to the medium with or without doxycycline (2 ng/ml). All
lines positive for overexpression of ␣-syn were quite leaky in that there
was substantial overexpression of ␣-syn even in the absence of doxycycline. Therefore, in all experiments presented here, the ␣-syn-expressing
lines were cultured in normal growth medium without doxycycline.
Western blotting of PC12 cell extracts and immunocytochemistry of PC12
cell cultures. PC12 cells were scraped from 35 mm dishes and washed by
centrifugation and resuspension in cold PBS. The cells were resuspended
in a buffer containing (25 mM HEPES, 5 mM EDTA, 1 mM EGTA, 5 mM
MgCl2, 5 mM DTT, 0.5% Triton X-100, and protease inhibitor mixture,
pH 7.3). Protein concentrations were quantified using the Bradford
method (Bio-Rad, Hercules, CA). Lysates (50 –100 g of protein) were
resolved by electrophoresis on 10 or 13% SDS-polyacrylamide gels. After
transfer to nitrocellulose membrane, the blot was cut into strips based on
molecular weight, and the strips were probed with monoclonal rat anti-
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␣-syn-1 antibody (1:500; BD Biosciences, Franklin Lakes, NJ) using previously described procedures (Stefanis et al., 1998). In some cases, the
blots were stripped and reprobed with anti-extracellular signal-regulated
kinase 2 antibodies (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA).
For immunocytochemistry, cell cultures were fixed with 4% paraformaldehyde and labeled with ␣-syn antibody (1:500; Invitrogen–Zymed,
Carlsbad, CA) and secondary antibodies conjugated to Alexa 488 (1:500;
Invitrogen, Carlsbad, CA).
Dopamine release. Depolarization-induced DA release and intracellular monoamine levels were measured by HPLC coupled with electrochemical detection as described previously (Stefanis et al., 2001). Briefly,
PC12 cells from various lines were plated onto 24-well dishes and exposed to normal incubation medium (2 mM KCl) or stimulated with high
potassium (80 mM KCl) for 1 min. The medium was then collected to
quantify DA release, and the cells were collected to normalize for protein
content. In some instances, cells were stimulated with the calcium ionophore A23187 (1 M; Sigma, St. Louis, MO) or ␣-latrotoxin (20 nM; gift
from Alexander Petrenko, New York University, New York, NY). Statistical comparison was performed using one-way ANOVA with post hoc
Tukey’s test (Prism; GraphPad Software, San Diego, CA).
Electron microscopy. PC12 cells were plated, fixed, and embedded for
electron microscopy as described previously (Stefanis et al., 2001). The
proximity of each dense-core vesicle (DCV) to the nearest cell membrane
was measured in individual electron micrographs by an observer blind to
the treatment condition. Between 10 and 11 cell sections were analyzed
for each PC12 cell line.
Chromaffin cells, obtained from the adrenal glands of control and WT
␣-syn-overexpressing mice, were prepared and analyzed as described
previously (Chaudhry et al., 1998). Briefly, three control mice and three
mice overexpressing WT ␣-syn (two males and one female in each
group) were deeply anesthetized and fixed by transcardiac perfusion with
4% formaldehyde in 0.1 M PBS. Pieces of adrenal medulla were dissected
out (⬃1 mm 3) and treated with 1% OsO4 in 0.1 M NaPi, followed by
dehydration in graded ethanol solutions and propylene oxide and embedding in Durcupan astrocyte-conditioned medium. Ultrathin sections
(⬍100 nm) were cut and mounted on nickel grids and lightly contrasted
with 10 mg/ml uranyl acetate for 11 min and 3 mg/ml lead citrate for 70 s.
The ultrathin sections were viewed in a Philips (Aachen, Germany)
CM10 transmission electron microscope, and images were taken at random by an observer blind to the conditions. Images were recorded with a
MegaView II CDD camera driven by the image processing software
AnalySIS (Mathiisen et al., 2006). Twenty to 30 images per section were
stored in a semiautomated counting system, IMGAP, an extension to
AnalySIS designed by F.-M. S. Haug (University of Oslo, Oslo, Norway).
Region of interest were drawn on the computer monitor by an observer
blind to the conditions, and the number of large DCVs were detected by
global intensity thresholding after background smoothing. The distance
between the large DCVs and the intercellular membrane was measured.
Data are displayed for male mice only (two male mice each in both
groups), but similar results were also observed for the female mice (data
not shown). Statistical comparison was performed using Kolmogorov–
Smirnov test.
Western blotting and immunohistochemistry of adrenal glands from
␣-syn transgenic mice. Transgenic ␣-syn mice were generated as described previously (Fortin et al., 2005). Two transgenic lines were used
for these experiments: WT human ␣-syn transgenic line S222 and the
A30P line P254. Adult mice (⬃1 year old, 30 –35 g) were anesthetized
with intraperitoneal pentobarbital injections and decapitated, and the
adrenal glands were rapidly dissected and homogenized in ice-cold
buffer containing (in mM): 4 HEPES, pH 7.4, 32 sucrose, 1 EGTA, and
protease inhibitors (complete protease inhibitor cocktail; Roche). Homogenates were centrifuged at 1000 ⫻ g for 10 min. Equal amounts of
supernatant protein (15 or 20 g) from transgenic and nontransgenic
adrenal gland homogenates were separated in 12.5% denaturing acrylamide gel, transferred to nitrocellulose membrane, and immunoblotted
with rat monoclonal anti-human ␣-syn (1:2000; Alexis Biochemicals,
San Diego, CA) or with mouse monoclonal anti-syn-1 (1:1000; BD
Transduction Laboratories) antibodies. ␣-syn bands were detected using
horseradish-conjugated secondary antibodies (1:2000; Amersham Bio-
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sciences, Piscataway, NJ) and enhanced chemiluminescence (Pierce,
Rockford, IL).
For immunohistochemistry, adult mice were anesthetized with intraperitoneal pentobarbital injections and perfused with 4% paraformaldehyde in PBS, and adrenal glands were removed, postfixed overnight, and
then equilibrated with 30% sucrose/PBS. Tissues were frozen, and sections were cut on a cryostat at 30 m. Adrenal gland sections were immunostained with primary antibodies to tyrosine hydroxylase (1:1000;
Protos Biotech, New York, NY) and ␣-syn (1:500; Invitrogen–Zymed)
and secondary antibodies conjugated to Alexa 488 and Alexa 594, respectively (1:500; Invitrogen).
Chromaffin cell culture. Adrenal glands from 3- to 6-month-old mice
were dissected in HBSS. The capsule and cortex were removed, and the
remaining medullae were minced. The tissue was then digested at 37°C
with Ca 2⫹-free collagenase IA solution (0.2%) for 30 min, rinsed three
times with HBSS, and triturated gently in a solution containing 1% bovine serum albumin and 0.02% deoxyribonuclease. After centrifugation
at 300 ⫻ g for 5 min, cell pellets were suspended in medium comprising
DMEM enriched with 10% fetal bovine serum and penicillin/streptomycin. Cells were plated onto poly-D-lysine/laminin-coated glass wells in 50
mm dishes.
Amperometric recordings. Amperometric recordings from chromaffin
cells were performed between days 3 and 5 after plating as described
previously (Pothos et al., 2002). The recording media contained the following (in mM): 140 NaCl, 2 KCl, 1 NaH2PO4, 25 glucose, 10 HEPES, 2
MgCl2, and 1.2 CaCl2, pH 7.3. Release was evoked by high KCl stimulation (3 s duration, Picospritzer; General Valve, Fairfield, NJ) with the
puff pipette at a distance of ⬃20 m from the cell. The stimulation media
contained the following (in mM): 102 NaCl, 40 KCl, 25 glucose, 10
HEPES, 1.2 and CaCl2, pH 7.3. Cells were stimulated five times with a
recording time of 1 min per stimulus and 2 min intervals between stimuli. Recordings were made with freshly beveled carbon-fiber electrodes (5
m diameter; Thornel Cystic, Greenville, SC) using an Axopatch 200B
amplifier (Molecular Devices, Palo Alto, CA). The output was low-pass
filtered at 10 kHz, digitized at 25 kHz [NIDAQ PCI 6052 E (National
Instruments, Austin, TX) and Igor Software (WaveMetrics, Lake Oswego, OR)], and recorded traces were digitally filtered (600 Hz binomial)
and analyzed using a locally written Igor routine (Mosharov and Sulzer,
2005). Events smaller than 4 pA were discarded, and cells yielding fewer
than 50 amperometric events for all stimuli were not included in the
analyses. For statistical analyses, ANOVA with post hoc Tukey’s test or
Kruskal–Wallis test with post hoc Dunn’s test were used (Prism; GraphPad Software). In each case, mutant and control chromaffin cells were
cultured, plated, and recorded on the same day with the same experimental setup and conditions.

Results

PC12 cell lines overexpressing WT or mutant ␣-syn exhibited
impaired DA release without altered calcium threshold or
dependency
We have shown previously that high levels of ␣-syn overexpression in PC12 cells can induce morphological abnormalities and
non-apoptotic cell death (Stefanis et al., 2001). For our current
studies, we therefore generated several PC12 cell lines that overexpress either human WT or A30P mutant ␣-syn at lower levels.
In contrast to the previously characterized cell lines, these cells
did not display reduced total DA content or impaired health of
the cultures because cell growth and overall cell morphology appeared normal (Fig. 1 A) (Mosharov et al., 2006). Overexpression
in PC12 cells of WT and A30P ␣-syn decreased overall
stimulation-dependent catecholamine release in response to high
potassium (Fig. 1 B). A possible explanation of the effect of ␣-syn
on secretion could be that it blocks stimulation-evoked Ca 2⫹
entry. This, however, was not the cause of release inhibition,
because DA secretion in WT ␣-syn-overexpressing cells was also
depressed in response to stimulation by the Ca 2⫹ ionophore
A32187 or ␣-latrotoxin treatments (by 54 and 50%, respectively),
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Figure 1. ␣-syn-mediated reduction of stimulated dopamine release in PC12 cell lines.
Clonal PC12 cell lines were generated expressing empty vector, EGFP, WT, or A30P mutant
(A30P) ␣-syn. A, Examples of PC12 cell cultures from control, WT, and A30P-expressing cell
lines immunolabeled for ␣-syn. B, Stimulated DA release in control and ␣-syn-overexpressing
PC12 cell lines. Cell cultures were stimulated for 1 min with high K ⫹ medium (80 mM), and the
superfusate was analyzed by HPLC. Evoked DA release was reduced in the ␣-synoverexpressing lines (n ⫽ 6 cultures for each line; means ⫾ SEM; **p ⬍ 0.001, ANOVA with
Tukey’s post hoc test).

both of which cause massive calcium influx independently of
voltage-gated calcium channel activation (Bittner et al., 1998).
An alternate possibility is that ␣-syn could affect the Ca 2⫹
dependence of neurosecretion. To test this hypothesis, we compared high potassium (80 mM) evoked DA release over a range of
extracellular Ca 2⫹ concentrations (Fig. 2). ␣-syn-overexpressing
cells uniformly released less DA than control cells at all Ca 2⫹
concentrations tested with an identical Ca 2⫹ threshold and Ca 2⫹
dependence of release (Fig. 2, inset). Thus, Ca 2⫹ sensitivity and
cooperativity of evoked transmitter release were not altered by
␣-syn overexpression.

␣-syn overexpression enhanced the number of “docked”
vesicles in PC12 cells
We next examined whether the number of “docked” vesicles potentially available for secretory fusion was reduced in ␣-synoverexpressing cells. Electron micrographs of the different PC12
cell lines were analyzed for alterations in the number or distribution of DCVs. Representative electron micrographs are shown in
Figure 3. The DCVs from both control and ␣-syn-overexpressing
cells exhibited the typical morphology for theses cells, with a halo
between the dense core and the vesicular membrane (Sombers et
al., 2004). Surprisingly, cells overexpressing ␣-syn had more
DCVs “morphologically docked,” i.e., close to the plasma membrane compared with controls. In controls, 34% of the vesicles
(56 of 164) were located within 200 nm (⬃2 DCV diameters)
from the plasmalemmal membrane, whereas in WT and A30P
␣-syn-overexpressing cells, 75% (207 of 275) and 87% (122 of
141), respectively, were within this distance, a highly significant
difference from controls (Fig. 3). The finding that more morphologically docked vesicles were present in the ␣-synoverexpressing cell lines than in controls suggests that the ␣-synmediated depression of release is attributable to neither a loss of
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Figure 2. Calcium sensitivity of DA release from PC12 cell lines. Control and WT ␣-synoverexpressing cell cultures were stimulated with high-potassium solution in the presence of
varying extracellular Ca 2⫹ concentrations. DA release was significantly reduced from the
␣-syn-overexpressing cell line at all Ca 2⫹ concentrations tested (n ⫽ 6 –7, 3– 4 dishes from 2
independent experiments; p ⬍ 0.001, ANOVA with Tukey’s post hoc test). The inset shows a
double logarithmic plot of normalized DA release and Ca 2⫹ concentration, indicating that there
was no difference in Ca 2⫹ sensitivity (threshold) or cooperativity (slope) of release between the
cell lines (Sorensen et al., 2002).

DCVs nor impaired trafficking of DCVs to the plasma
membrane.

␣-syn overexpression decreased the number of single vesicle
release events
Another mechanism that could decrease evoked neurosecretion
in ␣-syn-overexpressing cells, and one consistent with studies on
effects of the protein on catecholamine synthesis, uptake, and
vesicular accumulation (Lee et al., 2001; Lotharius et al., 2002;
Perez et al., 2002; Wersinger et al., 2003; Peng et al., 2005), is that
amount of transmitter released per vesicle fusion event (quantal
size) might be decreased. To examine this possibility, we used
amperometric recordings of quantal catecholamine release from
primary cultures of adrenal chromaffin cells derived from ␣-synoverexpressing mice, their nontransgenic littermates, and ␣-syn
null mice. Although we and others routinely record quantal
events from PC12 cells, the features of quantal secretion from this
cancer cell line are unstable, depending in part on its stage in cell
division and selection over generations in culture. In contrast,
primary cell adrenal chromaffin cultures provide far more consistent results (Colliver et al., 2001).
For these experiments, we chose two previously characterized
mouse lines (Fortin et al., 2005) in which Western immunoblots
of the adrenal glands revealed ⬃15-fold increase in the levels of
human WT or A30P ␣-syn overexpression (Fig. 4 A). In addition,
we used a previously characterized line of ␣-syn null mice (Dauer
et al., 2002). Immunohistochemistry performed on sections of
adrenal medulla derived from nontransgenic control mice revealed strong ␣-syn labeling in the connective tissue that surrounded groups of chromaffin cells and in endothelial cells lining
blood vessels, whereas the chromaffin cells themselves showed
relatively faint staining. In contrast, both WT and A30P ␣-syn
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Figure 3. DCV distribution in PC12 cell lines. Electron micrographs of PC12 cells are shown
from CNT, WT, and A30P ␣-syn-overexpressing lines with examples of DCVs labeled by red
stars. A greater fraction of the DCVs were located in a docked position near plasmalemmal
membranes (marked by dashed lines) in both overexpressing cells lines (cumulative frequency
of controls was different from WT and A30P; *p ⬍ 0.05, ***p ⬍ 0.01, Kolmogorov–Smirnov
test; n ⫽ 10 –11 cell sections).

overexpression resulted in substantial cytoplasmic and nuclear
immunostaining of chromaffin cells, as confirmed by colocalization with tyrosine hydroxylase immunolabel (Fig. 4 B). Interestingly, although the Western blots demonstrated somewhat
higher levels of expression for the WT ␣-syn (19-fold vs 12-fold
for A30P ␣-syn), there was an apparently higher level of diffuse
cytosolic and nuclear immunofluorescence associated with A30P
mutant ␣-syn than with WT ␣-syn, which may result from the
reduced ability of the A30P mutant protein to bind membranes
(Jensen et al., 1998; Perrin et al., 2000; Cole et al., 2002; Jo et al.,
2002; Outeiro and Lindquist, 2003; Fortin et al., 2004; Kubo et al.,
2005). In summary, these results indicate that the endogenous
␣-syn level in chromaffin cells is low in nontransgenic controls,
whereas robust expression is evident in both lines of ␣-synoverexpressing mice, thus providing a means to test the effect of
␣-syn overexpression.
We examined control and WT ␣-syn-overexpressing chromaffin cells by electron microscopy as above for PC12 cells and
found no change in the number and distribution of DCVs in the
overexpressors (Fig. 4C). Because the cytosol of mature chromaffin cells is nearly completely filled with DCVs [compare with
cumulative frequency distribution of PC12 DCVs (Fig. 3)], it is
unlikely that an alteration in the distribution of vesicles would be
detected unless the overall number of DCVs was affected. The
lack of effect of ␣-syn overexpression on the number of DCVs in
close proximity to the plasma membrane provides additional evidence that ␣-syn-induced inhibition of exocytosis is not attributable to reduced docking.
Amperometric recordings of quantal catecholamine release
were performed after 3–5 d in culture. Cells were stimulated with
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Figure 5. Amperometric recordings of quantal catecholamine release from cultured chromaffin cells derived from control, ␣-syn null, WT, and A30P ␣-syn-overexpressing mice. A, A
representative recording trace from a control chromaffin cell. Individual events (A, inset, magnified event marked in trace by asterisk) were analyzed for peak height (Imax), duration (t1/2),
and number of molecules (see Table 1). B, Chromaffin cells were stimulated with 40 mM KCl five
times with a 2 min period between stimuli. Quantal release was recorded for a period of 1 min
after the 3 s high KCl stimulus. The number of events was reduced twofold in cells from WT and
A30P ␣-syn-overexpressing mice during the first stimulus (**p ⬍ 0.01), whereas for the consecutive stimuli, the number of events was close to controls (significant difference only for the
third stimulus; *p ⬍ 0.05, paired ANOVA, followed by Tukey’s post hoc test). C, The number of
events for control and ␣-syn null mice at all stimuli was not different.

Figure 4. ChromaffincellsfromWTandA30P ␣-syntransgenicmice.A,Westernimmunoblotsof
adrenalglandtissueindicatea19-foldand12-foldincreaseof ␣-synlevelinWTandA30Ptransgenic
mice, respectively, compared with nontransgenic littermates. Each lane corresponds to protein derived from one animal (4 nontransgenic, 3 WT, and 3 A30P ␣-syn transgenic mice). B, Immunohistochemistry for ␣-syn of adrenal medulla sections provided relatively strong labeling in the connective
tissuesurroundinggroupsofchromaffincells(arrows)andinendothelialcellsliningbloodvessels,but
the chromaffin cells, stained for tyrosine- hydroxylase (TH; blue arrows point to nuclei), showed very
faint labeling. In contrast, both WT and A30P ␣-syn overexpression resulted in substantial cytoplasmic and nuclear immunostaining of chromaffin cells. C, Electron micrographs of chromaffin cells derived from CNT and WT mouse adrenal glands are shown. The cytosol of both CNT and WT is almost
completely filled with DCVs. The cumulative frequency plot indicates the location of large DCVs with
respect to the plasma membrane. For each condition, sections of adrenal glands from two animals
were analyzed (CNT, n ⫽ 1871, 1670 vesicles; WT, n ⫽ 2574, 1420 vesicles). Because the cytosol of
mature chromaffin cells are filled with large DCVs, the frequency distribution is nearly linear with no
difference detected in the morphological docking or total number of DCVs between the genotypes
(Kolmogorov–Smirnov test, p ⬎ 0.5).

3 s applications of 40 mM KCl five times with 2 min intervals
between the stimuli. After each stimulus, 1 min of release activity
was recorded (Fig. 5A). Analysis of the shape characteristics of
individual release events from chromaffin cells from both trans-

genic mouse lines (WT and A30P), ␣-syn null mice, and their
nontransgenic littermates (TG control, null control) revealed no
difference in the quantal size (number of molecules), height
(Imax), and duration [half time (t1/2)] (Table 1). Likewise, there
was no significant effect of ␣-syn overexpression on the presence
and the shape of “feet” or the rising phase of the spikes (data not
shown), which are thought to be affected by changes in the initial
fusion pore formation and expansion, correspondingly (Mosharov and Sulzer, 2005). Thus, ␣-syn overexpression does not seem
to affect release characteristics of individual fusion events.
However, cells from both transgenic mouse lines released a
significantly lower total number of quanta in response to high K ⫹
stimulation compared with cells from control mice (Fig. 5B)
(Tukey’s test, p ⬍ 0.01). For the first stimulus, the number of
events was approximately twofold lower in the transgenic lines,
whereas the number of events for consecutive stimuli was similar
to controls (significant difference only for stimuli 1 and 3;
Tukey’s test, p ⬍ 0.05). No difference was found in the number of
events released per stimulus between the ␣-syn null mice and
nontransgenic control mice (Fig. 5C). These data are consistent
with an inhibition of neurosecretion in ␣-syn-overexpressing
cells and support the hypothesis that overexpression of either WT
or mutant ␣-syn causes a reduction of the releasable pool of
vesicles, resulting in markedly decreased release for the first stimulus, whereas release for consecutive stimuli is less affected.

Discussion
The effects of the presynaptic protein ␣-syn on secretory transmission have remained poorly understood. Our previous work
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indicated that normal ␣-syn expression Table 1. Quantal release events of chromaffin cells derived from WT, A30P, null, and normal control mice were
slows the rate of synaptic recovery in DA analyzed for number of events (total for five consecutive stimuli), quantal size (number of molecules), Imax, and t1/2
Number of events (5 stimuli)
Number of molecules
Imax (pA)
terminals (Abeliovich et al., 2000). We
t1/2 (ms)
now find that stimulation-dependent vesicular catecholamine release was im- TG controls (n ⫽ 24)
161 ⫾ 16
850,000 ⫾ 71,000
30.4 ⫾ 3.0
9.2 ⫾ 0.6
paired in ␣-syn-overexpressing PC12 cell WT (n ⫽ 12)
117 ⫾ 14*
1,000,000 ⫾ 145,000
37.8 ⫾ 2.4
7.4 ⫾ 1.3
lines and in primary cultures of chromaf- A30P (n ⫽ 20)
118 ⫾ 7*
925,000 ⫾ 90,000
33.2 ⫾ 3.8
8.7 ⫾ 0.6
fin cells derived from mice overexpressing Null controls (n ⫽ 7)
125 ⫾ 35
859,000 ⫾ 215,000
26.9 ⫾ 4.7
8.2 ⫾ 0.9
153 ⫾ 28
970,000 ⫾ 98,000
23.9 ⫾ 3.1
9.4 ⫾ 0.7
␣-syn. Although it is possible that ␣-syn ␣-syn null (n ⫽ 9)
has a different role in DCV-containing se- The number of quantal events obtained from WT and A30P cells was significantly lower than their corresponding controls (*p ⬍ 0.05, ANOVA of the means
cretory cells than in small synaptic vesicle- with post hoc Tukey’s test), with no difference in remaining parameters. There was no difference in any parameter between ␣ -syn null mice and their
corresponding wild-type littermates (null controls). In all experiments, the mutant and control chromaffin cells were cultured, plated, and recorded on the
containing neurons, it is notable that the same day. TG, Transgenic.
results presented here are in close agreement with the conclusions derived from
mitter release from control and ␣-syn-overexpressing cells in restudies on neuronal striatal DA release in ␣-syn null and ␣-synsponse to different levels of extracellular Ca 2⫹. In contrast, we
overexpressing mice, in that all suggest an inhibitory role of ␣-syn
found that the Ca 2⫹ threshold and Ca 2⫹ dependence of release in
in evoked neurosecretion (Abeliovich et al., 2000; Yavich et al.,
control and ␣-syn-overexpressing cells were identical. It should
2004).
be further noted that kinetic parameters of quantal transmitter
The cellular systems we examined in this study offer an advansecretion were unchanged, indicating that vesicle fusion with the
tage in that quantal catecholamine release can be measured diplasma membrane and degranulation and diffusion of the transrectly. Previous studies suggested that quantal catecholamine remitter remained normal in mutant cells (Mosharov and Sulzer,
lease might be inhibited by impaired transmitter synthesis,
2005). We can further exclude that ␣-syn overexpression imimpaired transmitter accumulation in vesicles, a reduction in the
paired endosomal vesicle recycling, as has been suggested for
number of release-competent vesicles, or a combination of these
small synaptic vesicles from a study in a dopaminergic cell line
mechanisms. Amperometric recordings of quantal catechol(Lotharius et al., 2002), because this release inhibition occurred
amine release can be used to distinguish between these possibilifor chromaffin cell DCVs, which do not undergo endosomal reties, and we found that overexpression of either WT and A30P
cycling (Pothos et al., 2002).
␣-syn in chromaffin cells affected release solely by reducing the
Thus, an inhibition by ␣-syn at a step after vesicle docking and
number of quanta released per stimulus compared with ␣-syn
before calcium-dependent fusion, a step often referred to as
null and control cells. Thus, although data from several studies
“priming” (Klenchin and Martin, 2000; Nagy et al., 2004), is most
(Lee et al., 2001; Lotharius et al., 2002; Perez et al., 2002; Wersconsistent with our results. In addition to the points above that
inger et al., 2003; Peng et al., 2005) suggest that ␣-syn may affect
exclude effects at other stages, three observations support an efDA synthesis, vesicular transporter activity, or plasma membrane
fect on priming. First, an inhibition of priming by ␣-syn should
reuptake, these potential effects of ␣-syn overexpression did not
elicit
a similar fraction of release inhibition at every Ca 2⫹ conresult in an altered transmitter accumulation into releasable vescentration, as observed. Second, there was an accumulation of
icles. This observation, however, does not directly contradict the
morphologically docked DCVs in PC12 cells, suggesting a probprevious findings, and it may be that compensatory physiological
lem with priming rather than docking. Third, the number of
responses allow vesicles to accumulate transmitter normally even
quanta released in the ␣-syn-overexpressing chromaffin cells was
with altered DA synthesis or uptake: for example, whereas ␣-syn
reduced by 50% for the first stimulus, and release in response to
might disrupt vesicular pH gradients, quantal size might be
subsequent stimuli was near control levels. This is generally conmaintained by enhanced cytosolic catecholamine levels (Moshasidered to provide evidence for a smaller initial pool of releasable,
rov et al., 2006).
primed vesicles, because less refilling of the pool is required
A plausible explanation for the reduction of evoked catechol(Trommershauser et al., 2003).
amine release induced by ␣-syn overexpression would be a reThe extent of presynaptic inhibition was nearly identical for
duced size of vesicular pools caused by impaired vesicle synthesis
both
WT and A30P ␣-syn overexpression, although A30P mutant
or transport to release sites. However, we found no alterations in
␣-syn exhibits greatly impaired phospholipid binding (Jensen et
the distribution of DCVs in chromaffin cells, whereas in PC12
al., 1998; Perrin et al., 2000; Cole et al., 2002; Jo et al., 2002;
cells overexpressing ␣-syn, there was an increase in the number of
Outeiro and Lindquist, 2003; Fortin et al., 2004; Kubo et al.,
morphologically docked DCVs, as defined by proximity to the
2005). This suggests that either the interaction of ␣-syn with
plasma membrane. This enhanced presence of docked DCVs is
membranes does not play a role in the inhibition of vesicle primsuggestive of an inhibition of exocytosis after docking and remiing by the protein or that A30P ␣-syn expression levels were high
niscent of increased morphologically docked DCVs after expoenough to compensate for impaired A30P membrane-binding
sure to botulinum toxin A, a compound that inhibits exocytosis
capacity.
by cleaving SNARE (soluble N-ethylmaleimide-sensitive factor
In summary, our results use multiple independent techniques
attached protein receptor) proteins (Neale et al., 1999). Together,
that together indicate that ␣-syn overexpression inhibits evoked
the results indicate that inhibition of catecholamine release by
transmitter release and that it does so at a late step after docking
␣-syn occurs after vesicle synthesis, trafficking to the plasma
and before fusion. Although these experiments demonstrate the
membrane, vesicular transmitter accumulation, and docking.
effects of ␣-syn on release of transmitter from DCVs, the findings
That is, ␣-syn-induced inhibition occurs during a late step in
are consistent with results on evoked DA release from small synexocytosis.
aptic vesicles of striatonigral terminals in ␣-syn null mice (AbeSuch a late step could be attributable to an interference with
liovich et al., 2000; Yavich et al., 2004). The present findings in
the coupling of the fusion machinery to calcium entry. If this
conjunction with the recently identified dispersion of ␣-syn away
were the case, different levels of inhibition should exist for trans-
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from terminals with high stimulation (Fortin et al., 2005) suggests the intriguing possibility that ␣-syn might act as a high-pass
filter for synaptic transmission, in that it would inhibit transmitter release only under low firing rates but not during burst firing
that occurs in association with “incentive salience” learning
(Schultz et al., 1997).
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