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Overexpression or mutation of a-synuclein (a-Syn), a
protein associated with presynaptic vesicles, causes
familial forms of Parkinson’s disease in humans and is
also associated with sporadic forms of the disease. We
used in vivo microdialysis, tissue content analysis, behavioral assessment, and whole-cell patch clamp
recordings from striatal medium-sized spiny neurons
(MSSNs) in slices to examine dopamine transmission
and dopaminergic modulation of corticostriatal synaptic
function in mice overexpressing human wild-type a-Syn
under the Thy1 promoter (a-Syn mice). Tonic striatal
extracellular dopamine and 3-methoxytyramine levels
were elevated in a-Syn mice at 6 months of age, prior
to any reduction in total striatal tissue content, and
were accompanied by an increase in open-ﬁeld activity.
Dopamine clearance and amphetamine-induced dopamine efﬂux were unchanged. The frequency of MSSN
spontaneous excitatory postsynaptic currents (sEPSCs)
was lower in a-Syn mice. Amphetamine reduced
sEPSC frequency in wild types (WTs) but produced no
effect in a-Syn mice. Furthermore, whereas quinpirole
reduced and sulpiride increased sEPSC frequency in
WT mice, they produced the opposite effects in a-Syn
mice. These observations indicate that overexpression
of a-Syn alters dopamine efﬂux and D2 receptor modulation of corticostriatal glutamate release at a young
age. At 14 months of age, the a-Syn mice presented
with signiﬁcantly lower striatal tissue dopamine and ty' 2011 Wiley-Liss, Inc.

rosine hydroxylase content relative to WT littermates,
accompanied by an L-DOPA-reversible sensory motor
deﬁcit. Together, these data further validate this transgenic mouse line as a slowly progressing model of Parkinson’s disease and provide evidence for early dopamine synaptic dysfunction prior to loss of striatal dopamine. VC 2011 Wiley-Liss, Inc.
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a-Synuclein (a-Syn) is a protein associated with
presynaptic nerve terminals throughout the central nervous system (Iwai et al., 1995; Totterdell and Meredith,
2005) and is a major constituent of Lewy bodies, a hallmark of idiopathic and familial Parkinson’s disease (PD;
Spillantini et al., 1997; Trojanowski and Lee, 1998).
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Although rare cases of familial PD have been linked to
point mutations in a-Syn (Polymeropoulos et al., 1997),
the more common idiopathic form of the disease is associated with abnormal accumulation of wild-type (WT),
not mutant, a-Syn. Moreover, WT a-Syn gene multiplication is pathogenic (Singleton et al., 2003), and genome-wide association studies have revealed a close relationship between a-Syn and sporadic PD (Satake et al.,
2009). Therefore, animal models based on human WT
a-Syn overexpression offer construct validity for modeling idiopathic PD.
Among the several different lines of mice overexpressing WT human a-Syn that have been generated
(Magen and Chesselet, 2010), mice overexpressing WT
human a-Syn under the Thy1 promoter (Rockenstein
et al., 2002) have been extensively characterized. The
Thy1 promoter confers widespread, high levels of WT
human a-Syn overexpression in neurons of the brain
but no loss of motor neurons (Rockenstein et al., 2002).
Proteinase K-resistant a-Syn inclusions also have been
identiﬁed in many brain regions of these mice (Fernagut
et al., 2007; Fleming et al., 2008), and the mice show
progressive sensorimotor alterations, beginning as early as
2 months of age (Fleming et al., 2004, 2006). Because
the mice have a full complement of nigral dopamine
(DA) cell bodies and striatal DA terminals at the times
when they exhibit such deﬁcits (Fernagut et al., 2007), it
has been proposed that, at these early ages, they represent a model of premanifest PD (Chesselet, 2008), a
contention supported by the demonstration of early nonmotor olfactory deﬁcits and autonomic changes in these
mice characteristic of early stages of the disease (Fleming
et al., 2008; Wang et al., 2008; Magen and Chesselet,
2010).
Little is known about dopamine transmission and
synaptic function at this early, premanifest stage of PD.
A mouse model of a-Syn overexpression, because of the
established association between excess a-Syn and the development of the disease, can provide information on
these little-understood early stages of pathology. Accumulating evidence indicates that a-Syn plays a role in
synaptic transmission (Abeliovich et al., 2000; Bamford
et al., 2004; Yavich et al., 2004, 2005; Gureviciene
et al., 2007; Burré et al., 2010) and synaptic plasticity
(George et al., 1995; Liu et al., 2004; Watson et al.,
2009). Previous observations by our group point to a
possible a-Syn-induced disruption of nigrostriatal and/or
corticostriatal synaptic transmission (Wu et al., 2009),
reminiscent of our previous ﬁndings in the parkin
knockout (KO) mouse model of PD (Goldberg et al.,
2003). With that model, we observed an elevation in
striatal extracellular DA and decreases in MSSN excitability to corticostriatal synaptic activation as well as
changes in plasticity (Watson et al., 2009). We therefore
embarked upon a neurochemical and electrophysiological analysis of striatal DA and DA–glutamate interactions
in the Thy1-a-Syn mouse at early ages. In addition, to
validate this mouse line further as a slowly progressing
model of PD, we assessed aged animals (approximately

14 months old) in a sensory motor task and for postmortem striatal levels of DA and tyrosine hydroxylase
(TH).
MATERIALS AND METHODS
Animals
All experimental procedures were carried out in accordance with the National Institutes of Health Guide for care and
use of laboratory animals and the principles presented in the Society for Neuroscience Guidelines for the use of animals in neuroscience research under protocols approved by the UCLA Institutional Animal Care and Use Committee. Transgenic a-Syn
mice initially were obtained from Eliezar Masliah at the University of California San Diego (Rockenstein et al., 2002),
and a colony was maintained in our mouse breeding facilities
at UCLA. Animals were maintained on the hybrid C57BL/6DBA/2 background by mating N7 female hemizygous for the
transgene (which is inserted on the X chromosome) with
male WT mice on the hybrid background obtained from
Charles River Laboratories (Wilmington, MA; Fleming et al.,
2004, 2008; Fernagut et al., 2007). Male and female mice
from the same litters were never bred together. Litter sizes
ranged from 2 to 11 mice per litter. The genotype of all
Thy1-aSyn and WT mice was veriﬁed by polymerase chain
reaction (PCR) ampliﬁcation analysis of tail DNA at the end
of the experiment. Animals for the open-ﬁeld experiments
were maintained on a reverse light/dark cycle with lights off
at 10:00 AM, and all testing was performed between 12:00 and
4:00 PM during the dark cycle under low light. Food and
water were available ad libitum.
Microdialysis was conducted on eight male a-Syn mice
and eight WT littermate controls with average ages of 182 6
2 (mean 6 SEM) and 188 6 3 days, respectively (approximately 6 months). A second round of microdialysis sampling
was conducted on a subset of these animals approximately
3.5 months later (5 a-Syn and 5 WT at 286 6 14 and 286 6
7 days of age, respectively; approximately 9.5 months).
Electrophysiological experiments were conducted on 12 aSyn mice (5 males and 7 females) and 11 WT littermates (7
males and 4 females) with ages averaging 92.2 6 2.1 and 92.7
6 2.5 days, respectively (approximately 3 months). Open-ﬁeld
tests were conducted on a separate group of 9 male a-Syn
mice and 10 male WT littermates with average ages of 219 6
1 and 218 6 1 days, respectively (approximately 7 months). A
ﬁnal group of 6 male a-Syn mice and 7 male WT littermates
with average ages of 452 6 11 and 457 6 11 days, respectively (approximately 15 months) were tested for L-DOPA
reversibility of sensory motor deﬁcits. Post-mortem striatal tissue analysis was carried out on two sets of animals as follows:
the 10 male a-Syn mice and 12 male WT littermate mice
(the animals used in the open-ﬁeld tests mentioned above plus
an additional 2 a-Syn and one WT naı̈ve male mice) with
average ages of 234 6 1 and 233 6 1 days, respectively
(approximately 7 months) and a separate group of naive
8 male a-Syn mice and 8 WT littermate mice with average
ages of 432 6 9 and 427 6 6 days, respectively (approximately 14 months). Group ages are presented as approximate
months below for clarity.
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Microdialysis
A microdialysis probe (CMA7; 2-mm cuprophan membrane), continuously perfused at a rate of 0.5 ll/min with artiﬁcial cerebrospinal ﬂuid (ACSF, 125 mM NaCl, 2.5 mM
KCl, 0.9 mM NaH2PO4, 5 mM Na2HPO4, 1.2 mM CaCl2,
1 mM MgCl2, pH 7.4), was stereotaxically implanted in the
right striatum, and a microdialysis guide cannula was
implanted above the left striatum with the mice under isoﬂurane anesthesia using the following coordinates in millimeters
from bregma and the skull surface according to the atlas of
Franklin and Paxinos (1997): R 0.6, L 1.8, V 4.5. After a 15–
18-hr recovery period, sampling began from the right striatum
at 30-min intervals. A no-net-ﬂux experiment for DA was
conducted: three baseline samples were collected into 1.5 ll
perchloric acid/EDTA (12.5 mM/250 lM), and subsequently
DA was added to the perfusion ﬂuid at concentrations of 10,
20, and 40 lM in random order, each for the duration of
three samples. Dialysates were stored at 2808C until analysis.
On the following day, d-amphetamine (Sigma-Aldrich, St.
Louis, MO) was administered by reverse dialysis at increasing
concentrations (1, 10, and 100 nM) each for three 20-min
samples with three intervening sampling periods of d-amphetamine-free ACSF. Approximately 100 days later, a second
microdialysis probe was lowered through the guide cannula
into the left striatum, and, after a 15–18-hr recovery period,
four basal 20-min samples were collected.
Extraction of Striatal Tissue for DA Tissue Content
Measurement
Brains were rapidly removed post-mortem and frozen in
liquid nitrogen, stored at 2808C, and subsequently sectioned
on a freezing microtome at a thickness of 900 lm. Punches (2
mm diameter) of striatal tissue were weighed, homogenized in
250 ll of 0.1 M PCA/0.1% EDTA containing isoproterenol
(1 lM) and dihydroxybutyrate (0.1 lM) as internal standards,
and centrifuged at 10,000 rpm for 20 min at 48C. The supernatant was ﬁltered through a 0.22-lm ﬁlter by centrifugation
at 10,000 rpm in a microfuge for 5 min at 48C and frozen at
2808C.
HPLC Analysis of Striatal Microdialysate and Tissue
Dopamine and Metabolite Content
Microdialysis samples were analyzed for DA using
high-performance liquid chromatography with electrochemical detection (Antec Leyden, Leiden, The Netherlands) using
a mobile phase consisting of sodium acetate (50 mM), sodium dodecane sulfonate (0.50 mM), EDTA (10 lM), acetonitrile (12%), and methanol (9%), pH 5.5, pumped at a rate
of 200 ll/min (model LC-10AD; Shimadzu, Columbia, MD)
through a 100 3 2 mm column (2 lm; Super-ODS
C18Tosoh Bioscience, Montgomeryville, PA). The system
was calibrated at regular intervals and provided a limit of
detection of 0.5 fmol for a 5-ll injection of sample. DA
metabolites were analyzed separately under different chromatography conditions comprising a 100 3 2 mm 3 lm Hypersil C18 Keystone Scientiﬁc column, 50 mM sodium phosphate buffer, pH 2.85, 6% methanol, 1.4 mM heptane sulfonic acid, 10 lM EDTA. The data were collected and
Journal of Neuroscience Research
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analyzed using ChromPerfect software (Justice Innovations,
Mountain View, CA).
SDS-PAGE and Western Blot Analysis of
Striatal Tissue TH Levels
Striatal tissue punches were collected as described above
for DA tissue analysis but were homogenized in a lysis buffer
(50 mM Tris-HCl, 50 mM NaCl, 5 mM EDTA, 1 mM
EGTA, 1 mM Na3VO4, 50 mM NaF, 5 mM Na4P2O7, 1%
Triton, 0.5 lM okadaic acid, 0.5% sodium deoxycholate, 0.1%
SDS) and protein content was determined (BCA; Pierce,
Thermo-Scientiﬁc, Rockford, IL). Protein samples (10 lg/
sample) were separated by SDS-PAGE (10% NuPAGE gel;
Invitrogen, Carlsbad, CA) and transferred to a nitrocellulose
membrane (Pierce). After several washes and a 90-min blocking
step (casein/0.1% Tween-20), the membrane was incubated in
anti-TH (Chemicon, Temecula, CA; 1:4,000) and antitubulin
(Chemicon; 1:3,000) antibodies overnight at 48C. The membrane was then washed, incubated in the secondary antibodies
(stabilized peroxidase-conjugated anti-rabbit and anti-mouse;
each at 1:10,000; Pierce) for 120 min at room temperature.
The labeled protein bands (62 and 55 kDa for TH and tubulin,
respectively) were visualized by chemiluminescence (Super Signal Chemiluminescent Substrate; Pierce), and signal intensity
(pixels/mm2) was quantiﬁed (ImageJ; NIH). The signal intensity of TH was normalized to that of tubulin to account for any
differences in protein loading, and the mean of three separate
measurements of TH and tubulin protein levels in each striatal
punch was used for ﬁnal data analysis.
Brain Slice Preparation and Electrophysiological
Recordings
Mice were deeply anesthetized with halothane prior to
euthanasia, and the brains were removed and immediately
placed in oxygenated ice-cold, low-Ca21 ACSF containing
(in mM) NaCl 130, NaH2PO4 1.25, NaHCO3 26, MgCl2 5,
CaCl2 1, and glucose 10. The hemispheres were separated,
and 350-lm coronal slices were cut and transferred to an
incubating chamber containing ACSF (with 2 mM CaCl2 and
2 mM MgCl2) oxygenated with 95% O2–5% CO2 (pH 7.2–
7.4, 290–310 mOsm, 258C 6 28C). After 1 hr, slices were
placed on the stage of an upright ﬁxed-stage microscope
(BX51; Olympus, Center Valley, PA), submerged in continuously ﬂowing ACSF (4 ml/min).
Whole-cell patch clamp recordings in voltage-clamp
mode were obtained using a MultiClamp 700A ampliﬁer
(Axon Instruments, Foster City, CA). Medium-sized spiny
neurons (MSSNs) in the dorsolateral striatum were visualized
with the aid of infrared videomicroscopy (Cepeda et al.,
2003) and identiﬁed by somatic size and basic membrane
properties (input resistance, membrane capacitance, and time
constant). Series resistance (<25 MX) was compensated 70–
80% and checked periodically. If the series resistance changed
by >10% at the end of the experiment, data from the cell
were discarded. The patch pipette (3–5 MX) contained the
following solution (in mM): Cs-methanesulfonate 130, CsCl
10, NaCl 4, MgCl2 1, MgATP 5, EGTA 5, HEPES 10, GTP
0.5, phosphocreatine 10, leupeptin 0.1 (pH 7.25–7.3, osmo-
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larity 280–290 mOsm). The use of Cs1 as the main charge
carrier also blocked several K1 conductances. Passive membrane properties of MSSNs were determined by applying a
depolarizing step voltage command (10 mV) and using the
membrane test function integrated in pClamp8 software
(Axon Instruments). This function reports membrane capacitance (in pF), input resistance (in MX), and time constant (in
msec).
After characterizing the basic membrane properties of
the neuron, spontaneous excitatory postsynaptic currents
(EPSCs) were recorded for 3–6 min in ACSF. For EPSCs,
cells were held at 270 mV to minimize the contribution of
GABAA receptors and that of voltage-gated conductances. In
addition, in all experiments, bicuculline (BIC; 20 lM) was
added to block the contribution of spontaneous currents
mediated by activation of GABAA receptors. To determine
alterations in DA modulation, after a control period, d-amphetamine (25 lM), quinpirole (10 lM), or sulpiride (10 lM)
was added to the bath. After a 5-min application, spontaneous
EPSCs were recorded for 3–6 min. For all recordings, the
membrane current was ﬁltered at 1 kHz and digitized at 100
ls using Clampex (gap-free mode; Axon Instruments).
For electrophysiological experiments, drugs were purchased from Sigma-Aldrich, except for BIC (Tocris, Ellisville,
MO). d-Amphetamine and quinpirole were prepared as stock
solutions in double-distilled water and diluted to their ﬁnal
concentration before each experiment. Sulpiride was freshly
made for each experiment.
Locomotor Activity in an Open Field
Spontaneous activity in an open ﬁeld (25.5 cm 3 25.5
cm) was monitored for 15 min using an automated system
(Truscan system for mice; Coulbourn Instruments, Allentown,
PA). Testing took place within the ﬁrst 2–4 hr of the dark
cycle after animals had ﬁrst been habituated to the testing
room for 1 hr. The open ﬁeld was illuminated with an anglepoise lamp equipped with a 25-W red bulb. Distance covered
in the horizontal plane and time spent in motion were analyzed in 3 3 5-min time blocks (modiﬁed from Hickey et al.,
2005). Movement velocity was calculated by dividing the distance traveled by the time in motion for each of the 5-min
blocks.
Adhesive Removal Sensory Motor Test
Motor response to sensory stimuli was measured as
described by Fleming et al. (2004). Brieﬂy, a small adhesive
stimulus (Avery adhesive-backed labels, one-fourth inch
round) was placed on the snout of the mouse. Latency to initial stimulus contact, removal time, and initial contact-to-removal time were noted. If the animal did not remove the
stimulus within 30 sec, the stimulus was removed by the experimenter. Each animal was tested three times in each session, alternating between mice within a session, and an average value was calculated for each animal. Each mouse was
tested in two sessions with a 2-day break between sessions. LDOPA (25 mg/kg, i.p.; Sigma) or saline vehicle (0.9%, i.p.)
was administered 30 min prior to each session in a counterbalanced manner. The peripheral decarboxylase inhibitor benser-

azide (12.5 mg/kg, i.p.; Sigma) was administered 20 min prior
to L-DOPA, whereas saline-treated animals received an additional injection of saline at this point.
Data Analysis and Statistics
The difference in basal dialysate DA and metabolite
concentrations between genotypes was determined by averaging the three baseline values for each animal and comparing
the mean of these values between the genotypes using Student’s t-test. Quantitative no-net-ﬂux data were analyzed by
plotting the concentration of DA in the dialysis perfusion ﬂuid
on the X-axis against the difference between that value and
the measured concentration in the dialysate, on the Y-axis,
and ﬁtting a linear line-of-best-ﬁt to the data for each animal.
The point of intercept with the X-axis (the point of no-netﬂux) and the slope of the line (extraction fraction) were averaged across animals and genotype differences analyzed by Student’s t-test. The effect of d-amphetamine on DA efﬂux was
assessed by calculating the area under the curve for each of
the three amphetamine concentrations and comparing this
value across genotype by repeated-measures analysis of variance. Striatal tissue content of DA, its metabolites, and TH
were compared across genotypes by using an unpaired Student’s t-test.
Spontaneous synaptic events were analyzed off-line in
the Mini Analysis Program (Jaejin Software, Leonia, NJ). This
software was used to calculate spontaneous EPSC frequency
and amplitude of events. The threshold amplitude for the
detection of an event was set at 6 pA for spontaneous EPSCs
[2–3 times above root mean square noise level (generally 2–
3 pA at 270 mV)]. All events were conﬁrmed visually by an
experimenter blind to genotype. Frequencies were expressed
as number of events per second (Hz). Differences among
group means were assessed with appropriately designed analyses of variance, followed by multiple comparisons using Bonferroni t-tests. Student’s t-tests alone were used when only
two group means were compared.
The difference in open-ﬁeld activity between genotypes
was compared across time using a repeated-measures ANOVA
followed by unpaired Student’s t-test on individual time
epochs. A Mann-Whitney U-test was used to compare WT
and a-Syn mice in the adhesive removal task, after saline or
L-DOPA treatment. Unless otherwise noted, values in the ﬁgures and text are mean 6 standard error of the mean (SEM).
Differences between means were considered statistically significant at P < 0.05.

RESULTS
Basal Striatal Extracellular DA Is Elevated in a-Syn
Mice at 6 Months of Age
Dialysis probe placement was conﬁrmed to be
within the targeted region of the striatum by post-mortem observation in all cases. The striatal dialysate DA
concentration was signiﬁcantly higher in a-Syn mice
(5.7 6 0.6 nM, n 5 8) relative to WT controls (3.0 6
0.8 nM; n 5 8, P < 0.05; Fig. 1A) at approximately 6
months of age. There was a single outlier in the WT
group as shown by Grubbs test (Grubbs, 1969). When
Journal of Neuroscience Research
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Fig. 1. A: Scatterplot comparison of striatal dialysate DA concentration in WT and a-Syn mice
showing the single statistical outlier in the WT group, which was removed from subsequent analyses. B: Comparison of mean striatal dialysate DA, 3MT, DOPAC, and HVA concentrations
between the genotypes following removal of the outlier, demonstrating a signiﬁcant elevation in
DA and 3MT but not DOPAC or HVA in the a-Syn mice. *P < 0.005, **P < 0.001.

this outlier was removed, the mean and SEM of that
group were reduced to 2.2 6 0.4 nM and the statistical
signiﬁcance of the difference was increased to P < 0.001
(Fig. 1B). The data from this outlier mouse were therefore removed from DA no-net-ﬂux and metabolite analyses presented below.
Dialysate 3MT but Not DOPAC and HVA Is
Elevated in a-Syn Mice at 6 Months
To determine whether the observed increase in
extracellular DA in the a-Syn mice was the result of a
general decrease in DA metabolism or, conversely, was
accompanied by an increase in DA turnover, we also
measured dialysate DA metabolite concentrations. As
shown in Figure 1B, DOPAC and HVA concentrations
were not different between genotypes (P 5 0.46 and P
5 0.63, respectively). Thus, a deﬁcit in extra- or intraneuronal metabolism cannot account for the elevated
extracellular DA. In contrast, extracellular 3MT concentrations were signiﬁcantly higher in a-Syn mice (P <
0.005; Fig. 1B). 3MT is generally considered to be produced only from DA that has been released from the
presynaptic terminal, because catechol-O-methyltransferase is not present in DA terminals (Kaakkola et al.,
1987). Therefore, the selective increase in extracellular
3MT points to an increase in vesicular-mediated DA
efﬂux in the a-Syn mice rather than a deﬁcit in vesicular
packaging accompanied by reverse transport of cytosolic
DA via the DA transporter (DAT).
DA Reuptake Is Unchanged in a-Syn Mice
at 6 Months
No-net-ﬂux analysis provided no indication of
compromised DA reuptake, insofar as the extraction
fraction, indicated by the slopes of the lines in Figure 2,
Journal of Neuroscience Research

Fig. 2. Mean extraction fraction plots showing the different points of
no-net-ﬂux (intercept on the X-axis) between the genotypes but no
signiﬁcant difference in the extraction fraction (line slope), an indirect
measure of DA reuptake.

were not signiﬁcantly different between genotypes (0.49
6 0.04 vs. 0.41 6 0.04 in a-Syn and WT, respectively;
P 5 0.18). This analysis also established that the estimated extracellular DA concentration was higher in the
a-Syn mice relative to WT (11.3 6 1.3 vs. 6.3 6 1.5
nM, respectively; P < 0.05).
Amphetamine-Induced DA Efﬂux Is Unchanged
in a-Syn Mice at 6 Months
Because the stereotypic behavioral effect of amphetamine is conspicuously absent in a-Syn mice
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Fig. 3. Incorporation of amphetamine (APT) into the dialysis perfusion ﬂuid at increasing concentrations dose dependently elevated dialysate DA to a similar degree in WT and a-Syn mice.

(Fleming et al., 2006), we examined whether amphetamine-evoked DA efﬂux, induced by reverse dialysis of
the drug, was similarly perturbed on a second day of
microdialysis measurements. This proved not to be the
case (Fig. 3); amphetamine dose dependently elevated
dialysate DA to levels that were not signiﬁcantly different between genotypes (F2,24 5 36.42 P < 0.05 for
effect of dose; F1,24 5 1.01 P > 0.05 for effect of genotype, n 5 7 per genotype) despite the fact that basal levels remained twice as high in the a-Syn mice (4.5 6 0.9
vs. 2.2 6 0.6; this difference narrowly failed to attain
statistical signiﬁcance; P 5 0.06). This suggests that the
previously reported compromised behavioral response to
amphetamine (Fleming et al., 2006) probably was due to
alterations postsynaptic to DA terminals, as shown by
our electrophysiological results.
Basal Striatal Extracellular DA Is Normalized
in a-Syn Mice at 9.5 Months of Age
Analysis of basal dialysate sampled from the contralateral striatum of a subset (n 5 5 per genotype) of previously sampled animals approximately 3.5 months later
(at approximately 9.5 months of age) revealed normalization of DA concentration, although the data were much
more variable (2.9 6 1.2 nM and 3.5 6 1.3 nM for aSyn and WT, respectively).
Open-Field Activity Is Increased in a-Syn
Mice at 7 Months
Increased extracellular DA is known to induce
hyperactivity in mice (Zhuang et al., 2001). In line with
the microdialysis data showing elevated extracellular DA
at 6 months, we observed an increase in open-ﬁeld activity of a-Syn mice at approximately 7 months of age
in a separate cohort of animals. Data include measurements in mice that were naı̈ve to the open ﬁeld (n 5 5
in the WT group, n 5 4 in the a-Syn group) and mice
that were tested for the second time (n 5 5 per group)

Fig. 4. Open-ﬁeld activity in 7-month-old WT and a-Syn mice.
Time in motion (A), distance traveled (B), and movement velocity
(C) were all signiﬁcantly lower in a-Syn mice. *P < 0.05, **P <
0.01.

having been previously tested at 5 months (data not
shown). However, because t-tests did not reveal any signiﬁcant differences between mice tested for the ﬁrst time
and those tested for the second time and also between
different time points in the same mice (P > 0.4), the
results of naı̈ve and nonnaı̈ve mice were pooled. Time
spent in motion was signiﬁcantly higher in a-Syn
mice compared with WT mice (Fig. 4A; main effect of
genotype, F1,17 5 11.45, P < 0.005), an effect that was
Journal of Neuroscience Research
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Fig. 5. A: Representative traces showing spontaneous EPSCs
from WT and a-Syn mice in BIC (Vhold 5 270 mV). B: Mean frequency of sEPSCs from MSSNs for WT and a-Syn mice in BIC.
***P < 0.001.

apparent at each of the three 5-min recording epochs
(P < 0.05 to P < 0.01). Total distance traveled was
also signiﬁcantly greater in a-Syn mice (Fig. 4B; main
effect of genotype, F1,17 5 9.36, P < 0.01), which,
again, was signiﬁcant throughout the recording period
(P < 0.05 to P < 0.01). Movement velocity was signiﬁcantly higher in a-Syn mice (Fig. 4C; main genotype effect, F1,17 5 4.96, P 5 0.04), an effect that
attained signiﬁcance in the second 5-min recording
epoch only (P < 0.05).
a-Syn Mice Exhibit Abnormal DA Modulation of
Spontaneous EPSCs
Our previously published data demonstrated that
the frequency of spontaneous EPSCs of MSSNs is significantly reduced in a-Syn mice (Wu et al., 2009). In the
present experiment, we ﬁrst examined spontaneous
EPSCs in the presence of BIC and replicated our previously published data (Fig. 5A,B). The mean frequency of
sEPSCs was signiﬁcantly reduced in MSSNs from a-Syn
mice in the present experiments [1.51 6 0.14 Hz (n 5
38) vs. 0.73 6 0.12 Hz (n 5 32), P < 0.001]. We have
shown that the frequency of spontaneous inhibitory
postsynaptic currents is also altered in a-Syn mice at 3
months of age (Wu et al., 2009).
We, and others, have shown that DA and
amphetamine reduce the frequency of MSSN spontaneous EPSCs by activating presynaptic D2 receptors
on corticostriatal terminals (Flores-Hernández et al.,
1997; Cepeda et al., 2001; Bamford et al., 2004; Wu
et al., 2007). To examine DA modulation in a-Syn
mice, amphetamine (25 lM) was bath applied. Amphetamine produced a signiﬁcant decrease in spontaneous EPSC frequency in cells from WT mice [–
27% 6 8% (n 5 13); P < 0.001; Fig. 6], whereas
it had inconsistent effects in cells from a-Syn mice
(four cells showed increases and seven cells showed
decreases; 21% 6 8% average change). Amphetamine
application did not affect the amplitude of spontaneous synaptic currents.
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Fig. 6. Left bar graphs show that amphetamine signiﬁcantly reduced
spontaneous EPSC frequency in WT mice but failed to affect spontaneous EPSC frequency in a-Syn mice. Middle bar graphs show that
quinpirole decreased the frequency of spontaneous EPSCs in WT
mice but produced opposite effects in MSSNs from a-Syn mice.
Right bar graphs show that sulpiride increased the frequency of
sEPSCs of MSSNs in WT mice but produced opposite effects in
MSSNs from a-Syn mice. All recordings were made in the presence
of BIC. ***P < 0.001.

Because amphetamine-induced DA efﬂux was
unperturbed in vivo (Fig. 3), and given the recognized
role of presynaptic D2 receptors in modulating corticostriatal glutamate transmission, the observation that the
frequency of events was not signiﬁcantly altered by amphetamine in a-Syn mice indicated that D2 receptors in
these animals may be less sensitive. To test this hypothesis more directly, we applied quinpirole (10 lM), a
selective D2 receptor agonist. Quinpirole produced a
signiﬁcantly different effect in MSSNs from a-Syn compared with those from WTs (P < 0.003). The frequency
of spontaneous EPSCs in MSSNs was signiﬁcantly
reduced by quinpirole in WTs [–16% 6 5% (n 5 13); P
5 0.001; Fig. 6], whereas it was increased in MSSNs
from a-Syn mice [13% 6 8% (n 5 10)]. Although this
increase was not statistically signiﬁcant, the drug by genotype interaction was signiﬁcant (P 5 0.001), indicating that quinpirole produced different effects in a-Syn
neurons compared with those from WTs. Sulpiride (10
lM), a selective D2 receptor antagonist, also produced a
differential effect: the frequency of spontaneous EPSCs
in MSSNs was signiﬁcantly increased in WT cells [11%
6 3% (n 5 12); P < 0.001], whereas it was decreased
in a-Syn cells [–9% 6 3% (n 5 11); Fig. 6]. Again,
although the decrease narrowly failed to attain statistical
signiﬁcance (P 5 0.06), the drug by genotype interaction was signiﬁcant (P 5 0.001), indicating that quinpirole produced different effects in a-Syn neurons compared with those from WTs. Amplitudes of spontaneous
EPSCs were not signiﬁcantly affected by quinpirole or
sulpiride in either genotype. Taken together, these
results support the hypothesis that the function of D2
receptors, probably located on corticostriatal glutamatergic terminals, is altered in a-Syn mice.
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TABLE I. Striatal Tissue Content of DA and Metabolites at 7 and
14 Months of Agey
7 Months

DA
DOPAC
HVA
3MT

39.6
2.9
5.0
2.0

6
6
6
6

14 Months

a-Syn

WT
5.6
0.3
0.5
0.3

36.1
2.4
5.0
1.5

6
6
6
6

2.3
0.3
0.3
0.2

a-Syn

WT
ns
ns
ns
ns

23.3
2.0
2.4
0.84

6
6
6
6

2.5
0.2
0.1
0.3

13.5
1.3
1.8
0.43

6
6
6
6

2.6*
0.2*
0.1**
0.1**

y

There was no statistically signiﬁcant difference between the genotypes in
striatal tissue content of dopamine and its three major metabolites at 7
months of age, but all four compounds were signiﬁcantly lower in a-Syn
mice at 14 months. Values are pmol/mg tissue 6 SEM.
*P < 0.05 vs. WT at 14 months.
**P < 0.01 vs. WT at 14 months

Fig. 8. The time taken by a mouse to remove an adhesive sticker
from its snout was signiﬁcantly longer for a-Syn than for WT mice
at 15 months. This genotype difference was erased by administration
of L-DOPA. *P < 0.05.

Fig. 7. At 14 months of age, a-Syn mice presented with lower striatal TH levels as measured by Western blot. *P < 0.01.

Striatal Tissue DA and Metabolite Content Is
Normal at 7 Months but Reduced, Together
With TH, at 14 Months in a-Syn Mice
There were no signiﬁcant differences between the
genotypes in striatal tissue content of DA, DOPAC,
HVA, or 3MT at approximately 7 months of age (n 5 8
and 11, for a-Syn and WT, respectively; data from 2 aSyn and 1 WT were omitted as a result of a tissue
weighing error; Table I). However, at approximately 14
months of age, a-Syn mice presented with 42% lower
tissue levels of DA relative to WTs (P < 0.05; n 5 8
and 8, respectively) accompanied by similarly signiﬁcant
reductions in DOPAC (35%; P < 0.05), HVA (25%; P
< 0.01), and 3MT (49%; P < 0.01; Table I). These
changes were accompanied by 24% lower TH levels relative to WT littermates (n 5 8 per genotype) at 14
months of age as assessed by Western blot (Fig. 7).

L-DOPA-Reversible Sensory Motor Deﬁcits Are
Apparent in a-Syn Mice at 15 Months
To determine whether the loss of striatal DA
observed in 14-month-old mice was functionally signiﬁcant, a-Syn mice at approximately 15 months of age (n
5 6) were tested in a sensorimotor test known to reﬂect
nigrostriatal DA deﬁcits, the adhesion removal test
(Schallert et al., 1982; Fleming et al., 2004). The transgenic animals took signiﬁcantly longer to remove a sensory stimulus compared with WT (n 5 7) mice (P <
0.05). Conﬁrming the involvement of DA deﬁcits in the
behavioral impairment, this effect was reversed by LDOPA, there being no signiﬁcant difference between
the genotypes following treatment with this drug (P >
0.05; Fig. 8).
DISCUSSION
The present study demonstrates a biphasic alteration in DA in mice overexpressing human WT a-Syn
under the Thy1 promoter, with corresponding behavioral anomalies. We observed a striking elevation of
striatal extracellular DA in young (6 months old) a-Syn
mice relative to WTs that appears to be of vesicular origin, to be independent of changes in DA reuptake or
metabolism, and to be functionally relevant as revealed
by an increased activity in the open ﬁeld. Whereas damphetamine-induced DA efﬂux was normal in these
mice, the ability of this drug, and of speciﬁc D2 agonists
and antagonists, to modulate striatal MSSN spontaneous
EPSCs was severely compromised. All of these effects
occurred at ages prior to those at which both striatal DA
levels (current data) and number of nigral DA cell bodies
(Fernagut et al., 2007) were shown to remain normal.
Importantly, however, as these mice age (14 months),
they present with signiﬁcant and substantial reductions in
Journal of Neuroscience Research
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striatal tissue content of DA and its metabolites and in
striatal TH expression relative to WT mice. Furthermore, whereas previously described motor deﬁcits at
early ages are not L-DOPA-reversible (Fleming et al.,
2006), by 14 months of age the sensory-motor deﬁcits
apparent in the a-Syn mice are reversed by L-DOPA, in
line with the DA-depletion data. Thus, at 14–15 months
of age, these mice exhibit canonical deﬁcits associated
with manifest PD. Our ﬁndings further validate use of
this a-Syn-overexpressing mouse line at early ages as a
model of premanifest PD and identify signiﬁcant disruption of pre- and postsynaptic DA transmission prior to
loss of striatal DA.
Extensive evidence supports a role for a-Syn in
release mechanisms. a-Syn KO mice exhibit a subtle
facilitation of DA release under paired-pulse conditions
(Abeliovich et al., 2000) and an increased rate of reﬁlling
of the readily releasable pool of DA (Yavich et al.,
2004). Furthermore, double KO of a-Syn and g-synuclein results in enhanced electrical stimulation-evoked
release of striatal DA under both single and burst stimulation conditions (Senior et al., 2008). These data have
been taken to implicate a-Syn as a negative regulator of
DA release (but see Cabin et al., 2002; Chandra et al.,
2004). Accordingly, similar studies using either intact
mice (Yavich et al., 2005) or cells (Larsen et al., 2006;
Nemani et al., 2010) overexpressing WT or mutated
human a-Syn have shown deﬁcits in the readily releasable pool of DA. Our data, at ﬁrst glance, might be considered inconsistent with these ﬁndings. However, it
must be emphasized that, although such studies have
measured the releasability of DA under electrically
evoked conditions, they have not assessed the tonic level
of extracellular DA as measured in the current study.
This distinction leads us to propose that, although the
releasability of striatal DA may indeed be compromised
in a-Syn mice, other mechanisms, perhaps compensatory
in nature, result in more DA being available extracellularly under basal conditions in vivo.
There are many potential causes of the elevated
tonic extracellular DA but several were rendered
unlikely by our results. The no-net-ﬂux experiment
served two functions, one of which was to conﬁrm that
the extracellular concentration of DA was indeed higher
in the a-Syn mice. More importantly, the no-net-ﬂux
experiment failed to provide evidence of compromised
DA reuptake: the in vivo extraction fraction, an indirect
measure of DAT activity (Justice, 1993; Smith and Justice, 1994), was similar between genotypes. In fact, there
was a trend toward increased brain extraction of perfused
DA in a-Syn mice. This trend is consistent with models
in which the normal function of a-Syn is considered to
curtail translocation of DAT to the terminal membrane,
a function compromised by mutation or overexpression
of a-Syn (Sidhu et al., 2004). It should be noted, however, that A53T-overexpressing mice have been reported
to present with an impediment in DA reuptake assessed
by chronoamperometry (Unger et al., 2006). The
enhanced temporal resolution of the latter technique
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permits a more detailed kinetic analysis of reuptake than
that offered by microdialysis. Therefore, it may be premature to rule out a compromised reuptake in the aSyn mice on the basis of the no-net-ﬂux data alone.
A simple reduction in DA metabolism is ruled out
by our observation that extracellular DOPAC and HVA
levels were not different from WT. Moreover, dialysate
3MT concentrations were elevated in a-Syn mice.
These metabolite data are important for another reason;
there is evidence in the literature supporting the idea
that cytosolic DA is elevated, perhaps as a result of disrupted vesicular packaging, in mice in which human
A30P a-Syn is expressed (Mosharov et al., 2006). This
being the case, it is feasible that the elevated extracellular
DA that we observe in the Thy-1 human WT a-Syn
line results from reverse transport of DA from the cytoplasm. However, the metabolite data suggest otherwise.
The only DA metabolite that was elevated, 3MT, is produced directly from DA that is ﬁrst released, because
COMT is not present in DA terminals but is instead
found in nondopaminergic striatal neurons and glia
(Kaakkola et al., 1987; Karhunen et al., 1995; Matsumoto et al., 2003). If cytosolic, rather than vesicular, DA
was the source of the elevated extracellular DA in these
mice, one might expect it to be accompanied by an
increase in DOPAC and HVA as a result of metabolism
initiated intraneuronally. Thus, it seems more likely that
the elevated extracellular DA that we observe is of a vesicular origin. Given the absence of data implicating
compromised reuptake, an alternative explanation is that
DA neurons may be more tonically active. Such a scenario could transpire as a result of compensation for the
reported a-Syn-induced deﬁcits in the intrinsic releasability of DA cited above.
The functional signiﬁcance of our observed tonic
extracellular DA elevation at approximately 6 months is
demonstrated by the increased open-ﬁeld activity at a
similar age, a phenotype shared by other a-Syn-overexpressing models (Unger et al., 2006; Graham and Sidhu,
2010). Interestingly, the elevated extracellular DA phenotype resolves by 9.5 months, perhaps reﬂecting a transition to the TH and DA depletion observed at 14
months.
Because a-Syn mice fail to show the normal stereotyped behavioral response to amphetamine (Fleming
et al., 2006), we sought to determine whether this was
due to a deﬁcit in amphetamine-induced DA efﬂux, but
we found this not to be the case: the levels of dialysate
DA attained by amphetamine administered at concentrations over three orders of magnitude were similar. Amphetamine elevates extracellular DA by displacing DA
from vesicles and promoting reverse transport (Sulzer
et al., 1993), so these data further argue against a deﬁcit
in vesicular packaging as a source of the elevated extracellular DA in a-Syn mice. Moreover, they suggest that
the source of the amphetamine-induced behavioral deﬁcit lies postsynaptically to the DA terminals. In support
of this, we found marked alterations in amphetamineand D2-receptor-mediated modulation of corticostriatal
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glutamate release based on measures of MSSN spontaneous EPSCs. Particularly striking was the reversal of the
effect of D2 activation on the frequency of spontaneous
EPSCs from a reduction in WTs to an increase in a-Syn
mice. Why this should be the case is currently unclear,
but it may be an effect secondary to chronically elevated
extracellular DA, especially insofar as the present electrophysiological results resemble those found in DAT
knock-down mice (Wu et al., 2007), which exhibit elevated extracellular DA levels. It should be noted, however, that the electrophysiological data were collected at
an earlier time point than the microdialysis data (approximately 3 vs. 6 months), so the sequence of events is as
yet unclear. Moreover, studies in CHO cells indicate
that a-Syn may modulate presynaptic D2 receptor signaling directly, independent of changes in extracellular
DA (Kim et al., 2006). The observed effects may therefore be mediated directly via a-Syn overexpression in
cortical glutamatergic neurons. It is also noteworthy that
D2 receptor signaling appears to be affected in other
genetic models of PD. For example, hyposensitivity of
D2 receptors was observed in mice lacking the DJ-1
gene (Goldberg et al., 2005).
In conclusion, we have demonstrated a marked elevation in striatal extracellular DA accompanied by an
alteration in DA modulation of corticostriatal glutamate
transmission in the a-Syn mice at ages when DA terminals and cell bodies remain intact. Although a causal link
with toxicity has not been demonstrated by the current
data, they nevertheless raise the potential importance of
a-Syn overexpression-induced elevation in extracellular,
as opposed to cytoplasmic, DA as a factor in disease progression, because, as we show here, these mice go on to
lose striatal terminal TH and DA as they age, ultimately
presenting with sensorimotor deﬁcits that are reversed by
L-DOPA. It is generally considered that DA-related oxidative stress within the DA neuron is the major factor
contributing to dopaminergic neurodegeneration (Sulzer,
2007; Mosharov et al., 2009), but it has long been recognized that exogenously applied DA is toxic to DA
neurons (Michel and Hefti, 1990; Filloux and Townsend, 1993; Hastings et al., 1996). Signiﬁcantly, a recent
study employing a viral model of a-Syn overexpression
in rats reported an increase in striatal tissue DOPAC:DA
ratio, potentially reﬂecting an increase in tonic DA
release similar to that observed in our model and which,
again, presented prior to DA neuron degeneration
(Chung et al., 2009). Increased striatal extracellular DA
was also apparent in another model of PD, the parkin
KO mouse (Goldberg et al., 2003), suggesting that
increased extracellular DA may be a common mechanism contributing to substantia nigra DA neuron stress
and eventual demise. It is particularly noteworthy in this
regard that recent epidemiological data indicate that
increased PD risk is associated not only with compromised VMAT function (Glatt et al., 2006) but also with
compromised DAT function, the latter in conjunction
with pesticide exposure (Ritz et al., 2009). That these
and many other a-Syn mouse models of PD have thus

far proved to retain their full complement of DA cell
bodies, relative to WT, presumably indicates a resistance
of mice, generally, to the ultimate toxic effect of a-Syn.
We are currently aging these mice still further to determine whether they ultimately present with lower numbers of nigral DA neurons relative to WT. However,
given the observed loss of striatal DA and TH at 14
months, we posit that younger a-Syn mice represent an
early stage of PD and can provide important information
on mechanisms that initiate later pathophysiological
processes.
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