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Members of the synaptic vesicle glycoprotein 2 (SV2) family of
proteins are involved in synaptic function throughout the brain.
The ubiquitously expressed SV2A has been widely implicated in
epilepsy, although SV2C with its restricted basal ganglia distribu-
tion is poorly characterized. SV2C is emerging as a potentially
relevant protein in Parkinson disease (PD), because it is a genetic
modifier of sensitivity to L-DOPA and of nicotine neuroprotection
in PD. Here we identify SV2C as a mediator of dopamine homeo-
stasis and report that disrupted expression of SV2C within the
basal ganglia is a pathological feature of PD. Genetic deletion of
SV2C leads to reduced dopamine release in the dorsal striatum as
measured by fast-scan cyclic voltammetry, reduced striatal dopa-
mine content, disrupted a-synuclein expression, deficits in motor
function, and alterations in neurochemical effects of nicotine. Fur-
thermore, SV2C expression is dramatically altered in postmortem
brain tissue from PD cases but not in Alzheimer disease, progres-
sive supranuclear palsy, or multiple system atrophy. This disrup-
tion was paralleled in mice overexpressing mutated a-synuclein.
These data establish SV2C as a mediator of dopamine neuron func-
tion and suggest that SV2C disruption is a unique feature of PD
that likely contributes to dopaminergic dysfunction.
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ynaptic vesicles, particularly those within the dopaminergic

nigrostriatal pathway, have two important roles: packaging
transmitters for neurotransmission and sequestering com-
pounds, such as cytosolic dopamine, that may have adverse ef-
fects on the cell (1-3). Ineffective sequestration of dopamine
leads to progressive cell loss and heightened vulnerability to
dopaminergic toxicants in mice (4-10). Mutations in the gene
encoding the vesicular monoamine transporter 2 (VMAT?2) lead
to infantile parkinsonism (11), whereas increased expression of
VMAT? is associated with decreased risk for Parkinson disease
(PD) (12, 13). Dopamine vesicle function is impaired in patients
with PD, suggesting that dysfunctional dopamine handling is
fundamental to the disease (14). Genetic mutations in several
other vesicle-associated proteins, such as a-synuclein, leucine-
rich repeat kinase 2 (LRRK2), and synaptojanin, can lead to
disrupted presynaptic dopamine handling and are commonly
linked to PD (15-21). Disrupted vesicle function may represent
a common pathway to degeneration, and identifying novel me-
diators of vesicular function could provide insight regarding
disease pathogenesis.

Proteins within the synaptic vesicle glycoprotein 2 (SV2)
family are thought to modulate vesicular function positively in a
variety of ways, possibly by aiding in vesicular trafficking and
exocytosis, interacting with synaptotagmin-1, or stabilizing
stored transmitters (22-35). SV2A has been strongly implicated
in epilepsy and is the specific pharmacological target for the
antiepileptic levetiracetam (36); however, despite extensive re-
search, the molecular function of each of the SV2 proteins has
not been fully described. SV2C is distinguished from SV2A and
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SV2B by its enriched expression in the basal ganglia and pref-
erential localization to dopaminergic cells in mice (37, 38). In-
triguingly, SV2C was recently identified as a genetic mediator of
one of the most robust environmental modulators of PD risk:
nicotine use, which is strongly protective against PD (39, 40).
Variation within the SV2C gene was also found to predict PD
patients’ sensitivity to L-DOPA (41). These data suggest that
SV2C may play a particularly important role in the basal ganglia,
although there has been no experimental evidence linking SV2C
to dopaminergic function, to the neurochemical effects of nico-
tine, or to PD.

We first characterized SV2C expression in multiple mouse
models of PD to establish potential alterations in SV2C follow-
ing dopaminergic cell loss. To test directly the hypothesis that
SV2C is involved in dopamine function within the basal ganglia,
we then developed a line of mice lacking SV2C (SV2C-KO
mice). We quantified striatal dopamine content and dopamine
metabolites in SV2C-KO animals with HPLC. We then in-
vestigated alterations in dopamine- and PD-related motor be-
havior and protein expression following genetic deletion of
SV2C and evaluated a possible interaction between SV2C and
a-synuclein. Next, we performed fast-scan cyclic voltammetry
(FSCV) to measure stimulated dopamine release in the dorsal
striatum (dSTR) of SV2C-KO and WT mice at baseline and in
the presence of nicotine. Finally, we analyzed SV2C expression
in the basal ganglia of postmortem PD cases and other neuro-
degenerative diseases. The data described below establish SV2C
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(SV20) in dopamine neurotransmission and Parkinson disease
(PD). SV2C is expressed on the vesicles of dopamine-producing
neurons, and genetic deletion of SV2C causes a reduction in
synaptic release of dopamine. The reduced dopamine release is
associated with a decrease in motor activity. SV2C is suspected
of mediating the neuroprotective effects of nicotine, and we
show an ablated neurochemical response to nicotine in SV2C-
knockout mice. Last, we demonstrate that SV2C expression is
specifically disrupted in mice that express mutated a-synuclein
and in humans with PD. Together, these data establish SV2C as
an important mediator of dopamine homeostasis and a po-
tential contributor to PD pathogenesis.

Author contributions: A.R.D., K.AS., A.L.B.,, W.M.C,, and G.W.M. designed research; AR.D.,
K.AS., M.O., K.M.L,, CA.H., Y.L, and M.W. performed research; A.I.B., Y.L, M.W., CS,, N.S.,
and H.C. contributed new reagents/analytic tools; A.R.D., K.AS., M.O., K.M.L., and CA.H.
analyzed data; and A.R.D. and G.W.M. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.

'"To whom correspondence should be addressed. Email: gary.miller@emory.edu.

PNAS | Published online February 28, 2017 | E2253-E2262

wv
=
o
a
w
<
=
[

>
(Y
=]
=
[=]
%}
<
=
[
<
5
a



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1616892114&domain=pdf
mailto:gary.miller@emory.edu
www.pnas.org/cgi/doi/10.1073/pnas.1616892114

L T

/

D\

as a mediator of dopamine dynamics and provide a functional
basis for a role for SV2C in PD.

Results

Distribution of SV2C in Mouse Basal Ganglia. To analyze the ex-
pression and localization of SV2C, we designed two polyclonal
antibodies raised in rabbits against amino acids 97-114 of (i)
mouse SV2C (mSV2C; antibody = mSV2CpAb) and (i) human
SV2C (hSV2C; antibody = hSV2CpAb). To confirm the speci-
ficity of the hSV2CpAb, we performed immunoblots on lysates
of transfected HEK293 cells overexpressing SV2A, SV2B, or
SV2C. The hSV2CpAb immunoreactivity was present in the ly-
sate from SV2C-transfected cells and not in the lysate from
SV2A- or SV2B-transfected cells. Preincubating the hSV2CpAb
with the immunizing peptide (“antigen-blocking”) blot ablates
the immunoreactivity of the antibody on the same blot (Fig. 14).
We performed shRNA knockdown of SV2C in Neuro-2a (N2a)
cells, which are mouse derived and endogenously express SV2C
but not SV2A or SV2B (42). Two sequences of shRNA targeting
SV2C mRNA were designed, along with a scrambled shRNA
sequence. SV2C shRNA robustly reduced normal SV2C immu-
noreactivity in N2a cell lysates (Fig. 1C).

Staining patterns observed with our mSV2CpAb were consis-
tent with reports using other SV2C antibodies (37, 38). SV2A and
SV2B are strongly expressed throughout the mouse brain, whereas
SV2C is preferentially expressed in limited nuclei (Fig. 1D). We
identified strong SV2C immunoreactivity in the ventral pallidum
(VP), as well as in cell bodies in the midbrain (substantia nigra
pars compacta, SNpc, and ventral tegmental area, VTA). SV2C-
positive fibers were additionally observed in the substantia nigra
pars reticulata (SNpr), dSTR, and nucleus accumbens. SV2C was
highly colocalized with the dopaminergic marker tyrosine hy-
droxylase (TH) in the dSTR and substantia nigra (SN) (Fig. 1B).

SV2C Expression in Models of Dopamine Degeneration. Next, we
explored SV2C expression in mouse models of dopamine cell
loss. Each model recapitulates a distinct pathogenic process of cell loss
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Fig. 1. Polyclonal SV2C antibody characterization. We generated polyclonal
SV2C antibodies. (A) SV2C antibody recognizes SV2C but does not recognize
SV2A or SV2B in transfected HEK293 cells. Preincubating the SV2C antibody
with the immunizing peptide (antigen blocking) eliminates antibody re-
activity. (B) SV2C is highly colocalized with the dopaminergic marker TH in
the mouse SNpc and dSTR. (Scale bars, 20 pm.) (C) Knocking down endog-
enous SV2C in N2a cells (which have no endogenous SV2A or SV2B) using
shRNA reduces mSV2C antibody reactivity. (D) Sagittal DAB-stained sections
showing ubiquitous SV2A and SV2B expression compared with SV2C ex-
pression enriched in the basal ganglia using the mSV2C antibody. Black ar-
rowheads indicate areas of highest SV2C staining in the mouse brain:
midbrain, dSTR, and ventral pallidum. Each sagittal image was compiled
from a series of eight micrographs taken across a single section of tissue.
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associated with PD, allowing us to evaluate the potential involvement
of SV2C in various mechanisms of PD-related degeneration.
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine intoxication in mice. To
investigate whether SV2C expression is altered following a lesion
to the nigrostriatal tract, we administered three different doses
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to ani-
mals to model various stages of degeneration. A 15 mg/kg dose
delivered two times/d, which typically induces a mild loss of
striatal dopamine terminals, resulted in a 52% loss of striatal TH
immunoreactivity, as measured by immunoblotting [saline: 10,700 +
996 arbitrary units (AU); MPTP: 5,010 = 330 AU; P < 0.01]. A
15 mg/kg dose delivered four times/d, which results in an in-
termediate loss of both dopamine terminals and SNpc cell bodies,
induced a 68% loss of striatal TH. Intoxication by a 20 mg/kg
delivered five times/d, a dose that typically results in significant
SNpc cell loss, ablated 86% of striatal TH (saline: 6, 310 + 104 AU;
MPTP: 916 + 91.3 AU; P < 0.0001). Concordant with dopamine
terminal loss, striatal SV2C levels were reduced after MPTP (n = 6,
P < 0.05 for the 4x 15 mg/kg paradigm) (Fig. 24). SV2C expression
patterns appear unaltered after MPTP at any dose.

VMAT2-LO model of PD. To determine whether long-term dysregu-
lation of dopamine storage results in altered expression of SV2C,
we evaluated SV2C in animals with a 95% reduction in VMAT?2
expression (VMAT2-LO). This genetic reduction in VMAT2
results in reduced vesicular storage of dopamine, progressive loss
of dopamine cells, and motor and nonmotor impairments (4, §,
10). As expected, in aged (20- to 24-mo-old; n = 3) VMAT2-LO
mice, we observed a 53% loss of striatal dopamine transporter
(DAT) (Fig. 2B). This terminal loss is consistent with an ob-
served slight but statistically insignificant reduction in striatal
SV2C, with no change in expression pattern.

A53T a-synuclein overexpression in mice. To determine if a-synuclein
disruption alters SV2C, we explored SV2C expression in mice
overexpressing PD-associated AS3T o-synuclein (AS3T-OE
mice) under control of the pituitary homeobox 3 (Pitx3) pro-
moter, limiting overexpression to midbrain dopamine neurons.
These mice display reduced dopamine release, progressive do-
pamine terminal loss, and subsequent motor impairment by
12 mo of age (43). Dopaminergic overexpression of A53T
a-synuclein in aged (12-mo-old) animals (n = 4 mice) resulted in
an increase in punctate SV2C staining observed in the striatum
compared with WT littermates (Fig. 2C). This punctate staining
was particularly strong in the periventricular region of the dor-
somedial striatum and was sparse with dense clusters of puncta
throughout the dorsolateral striatum.

Genetic Deletion of SV2C Reduces Striatal Dopamine Content Without
Overt Changes in Related Proteins. To determine a potential role of
SV2C in dopamine-related neurochemistry and behavior, we gen-
erated a line of SV2C-KO mice (Fig. 3 A-C). We performed HPLC
in dorsal striatal tissue of SV2C-KO and WT animals to determine
if genetic deletion of SV2C altered dopamine tone or metabolism.
SV2C-KO animals had a 33% reduction in striatal dopamine con-
tent (WT: 741.8 + 53.6 ng/mL; KO: 496.8 + 53.8 ng/mL; P < 0.01;
n =7) (Fig. 3D) and a 19% reduction in 3, 4-dihydroxyphenylacetic
acid (DOPAC), a dopamine metabolite (WT: 113.5 + 5.5 ng/mL;
KO: 91.85 + 6.5 ng/mL; n = 7; P < 0.05) (Fig. 3E). This reduction in
dopamine content does not appear to be the result of reduced TH,
the rate-limiting enzyme in dopamine synthesis, and it does not
result in up- or down-regulated DAT as assessed by immunoblot.
Further, SV2C deletion does not appear to induce compensatory
changes in the levels of either SV2A or SV2B or in total dopamine
synapse number in the dSTR as measured by synaptophysin ex-
pression (Fig. 3B) and synapse density analysis (Fig. 3F).

An Interaction Between SV2C and «-Synuclein. Following the ob-

servation of disrupted SV2C in AS3T-OE mice, we performed
immunoblotting and immunoprecipitations to investigate further

Dunn et al.
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Fig. 2. SV2C expression in mouse models of PD. (A) Striatal TH is 68% re-
duced after a 4x 15 mg/kg dose of MPTP (n = 6, P < 0.01). Striatal SV2C is
reduced after MPTP (P < 0.05). Representative immunohistochemical stain-
ing after MPTP reveals that striatal SV2C expression patterns are unchanged.
(B) Striatal SV2C levels are slightly, but not significantly, reduced in aged
VMAT2-LO animals. SV2C expression patterns remain unaltered, as shown by
representative immunohistochemistry in the dSTR. (C) An increase of SV2C-
positive punctate staining is observed in the striatum of A53T-OE mice as
compared with WT mice, particularly in the periventricular mediodorsal
striatum. Clusters of punctate SV2C are found distributed sparsely in the
striatum of A53T-OE mice. (Insets) Micrographs were taken at 2.5x and 40x
magnification.

interaction between SV2C and a-synuclein. SV2C-KO animals
had slightly reduced monomeric (~15 kD) a-synuclein (69.1 +
6.17% of WT; n = 4-6; P = 0.06) and significantly increased high
molecular weight (multimeric, ~90 kD) a-synuclein expression
(3,020 + 561% of WT; n = 4-6; P < 0.01) (Fig. 44). In striatal
preparations from tissue of WT CS57BL/6J mice, a-synuclein
coimmunoprecipitated with SV2C. As expected, neither TH nor
DAT coimmunoprecipitated with SV2C (negative control).
Synaptotagmin-1, which binds to SV2C (31, 34), did coimmu-
noprecipitate (positive control). VMAT2 did not coimmuno-
precipitate with SV2C, indicating that we immunoprecipitated
protein complexes rather than intact vesicles. Further, using a
control immunoprecipitation column with no bound antibody,
we confirmed the specificity of the interaction between a-synu-
clein and mSV2CpAb-bounds resin (Fig. 4C). We did not detect
SV2C immunoreactivity in an a-synuclein immunoprecipitation.
Finally, to address the specificity of SV2C disruption in A53T-
OE mice, we performed additional immunohistochemistry of
related synaptic proteins. SV2C-positive puncta did not reflect
similar patterns of a-synuclein aggregation (Fig. 4D). SV2A ex-
pression was not similarly disrupted (Fig. 4F).

SV2C-KO Animals Have Mild Motor Deficits. To determine if SV2C
knockout results in altered motor behavior consistent with their
decreased dopamine content, we assessed motor function in a
variety of tests. We performed a 24-h locomotor activity assay,
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gait analysis, and a rotorod test and found that SV2C knockout
was associated with mild motor deficits. SV2C-KO animals
exhibited reduced locomotor activity, with a 23% reduction in
total ambulations over 24 h (WT: 38,900 + 2,770 ambulations;
KO: 30,100 + 2,200 ambulations; n = 7 or 8; P < 0.05). Addi-
tionally, SV2C-KO mice displayed a shorter stride length (WT:
7.42 +0.17 cm; KO: 6.87 + 0.22 cm; n = 22-24; P < 0.05). SV2C-
KO animals showed no differences on latency to fall during the
rotorod test (WT: 18.3 +3.01 5; KO: 204 +3.36s;n=7or §; P =
0.52) (Fig. 5). Additionally, SV2C-KO animals had a lower av-
erage body size (WT: 19.06 = 0.91 g; KO: 17.24 + 0.99 g; n = 53;
P < 0.05).

Genetic Deletion of SV2C Results in Reduced Striatal Dopamine
Release. To determine if the observed behavioral deficits of
SV2C-KO mice were associated with reduced striatal dopamine
release, we performed ex vivo FSCV in the dorsolateral striatum
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Fig. 3. Neurochemical characterization of SV2C-KO mice. (A) PCR geno-
typing of SV2C-KO mice generated using the EUCOMM knockout-first allele.
This construct allowed the generation of several useful lines of mice: a
preliminary knockout animal with a cassette creating an frt-flanked gene
trap inserted into the second exon (KOF), a line with a floxed exon following
a cross of KOF animals with a Flp-recombinase+ line, and finally SV2C-KO
mice following a cross with a nestin-driven Cre-recombinase+ line. Animals
used for experiments are denoted by a superscript 1 (WT control) and
2 (SV2C-KO). (B) SV2C knockout does not result in altered expression of
SV2A, SV2B, TH, DAT, or synaptophysin in the striatum. (C) Genetic deletion
of SV2C ablates mSV2C antibody reactivity in the dSTR and midbrain. The
dotted line delineates the dorsolateral striatum where electrochemical re-
cordings were taken (Figs. 6 and 7). (D and E) SV2C knockout results in a 33%
reduction of dopamine content (D) and a 19% reduction in the dopamine
metabolite DOPAC (E) in the dSTR (n = 7, **P < 0. 01). (F) SV2C knockout
does not result in a reduction in dopaminergic synaptic density in the dSTR.
ns, not significant. (Scale bars, 500 pm in C and 20 pm in F.)
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Fig. 4. An association between SV2C and a-synuclein. (A) Midbrain ho-
mogenates from SV2C-KO animals have a 31% decrease in monomeric
(15-kD) a-synuclein (n = 4-6, P = 0.06) and a 30-fold increase in multimeric
(90-kD) a-synuclein (n = 4-6, P < 0.01). (B) a-Synuclein coimmunoprecipitates
with SV2C in WT mouse striatal homogenates. TH, a cytosolic protein, and
DAT, a membrane-associated protein, were included as negative controls.
VMAT2 was included as a vesicular protein control. Synaptotagmin-1 (STG-1),
which binds to SV2C, was used as a positive control. (C) Further confirmation
of a-synuclein and SV2C coimmunoprecipitation. A non-antibody-bound
immunoprecipitation (No AB) column served as negative control. Striatal
homogenates from multiple animals were pooled and aliquoted to form the
input for all three immunoprecipitations. (D and E) By immunohistochem-
istry, the patterns of the expression of SV2C-positive puncta are not similar
to those of SV2A (D) or a-synuclein (E).

of SV2C-KO animals (see Fig. 3B for the delineation of the
dorsolateral striatum). Genetic deletion of SV2C led to a 32%
decrease in dopamine release compared with WT animals (WT:
5.47 £ 0.35 pM; KO: 3.71 + 0.57 pM; P < 0.05; n = 9) (Fig. 6).
The DAT-mediated dopamine clearance rate was enhanced in
SV2C-KO animals as evidenced by reduced tau (WT: 0.39 + 0.03 s;
KO: 0.29 + 0.02 s; P < 0.05).

SV2C Mediates a Neurochemical Effect of Nicotine. To assess a po-
tential functional interaction between SV2C and nicotine, we
performed FSCV in the presence of 500 nM nicotine. This
concentration of nicotine typically dampens dopamine release
elicited by single-pulse stimulation while enhancing dopamine
release elicited by high-intensity stimulation (e.g., five pulses at
100 Hz) (44, 45). Genetic deletion of SV2C ablated this effect. In
WT tissue, 500 nM nicotine enhanced the dopamine release
elicited by five pulses at 100 Hz to 131% of baseline; in SV2C-
KO tissue, 500 nM nicotine reduced the dopamine release eli-
cited by five pulses at 100 Hz to 48% of baseline (P < 0.01).
These data are presented as current traces (Fig. 74 and B) and
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as peak dopamine release as a percentage of baseline release
(Fig. 7C).

SV2C Expression in Human Controls and Disease Cases. To explore a
potential involvement of SV2C in human PD, we obtained hu-
man striatum and midbrain samples from tissue banks at Emory
University and the University of Washington. Control and dis-
ease cases were matched for age (72.4 + 3.9 and 71.7 = 2.3 y,
respectively) and sex (71% and 68% male, respectively). Four
PD cases, three comorbid dementia with Lewy bodies (DLB)/PD
cases, seven Alzheimer disease (AD) cases, three cases of mul-
tiple system atrophy (MSA), including one with comorbid DLB
and one with comorbid olivopontocerebellar atrophy (OPC),
two progressive supranuclear palsy (PSP) cases, and seven age-
matched controls were examined (Table 1). MSA and PSP were
chosen for their clinical and pathological similarities to PD, and
AD was chosen as a non-basal ganglia neurodegenerative disease.

We performed SV2C immunohistochemistry in the SN and
striatum (Fig. 8). We observed SV2C-positive staining in the
SNpc and in the SNpr as well as in terminal regions and cell
bodies in the caudate nucleus and putamen. In PD, an un-
expected and striking alteration in SV2C expression was
revealed. We observed abnormal punctate SV2C-positive stain-
ing in the SNpc and a similar pathology throughout the dSTR,
including the putamen (Fig. 84). This disruption in SV2C ex-
pression was found in each PD case, although it was less severe
in the three cases with neuropathology consistent with comorbid
DLB. Striatal SV2C staining was largely unaltered in cases of
AD, PSP, and MSA (Fig. 8B), suggesting that a disruption in
SV2C may be a unique feature of PD. Finally, SV2A, a-synu-
clein, and synaptophysin do not show a similar pattern of ex-
pression in PD (Fig. 8 C-E). SV2C puncta are ubiquitin-positive
(Fig. 8F).

Discussion

The present data reveal that SV2C mediates dopamine dynamics
and is disrupted in PD. We demonstrate that SV2C and a-synuclein
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Fig. 5. Altered motor behavior of SV2C-KO mice. (A) SV2C-KO animals have
an ~10% reduction in stride length as measured by a gait analysis assay (*P <
0.05). (B) Genetic deletion of SV2C does not result in impairment on the
rotorod test. (C) SV2C-KO animals display a 23% reduction in total ambu-
lations in 24-h locomotor activity monitoring (n = 7 or 8; *P < 0.05). (D) The
reduction in locomotor activity apparently is driven by an ablation of a cir-
cadian peak in activity at the end of the active period. The shaded region in
D indicates the dark phase.
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Fig. 6. Electrochemical measurement of stimulated dopamine release in
SV2C-KO mice. Using FSCV, we measured dopamine release stimulated by a
single electrical pulse in the dSTR. Genetically ablating SV2C reduces dopa-
mine release by 32% as shown by a representative color blot (A), as quan-
tified over all recording sites in each animal (n = 9; *P < 0.05) (B), and as
represented by respective current traces (C).

interact, suggesting an important involvement in disease path-
ogenesis. Further, we show that SV2C regulates dopamine re-
lease and dopamine content, as well as a neurochemical effect
of nicotine, providing a molecular link to data from recent
genome-wide association studies (GWAS) identifying SV2C as
a mediator of nicotine neuroprotection (40). Results from these
experiments establish a previously unrecognized role for SV2C
and a basis for the potential functional consequence of the
disruption of SV2C and nicotine neuroprotection in PD.

SV2C Expression in Models of PD. As expected, striatal SV2C ex-
pression was slightly decreased following significant loss of do-
paminergic terminals in mouse models of PD (Fig. 2). Unexpectedly,
SV2C-positive puncta were observed in the striatum of A53T-OE
animals. We did not observe similar punctate staining after MPTP
lesion or in control animals. We modeled varying degrees of do-
pamine cell loss with multiple MPTP paradigms, including a
moderate dose (4x 15 mg/kg) that closely matches the dopami-
nergic loss observed in A53T-OE mice. This finding indicates
that the observed disruption in SV2C is related to a distinct
pathogenic mechanism that is not recapitulated by mere nigros-
triatal dopaminergic degeneration. Unlike the AS3T-OE model,
MPTP administration in mice does not typically induce a-synu-
clein disruption (46), thus further indicating that a link between
a-synuclein and SV2C dysregulation may be particularly impor-
tant. It is possible that SV2C pathology is not observed after
MPTP intoxication because of the relatively acute nature of the
lesion; however, we did not observe SV2C deposition in a genetic
model, VMAT2-LO mice (4), suggesting that even a life-long
pathogenic mechanism leading to dopamine cell loss is not suf-
ficient to spur similar SV2C disruption.

Genetic Deletion of SV2C Results in Reduced Dopamine and Motor
Deficits. To explore further any functional consequences of dis-
rupted SV2C on the dopamine system in humans or animal
models, we first needed to characterize the involvement of the
protein in basal ganglia functioning. SV2 proteins appear to
promote vesicular function in various ways: by coordinating ve-
sicular mobilization (26, 33), by interacting with synaptotagmin-1
to facilitate calcium-stimulated exocytosis (22, 27, 28, 31, 32, 34),
or perhaps by stabilizing intravesicular transmitters (30, 35) [al-
though functional evidence has not supported this last hypothesis
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(23, 24, 27)]. Although only SV2A has been strongly implicated
in epilepsy, recent evidence has hinted at a potential link be-
tween SV2C, dopamine, and PD (40, 41, 47). Our neurochemical
data directly indicate that SV2C plays a particularly important
role in the dopaminergic nigrostriatal pathway. Here, we dem-
onstrate that genetic deletion of SV2C results in a significant
reduction in total dopamine content in the dSTR; this dampened
dopamine tone does not appear to result from aberrant dopa-
mine metabolism, because the ratio of dopamine to its metab-
olites is unaltered (Fig. 3). Pursuant to the observed reduction in
total dopamine, genetic deletion of SV2C results in impaired
release of dopamine as measured by FSCV (Fig. 6). The mech-
anism underlying this observed reduction in dopamine content
and release is unclear. It does not appear to be caused by re-
duced dopamine synthesis or reuptake, because levels of TH (the
rate-limiting enzyme of dopamine synthesis) and DAT (the
protein that removes dopamine from the synaptic cleft and
returns it to the presynaptic terminal) remain intact (Fig. 3). In
fact, DAT function appears to be increased as measured by the
uptake constant tau, perhaps as a mechanism to compensate in
part for reduced vesicular dopamine release. As noted above,
SV2 proteins likely have multiple functions within the synapse,
and striatal SV2A and SV2B do not appear to increase in re-
sponse to SV2C knockout (Fig. 3). Accordingly, an absence of
SV2C could have significant effects on dopamine synapse func-
tion through a diminished readily releasable pool of vesicles,
impaired calcium-induced endocytosis of vesicles, disrupted vesicular
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Fig. 7. Altered neurochemical effect of nicotine after genetic ablation of
SV2C as measured by FSCV. (A) Current traces showing dopamine release at
baseline and in the presence of 500 nM nicotine. Nicotine normally reduces
dopamine release elicited by a one-pulse stimulation to about 10% of
baseline in both WT and SV2C-KO striatum. (B) Five-pulse stimulations in the
presence of nicotine normally increase dopamine release over the one-pulse
baseline, but this effect is not seen in SV2C-KO animals. (C) Maximal dopa-
mine release elicited by a five-pulse stimulation in the presence of nicotine
represented as percent of baseline (*P < 0.05).
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Table 1. Descriptions of human control and disease cases

Disease and case no. Neuropathologic diagnosis Sex Age, y lliness duration, y SV2C pathology*

Controls
1 - M 72 - None
2 - F 80 - None
3 - M 78 - None
4 - F 88 - None
5 - M 61 - None
6 - M 69 - None
7t - M 59 - STR: ++

PD
8 PD M 78 32 STR: +++
9 PD M 64 12 STR: +++
10 PD M 81 10 STR: ++/

SN: +++

11 PD M 67 7 STR: ++/SN: ++
12 DLB/PD M 68 21 STR: ++
13 DLB/PD F 62 4 STR: +
14 DLB/PD M 72 1 STR: +/SN: +

AD
15 AD M 63 Unknown None
16" AD M 75 Unknown STR: ++
17 AD F 81 Unknown None
18 AD M 50 Unknown None
19 AD F 87 Unknown None
20 AD F 59 Unknown None
21 AD M 79 Unknown None

MSA/PSP
22 MSA M 61 Unknown None
23 MSA/OPC F 80 Unknown None
24 MSA/DLB M 78 Unknown None
25 PSP M 72 Unknown None
26 PSP F 86 Unknown None

*SV2C disruption classification: +, SV2C-positive cell bodies plus sparse SV2C-positive puncta; ++, abundant
SV2C-positive puncta with some SV2C-positive cell bodies;.+++, SV2C immunoreactivity almost entirely punctate.
TCases 7 and 16 had moderate SV2C disruption, suggesting that the disruption of SV2C expression may not be
exclusive to PD; however, comorbidity with subclinical PD may be a possibility in these cases. SN, substantia nigra;

STR, striatum.

trafficking, or perhaps impaired storage or retention of vesic-
ular dopamine. Future studies will elucidate the mechanisms
responsible for the observed reduction in dopamine tone and
release following genetic deletion of SV2C.

Following the observation of reduced nigrostriatal dopamine,
we accordingly demonstrate that SV2C-KO animals have deficits
in dopamine-related motor behavior, including reduced stride
length and reduced locomotor activity (Fig. 5). The reduction in
locomotor activity observed in the SV2C-KO animals is driven
primarily by apparent disruptions in circadian-mediated spikes of
activity at the end of the wakeful period. This phenotype is
consistent with other models of reduced dopamine vesicle
function, such as VMAT?2-LO mice that exhibit motor impair-
ment, reduced locomotor activity, altered circadian rhythm, and
smaller body size (4, 8). Notably, SV2C-KO animals are not
impaired on the rotorod test, a test that the G.W.M. laboratory
has previously identified as insensitive in detecting motor deficits
after moderate dopamine loss (48). Importantly, these deficits do
not appear to be reflective of deficits in other dopaminergic
proteins or reduced synapse density. Indeed, the only significant
alteration in protein expression was a-synuclein (Fig. 4). To-
gether, these behavioral and neurochemical data underscore that
SV2C is involved in basal ganglia function and provide support
for a potential disease relevance for SV2C in PD.

SV2C Mediates a Neurochemical Effect of Nicotine. Nicotine appli-
cation normally results in a “high-pass filter” effect in which
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dopamine release in the presence of 500 nM nicotine is reduced
upon low-intensity stimulations but enhanced upon high-
intensity stimulations (44, 45). Nicotine thus is thought to
increase the effects of salient inputs while dampening the effects
of transient dopamine release. Genetic deletion of SV2C ablates
this effect of acute nicotine so that high-intensity stimulations
elicit less dopamine than baseline release (Fig. 7). This finding
may indicate a functional interaction between SV2C and nico-
tine. The precise relationship between SV2C and nicotine neu-
roprotection remains unknown, but these data indicate that
SV2C-KO animals may have altered neurochemical, behavioral,
or neuroprotective response to nicotine. These data may hold
relevance for recent GWAS data identifying SV2C as a genetic
mediator of the neuroprotective effects of smoking (40).

A Link Between SV2C Expression and a-Synuclein Disruption. An-
other link between SV2C and PD highlighted by our data is an
association between SV2C and a-synuclein (Fig. 4). We dem-
onstrate that o-synuclein coimmunoprecipitates with SV2C
from striatal homogenates, indicating a physical and perhaps a
functional interaction. We were unable to detect SV2C in an
a-synuclein pull-down, perhaps because of the relative abun-
dance of a-synuclein compared with SV2C, the difficulty in
immunoprecipitating untagged native proteins from animal tissues,
the inability of our a-synuclein antibody to immunoprecipitate
a-synuclein oligomers, or the particular conditions of our immu-
noprecipitation conditions. Nonetheless, an interaction between
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Fig. 8. SV2C expression is specifically disrupted in PD basal ganglia. Repre-
sentative micrographs demonstrate SV2C staining in human SNpc and puta-
men. (A) In PD, SV2C expression is significantly disrupted in the SNpc and
putamen. SV2C-positive puncta are distributed throughout the SNpc and
putamen in PD but not in age-matched controls. (B) Representative micro-
graphs indicate that SV2C staining is relatively normal in the putamen of
representative DLB/PD, MSA, PSP, and AD cases. (C) SV2A is not disrupted in
PD putamen. (D) SV2C puncta do not reflect putamen a-synuclein disruption.
(E) SV2C puncta also do not represent a more general disruption of syn-
aptic vesicle proteins, because synaptophysin expression is preserved in
PD. (F) SV2C puncta also are ubiquitin positive. (Scale bars, 20 pm.)

SV2C and a-synuclein may be the basis for the mutual disruption of
the two proteins we observed in our mouse models. SV2C-KO
animals have increased expression of high molecular weight o-syn-
uclein with a commensurate decreased in low molecular weight
a-synuclein. This disruption is notable, because the ratio of mo-
nomeric to multimeric a-synuclein is altered in PD and is likely
important in the induction of a-synuclein aggregation and toxicity
(49-51). Monomeric a-synuclein is thought to be the least toxic
a-synuclein species, whereas aberrant soluble oligomers cause
cellular toxicity by a variety of mechanisms (52-56). Our findings
are supported by previous evidence indicating that SV2C and
a-synuclein gene transcripts are normally highly correlated but
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that this relationship is abolished in PD (57). These data suggest
an association between SV2C and a-synuclein and that disrup-
tions in a-synuclein or SV2C modify this interaction.

SV2C Disruption in PD Basal Ganglia. Finally, we directly connect
SV2C to human PD by demonstrating altered SV2C expression
in PD basal ganglia (Fig. 8). SV2C is normally distributed
throughout the basal ganglia in dopaminergic regions of the
SNpc and striatum in humans. This pattern of expression was
largely unaltered in control cases and in other neurodegenerative
diseases affecting the basal ganglia, such as MSA, PSP, and DLB,
as well as in non-basal ganglia-related AD. However, SV2C
expression alone was consistently altered in PD: SV2C staining
was almost entirely punctate in the nigrostriatal tract, revealing
intra- and extracellular inclusions of SV2C. These data expose a
pathologic feature not previously identified in PD. Deposition of
SV2C does not appear to reflect more general synaptic vesicle
perturbation, because neither SV2A nor synaptophysin shows a
similar pattern of expression. SV2C inclusions also do not show a
pattern of deposition similar to that of a-synuclein—positive Lewy
bodies, because Lewy bodies are not typically found in the
striatum of PD cases. Furthermore, SV2C puncta are also
ubiquitin-positive, possibly indicating a pathological accumula-
tion of protein. It is important to note that this pathology ap-
pears to be restricted chiefly to PD. Basal ganglia pathologies are
characteristic of PD, MSA, PSP, and DLB, but SV2C disruption
was consistently evident in PD and was less severe in PD with
neuropathology consistent with comorbid DLB. Although MSA,
PSP, and DLB are all classified as Parkinson Plus syndromes,
they differ clinically, etiologically, and histopathologically from
PD and are not effectively treated by dopamine replacement
therapeutics (reviewed in ref. 58). The lack of SV2C pathology in
PSP, DLB, and MSA further distinguishes them from PD and
suggests that SV2C disruption is related to the concurrent
a-synuclein disruption and dopaminergic degeneration charac-
teristic of PD. It is unknown if similar SV2C disruption is present
in forms of PD lacking Lewy body pathology, such as cases
stemming from certain LRRK2 mutations (59). SV2C expression
was largely unaffected in AD, further emphasizing that SV2C
disruption likely is not related merely to a neurodegenerative
disease state. As with other neurodegeneration-related protein
disruptions, more research is required to characterize fully the
alteration in SV2C expression in PD; however, these data di-
rectly connect SV2C protein to PD and strengthen previous
data implicating SV2C as a genetic mediator of PD risk in
certain populations.

A Role for SV2C and PD Pathogenesis. The cause and implications
of SV2C deposition in the basal ganglia are unclear. As our
mouse data suggest, SV2C is particularly important presynaptically
in regulating dopamine release and in maintaining dopamine
tone. Disruptions in SV2C may negatively affect dopaminergic
vesicular function, as well as neuron integrity and neurotrans-
mission, thereby contributing to human disease progression. As
such, modulating the function of SV2C to enhance or restore its
ability to preserve proper basal ganglia neurotransmission may
be a promising avenue for therapeutics. Indeed, SV2C is a fea-
sible target for pharmacotherapy: SV2C binds botulinum neu-
rotoxin A (42, 60), and its close family member, SV2A, is the
specific target for the antiepileptic drug levetiracetam (36). Because
SV2C is also localized to striatal GABAergic cells, manipulating
SV2C function may have functional and therapeutic implications
for both the dopamine and GABA neurotransmitter systems.
Finally, the severity and specificity of SV2C disruption in PD is
striking. It suggests a pathologic feature unique to PD that fur-
ther distinguishes it from other basal ganglia neurodegenerative
disorders. SV2C is localized to the basal ganglia, is associated
with variable PD risk in smokers, promotes proper dopamine
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homeostasis and motor function, and is disrupted in PD. Taken
together, these data establish a role for SV2C in nigrostriatal
dopamine neurotransmission and identify it as a potential con-
tributor to PD pathogenesis.

Materials and Methods

Antibodies. Two polyclonal anti-SV2C sera were raised in rabbits against pep-
tides in the N terminus region (amino acids 97-114) of SV2C: one against mouse
SV2C (mSV2G; sequence STNQGKDSIVSVGQPKG), and one against human SV2C
(hSV2C; sequence SMNQAKDSIVSVGQPKG). Peptides were conjugated to
Imject Maleimide Activated mcKLH (Thermo Scientific), and sera were gen-
erated for the G.W.M. laboratory by Covance Custom Immunology Services.
The following primary antibodies were purchased commercially: DAT, TH,
and synaptophysin (Millipore), B-actin (Sigma), SV2A (E-15) (Santa Cruz
Biotechnology), SV2B and synaptotagmin-1 (Synaptic Systems), a-synuclein
(BD Transduction Laboratories), and ubiquitin (Fitzgerald Industries).
Biotinylated, HRP-conjugated secondary antibodies were purchased
from Jackson ImmunoResearch, and fluorescent secondary antibodies
were purchased from Abcam.

Tissue Culture. HEK293 and N2a cells (ATCC) were cultured according to
standard protocols. The growth medium was either DMEM with 10% (vol/vol)
FBS + 1% penicillin/streptomycin (for HEK293 cells) or Eagles’ minimum es-
sential medium (EMEM) + 10% (vol/vol) FBS + 1% penicillin/streptomycin
(for N2a cells). Transfections of SV2C and SV2A in pcDNA3.1 vectors were
performed with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocols. SV2C shRNA constructs were transfected via electro-
poration (Amaxa Nucleofector) according to the manufacturer’s protocols.
Cells were harvested 24 h posttransfection and were lysed in radio-
immunoprecipitation assay (RIPA) buffer; total protein extraction was
achieved through differential centrifugation.

SV2C shRNA. shRNA against SV2C were custom-designed by OriGene for the
G.W.M. laboratory. Two SV2C-specific sequences (GACAGCATCGTGTCTGTAG
and ATCGTGTCTGTAGGACAGCQ) significantly reduced the expression of en-
dogenous SV2C expression in N2a cells. One scrambled sequence not cor-
responding to any sequence in SV2C had no effect on SV2C expression.

Western Blotting. Western blots were performed as previously described (61).
Primary antibodies were used at the following dilutions: SV2C, 1:2,500; DAT,
1:5,000; TH, 1:1,000; synaptotagmin 1, 1:1,000; synaptophysin, 1:1,000;
a-synuclein, 1:1,000; and p-actin, 1:5,000. HRP-conjugated secondary anti-
bodies were diluted to 1:5,000. For antigen blocking, mSV2CpAb was diluted
1:2,500 in a solution containing 1 mg/mL immunizing peptide and 0.75%
nonfat powdered milk for 1 h at room temperature and then was applied to
the immunoblot.

Animals. Twelve-month-old male and female A53T-OE mice and WT litter-
mates and 22-mo-old male and female VMAT2-LO mice and WT littermates
were used for studies involving genetic models of PD. Six- to twelve-month-
old male WT C57BL/6J mice (Charles River Laboratories) were used for MPTP
studies. Three to six animals were included in each group for all experiments.
All procedures were conducted in accordance with the National Institutes of
Health Guide for Care and Use of Laboratory Animals (62) and were pre-
viously approved by the Institutional Animal Care and Use Committee at
Emory University.

MPTP Treatments. Male mice were injected s.c. with MPTP hydrochloride
(Sigma) or saline. The “terminal” lesion consisted of two injections of 15 mg/kg
MPTP with an interinjection interval of 12 h. The 4x 15 mg/kg lesion con-
sisted of four injections of 15 mg/kg MPTP in 1 d with an interinjection
interval of 2 h. The “cell body” lesion consisted of five injections of 20 mg/kg
MPTP with an interinjection interval of 24 h.

Transgenic Mouse Generation.

SV2C-KO mice. We obtained three lines of C57BL/6 ES cells from the European
Conditional Mouse Mutagenesis Program containing the SV2C “knockout-
first construct” (63). ES cells containing the construct were injected into
blastocysts. Chimeric mice were bred with C57BL/6) mice. We achieved
germline transmission of the construct in resulting offspring and chose these
mice to found the SV2C-knockout first line. This line was subsequently
crossed with mice containing Flp-recombinase followed by mice containing
Cre under a NES (nestin) promoter to delete the intron and found the SV2C-
KO line. Animals were genotyped using PCR, and loss of SV2C protein was
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confirmed by immunoblot following behavioral and electrochemical ex-
periments. PCR genotyping primers are as follows:

Sv2c (Exon 2): (Fw) TCA TCT AGA AGG GTT AAG GTC TGG, (Rev) ACC ATC
ATC CCG AGG TAC AC

LoxP: (Fw) GCC TCA ACC AGA CCT AAG AA, (Rev) TAG GAA CTT CGG
AAT AGG

LacZ: (Fw) GTC GTT TGC CGT CTG AAT TT, (Rev) CAT TAA AGC GAG TGG
CAA CA

Cre: (Fw) CCT GGA AAA TGC TTC TGT CCG TTT GCC, (Rev) GAG TTG ATA
GCT GGC TGG TGG CAG ATG

Flp: (Fw) CAC TGA TAT TGT AAG TAG TTT GA, (Rev) CTA GTG CGA AGT
AGT GAT CAG G

Back-crossed VMAT2-LO mice. Mice expressing 5% of normal VMAT2 levels were
generated as described previously (4, 8, 64) and were back-crossed to a
C57BL/6J genetic background (65).

A53T-OE mice. Mice overexpressing the human PD-associated a-synuclein A53T
missense mutation in nigrostriatal dopamine cells under the control of a
Pitx3 promoter were generated as described previously (43).

Immunohistochemistry.

Paraffin-embedded human tissue. Sections were deparaffinized in xylene and
were rehydrated in decreasing concentrations of ethanol. Endogenous
peroxidase was quenched with 3% (vol/ivol) H,O,, followed by antigen re-
trieval in citrate buffer (pH 6.0) at 95 °C. Nonspecific antibody binding was
blocked with 3% (vol/vol) normal horse serum. The primary antibody was
diluted to 1:2,500 (hSV2CpAb) or 1:1,000 (all others). The biotinylated sec-
ondary antibody (1:200) signal was enhanced with an avidin-biotin complex
(Vector Laboratories) and developed with a 3-3' diaminobenzidine (DAB)
reaction for ~45 s. Fluorescent secondary antibodies were diluted 1:800, and
autofluorescence was quenched with a 7-min incubation in 0.1% Sudan
Black solution before coverslipping.

Frozen sections. Mice were killed by rapid decapitation or transcardial perfusion.
Brains were removed and placed in 4% paraformaldehyde for fixation followed
by storage in 30% (wt/vol) sucrose. Brains were sectioned to 40 pm. Staining
was conducted as described previously (61), except that all washes and dilu-
tions were conducted in PBS with 0.2% Triton X-100. All tissue was imaged
using a Zeiss AX10 microscope (brightfield, fluorescent) or an Olympus FV1000-
TIRF microscope with a 60x oil-immersion objective (confocal).

Quantification of Synapse Density. Confocal micrographs (60x) were taken at
a resolution of 3.7 pixels/um. Images were analyzed with ImageJ software.
Puncta with a minimum size of four pixels and an intensity of at least 20% of
average brightness were identified and quantified. Three random sampling
sites (212 pmz) from three sections of each animal were analyzed, and three
animals per genotype were included.

HPLC in Striatal Tissue. HPLC for striatal dopamine and DOPAC content was
performed as described previously (61). Briefly, unilateral striatal dissections
were sonicated in 10x their weight of 0.1 M perchloric acid and were pel-
leted at 10,000 x g for 10 min. Supernatants were filtered at 0.2 pm. Do-
pamine and DOPAC were detected using an MD-150 x 3.2 mm C18 column
(ESA). The mobile phase consisted of 1.5 mM 1-octanesulfonic acid sodium,
75 mM NaH,PO,4 0.025% triethylamine, and 8% (vol/vol) acetonitrile at
pH 2.9. A 20-pL sample was injected.

Immunoprecipitation of SV2C and «-Synuclein. Coimmunoprecipitation ex-
periments were performed using the Pierce Co-lImmunoprecipitation Kit
(Thermo Scientific) according to the manufacturer’s protocols. mSV2CpAb
was cross-linked to agarose beads. WT animals were killed by rapid de-
capitation, and a bilateral striatal dissection was performed followed
by homogenization and centrifugation to achieve a crude synaptosomal
preparation. Samples were treated with immunoprecipitation lysis/wash
buffer [25 mM Tris-HCl (pH 7.4), 150 mM NacCl, 1 mM EDTA, 1% Nonidet
P-40, and 5% glycerol] and were incubated with antibody-bound resin over-
night at 4 °C. Protein complexes were eluted with low-pH elution buffer.

Locomotor Activity. Animals were individually placed in locomotor activity
monitoring boxes 2 h before the onset of the dark (waking) period. Beam-
breaks detected by accompanying software were recorded as a measure of
total ambulations for a 24-h observation period (61).
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Gait Analysis. Animals were trained to walk along a clean paper path to
their home cage. On the testing day, forepaws were dipped in water-
soluble ink, and animals were prompted to transverse the paper. Stride
length was measured as the total toe-to-toe distance across an average of
three steps (48).

Rotorod. Animals were trained to balance on a slowly rotating rod. On the test
day, animals were placed on the rod which accelerated to 12 rpm over 10 s.
Latency to fall, speed of rotation at the time of fall, and total distance
traveled was recorded and averaged over three testing trials (48).

FSCV in Striatal Slices. FSCV was performed as described previously (61, 65, 66)
in 300-um striatal slices bathed in 30 °C oxygenated artificial cerebrospinal
fluid (aCSF). Stimulations consisted of either a single 700-pA 4-ms monop-
olar pulse (baseline release) or five pulses at 100 Hz (high-intensity stimu-
lation). Four to five single-pulse recordings were taken at each of four
dorsolateral striatal sites with a 5-min interstimulus rest period followed by
one five-pulse, 100-Hz stimulation recording. Electrode sensitivity was
calibrated to known dopamine standards using a flow-cell injection system.
Maximum dopamine release was averaged across sites, and kinetic con-
stants were calculated using nonlinear regression analysis of dopamine
release and uptake.
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