Deficits in dopaminergic transmission precede neuron
loss and dysfunction in a new Parkinson model
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The pathological end-state of Parkinson disease is well described
from postmortem tissue, but there remains a pressing need to define
early functional changes to susceptible neurons and circuits. In
particular, mechanisms underlying the vulnerability of the dopamine
neurons of the substantia nigra pars compacta (SNc¢) and the im-
portance of protein aggregation in driving the disease process re-
main to be determined. To better understand the sequence of events
occurring in familial and sporadic Parkinson disease, we generated
bacterial artificial chromosome transgenic mice (SNCA-OVX) that ex-
press wild-type a-synuclein from the complete human SNCA locus at
disease-relevant levels and display a transgene expression profile that
recapitulates that of endogenous a-synuclein. SNCA-OVX mice display
age-dependent loss of nigrostriatal dopamine neurons and motor
impairments characteristic of Parkinson disease. This phenotype is
preceded by early deficits in dopamine release from terminals in
the dorsal, but not ventral, striatum. Such neurotransmission deficits
are not seen at either noradrenergic or serotoninergic terminals. Do-
pamine release deficits are associated with an altered distribution of
vesicles in dopaminergic axons in the dorsal striatum. Aged SNCA-
OVX mice exhibit reduced firing of SNc dopamine neurons in vivo
measured by juxtacellular recording of neurochemically identified
neurons. These progressive changes in vulnerable SNc neurons were
observed independently of overt protein aggregation, suggesting
neurophysiological changes precede, and are not driven by, aggre-
gate formation. This longitudinal phenotyping strategy in SNCA-OVX
mice thus provides insights into the region-specific neuronal distur-
bances preceding and accompanying Parkinson disease.

dopamine transmission | in vivo electrophysiology | voltammetry |
neurodegeneration | behavioral phenotyping

he development of new disease-modifying therapies for Par-

kinson disease (PD) is critically dependent on animal models
that accurately recapitulate pathophysiological sequelae in an
age-dependent manner. The generation of such models using
genetically altered animals has proved challenging. The tradi-
tional use of heterologous gene promoters in the generation of
transgenic mouse models precluded an endogenous transgene
expression profile and produced additional phenotypes that are
not characteristic of PD (1). In contrast, bacterial artificial
chromosome (BAC) technology can enable expression of a de-
sired transgene under the control of its native promoter and
regulatory elements to achieve a correct spatiotemporal expres-
sion profile, thereby providing a more physiological model for
investigating molecular mechanisms of the disease.

The a-synuclein gene (SNCA) has been implicated in PD
through three dominant point mutations (2-4) and locus multi-
plication (5, 6). SNCA duplications and triplications cause auto-
somal-dominant PD in which the age of onset and disease
severity are related in a gene dosage-dependent manner (5, 6).
More recently, genome-wide association studies (GWASs) have
demonstrated a link between common SNCA variants and sporadic
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forms of PD, with disease-associated polymorphisms proposed to
increase a-synuclein (o-syn) expression either by increasing tran-
scription or stabilizing mRNA (7-9). Although a-syn aggregation
into cytoplasmic Lewy bodies is seen in human PD patient post-
mortem tissue, it is not known whether neurophysiological dys-
function and cell death precede the formation of aggregates.

To better understand the mechanisms by which elevated o-syn
leads to the progressive neuronal dysfunction seen in PD, we have
generated BAC transgenic mice (SNCA-OVX) that express human
wild-type a-syn at twice the endogenous level of mouse a-syn. Using
a longitudinal “deep phenotyping” strategy in these SNCA-OVX
mice, in vitro and in vivo, we find disturbances to midbrain dopa-
mine neuron function at discrete phases that precede and/or ac-
company PD-like loss of dopamine neurons and motor deficits.
Specifically, dopamine transmission and vesicular organization are
compromised selectively in dorsal striatum before a subsequent loss
of dopamine neurons, abnormal firing in remaining dopamine
neurons in vivo, and movement deficits. These findings thus provide
key insights into the progression of events in PD.

Results

Molecular Characterization of SNCA-OVX Mice. We generated SNCA
transgenic mice using a BAC construct carrying the complete
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111-kb wild-type human SNCA locus (Fig. S14). Two mouse lines
were generated: SNCA-OVX, which overexpresses human a-syn
to levels that model those associated with SNCA multiplications
(10), and ha-syn, which expresses human a-syn at a low/moderate
level as a control for expression of human a-syn. Both lines were
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bred to a mouse a-syn-null (Snca™~) pure C57/BI6 background
(11) to preclude confounding interactions with endogenous a-syn.
Complete transgene integration was confirmed by exon PCR
amplification of all six human SNCA exons (Fig. S1B). For
SNCA-OVX mice, a single site of integration was identified by
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Fig. 1. Characterization of a-syn transgenic mice. (A and B) Double immunofluorescence labeling for a-syn and TH confirms human a-syn transgene ex-
pression in TH-immunoreactive dopamine neurons of the (A) SNc and (B) VTA in 3-mo-old SNCA-OVX and ha-syn animals. (Scale bars, 200 pm.) (C) Quanti-
tative Western analysis of striatal a-syn expression in 3-mo-old SNCA-OVX, ha-syn, Snca™~, and C57/BI6 animals reveals that SNCA-OVX animals express the
human wild-type SNCA transgene at 1.9-fold higher levels compared with endogenous mouse a-syn protein in C57/BI6 animals. No a-syn expression was
observed in Snca™~ control animals. One-way ANOVA with Bonferroni post hoc analysis; ****P < 0.0001, ***P < 0.001, n = 2-3. (D) Immunohistochemical
analysis revealed somatic cytoplasmic a-syn immunostaining in cells of the SNc in 18-mo-old SNCA-OVX mice using the Syn-1 antibody with formic acid (FA)
pretreatment. Similar structures were weakly labeled in 18-mo-old SNCA-OVX mice using the LB509 antibody autoclaved (AQ) in citric buffer. This staining was
abolished when proteinase K (PK) antigen retrieval was applied instead. All of these immunohistochemical stainings were carried out together with control
tissue (entorhinal cortex from a PD patient with dementia that shows prominent Lewy body and neuritic pathology). No “amyloid” pathology was detected
with thioflavine S in either 18-mo-old SNCA-OVX or Snca™", whereas several Lewy bodies and dystrophic neurites were detected in the positive PD control.
(Scale bars, 20 um; magnification: all pictures, 400x.) (E and G) At 3 mo of age, stereological cell counting revealed no differences in the number of TH-
immunoreactive neurons in the SNc of SNCA-OVX mice compared with ha-syn and Snca™~ mice. One-way ANOVA: no main effect of genotype: F < 1, P> 0.05,
n =5 per genotype. Data are expressed as the mean + SEM. Representative images of TH-immunoreactivity in the SNc are shown. (Scale bar, 200 pm.) (F and H)
Analysis of 18-mo-old animals revealed a 30% loss of TH-immunoreactive neurons in the SNc of SNCA-OVX mice compared with ha-syn mice. One-way ANOVA
with Bonferroni post hoc analysis: main effect of genotype: F;,12) = 6.3, *P < 0.05, n = 5 per genotype. Data are expressed as the mean + SEM. Representative
images of TH immunoreactivity in the SNc are shown. (Scale bar, 200 pm.)
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fluorescence in situ hybridization analysis near the centromere of
chromosome 4 and, for ha-syn mice, a single site near the telo-
mere of chromosome 2 (Fig. S1C).

Double immunofluorescence labeling for tyrosine hydroxylase
(TH) and a-syn revealed transgene expression in TH-immuno-
reactive dopamine neurons in the substantia nigra pars compacta
(SNc) (Fig. 14) and ventral tegmental area (VTA) (Fig. 1B) of
SNCA-OVX and ha-syn (but not Snca™~) mice. Transgene ex-
pression was also found to recapitulate the regional expression
pattern of endogenous mouse o-syn in other brain regions in-
cluding cortex, hippocampus, and striatum (Fig. S1E). Human
a-syn levels in the striatum of SNCA-OVX mice were 1.9-fold
higher relative to the levels of endogenous mouse a-syn in age-
matched C57/Bl6 animals (Fig. 1C). We observed no change in
B-synuclein or y-synuclein levels in SNCA-OVX mice (Fig. S1D).

Soluble high-molecular-weight a-syn species were observed in
the midbrain of SNCA-OVX mice at both 3 and 18 mo of age,
but not in ha-syn mice, as assessed by native PAGE (Fig. S24).
The absence of soluble high-molecular-weight species in ha-syn
mice was confirmed by loading increasing amounts of protein,
such that the levels of a-syn in the samples were comparable,
without the appearance of the smear of higher-molecular-weight
species being seen. In addition, it was confirmed that these sol-
uble species were similar to those observed in PD, by comparison
with SNc tissue from a PD patient. A C-terminal truncated form
of a-syn was observed at low levels in the midbrain of 18-mo-old
SNCA-OVX mice, as demonstrated by Western blotting with an
antibody raised against the central portion (aa 18-123) of a-syn
followed by reprobing with an antibody raised against the
C terminus (aa 118-123) of a-syn (Fig. S2B). This truncation
generated a fragment comparable in size to that observed in the
SNc of a PD patient but was not observed in ha-syn mice or in
any of the samples probed with the C-terminal antibody. No
evidence of a-syn phosphorylation at S129 was observed in any of
the mice strains using a number of commercial S129P antibodies
(Fig. S2C).

We looked for the presence of pathological a-syn aggregates in
the SNCA-OVX line at 18 mo of age. Proteinase K treatment,
which enhances the immunoreactivity of “abnormal” a-syn (i.e.,
that in intracytoplasmic aggregates) and also diminishes that of
diffuse physiological expression (12), abolished the immunore-
activity of a-syn in the SNc (Fig. 1D) and striatum (Fig. S34) of
aged SNCA-OVX mice. Similarly, thioflavine S, which detects
the B-sheet-rich amyloid and p62, a common constituent in se-
veral types of disease-associated inclusions, revealed no patho-
logical protein aggregations in the SNc¢ of SNCA-OVX mice (Fig.
S3B). No qualitative differences in astrogliosis or microglial ac-
tivation were detected between SNCA-OVX mice and Snca™~
controls, as analyzed by immunohistochemistry using antibodies
against GFAP and Iba-1, respectively (Fig. S3B). Hyperphos-
phorylated tau (AT8) and B-amyloid (4G8) staining was negative
in all animals (Fig. S3B).

Aged SNCA-OVX Animals Lose Nigrostriatal Dopamine Neurons. To
assess whether progressive degeneration of SNc dopamine neu-
rons, a cardinal pathological feature of PD, occurs as a conse-
quence of overexpressing a-syn, an unbiased stereological count
of TH-immunoreactive neurons was performed in the SNc of
3- and 18-mo-old mice. It is already known that Snca™~ mice
display a small decrease in dopamine neurons (13, 14); therefore,
to evaluate the effects of increased levels of a-syn we compared
the number of dopamine neurons in SNCA-OVX to those in ha-
syn mice. In young adults (3 mo), no difference was found in the
number of TH-immunoreactive neurons between genotypes (Fig.
1 E and G). However, in aged mice (18 mo), SNCA-OVX ani-
mals displayed a 30% reduction in TH-immunoreactive neurons
in the SNc compared with the ha-syn mice (Fig. 1 F and H).
At 18 mo of age, SNCA-OVX animals also displayed a 22%
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reduction in hematoxylin-counterstained neurons in the
SNc compared with the ha-syn mice (Fig. S4B), whereas no
difference in hematoxylin-stained cells was observed at 3 mo
of age (Fig. S44), confirming that the loss of TH-immunore-
active neurons in aged SNCA-OVX mice was not due to
a down-regulation of TH expression. The loss of SNc dopa-
mine neurons in aged SNCA-OVX mice was observed in the
absence of overt aggregation pathology in the SNc and stria-
tum, suggesting a-syn aggregation is not required for neuronal
death in the SNc.

SNCA-OVX Mice Display Early Nonmotor and Late Motor Phenotypes.
SNCA-OVX and control mice were analyzed for nonmotor phe-
notypes that reflect early symptoms of PD. We assessed gastro-
intestinal function and revealed an increased dry stool weight in
male SNCA-OVX mice that was independent of age (Fig. 24).
This increase in dry stool weight was not accompanied by an in-
creased stool frequency or stool water content (Fig. S5 4 and B),
indicating a constipation-like phenotype that was seen in male, but
not female, SNCA-OVX mice.

We next assessed motor function using the accelerating ro-
tarod, multiple static rods, and the forepaw stride length tests.
On the rotarod test, the latency of aged (18 mo) but not young
(3 mo) SNCA-OVX mice to fall was significantly reduced com-
pared with ha-syn and Snca™" controls (Fig. 2B). SNCA-OVX
animals at 18 mo of age were also impaired on the multiple static
rods test (Fig. 2 C-E and Movies S1 and S2) compared with age-
matched controls. SNCA-OVX mice also displayed a reduced
forepaw stride length compared with littermate control Snca™~
mice (Fig. 2F). SNCA-OVX mice did not display differences in
latency to fall in the inverted screen test compared with age-
matched ha-syn and Snca™ controls, indicating that poor per-
formance in the rotarod and multiple static rods tests was due
to impaired motor coordination rather than muscle weakness
(Fig. S5C).

Early and Sustained Deficits in Dopamine Transmission in the Dorsal
Striatum of SNCA-OVX Mice. Having established a mouse model
that displays an age-dependent Parkinsonian phenotype, we
sought to investigate what changes might precede or accompany
the phenotypic alterations. In PD, the nigrostriatal dopamine
neurons projecting from the SNc to the dorsal striatum [caudate
putamen (CPu)], are preferentially affected compared with me-
solimbic dopamine neurons projecting from the VTA to the
ventral striatum [nucleus accumbens (NAc)]. Expression of the
a-syn transgene was confirmed in both the CPu and NAc of
SNCA-OVX transgenic mice (Fig. S6 4 and B). To investigate
region- and age-dependent changes in dopamine transmission in
SNCA-OVX mice, we used fast-scan cyclic voltammetry (FCV)
at carbon-fiber microelectrodes, which detects dopamine release
and reuptake in real time. In the dorsal striatum, mean peak
extracellular concentrations of dopamine ([dopamine],) evoked
by single electrical pulses across distributed recording sites were,
on average, ~30% lower in SNCA-OVX mice than in littermate
Snca™~ controls (Fig. 3 A-C, left traces). This reduced release
was present from a young age (3—4 mo) before the loss of do-
pamine neurons (Fig. 1H) and persisted throughout the lifespan
of adult mice (tested at 3—4, 12, and 18 mo). The greatest deficits
were found in dorsal and lateral recording sites (Fig. 3G). In
contrast, in the ventral striatum no significant difference in
evoked [dopamine], was detected between the two genotypes at
any time point (Fig. 3 A-C, right traces).

In young and aged ha-syn mice, mean peak [dopamine],
evoked by single pulses in CPu or NAc was not significantly
different from that in Snca™~ littermates (Fig. 3 H and I), sug-
gesting that the deficit in evoked [dopamine], in SNCA-OVX
mice was a consequence of the elevated levels of human a-syn
rather than its expression per se. Dopamine content of CPu or
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Fig. 2.

Early nonmotor and late motor phenotypes in SCNA-OVX mice. (A) Male SNCA-OVX animals displayed an increased dry stool weight independent of

age. Three-way ANOVA; main effect of age: F(; g4y = 20.66, ****P < 0.0001; genotype/sex interaction: F(; g3y = 3.19, *P < 0.05; no interaction between genotype
and age: Fp g3) = 1.44, P > 0.05; separate ANOVA for males: main effect of genotype: F 45y = 7.76, ***P < 0.001 (Tukey post hoc test *P < 0.05, ***P < 0.001),
n =4-11; females: main effect of genotype: F < 1, P> 0.05, n = 3-8. Data are expressed as mean + SEM. (B) Rotarod performance was impaired in 18- but not
in 3-mo-old SNCA-OVX mice. Two-way ANOVA of square-root transformed data: main effect of age: F(; 25 = 25.95, ***P < 0.001; main effect of genotype:
F,27y = 3.49, *P < 0.05; genotype/age interaction: F(,»7) = 6.14, **P < 0.01; separate ANOVAs revealed no main effect of genotype at 3 mo (F < 1, P> 0.05), but
a significant main effect of genotype at 18 mo (F(,15) = 10.04, **P < 0.01) (Tukey post hoc test *P < 0.05, **P < 0.01), n = 3-8), which remained significant
when body weight was included as a covariate (ANCOVA: main effect of genotype: F 14y = 4.93, *P < 0.05). Data are expressed as mean + SEM. (C-E) SNCA-
OVX animals (18 mo old) were impaired on the multiple static rods test compared with ha-syn and Snca™~ animals. (C) Orientation: ANOVA of square-root
transformed data collapsed across both rods; main effect of genotype: F(;.4) = 3.35, P = 0.05, n = 7-10. Data are expressed as mean + SEM. (D) Traversing:
Kruskal-Wallis one-way ANOVA on ranked data collapsed across both rods. Effect of genotype: H, = 12.37; **P < 0.01 (Dunn'’s post hoc pairwise comparison
*P < 0.05), n = 7-10. Data are expressed as median =+ IQ range. (E) SNCA-OVX animals displayed increased foot slips when traversing rod 2 (**P < 0.01, Welch
t test: t = 3.79, df = 6, n = 4 per group). Rods had a diameter of 22 mm (rod 1) and 9 mm (rod 2). (F) SNCA-OVX animals displayed reduced stride length

compared with Snca™~

mice (Kruskal-Wallis one-way ANOVA on ranked data, comprising data from both ages and sexes: main effect of genotype: Hp) =

10.79, **P < 0.01 (Dunn's post hoc pairwise comparison *P < 0.05), n = 15-30). Data are expressed as median + IQ range.

NAc assessed by HPLC was not significantly different between
ha-syn and Snca™~ mice at either 3 or 18 mo (Fig. 3 J and K).
Because no phenotypic changes were detected in ha-syn mice
compared with Snca™~ mice, our subsequent analyses focused
on comparing SNCA-OVX transgenic mice with their littermate
control Snca™~ mice.

Lower levels of evoked [dopamine], in dorsal striatum of
SNCA-OVX compared with Snca™~ mice were not due to re-
duced striatal dopamine content: HPLC analysis showed net
dopamine content was unchanged in CPu or NAc in SNCA-OVX
compared with Snca™~ mice at 3-4 and 12 mo (Fig. 3 D and E),
whereas at 18 mo dopamine content in CPu (but not NAc) was,
paradoxically, greater in SNCA-OVX mice compared with
Snca™~ controls, and unaltered in NAc (Fig. 3F). Furthermore,
apparent deficits in dopamine release in dorsal CPu of either
young or aged adult SNCA-OVX mice were not due to di-
minished [dopamine], that might result from enhanced dopa-
mine uptake, because dopamine uptake kinetics were normal
(Fig. S6C). No change in the level of dopamine transporter
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protein was observed (Fig. S6D). In addition, we excluded a role
for striatal ACh input to dopamine axons from cholinergic
interneurons, which play a key role in driving dopamine release
probability (15): A dopamine release deficit persisted in the pre-
sence of nicotinic receptor blockade by dihydro-p-erythroidine
(Fig. S6 E and F). There were also no detectable changes in the
net dependence on extracellular Ca** (Fig. S6G).

No Change in SNARE Complex Formation but Changes in Dopamine
Vesicle Distribution. We next sought to understand the underlying
molecular, neuroanatomical, and neurophysiological changes in
the SNc that may lead to progressive neuronal loss in the SNCA-
OVX model of PD. The reduction in evoked [dopamine], seen
before loss of dopamine neurons or dopamine content suggests a
reduction in the releasability of dopamine. However, we found no
differences in SNARE complex formation in the striatum of
6-mo-old SNCA-OVX mice compared with age-matched controls
(Fig. S7 A and B) or any changes in the striatal protein levels of
SNAP25, VAMP2, complexins, or synapsins (Fig. S7 C-G). These
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Fig. 3.

a-syn overexpression limits dopamine release from an early age in CPu, but not NAc. (A-C) Mean extracellular dopamine concentration ([dopamine],)

profiles vs. time (mean + SEM) following single pulse stimulation (1200 ps, 0.6 mA) in CPu (A-C, left traces) or NAc (A-C, right traces) of Snca~~ vs. SNCA-OVX
at increasing ages. Mean peak evoked [dopamine], was significantly lower in SNCA-OVX compared with Snca™~ in CPu (**P < 0.01, ***P < 0.001; unpaired
t test; n = 60-72) but not NAc (P > 0.05; unpaired t test; n = 19-23) at 3-18 mo. (D-F) Dopamine content (expressed as a percentage of Snca™") in CPu and NAc
dissected from striatal slices used for FCV recordings. Mean dopamine content was not significantly different between SNCA-OVX and Snca™" in CPu or NAc
(P > 0.05, unpaired t test, n = 10) between ages 3 and 12 mo. However, at 18 mo mean dopamine content was significantly greater in CPu of SNCA-OVX
compared with Snca™ (F: **P < 0.01, unpaired t test, n = 12) but not NAc. (G) Typical FCV recording sites include six CPu and two NAc recordings. Mean peak
[dopamine], from individual sites from 3- to 4-mo-old Snca~"~ and SNCA-OVX highlights more prominent [dopamine], deficit in dorsal striatum (ventrolateral
striatum **P < 0.01; dorsomedial and dorso-mid striatum *P < 0.05; all other regions P > 0.05; unpaired t test; n = 10-14 per region). (H and /) The ha-syn mice
show no difference compared with Snca™"" mice in mean peak evoked [dopamine], (P > 0.05; unpaired t test; H: 3 mo, n = 18 NAc, n =60 CPu; : 18 mo, n= 15
NAc, n = 47 CPu) or dopamine content (P > 0.05; unpaired t test; J: 3 mo, n = 10; K: 18 mo, n = 7) in CPu or NAc. Absolute values for dopamine content ranged

from 97 to 240 pmol/mm? tissue in CPu to 47-104 pmol/mm? tissue in NAc.

results are consistent with previous finding that striatal SNARE
complex formation in striatum is not regulated by synucleins (16).

We next explored the alternative hypothesis that a-syn might
restrict dopamine release by altering the distribution of the
vesicular pool in dopamine axons in the dorsal striatum (17).
We used electron microscopy to analyze the structure of TH-
immunoreactive synaptic and nonsynaptic axonal profiles in the
CPu of 3-mo-old SNCA-OVX and Snca™~ mice. The mean
cross-sectional area of profiles, the number and density of vesi-
cles per profile, and the distance of vesicles to the plasma mem-
brane were similar in both genotypes (Table S1). When a synapse
was present, there were also no differences in the synaptic mem-
brane length or distance of vesicles to the active zone. However,
vesicles in SNCA-OVX mice were more clustered than those in
Snca™ mice; the frequency distribution of intervesicle distance
was significantly different between genotypes (P < 0.0001; two-
sample Kolmogorov-Smirnov test; Fig. 4), and vesicles were three
times less dispersed in SNCA-OVX mice (index of dispersion
DSNCA-OVX/DSnca_/_ = 034)

E4020 | www.pnas.org/cgi/doi/10.1073/pnas.1309143110

Monoamine Neurotransmission Deficit Does Not Extend to Norepi-
nephrine or 5-Hydroxytryptamine. To determine whether the def-
icit in dopamine release in the dorsal striatum of SNCA-OVX
mice is seen for other amines elsewhere, we investigated the
release of norepinephrine (NE) and 5-hydroxytryptamine (5-HT)
from axon terminals in innervation-rich areas, the bed nucleus of
the stria terminalis (BNST) and substantia nigra pars reticulata
(SNr), respectively. We confirmed transgene expression in the
cell soma regions, the locus coeruleus and the dorsal raphe nu-
cleus, in SNCA-OVX mice by immunohistochemistry (Fig. S8).
Mean peak extracellular concentrations of NE ([NE],) in the
ventromedial portion of the BNST (Fig. 5 A and B) evoked by
stimulus trains of 30 pulses at 10, 25, 50, and 100 Hz in SNCA-
OVX mice were not different from those in Snca™~ mice irre-
spective of age (3 or 18 mo; Fig. 5 C-F). Similarly, mean peak
extracellular concentrations of 5-HT ([5-HT],) in SNr (Fig. 5 G
and H) evoked by stimulus trains of 20 or 40 pulses at 50 Hz in
SNCA-OVX mice were not different from those in Snca™~ mice
at either young (3 mo, Fig. 5 I and J) or old age (18 mo, Fig. 5 K
and L). These data show that a-syn overexpression does not
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mice. The two-sample Kolmogorov-Smirnov test was performed to test for

differences between the two distributions and revealed a significant difference between the groups (****P < 0.0001). (B) Cumulative distribution functions of
the two data groups. Application of an index of dispersion, D = 6%/, to each raw dataset (Dsnca-ovx Dsnca ') shows that the Snca™~ vesicles are three times
more dispersed than the SNCA-OVX (Dsyca-ovx/Dsnca '~ = 0.34). (C) Electron micrograph of a TH immunogold-labeled axon terminal in the dorsal striatum
identified by the accumulation of electron dense silver-intensified immunogold particles. The bouton forms symmetrical synaptic contact (arrowhead) with
a dendritic shaft. Note the accumulation of vesicles within the bouton. (Scale bar, 0.2 pm.)

affect the axonal release of 5-HT or NE, further suggesting that
the neurotransmission deficit in SNCA-OVX mice is highly se-
lective for cell type and brain circuit.

SNc Dopamine Neurons in SNCA-OVX Mice Exhibit Age-Dependent
Reductions in Firing Rates in Vivo. To gain further insight into
the pathophysiological sequelae of a-syn overexpression in mid-
brain dopamine systems, we tested for changes in the action
potential firing properties of SNc dopamine neurons in vivo. We
made extracellular recordings from individual SNc¢ neurons in
young and aged (3—4 and 18-22 mo) anesthetized SNCA-OVX
mice and their Snca™" littermates (Fig. 6). After recording, we
juxtacellularly labeled each neuron with Neurobiotin (18) to
confirm its dopamine phenotype (TH immunoreactivity) and
location in SNc, as well as test for their expression of a-syn (Fig.
6 A and C; all recorded dopamine neurons (n = 43) from SNCA-
OVX mice expressed the a-syn transgene). In young SNCA-
OVX and Snca™™ mice, the firing rates and action potential
durations of SNc dopamine neurons were similar (Fig. 6E).
Moreover, neurons in both genotypes exhibited similar coef-
ficients of variation (a measure of regularity of firing) and pro-
pensities to fire in a “regular,” “irregular,” or “bursty” pattern
(Fig. 6G and SI Materials and Methods). Thus, in young adult
animals at least, a-syn overexpression does not alter these key
firing properties of SNc dopamine neurons. However, for SNc
dopamine neurons recorded in the aged SNCA-OVX and Snca™~
mice (Fig. 6 B and D), we found a significant reduction (nearly
30%) in the firing rate, but no change in the firing patterns, of
dopamine neurons in SNCA-OVX mice (Fig. 6 F and H). Taken
together, these data show that overexpression of human a-syn
does not compromise key firing properties of SNc dopamine
neurons in young adulthood but significantly reduces the firing
rates of these neurons in old age.

Janezic et al.

Discussion

Here, we describe the generation and longitudinal deep-pheno-
typing of a unique transgenic model of PD and identify the se-
quence of disease mechanisms triggered by overexpression of
a-syn to levels associated with both familial and sporadic human
disease. Using transgenic SNCA-OVX mice, we have localized
early and selective deficits in dopamine neurotransmission to the
nigrostriatal pathway. This early-onset phenotype is followed in
aged animals by a pathology of loss of dopamine neurons, reduced
SNc dopamine neuron firing rates, and motor impairments. Fur-
thermore, this constellation of Parkinsonian phenotypes caused
by elevated a-syn is not dependent on overt protein aggregation
but is associated with soluble high-molecular-weight a-syn species
observed at 3 and 18 mo of age in SNCA-OVX mice.

Our use of BAC transgenesis to overexpress human wild-type
a-syn from the complete human genomic DNA locus driven by
the endogenous promoter helped ensure correct spatiotemporal
regulation of expression, reflecting endogenous a-syn expression.
Overexpression of a-syn is a likely mechanism underlying both
rare familial PD, caused by SNCA duplications and triplications
(5, 6), and sporadic PD (19). PD-associated variants at the SNCA
locus, identified by GWAS, are proposed to enhance expression
by either increasing SNCA transcription or enhancing mRNA
stability (9). The SNCA-OVX mouse therefore acts as a model of
both familial and sporadic PD. The SNCA-OVX line expresses
the SNCA transgene at 1.9-fold the levels of endogenous mouse
a-syn; this near-doubling mirrors the change in human a-syn
levels that result from a triplication of the SNCA locus in familial
PD (10). Elevated levels of a-syn have previously also been
demonstrated in sporadic cases of PD in which remaining do-
pamine midbrain neurons from patients with sporadic disease
show up to a sixfold increase in a-syn mRNA levels (19).
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Fig. 5. a-syn overexpression does not alter nondopamine amine signaling in bed nucleus of the stria terminalis and substantia nigra pars reticulata. (A)
Typical cyclic voltammograms from electrically evoked recordings of NE in BNST (stimulated) and following calibration in 2 pM NE (calibration). Note single
oxidation and reduction current peaks at +560-580 and —200 mV, respectively. (B) Typical recording site in ventromedial portion of BNST (vmBNST) ~0.26 mm
anterior of bregma. Mean profiles of extracellular NE concentration ([NE],) vs. time (mean + SEM) following train stimulation (30 pulses, 50 Hz) in vmBNST in
young adult (C) (3 mo, n = 33-35) or aged adult (E) (18 mo, n = 70-74) Snca™~ vs. SNCA-OVX mice. Mean peak [NE], vs. frequency during 30 pulse trains (10—
100 Hz) in vmBNST in young adult (D) (n = 33-35) or aged adult (F) (n = 70-74). (G) Typical cyclic voltammograms from electrically evoked recordings of 5-HT in
SNr (stimulated) and following calibration in 0.5 uM 5-HT (calibration). Note single oxidation and dual reduction current peaks at approximately +600, —20,
and —670 mV, respectively. (H) Typical recording sites in the SNr ~3.2 mm posterior of bregma. Note recording sites located on ventral side of SNr to minimize
any possible contribution of dendritic dopamine in recordings. Mean profiles of [5-HT], vs. time following 50-Hz train stimulation (/: 20 pulses or J: 40 pulses;
n = 31-44) in the SNr in young adult (3 mo) and aged adult (18 mo) (K: 20 pulses or L: 40 pulses; n = 26-32) Snca™'~ vs. SNCA-OVX mice.

Our study is unique in defining the effect of disease-relevant
a-syn overexpression on neurotransmission and vesicle organi-
zation in the dopamine pathways most vulnerable in PD. We find
an early and sustained deficit in neurotransmission specific to
dopamine (rather than the other monoamines, NE and 5-HT).
Furthermore, this deficit was localized to the dopamine inputs to
dorsal striatum. These findings are reminiscent of our previous
work on a-and y-synuclein double-knockout and a-, f-, y-synuclein
triple-knockout mice, in which we showed that synucleins nega-
tively regulate dopamine release in the dorsal but not ventral
striatum (16, 20).

At time points before 18 mo of age, we observed no change in
striatal dopamine content, despite a decrease in release. This is
consistent with a redistribution, rather than a reduction, of do-
pamine at release sites. In support of this, we identified increased
clustering of vesicles in dopamine terminals in the dorsal stria-
tum of SNCA-OVX animals at 3 mo.

Whether the in vivo firing properties of SNc dopamine neu-
rons change before protein aggregation and/or cell death has
been a critical, unaddressed issue in PD. We show here that the
activity of neurochemically identified SNc dopamine neurons
is altered in an age- and genotype-dependent manner. Because
midbrain dopamine neurons collectively innervate all basal ganglia
nuclei (21), any change in their firing rate or pattern is likely to
profoundly disturb the activity of the whole basal ganglia network;
it is these disturbances that ultimately underlie the motor symp-
toms of PD. We found that the spontaneous firing rates of SNc
dopamine neurons were reduced by nearly 30% in aged animals
overexpressing a-syn. This decrease in spontaneous firing rates,
together with dopamine neuron loss and a sustained deficit in
striatal dopamine release, may collectively tip the balance toward
a greatly reduced dopamine output that can no longer be com-
pensated for, thus resulting in motor impairments in aged animals.
It is not clear whether the reduced firing rates of dopamine

E4022 | www.pnas.org/cgi/doi/10.1073/pnas.1309143110

neurons are a response to alterations in either their inputs or in-
trinsic properties, or whether this change is, in itself, pathogenic.

The age-related, progressive loss of nigrostriatal dopamine
neurons and the presence of a-syn—containing Lewy bodies are
the cardinal features of PD pathology. However, the precise re-
lationship between a-syn pathology and dopamine neuron dys-
function and death has been unclear. We show here that dopamine
neuronal dysfunction and neuronal death in SNCA-OVX mice
occurs in the absence of overt protein aggregation pathology in
the SNc and striatum but is associated with the presence of sol-
uble high-molecular -weight a-syn species.

In conclusion, we report here a unique transgenic model of PD
that exhibits early-onset circuit-specific deficits in dopamine
neurotransmission followed subsequently by alterations in neu-
ronal firing properties, a motor phenotype and neuron loss in the
absence of overt protein aggregation pathology in the SNc and
striatum. We therefore propose that PD-related phenotypes are
not driven by progressive protein aggregation, but are associated
with much earlier deficits in dopamine neurotransmission.
Moreover, movement deficits might emerge when, on a founda-
tion of sustained neurotransmission defects, some dopamine
neurons die whereas those remaining decrease their firing. The
SNCA-OVX mice allow us to advance our understanding of the
cellular basis of changes to dopamine and non-dopamine neu-
rotransmission in brain regions that differ in disease suscepti-
bility and provide a model to test next-generation therapies.

Materials and Methods

Generation of Transgenic Mice. Transgenic mouse lines were generated by
injection of BAC DNA containing the human wild-type SNCA locus into C57/
BI6 mouse pronuclei (Charles River). Transgene integrity and expression
levels were analyzed (SI Materials and Methods) and two lines were chosen
and back-crossed onto an a-syn-null (Snca™") pure C57/Bl6 background (11)
for nine generations to establish two transgenic lines, SNCA-OVX and ha-
syn. The SNCA transgene was maintained in a hemizygous state on a pure
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Fig. 6. Spontaneous firing of identified dopaminergic neurons in the substantia nigra in vivo. Unit activity of individual dopamine neurons recorded in (A)
3- to 4-mo-old and (B) 18- to 22-mo-old Snca™~ and SNCA-OVX mice during robust slow-wave activity in electrocorticograms (ECoG). Neurons were juxta-
cellularly labeled with Neurobiotin, verified as dopaminergic by TH expression, and tested for expression of a-syn. (C and D) Locations of identified dopamine
neurons in (C) 3- to 4-mo-old and (D) 18- to 22-mo-old Snca™~ (red) and SNCA-OVX (green) mice (dorsal top, lateral right) grouped at three rostro-caudal
levels (distances from bregma shown left). PBP, parabrachial pigmented nucleus of the VTA; SNc, substantia nigra pars compacta; SNr, substantia nigra pars
reticulata; VTA, ventral tegmental area. [Adapted from ref. 23.] (E and F) Mean firing rates and action potential durations of SNc dopamine neurons in (E)
3- to 4-mo-old (n = 17, Snca™'~ and 22 neurons, SNCA-OVX) and (F) 18- to 22-mo-old mice (n = 11 and 21; *P < 0.05). (Inset) Average wideband-filtered action
potential from an SNCA-OVX mouse indicating duration measurement (scale 0.5 mV, 1 ms). (G and H) Mean interspike interval (ISI) coefficients of variation
and the proportions of SNc neurons exhibiting each firing mode in (G) 3- to 4-mo-old mice (n = 15 and 20 neurons analyzed for mode in Snca™~ and SNCA-
OVX) and (H) 18- to 22-mo-old mice (n = 10 and 14 neurons). The firing pattern did not differ significantly with genotype. In E-H, group means + SEM are
shown in black.

C57/BI6 background. All procedures were conducted in accordance with the
United Kingdom Animals (Scientific Procedures) Act of 1986 and approved
by the local ethical review panel at the Department of Physiology, Anatomy
and Genetics, University of Oxford.

Immunostaining. Animals were transcardially perfused with PBS (pH 7.4)
followed by 4% paraformaldehyde (PFA) (vol/vol). Brains were postfixed in
4% PFA (vol/vol), cryoprotected in 30% sucrose, and sectioned on a freezing
microtome (Leica Microsystems). For immunofluorescence, sections (35 pm)

Janezic et al.

were incubated overnight with primary antibodies against a-syn (1:500;
Covance) and TH (1:500; Millipore) and then incubated with goat anti-mouse
Alexa 488 and goat anti-rabbit Alexa 594 antibody. For peroxidase immu-
nohistochemistry, sections (50 um) were incubated with primary antibodies
against a-syn (1:1,000; BD Bioscience) or TH (1:2,000; Millipore). Sections
were incubated with biotinylated secondary antibody followed by incubation
in avidin-biotin—peroxidase complex and staining was visualized using 3,3'"-
diaminobenzidine (DAB). Sections were counterstained with hematoxylin,
dehydrated, and coverslipped using DPX Mountant (Fluka Biochemika).
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Western analysis. Striatal tissue was homogenized in phosphate buffered
saline (pH 7.4) containing 1% (vol/vol) Igepal CA-630, 0.1% (vol/vol) SDS, 0.5%
(mass/vol) sodium deoxycholate and protease inhibitor cocktail, using a Tissue
Tearor (Biospec Products, Inc). Protein content was quantified using a BAC
assay kit (Sigma) and proteins were analyzed by Western blotting. See Table
S2 for primary antibodies. Bands were visualized using horseradish peroxi-
dase-conjugated goat anti-mouse IgG (Bio-Rad) and the chemiluminescent
ECL+ kit (GE Healthcare). Bands were quantified using ImageJ software.
Data was analyzed using one-way ANOVA and Bonferroni post hoc analysis
using SPSS Statistics 20 (IBM).

Neuropathology. To detect potential a-syn-related pathology, the mAbs Syn-
1 (1:1,000; BD Transduction Labs) against aa 91-99 and LB509 (1:1,000;
Invitrogen) against aa115-122 were used. Brains were fixed in 10% formalin
(vol/vol), embedded in paraffin, and cut into 6-pm-thick sections, depar-
affinized, and rehydrated. Peroxidase activity was eliminated by treatment
with 3% H,0, (mass/vol). Antigen retrieval for Syn-1 involved treatment
with formic acid for 15 min, and for LB509 involved either autoclaving (121 °C)
for 10 min in citrate buffer or treatment with 20 pg/mL proteinase K (Roche)
for 10 min at room temperature. The mouse-on-mouse kit (M.O.M.; Vector
Labs) was used to mAb to minimize the background and staining was visu-
alized using DAB (Vector Labs). Thioflavine S staining was carried out as
described by Sun et al. (22).

Stereological Cell Count. The total number of TH-immunoreactive and he-
matoxylin-counterstained nigral dopamine neurons was estimated with the
optical fractionator method of unbiased stereology using the Stereo-
Investigator software (MicroBrightField). Sections (50 um) were processed for
TH immunoreactivity as described above. Cells were counted under a 40x
objective of a Zeiss Imager M2 microscope using a randomly placed counting
frame of 50 x 50 pm on a sample grid of 120 x 160 um. A 22-um optical
dissector with 2-um upper and lower guard zones was used. The SNc was
delineated using a mouse brain atlas (23). Every second section from 2.7 to
3.88 mm posterior to bregma was counted. Data are expressed as mean
number of TH-immunoreactive neurons + SEM and were analyzed using
one-way ANOVA and Bonferroni post hoc analysis using SPSS Statistics
20 (IBM).

Behavior. One-hour stool collection. Animals (male and female) were placed into
separate clean cages and fecal pellets were collected over a 1-h period (1600-
1700 hours). Pellets were weighed to obtain wet stool weight, dried over-
night at 65 °C, and reweighed to obtain dry stool weight and stool water
content (24).

Rotarod. In the rotarod test, female mice were placed on a rod that accel-
erated from 4 to 40 rpm over a 5-min period. The length of time which the
animals were able to stay on the rotating rod was recorded as latency to fall.
Animals were tested three times a day for two consecutive days and per-
formance was averaged for each day (20).

Multiple static rods test. In the multiple static rods test, two wooden dowels of
22-mm (rod 1) or 9-mm (rod 2) diameter were clamped to a supporting
platform 50 cm above a cushioned surface. Female mice were placed at the
end of the rod facing away from the platform. The time taken to turn around
by 180° to face the platform, time taken to traverse the rod, and the number
of foot slips made when traversing the rod were recorded (20).

Forepaw stride length. In the forepaw stride length test, animals’ forepaws
were placed in ink and animals walked across a sheet of paper toward their
home cage. The distance between steps on the same side of the body, from
the middle toe of the first step to the heel of the second step, was measured
and averaged to obtain stride length. Only steps during normal walking
(straight line, no stopping) were included in the analysis (24). Male and fe-
male animals were tested.

Statistics. Data analyzed using a parametric one-, two- or three-way ANOVA
followed by a Tukey post hoc test are expressed as means + SEM. Data an-
alyzed using a nonparametric Kruskal-Wallis ANOVA followed by Dunn'’s
pairwise multiple comparison are expressed as median + interquartile (1Q)
range. Analyses were completed using the SPSS Statistics 21 software (IBM).

FCV. Mice were killed by cervical dislocation and decapitated. Coronal slices
(300 pm) containing the region of interest (striatum, BNST, or SNr) were
prepared as described previously (15, 25) in ice-cold Hepes-buffered artificial
cerebrospinal fluid (aCSF) saturated with 95% 0,/5% CO,. Slices were then
maintained in a bicarbonate-buffered aCSF at room temperature before
recording. Extracellular dopamine, NE, or 5-HT concentration ([dopamine],,
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[NE],, or [5-HT],) were monitored using FCV with 7-pm-diameter carbon
fiber microelectrodes (tip length 50-100 ym) and a Millar Voltammeter
(Julian Millar, Barts and the London School of Medicine and Dentistry,
London, UK) as described previously (15, 26, 27). In brief, the scanning
voltage was a triangular waveform (-0.7 V to +1.3 V range vs. Ag/AgCl) at
a scan rate of 800 V/s and frequency of 8 Hz. Electrodes were calibrated in
0.5-2 pM 5-HT, dopamine, or NE in experimental media. All data are
expressed as means + SEM, and the sample size, n, is the number of
observations. The number of animals in each FCV dataset was >3. Compar-
isons for differences in means were assessed by two-way ANOVA and post
hoc Bonferroni t test or unpaired t test using GraphPad Prism 4.0
(GraphPad Software).

HPLC with Electrochemical Detection. Dopamine content was measured by
HPLC with electrochemical detection as described previously (16, 20). Fol-
lowing FCV recordings, tissue punches from the dorsal (2 mm in diameter)
and ventral striatum (1.2 mm in diameter) from two brain slices per animal
were taken and analyzed for dopamine content by HPLC.

Electron Microscopy. Ultrastructural analyses were performed on 3-mo-old
mice. Three SNCA-OVX and three littermate Snca™~ animals were anes-
thetized and perfuse-fixed with 0.1% glutaraldehyde and 4% PFA (vol/vol)
in 0.1 M phosphate buffer. Sagittal vibratome sections (60 pm) were in-
cubated with primary antibody against TH to identify dopamine neurons,
followed by a gold-conjugated secondary antibody and silver-intensification
of the gold particles (see ref. 28). Sections were subsequently postfixed in
1% osmium tetroxide and mounted on slides in an electron microscopic
resin. Samples of dorsolateral striatum were identified, cut from the sec-
tions, and reembedded onto resin blocks and serial ultrathin sections (50-70
nm) were collected and stained with lead citrate. For each animal, 50 images
of TH-immunoreactive structures were acquired in a systematically ran-
domized manner (150 images per genotype). In addition, TH-immunoreac-
tive structures forming synaptic specializations were randomly acquired
(SNCA-OVX = 33; Snca ~'~ = 29). Digital images of TH-immunoreactive
structures and synapses were analyzed using ImageJ and ImageJ plugins
PointDensity and PointDensitySyn (16, 29) to measure terminal size, length
of synaptic active zone, vesicle number, and distribution. At all stages of
tissue processing and ultrastructural analysis the investigators were blinded
to animal genotype. Statistical tests were performed using SPSS/PASW Sta-
tistics (SPSS) and Matlab (Mathworks).

In Vivo Electrophysiological Recording and Juxtacellular Labeling of Single
Neurons. Experiments were performed in urethane-anesthetized (1.5 g/kg,
i.p.) 3- to 4-mo-old mice (five Snca~~ and six SNCA-OVX) and 18- to 22-mo-
old mice (five Snca™~ and six SNCA-OVX). Extracellular recordings of single-
unit activity in the SNc were made using glass electrodes (10-25 MQ in situ;
tip diameter ~1.5 pm) containing 0.5 M NaCl solution and Neurobiotin (1.5%
wt/vol; Vector Laboratories). An electrocorticogram was also recorded above
the frontal cortex (18). Following electrophysiological characterization, sin-
gle neurons were juxtacellularly labeled with Neurobiotin for post hoc ver-
ification of location and neurochemical identity (18). We focused our
analysis on single-unit activity recorded during robust slow-wave activity, as
quantitatively defined from the simultaneous electrocorticogram record-
ings. Firing pattern was defined according to one of three modes (regular,
bursty, or irregular), as detailed previously (30, 31) and in S/ Materials and
Methods. Before statistical comparisons, a Shapiro-Wilk test was used to
judge whether datasets were normally distributed (P < 0.05 to reject). Sta-
tistical comparisons were made using Student t tests or Welch t tests. The
prevalence of firing patterns was compared with a Fisher’s exact test.
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