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Abstract

Parkinson disease (PD) is characterized by the preferential, but poorly understood, vulnerability to degeneration of midbrain
dopaminergic (mDA) neurons in the ventral substantia nigra compacta (vSNc). These sensitive mDA neurons express Pitx3, a
transcription factor that is critical for their survival during development. We used this dependence to identify, by flow
cytometry and expression profiling, the negative regulator of G-protein signaling Rgs6 for its restricted expression in these
neurons. In contrast to Pitx32/2 mDA neurons that die during fetal (vSNc) or post-natal (VTA) period, the vSNc mDA neurons
of Rgs62/2 mutant mice begin to exhibit unilateral signs of degeneration at around 6 months of age, and by one year cell
loss is observed in a fraction of mice. Unilateral cell loss is accompanied by contralateral degenerating neurons that exhibit
smaller cell size, altered morphology and reduced dendritic network. The degenerating neurons have low levels of tyrosine
hydroxylase (TH) and decreased nuclear Pitx3; accordingly, expression of many Pitx3 target gene products is altered,
including Vmat2, Bdnf, Aldh1a1 (Adh2) and Fgf10. These low TH neurons also express markers of increased dopamine
signaling, namely increased DAT and phospho-Erk1/2 expression. The late onset degeneration may reflect the protective
action of Rgs6 against excessive DA signaling throughout life. Rgs6-dependent protection is thus critical for adult survival
and maintenance of the vSNc mDA neurons that are most affected in PD.
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Introduction

Parkinson disease (PD) is characterised by the progressive loss of

midbrain dopaminergic (mDA) neurons [1]. Although the clinical

manifestations of PD can be variable, the appearance of motor

deficits is the hallmark of this neurodegenerative disease. Similarly,

the etiology of PD appears to be multifactorial but one consistent

feature of this disease is the greater sensitivity of ventral substantia

nigra compacta (vSNc) mDA neurons to degenerate [2] as

opposed to mDA neurons of the dorsal SNc (dSNc) and ventral

tegmental area (VTA). The molecular basis for this preferential

sensitivity remains poorly understood although work in animal

models has been useful [3].

Vertebrate animal models based on genetic causes of PD, which

constitute 10–20% of PD cases, have not been overly successful in

reproducing the selective neurodegeneration patterns of the mDA

system [4]. For example, mice with transgenic expression of

human autosomal dominant mutants of a-synuclein (SNCA) or

leucine-rich repeat kinase 2 (LRRK2) rarely produce mDA

neurodegeneration [5,6]. Murine loss-of-function mutations in

autosomal recessive gene products for PTEN induced putative

kinase 1 (Pink) and Parkinson protein 2 (Park2), have not been

enlightening either, with the recent exception of Parkinson protein

7 (Park7 or DJ-1). Indeed, DJ-12/2 mice show progressive adult

degeneration of SNc mDA neurons upon backcrossing to an

appropriate genetic background [7], indicating that many factors

are necessary in order to model polygenic diseases such as PD.

However, it is noteworthy that rat models of Pink1 and DJ-1 loss-

of-function showed progressive loss of mDA neurons [8]. Both

early-onset and late-onset forms of PD bear a major histopath-

ological hallmark, the presence of Lewy bodies, which are a-

synuclein-rich protein inclusions that are also found in non-

dopaminergic brain regions depending on the stage of disease

progression. Many familial PD genes have widespread brain

expression, without any preferential expression in mDA subpop-

ulations [5]. In general, they all participate in similar inter-related

cellular processes such as in mitochondrial function (PINK1, DJ-1,

SNCA), the secretory pathway (PARK2, LRRK2) and the

ubiquitin-proteasome degradation pathway (PINK1, SNCA,

PARK2).

Rodent animal models based on genes that participate in

development and survival of mDA neurons (Pitx3, Nurr1, Girk2,

En1/2, Otx2, etc) have proved extremely useful, especially in

defining the candidate cellular pathways underlying the respective

differential vulnerability of SNc versus VTA mDA neuron

subpopulations to toxin-induced neurodegeneration and in human

pathology [9–11]. Notably, mouse mutants for the homeobox

transcription factor Pitx3 (Entrez gene ID: 5309) are unique in
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that they display a selective and stereotypic pattern of mDA cell

loss that resembles typical PD [12–14]. In particular, Pitx3-

deficient mice exhibit developmental loss of Pitx3-positive

Calbindin (Calb)-negative mDA neurons of the vSNc (Pitx3-

dependent) while Pitx3-negative Calb-positive mDA neurons of

dSNc and VTA (Pitx3-independent) remain essentially unaffected

by Pitx3 deficiency [15]. This cell loss is associated with a loss of

spontaneous movement that can be partially rescued by L-dopa

treatment [16,17]. Human PITX3 polymorphisms are associated

with sporadic PD [18]. Pitx3 mediates its effects by regulating the

expression of many genes (Aldh1a1, DAT, Drd2, TH, Bdnf) in a

subset specific fashion [19]. A well-studied Pitx3 target gene in

mDA neurons of the SNc is Aldh1a1, which is important for

retinoic acid production and subsequent neuronal maturation and

protection through regulation of TH expression [19–21]. Other

Pitx3 target genes, such as the classical dopaminergic markers

DAT, Vmat2, Drd2 are important for neurotransmitter identity

and are subject to the cooperative action of Pitx3 with Nurr1 [22].

On the other hand, Pitx3 expression has been reported to be itself

regulated by GDNF, especially during development [23]. GDNF

is the only neurotrophic factor for which conditional inactivation

in the adult mouse has provided strong evidence of its absolute

requirement for the cell-autonomous survival of brain cathecho-

laminergic neurons, including mDA neurons [24]. Although,

many studies described the implication of Pitx3 in post-natal

maturation and developmental survival of mDA neurons, Pitx3

has not been conclusively linked to mechanisms of survival and

maintenance of mDA neurons in the adult, especially as it pertains

to degenerative processes. We hypothesized that Pitx3-controlled

genes and pathways, in addition to their known role in

development, may also be implicated in the neuroprotective

pathway required to maintain the integrity of specific subset of

mDA neurons throughout adulthood.

In a screen of expression profiling data comparing Pitx3-

dependent and -independent FACS-purified mDA neurons of SNc

and VTA, the Regulator of G-protein Signaling 6 (Rgs6) (Entrez

Gene ID: 9628) was identified as a putative survival factor that is

preferentially expressed in vSNc mDA neurons and whose

expression is positively regulated by Pitx3. Rgs6 belongs to the

R7 subfamily of Rgs and functions as a GTPase activating protein

to terminate signaling downstream of ligand-bound G-protein

coupled receptors (GPCR). It does so by accelerating the

conversion from the active Ga-GTP bound state (dissociated from

Gbc subunit) to the inactive Ga-GDP bound state (associated to

Gbc subunit). The R7 subfamily of Rgs regulators, including

Rgs6, are known to have preference for catalysis of pertussis toxin-

sensitive Gi/o heterotrimeric G-proteins through recognition of

their Gai by a C-terminal Rgs protein domain [25]. Activated Gai

subunits inhibit adenylate cyclase such that cAMP production

from ATP is halted and PKA/cAMP-dependent protein kinase

pathways are inhibited. Conversely, the activated Gbc subunit

opens Girk channels to allow efflux of potassium ions outside the

cell resulting in hyperpolarization [26]. The neuronal GPCRs

previously associated with Gi/o proteins include dopamine

receptors (Drd2, Drd3), acetylcholine receptors (m2, m4), GABAB

receptor, metabotropic glutamate receptors (mGluR2, 3, 4, 6, 7,

8). Thus in cerebellum and heart, phenotypes resulting from

inactivation of Rgs6 are consistent with over-activation of

signaling downstream of GABAB, serotonin 5-HT1A, M2 acetyl-

choline receptors, respectively. [26–29].

In the present work, we identified Rgs6 and investigated its role

in the midbrain dopaminergic system. Rgs6 is shown to be

preferentially expressed in vSNc mDA neurons and its knockout in

mice results in progressive loss and alterations of Pitx3-positive

mDA neurons specifically within the vSNc of aged animals. This

late-onset degeneration is associated with markers of increased

Drd2 signaling, down-regulation of Pitx3 expression and dereg-

ulated expression of its target genes, Aldh1a1, Bdnf, Vmat2, TH
and Fgf10. Further, the pattern of mDA degeneration observed in

Rgs62/2 mice is a close phenocopy of DJ-12/2 mice suggesting

that these two genes may act through similar pathways.

Results

A regulator of G-protein signaling restricted to vSNc
neurons

In order to identify genes responsible for the differential

vulnerability of vSNc mDA neurons, we devised a strategy to

isolate FACS-purified Pitx3-dependent and Pitx3-independent

mDA neurons and compare their transcriptomes (Fig. 1). By birth,

the SNc of Pitx32/2 pups is completely depleted of Pitx3-positive

neurons but the dorsal Pitx3-negative neurons are spared [12]. After

dissection of SN and VTA from midbrain slices of mice expressing

TH-EGFP, FACS-sorting of TH-EGFP-positive neurons yielded a

pure dSNc Pitx3-negative population from Pitx32/2 brains and

mixed (,80% Pitx3-positive and ,20% Pitx3-negative) SN mDA

populations from wild-type animals. The comparison of their

transcriptomes defined vSNc- and dSNc-enriched genes (Fig. 2A).

In VTA, Pitx3 deficiency leaves the 50% Pitx3-expressing mDA

neurons intact at birth but they die within the next three months

[12]. Comparison of VTA TH-EGFP cell expression profiles from

Pitx32/2 and WT mice will thus identify genes which have Pitx3-

dependent expression. RNA extracted from FACS-sorted cells

(Fig. 1) was used to generate probes for hybridization in duplicates

to Affymetrix Mouse Gene 1.0ST microarrays and determination of

expression profiles. Unbiased clustering of the 1813 differentially

expressed genes (fold changes .1.5, p#0.05 and signal $60) into

seven clusters defined genes that are expressed in specific subsets of

mDA neurons and/or that are Pitx3-dependent in VTA (Fig. 2A).

qRT-PCR analyses confirmed the expected enrichment for vSNc

(Girk2, DAT), dSNc (Calb1) and VTA (Otx2, Calb1) markers

(Fig. 2B). Further, many genes previously characterized for

their subset-specific expression (marked by stars in Fig. 2A)

validate the profiling data; these include Calb1/2 for dSNc,

Otx2 for VTA, Kcnj6 (Girk2) for vSNc, Lpl for VTA, Aldh1a1

for vSNc, Slc6a3 (DAT) for vSNc, Lix1 for SNc [20,30–32].

The complete list of genes in each cluster is provided in Table

S1.

We chose to investigate genes enriched in vSNc and Pitx3-

dependent. Rgs6 immediately appeared as an interesting candi-

date because it is known to negatively modulate signaling

Author Summary

The locomotor deficits associated with Parkinson disease
result from the death of a specific subset of dopamine
neurons in the ventral part of the midbrain. The reason for
the greater sensitivity to degeneration of those, relative to
other, neurons is not clear. Prior work showed that the
Pitx3 transcription factor is specifically expressed in these
neurons where it has a survival role during development.
The present work identified a cell signaling component,
Rgs6, that is also restricted to the sensitive neurons in the
midbrain and that exerts a protective function, particularly
late in life. While the loss of Rgs6 function may predispose
or contribute to Parkinson disease, its stimulation may
provide a novel therapeutic avenue to treat Parkinson
disease.

Parkinson-Like Degeneration in Rgs6 Knockout Mice
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downstream of heterotrimeric Gi protein-coupled receptors through

its instrinsic GTPase-stimulating protein activity [26,28,29]. The

Rgs6 protein was detected by immunohistofluorescence in TH-

positive SNc mDA neurons and not in VTA (Fig. 3A). Most dSNc

mDA neurons were negative for Rgs6 (Fig. 3B upper left,

arrowheads) as were VTA cells (Fig. 3B, bottom left). The SNc

distribution of Rgs6 is very similar to that of Pitx3 but they differ in

VTA (Fig. 3B). Triple immunohistofluorescence staining against

TH, Calb1 and Pitx3 (Fig. 3C) showed that the majority of Pitx3-

positive vSNc mDA neurons are negative for Calb1 whereas dSNc

mDA neurons are calbindin-positive. The SNc thus has two major

subsets of mDA neurons with differential vulnerability to Pitx3
knockout: TH+/Pitx3+/Rgs6+/Calb2 neurons in vSNc (Pitx3-

dependent, PD vulnerable) and TH+/Pitx32/Rgs62/Calb+ cells

in dSNc (Pitx3-independent, PD resistant).

Neuronal degeneration in vSNc of Rgs62/2 mice
In order to define the in vivo role of Rgs6, we investigated the

mDA system of Rgs62/2 mice by TH immunohistochemistry at 6,

180 and 356 days of age (Table S2). Only 1 y-old Rgs62/2

midbrains were markedly different from controls and we could

identify two major phenotypes in different mice.

The first phenotype was a partial loss of SNc TH-positive cells

on one side of the brain (random unilateral) (Fig. 4A and Figure

S1). Quantification of TH-positive cells in SNc and VTA indicated

a loss of about 3566% (SD) in the SNc of the affected side

(Fig. 4B). The loss of TH-positive cells was further supported by

fewer Nissl-positive cells in SNc of Rgs62/2 mice (Fig. 4C). In

addition, the Nissl stain revealed the presence of cells with

abnormal elongated morphology that were found unilaterally

within the SNc (Fig. 4C). The loss of TH-positive cells is correlated

with a loss of Pitx3-positive cells (Fig. 4D).

A second group of 1 y-old Rgs62/2 mice exhibited dysmorphic

mDA neurons that displayed low levels of TH immunoreactivity

(THlow), aberrant morphology, pronounced cell shrinkage and

disrupted TH-positive fiber network (Fig. 5A and Figure S2).

These dysmorphic neurons were all localized in the vSNc, while

mDA neurons in dSNc and VTA had normal appearance and

unaffected Calb1 expression (Figure S3).

We then determined whether the Rgs62/2 dysmorphic mDA

neurons are undergoing degeneration by staining with Fluoro-Jade

C (FCJ), as previously shown in the MPTP or 6-OHDA-induced

mouse PD models [33,34] and zitter mutant rats [34]. A high

proportion of the dysmorphic mDA neurons stained positive for

FJC (Fig. 5B, C) and are THlow. Cell counts indicated that

degeneration is mostly unilateral and limited to the vSNc

(Fig. 5C). Some 180 days-old Rgs62/2 mice exhibited mild

unilateral degeneration in the most lateral part of SNc, while

newborn mice did not, supporting the progressive appearance of

degeneration with age (Table S2).

Expression of pathological markers and familial PD gene
products in Rgs62/2 vSNc neurons

We then characterized degenerating mDA neurons in Rgs62/2

mice for the presence of pathologocial markers observed in PD and

in other neurodegenerative diseases. Notably since degenerating

neurons in PD suffer from oxidative stress and increased

autophagocytosis due to the presence of protein aggregates, we

assessed and observed increased expression of LC3B, a marker of

activated autophagosome in degenerating neurons (Fig. 5D). In

order to further characterize the degenerating neurons, we verified

expression of key genes implicated in development of familial forms

of PD [5]. For example, DJ-1 and PINK1 are two genes whose

mutated forms cause PD in an autosomal recessive manner and

LRRK2 is the most frequently mutated gene causing PD and it acts

in an autosomal-dominant fashion. Pink1 and Lrrk2 mouse null

mutants do not however display degeneration of mDA neurons

[5,35] but a rat model of Pink1 knockout does [8]. Surprisingly, the

Figure 1. Strategy for isolation of FACS-purified Pitx3-dependent (red) and Pitx3-independent (white) mDA neurons for expression
profiling analysis. Dissected SN and VTA from newborn TH-EGFP transgenic Pitx3+/+ and Pitx32/2 mice were used for FACS purification of
catecholaminergic neurons. The EGFP+ cells consists in various proportions (approximate % shown) of Pitx3+ (red), Pitx32 (white) and Pitx3del
(yellow) mDA neurons, depending on the region dissected and mDA neuronal loss resulting from Pitx3 inactivation. RNA from four cell preparations
(SNc WT, VTA WT, SNc KO, VTA KO) were analyzed by hybridization in duplicates to Affymetrix Mouse Gene 1.0ST microarrays.
doi:10.1371/journal.pgen.1004863.g001

Parkinson-Like Degeneration in Rgs6 Knockout Mice
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THlow neurons of Rgs62/2 vSNc specifically exhibit decreased DJ-1

expression, while Pink1 and Lrrk2 expression is increased in those

same neurons (Fig. 6); this contrasts with the fairly widespread

expression of DJ-1 [36], Pink1 and Lrrk2 [5,37] in midbrain

neurons. Interestingly, the late-onset degeneration observed in

Rgs62/2 midbrain appears to be a close phenocopy of the DJ-12/2

mice [7], especially in terms of the initial unilateral nature of defects

in aging SNc mDA neurons and the kinetics of cell loss. The loss of

DJ-1 may thus contribute to Rgs6-dependent degeneration.

Degenerating neurons were shown to overexpress the phos-

phorylated cell cycle inhibitor p27Kip1 in Alzheimer’s disease [38].

Interestingly, Rgs6 was implicated in control of cell cycle and

apoptosis [39] and we observed cytoplasmic accumulation of

phospho-p27Kip1 only in degenerating THlow mDA neurons of one

year-old Rgs62/2 mice (Fig. 5E).

Reduced Pitx3-dependent gene expression in Rgs62/2

vSNc neurons
In order to define molecular correlates of Rgs6-dependent

degeneration, we assessed Pitx3 expression that was previously

shown to have a survival function in SNc [12]. Nuclear Pitx3 was

greatly diminished in the dysmorphic mDA neurons while

Figure 2. Subset-specific expression signatures of mDA neurons. (A) Differentially expressed probesets were clustered in an unbiased
manner into three-dimensional Cartesian-type coordinates defined according to the relative enrichment attributes for each probeset in the
comparisons between SNc WT/VTA WT, SNc KO/SNc WT and VTA KO/VTA WT. Each cluster was named according to the observed preferential
expression pattern (label and shown in red in diagrams). The heatmaps show relative enrichments for 20 genes that are highly enriched and/or that
have documented functions (the complete gene lists for each subset is provided in Table S1). The total number of genes (not probesets) in each
cluster is indicated together with the number of those that are either activated or repressed by Pitx3 based on the VTA KO/WT comparison. (B) qRT-
PCR quantification of mRNAs with preferential expression in either SN or VTA assessed in FACS-sorted cells from WT or Pitx32/2 (KO) tissues. mRNA
levels are normalized relative to Gapdh mRNA. Data are shown as means 6 S.D.
doi:10.1371/journal.pgen.1004863.g002

Parkinson-Like Degeneration in Rgs6 Knockout Mice
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cytoplasmic Pitx3 staining increased, suggesting a shift in sub-

cellular localization observed with two different polyclonal Pitx3

antibodies in different cells of the same sections (Fig. 7A). We

assessed protein levels of some Pitx3 target genes by immunohis-

tochemistry: these include Bdnf, Aldh1a1 (Adh2), TH, Drd2,

DAT, Vmat2 and Fgf10 [19,23,40]. The expression of Vmat2 and

Bdnf is decreased in THlow neurons (Fig. 7B, C). Expression of

Aldh1a1 (Adh2) is also decreased in degenerating vSNc mDA

neurons (Fig. 7D): this decrease may in part account for the low

TH expression [19]. Our profiling data suggested that Fgf10
expression is repressed by Pitx3 in VTA and indeed, we found de-

repression of Fgf10 expression only in THlow degenerating mDA

neurons (Fig. 7D). At post-natal day 6 (not shown), we did not

observe any change in expression of these genes consistent with a

late onset phenotype.

Markers of dopaminergic signalling in Rgs62/2 midbrains
The regulatory action of Rgs6 was associated with various

GPCRs, in particular the dopamine receptor D2 (Drd2) [25].

Ventral SNc mDA neurons are subject to regulatory negative

feedback mediated by Drd2 autoreceptors. Expression of Drd2

itself is not affected in vSNc mDA neurons of Rgs62/2 mice

(Fig. 8A) despite its dependence on Pitx3 [19]. Dopamine

signalling in these neurons leads to activation of Erk1/2 [41]

and accordingly, we observed significant phospho-Erk1/2 only in

THlow neurons of Rgs62/2 vSNc (Fig. 8B). In addition, enhanced

DA signalling downstream of Drd2 [42] would be expected to

increase expression of the dopamine transporter DAT (SLC6A3)

which is otherwise dependent on Pitx3. It was indeed observed

that activated glycosyl-DAT is high in THlow neurons of Rgs62/2

vSNC (Fig. 8C). Thus, high DAT would presumably increase

intracellular DA levels in these neurons by promoting DA uptake

[43]. Cytoplasmic DA would be further enhanced by the decrease

of Pitx3-dependent [43] Vmat2 (Fig. 7B) which is responsible for

sequestration of DA into vesicles. Thus, the combined elevation of

DAT with decreased Vmat2 is very likely to maintain high levels of

free DA that may be toxic [44] and contribute to the degenerative

process and cell death [45]. Increased DA signalling thus

constitutes a putative mechanism to explain the late-onset

neurodegeneration observed in Rgs62/2 vSNc mDA neurons

(Fig. 9A).

The two Rgs62/2 phenotypes appear to reveal incremental

penetrance of similar defects: in this case, it would be expected that

the contralateral midbrain of affected mice will be affected at some

point. We thus further scrutinized the affected Rgs62/2 midbrains

with the clear unilateral deficits described above and found two

that exhibited on the contralateral side, small clusters of mDA

neurons of relatively normal appearance but that are THlow, have

cytoplasmic Pitx3, high glycosylated DAT and enhanced phospho-

Erk1/2 expression (Figure S4). Such cells were not observed in

control midbrains. These data suggest that elevation of DA

signalling subsequent to the loss of Rgs6 is closely associated with

translocation of Pitx3 to the cytoplasm.

In summary, the loss of Rgs6 is associated with three

phenotypes each individually associated with mDA neuron

degeneration, cell loss and Parkison’s disease namely, 1) the loss

of Pitx3 expression and of its target genes, 2) the loss of DJ-1 and

finally 3) excessive dopaminergic tone.

Figure 3. Restricted expression of Rgs6 in Pitx3-positive (Pitx3+) dopaminergic neurons of ventral SNc. (A) Rgs6 expression revealed by
immunohistofluorescence (red) together with TH (green) in mDA neurons of SNc but not VTA. Scale bar 410 mm. (B) Co-immunofluorescence analysis
of TH (green) and Rgs6 or Pitx3 (red, as indicated) in SNc and VTA of adult mice. Arrowheads point to Pitx3-negative or Rgs6-negative mDA neurons
in dorsal SNc. Scale bar 100 mm. (C) Triple immunofluorescence staining for TH (green), Pitx3 (red) and Calb1 (blue) on tissue sections of adult mice
indicates that the majority of TH+Pitx32 cells of dSNc (arrowheads) are positive for Calb1, while TH+Pitx3+ cells of vSNc are negative for Calb1,
consistent with depiction in A. Scale bar 100 mm.
doi:10.1371/journal.pgen.1004863.g003

Parkinson-Like Degeneration in Rgs6 Knockout Mice

PLOS Genetics | www.plosgenetics.org 5 December 2014 | Volume 10 | Issue 12 | e1004863



Discussion

A few gene expression profiling studies have compared gene

expression in SNc versus VTA [46–48]. These studies identified

large numbers of SN or VTA restricted genes but did not include

criteria to relate these specificities to function. Our reliance on

Pitx3 gene dependence to identify genes with preferential

expression in Pitx3-independent dSNC versus Pitx3-dependent

vSNc neurons allowed the prioritization of candidate genes based

on the pro-survival Pitx3 gene. This approach also allowed

definition of the unique expression profiles for dorsal compared to

ventral SNc mDA neurons. We focused on vSNc-enriched and

Pitx3-dependent genes in order to identify candidates for role(s) in

vSNc mDA neurons survival. The list of 10 Pitx3-activated and 6

Pitx3-repressed genes in this subset includes only one known gene

encoding a regulator of a signaling pathway, Rgs6. Further, Rgs6

is the most dependent on Pitx3 for expression in VTA. The list

also includes a transcriptional co-regulator Lmo3 that may

contribute to Pitx3-dependent survival pathways but it’s putative

involvement in survival appeared less likely than Rgs6 to

contribute to an age-dependent phenotype.

Thus, the present study focused on characterization of neuronal

loss and on molecular features of degenerating vSNc neurons as a

result of Rgs6 inactivation. We observed late-onset degeneration

of vSNc mDA neurons in Rgs62/2 midbrains (Fig. 9B). This

phenotype is detected at about 6 months of age and becomes more

important in 1y-old mice. At that age, clear mDA cell loss is

observed in a subset of mice (Table S2). It is likely that the

degenerating THlow mDA phenotype (Fig. 5) and the mDA cell

loss (Fig. 4) represent progressive steps of the same defects;

accordingly, THlow neurons are also observed in the vSNc of

midbrains with cell loss.

This late-onset degeneration is similar to another mouse model

of monogenic PD, the DJ-1 (Parkin 7) mutant, that also initially

Figure 4. Unilateral loss of Pitx3-positive dopaminergic neurons in ventral SNc of Rgs62/2 mice. (A) Immunoperoxidase staining for TH
on representative coronal midbrain sections showing less SNc TH+ neurons on one side of Rgs62/2 mice at 1 year of age compared to sib control.
Sections are identified with Bregma position. Scale bar 400 mm. (B) Number of TH+ cells in SNc and VTA of TH-stained coronal sections across
midbrain (every 30 mm). Cell counts are represented as means +/2 S.D. (***p,0.005). (C) Nissl staining of vSNc sections contiguous to A shows fewer
cell bodies and abnormal elongated neurons in Rgs62/2 mice compared to control. Scale bar 100 mm. (D) Double immunofluorescence staining for
TH (green) and Pitx3 (red) on sections contiguous to A showing a marked loss of TH+Pitx3+ cells in Rgs62/2 mice. Scale bar 100 mm.
doi:10.1371/journal.pgen.1004863.g004

Parkinson-Like Degeneration in Rgs6 Knockout Mice
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exhibits unilateral defects [7]. Indeed, DJ-12/2 mice present

unilateral loss of mDA cell bodies as early as 2 months after birth,

with a transition to bilateral cell loss occurring at 1 year of age.

Our study of Rgs62/2 mice showed unilateral cell loss, as

evidence by decreased number of TH+ and NissL+ neurons

(Fig. 4A–C, Table S2) at 12 months after birth, while evidence of

THlow degenerating neurons is readily apparent earlier at 6

months of age (Fig. 5A, Table S2). The comparison of phenotypes

for DJ-1 and Rgs6 knockout mice indicates that: 1) they both have

selective degeneration of SNc, but not VTA, mDA neurons, 2)

they both have progressive degeneration and loss of mDA

neurons, 3) degeneration begins unilaterally, 4) degeneration

eventually becomes bilateral with earlier transition in DJ-12/2

than Rgs62/2 mice. A distinguishing feature of the Rgs62/2

model is the bias towards degeneration of Calb-negative vSNc

mDA neurons compared to Calb-positive dSNc mDA neurons

that remain largely unaffected (Fig. 5A, Figure S4), as is usually

observed in PD.

The slow degeneration of THlow vSNc neurons provided an

opportunity to define the molecular features that accompany the

dysmorphology. These neurons display increased expression of

markers previously associated with pathological changes such as

FluroJade C, LC3B and phospho-p27Kip1. Moreover, degenerat-

ing THlow vSNc neurons show decreased DJ-1 and elevated Pink1

and Lrrk2 protein expression, suggesting a relationship between

Rgs6 signaling and pathways implicated in PD pathology (Fig. 6).

Future studies should address the relationships between DJ-1,

Pink1 and Lrrk2 in degeneration pathways of Rgs62/2 mice in

terms of their known roles in mitochondria dynamics, calcium,

balance, redox state and cell signaling.

Collectively, the data show that Rgs6 signaling is necessary for

maintenance of vSNc mDA neurons in the aging animal and that

its downstream action may be mediated, at least in part, by Pitx3-

dependent mechanisms (Fig. 9A). Indeed, the THlow vSNc

neurons exhibit low levels of Pitx3 and of its target gene products

TH, Aldh1a1, Bdnf, Vmat2, together with enhanced expression of

Figure 5. Unilateral degeneration of vSNc neurons in a subset of Rgs62/2 mice. (A) Immunoperoxidase staining for TH on representative
coronal midbrain sections showing dysmorphic TH+ neurons (low TH staining, THlow, inset) in ventral SNc of Rgs62/2 mice. The dSNc and VTA mDA
neurons are unaffected (strong/normal TH staining, inset). Scale bar 200 mm. (B) Triple staining for TH (red), Dapi (blue) and Fluoro-Jade C (FJC, green)
showing presence of degenerating THlow cells in vSNc of 1 y-old Rgs62/2 mice (middle panels) and not in control vSNc (upper panels) or in dorsal SNc
(lower panels). Scale bar 20 mm. (C) Bilateral cell counts of FJC+ mDA neurons in SNc and VTA of coronal sections from control and 1 y-old Rgs62/2

mice. (D) Co-immunostaining for TH (green) and LC3B (red) in vSNc of WT and Rgs62/2 mice. Scale bar 20 mm. Arrowheads indicate unaffected
neurons while arrows point to THlow cells. (E) Co-immunostaining for TH (green) and phosphorylated p27Kip1 (phospho-p27, red) in vSNc of WT and
Rgs62/2 mice. Scale bar 20 mm.
doi:10.1371/journal.pgen.1004863.g005
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Pitx3-repressed Fgf10 (Fig. 7). The THlow neurons also exhibit

cytoplasmic Pitx3 staining suggesting that there may be regulation

of nuclear-cytoplasmic localization: this effect could be mediated

through phosphorylation of Pitx3 as it was suggested that

phosphorylated Pitx1 has greater affinity for nuclear DNA binding

than its de-phosphorylated form [49]. One of the documented

Pitx3-activated factors, Bdnf, is an important mediator of the

neuroprotective action of Pitx3 during development and could

contribute to trophic impairment in adult degenerating neurons.

The degenerating neurons also exhibit a loss of determinants of

postmitotic dopaminergic identity (TH, Aldh1a1, Vmat2) and this

likely affects their neuronal activity. Aberrant neuronal activity is a

hallmark [45] of the pre-symptomatic stage of PD and this likely

transitions to major cellular disruptions (proteosome dysfunction,

mitochondrial integrity, calcium permeability…) associated with

degeneration and cell death.

What could be the target of Rgs6 action? One likely possibility is

the dopamine receptor D2 (Drd2). Indeed, Rgs6 is a negative

modulator of GPCR activity, including the dopamine Drd2

receptor [25]. Drd2 expression itself was not affected in

degenerating Rgs62/2 mDA neurons (Fig. 8A). However, the

vSNc THlow neurons showed evidence of increased DA signaling,

namely accumulation of phospho-Erk1/2 (Fig. 8B) and enhanced

glycosylated dopamine transporter (Slc6a3/DAT) expression in

the mutant (Fig. 8C), consistent with a putative loss of negative

Rgs6 input on dopamine signaling [50]. Since the Pitx32/2

midbrain exhibits decreased DAT and Drd2 [19], the observed

increase in DAT together with phospho-Erk1/2 are consistent

with a primary action of Rgs6 inactivation on DA signaling. Rgs6

may thus contribute to the auto-regulatory negative feedback of

the dopaminergic system and its absence may lead to dopamine-

dependent oxidative stress and neuronal loss [2,50]. The enhanced

phospho-p27Kip1 and FluoroJade staining support the interpreta-

tion that these cells are under stress.

Alternatively, Rgs6 may have GPCR-independent actions:

those could involve the GDNF pathway that is essential for

catecholaminergic neuron survival [24] or involve direct action on

apoptotic pathways [39].

An important aspect of the expression changes discussed above

is that they only occur in THlow dysmorphic neurons that normally

express Rgs6 and not in other mDA neurons of VTA and dSNc

that are negative for Rgs6 (Fig. 3). Therefore, the concordance

between Rgs6 midbrain expression and observed cell degeneration

patterns suggests that the changes are cell-autonomous and

directly related to Rgs6-dependent signaling operating in Rgs6+
Pitx3+ vSNc neurons. We cannot however rule out the

contribution of other brain systems affected by Rgs6 deficiency.

Collectively, the data show that Rgs6 signaling is necessary for

maintenance of vSNc mDA neurons in the aging animal and that

its downstream action may be mediated, at least in part, by Pitx3-

dependent mechanisms (Fig. 9). The present work identified a

critical signalling pathway that controls survival of the mDA

neuron subset that preferentially degenerates in PD. Further

dissection of this pathway may lead to therapeutically useful

insights on the unique properties of this group of mDA neurons.

Materials and Methods

Ethics statement
All experimental procedures with laboratory animals were

approved by the IRCM Animal Protection Committee and

followed guidelines and regulations of the Canadian Council of

Animal Care.

Animal models
All mice were maintained as heterozygous carriers in the

C57Bl/6J background and maintained on a 12 h light-dark cycle

with food and water ad libitum. Rgs6-null [26] and TH-EGFP
[51] mice were described previously. Pitx3-null mice were

generated in this laboratory [52].

Dissections and flow cytometry
Ventral midbrain dissections were performed on WT and

Pitx32/2 newborn mice (P1–P4) crossed onto TH-EGFP
heterozygous background. Mouse brains were quickly washed in

ice-cold PBS and then placed into cold Hibernate-A/1%B27

solution (Gibco) to dissect EGFP+ ventral midbrain (vMB) tissue

under the fluorescence stereoscope (Leica DFC300 FX). Tissue

blocks of vMB were then further microdissected so as to separate

SNc (lateral) from VTA (medial). VTA and SNc tissue blocks were

digested using the papain dissociation kit (Worthington). Dissoci-

ated cells were then resuspended in warm Hibernate-A/1%B27

solution containing propidium iodide (PI, 1 mg/ml), passed

through 100 mm mesh and sorted by flow cytometry using the

MOFLOTM instrument (Beckman Coulter). PI2/EGFP+ live

sorted cells were deposited in 30 ml of RNAlater solution (Ambion)

Figure 6. Expression of familial PD genes is altered in
degenerating neurons of vSNc. Double immunofluorescence
staining against TH (green) and (A) DJ-1 (red) or (B) Pink1 (red) or (C)
Lrrk2 (red) in SNc of control and 1 y-old Rgs62/2 mice that display
dysmorphic THlow mDA neurons. Arrowheads indicate unaffected
neurons while arrows point to THlow cells. Scale bar 20 mm.
doi:10.1371/journal.pgen.1004863.g006
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Figure 7. Reduced expression of Pitx3 and its target genes in degenerating neurons. (A) Double immunofluorescence staining against TH
(green) and Pitx3 (red) in SNc of control and 1 y-old Rgs62/2 mice that display dysmorphic mDA neurons. Arrowheads indicate Pitx3-negative
neurons of dSNc. Scale bar 20 mm. (B) Co-immunofluorescence staining against TH (green), nuclear Dapi (blue) and Vmat2 (red) in SNc of WT and
Rgs62/2 mice. Scale bar 20 mm. (C) Co-immunofluorescence staining against TH (green), nuclear Dapi (blue) and Bdnf (red) in SNc and VTA of WT and
Rgs62/2 mice. Scale bar 20 mm. (D) Double immunofluorescence staining against TH (green) and Pitx3, Aldh1a1, Fgf10 (red) in control and 1 y-old
Rgs62/2 mice that display dysmorphic mDA neurons. Arrowheads indicate unaffected dSNc neurons and arrows point to affected vSNc neurons.
Scale bar 100 mm.
doi:10.1371/journal.pgen.1004863.g007

Figure 8. Drd2-related changes of gene expression in degenerating neurons of vSNc. (A) Immunohistofluorescence staining for TH and
Drd2 in coronal sections of 1 y-old Rgs62/2 mice and WT controls. mDA neurons of vSNc express higher levels of glycosylated dopamine receptor D2
(Drd2) than those of dSNc (arrowheads). Scale bar 50 mm. (B) Phospho-Erk1/2 (red) staining is only present in degenerating vSNc THlow (green)
neurons of Rgs62/2 mice and not in WT controls. Scale bar 20 mm. Arrowheads indicate unaffected neurons. (C) DAT (red) staining is stronger in
degenerating vSNc THlow (green) neurons of Rgs62/2 mice than in WT controls. Scale bar 20 mm.
doi:10.1371/journal.pgen.1004863.g008
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(max. of 3000 cells per 30 ml of RNAlater) to preserve RNA

integrity.

RNA extraction, quantitative real-time PCR (qRT-PCR) and
microarray analyses

Sorted EGFP+ cells in RNAlater were processed in batches of

approximately 5000 cells for purification of total RNA using

RNeasy Micro kit (Qiagen). Briefly, 350 ml of RLT lysis buffer was

added per 30 ml RNAlater-suspended cells. After vortexing for

1 min, 1 volume of 70% ethanol was added and the content

loaded into single pre-equilibrated RNeasy MinElute column.

This was done in duplicate for each of the four different

preparations of EGFP+ cells (Pitx3+/+ SNc, Pitx3+/+ VTA,

Pitx32/2 SNc, Pitx32/2 VTA). Column-bound RNA was washed

as recommended and eluted with 14 ml of RNAse-free water.

Quality of total RNA was verified with the Agilent RNA 6000

Nano kit adapted for Agilent 2100 Bioanalyzer.

For RT-qPCR, first-strand cDNA was synthesized using

Superscript III RT enzyme and accompanying kit (Invitrogen).

Primers for PCR amplification are displayed in Table S3. qPCR

was performed using Perfecta reagents (Quanta) on a MX-3005

device (Stratagene), and results were analyzed using the accompa-

nying software. All quantifications were relative to Gapdh mRNA.

For microarray hybridization, total RNA with minimal

degradation was used. Prior to hybridization onto Affymetrix

Gene1.0ST expression arrays, which was done at the Genome

Quebec/McGill Innovation Centre, total RNA was linearly

amplified using WT-Ovation Pico RNA Amplification kit (Nu-

Gen). Gene expression summary values were computed by RMA

Express (Bolstad et al, 2003) and raw data was normalized with the

LPE algorithm embedded in the FlexArray suite of programs

(Genome Quebec). Differentially expressed genes were chosen on

the basis of their p-value$0.05, fold-enrichment $1.5 and raw

array signal $60. Hierarchical clustering and heat map display

was done using Genesis (Institute for Genomics and Bioinfor-

matics, Austria)

Immunohistochemistry
Mice were anesthetized and perfused intra-cardially with fresh

4% paraformaldehyde/PBS buffer. Brains were collected and

post-fixed for 24 h at 4uC. After inclusion in paraffin, brains were

cut in 5–6 mm coronal sections using microtome and mounted on

Superfrost Plus (Fisher Scientific) slides. Immunonohistochemistry

was performed after paraffin removal and hydration through

xylene and graded alcohol series. Antigen retrieval was performed

in 10 mM sodium citrate (pH 8.5) at 80uC water bath for 30 min.

Figure 9. Rgs62/2 mice as a model for Parkinsonian neurodegeneration. (A) Rgs6-dependent signaling pathways in vSNc mDA neurons
control Pitx3 expression, which itself controls expression of Aldh1a1, TH, Fgf10, Vmat2 and Bdnf. Together, Rgs6 and Pitx3 define a survival pathway
in these neurons. The dopamine receptor Drd2 may be a target of Rgs6 action and consistent with this hypothesis, expression of the dopamine
transporter DAT is up-regulated in Rgs62/2 vSNc. (B) Schematic representation of major subsets of SNc mDA neurons present at different ages in
midbrains of Rgs62/2 mice showing progressive degeneration (small pale green) followed by loss of vSNc mDA neurons.
doi:10.1371/journal.pgen.1004863.g009
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Sections in citrate solution were left to cool to room-temperature

(RT) after which a step of endogenous biotin block was performed

(Streptavidin/biotin kit, Vector Labs). Blocking with 5% normal

serum for 1 h at RT preceded primary antibody incubation

(overnight at 4uC). Primary antibodies used were against Pitx3

(rabbit home-made, 1:400), Rgs6 (rabbit home-made 1:25), Th

(Millipore MAB318, 1:1000), Th (Millipore AB152, 1:500), Calb1

(R&D Systems AF3320, 1:40), Fgf10 (Millipore ABN44, 1:1000),

Slc6a3 (Santa Cruz sc-32258, 1:250), Drd2 (Santa Cruz sc5303,

1:100), Aldh1a1 (Abcam ab24343, 1:400), BDNF (Abcam

ab108319, 1:25), phospho-p27 (Abcam ab32096, 1:50), phospho-

Erk1/2 (Cell Signaling 4376, 1:25), DJ-1 (Abcam ab18257, 1:500)

Lrrk2 (Epitomics 3514-1, 1:50), Pink1 (Novus Biologicals BC100-

494, 1:50), LC3B (Cell Signaling 3868, 1:50), and Vmat2

(Millipore AB1598P, 1:200). Secondary antibodies were either

biotinylated (Vector Labs, 1:250) or directly coupled to fluoro-

chromes such as AlexaFluor 488/546 (Invitrogen, 1:250). For

ABC method of amplification, AlexaFluor350/480/546- or HRP-

conjugated (PerkinElmer NEL750, 1:1000) streptavidin com-

pounds were used. For immunoperoxidase staining, 1% hydrogen

peroxide treatment was done just after antigen retrieval step.

Mounting of sections was in Mowiol (Sigma) (fluorescence) or in

Permount (Fisher Scientific) (DAB chromogen reaction). Immu-

nofluorescence sections were observed on Leica DM6000B light

microscope and Carl Zeiss LSM700 confocal microscope.

Fluoro-Jade (FJC) and Nissl staining
FJC (Molecular Probes, 0.01% stock in water) staining was

performed just after the immunohistochemical procedure [33,34].

Briefly, sections were washed in water, dipped for 5 min in 0.06%

of potassium permanganate, rinsed again in water and placed in

0.0001% FJC/0.1% acetic/0.0001% DAPI solution for 10 min.

Finally, slides were rinsed in water and mounted in 0.1% acetic

acid/80% glycerol (v/v). The Fluorescein/FITC filter system was

used to visualize FJC. Nissl staining was performed on depar-

affinized sections by immersion into warm 0.1% cresyl violet

solution for 10 min, rinsing three times in distilled water and

differentiating in 95% ethanol. Slides were then dehydrated in

100% alcohol, cleared in xylene and mounted with Permount.

Cell counts and statistics
Cell counts were performed using ImageJ (National Institutes of

Health). For cell counts of degenerating neurons, TH-stained or

TH/FJC/Dapi-stained coronal sections were loaded on ImageJ;

the sections spanned regular intervals (30 or 100 mm) across rostro-

caudal extent of midbrain of WT (n = 2) and 1-yo Rgs62/2 mice

(n = 2). For each section, total numbers of TH+, TH+/FJC+ and

TH2/FJC+ cells were separately counted for SNc and VTA in

both hemispheres. The percentage of TH+ degenerating neurons

for each anatomical region reflects the ratio between the total

number of TH+/FJC+ events and the total number of TH+ events

for all rostro-caudal series. Values are reported as means +/2S.D.

Statistical significance was calculated using Student T-test.

Supporting Information

Figure S1 Immunoperoxidase staining for TH on coronal

sections of 1 y-old WT and Rgs62/2 midbrains across the

rostrocaudal extent (Bregma reference values shown on left) of

the midbrain. Scale bar 100 mm.

(TIF)

Figure S2 Immunoperoxidase staining for TH on coronal

sections of 1 y-old WT (A–D) and Rgs62/2 (E–J) midbrains at

comparable rostrocaudal levels (Bregma 23.16 mm). TH+
neurons in SNc and VTA are shown in magnification to

emphasize differences and similarities in the appearance of mDA

neurons, including their size, morphology and fiber networks

between genotypes. Scale bar 200 mm.

(TIF)

Figure S3 Normal dorsal SNc Calb1+ mDA neurons in aging

Rgs62/2 mice. Immunohisto-fluorescence staining for TH (green)

and Calb1 (red) in coronal sections of 1 y-old Rgs62/2 and WT
midbrains. mDA neurons of vSNc do not express Calb1 unlike

those of dSNc. In Rgs62/2 mice, Calb12 vSNc mDA neurons are

dysmorphic (THlow), but Calb+ dSNc neurons appear normal

(THhigh). Scale bar 50 mm.

(TIF)

Figure S4 Clusters of abnormal mDA vSNc neurons on

contralateral side of Rgs62/2 midbrains that have vSNc deficits

on the other side. Double immunofluorescence staining for TH

(green) and (A) DAT (red), (B) phospho-Erk1/2 (red) and (C) Pitx3

(red) on coronal sections of 1 y-old Rgs62/2 mice showing mDA

clusters of abnormal cells, ie with increased DAT (A), phospho-

Erk1/2 (B) and cytoplasmic Pitx3 (C). Arrowheads indicate

unaffected neurons and arrows point to affected vSNc neurons.

Scale bar 20 mm.

(TIF)

Table S1 Lists of mDA subset-specific probesets (genes)

corresponding to the clusters presented in Figure 2. The

expression ratios are shown in base 2 log for each probeset.

(XLSX)

Table S2 Summary of midbrain dopaminergic defects in

Rgs62/2 and Pitx32/2 mice. WT, Rgs62/2 and Pitx32/2 mice

of different ages (in days) were examined for defects in mDA

neurons of SNc and VTA. Plus signs represent the numbers of

mDA neurons and the estimated degree to which they are affected.

Last column indicates the ratio of mice that displayed a phenotype

compared to total.

(DOC)

Table S3 Primers used for qRT-PCR.

(DOC)
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Striatal neuroadaptation and rescue of locomotor deficit by L-dopa in aphakia
mice, a model of Parkinson’s disease. J Neurochem 96: 160–170.

17. Hwang DY, Fleming SM, Ardayfio P, Moran-Gates T, Kim H, et al. (2005) 3,4-
dihydroxyphenylalanine reverses the motor deficits in Pitx3-deficient aphakia

mice: behavioral characterization of a novel genetic model of Parkinson’s

disease. J Neurosci 25: 2132–2137.
18. Fuchs J, Mueller JC, Lichtner P, Schulte C, Munz M, et al. (2007) The

transcription factor PITX3 is associated with sporadic Parkinson’s disease.
Neurobiol Aging 30:731–8.

19. Jacobs FM, Veenvliet JV, Almirza WH, Hoekstra EJ, von Oerthel L, et al. (2011)
Retinoic acid-dependent and -independent gene-regulatory pathways of Pitx3 in

meso-diencephalic dopaminergic neurons. Development 138: 5213–5222.

20. Jacobs FM, Smits SM, Noorlander CW, von Oerthel L, van der Linden AJ, et al.
(2007) Retinoic acid counteracts developmental defects in the substantia nigra

caused by Pitx3 deficiency. Development 134: 2673–2684.
21. Liu G, Yu J, Ding J, Xie C, Sun L, et al. (2014) Aldehyde dehydrogenase 1

defines and protects a nigrostriatal dopaminergic neuron subpopulation. J Clin

Invest 124: 3032–3046.
22. Jacobs FM, van Erp S, van der Linden AJ, von Oerthel L, Burbach JP, et al.

(2009) Pitx3 potentiates Nurr1 in dopamine neuron terminal differentiation
through release of SMRT-mediated repression. Development 136: 531–540.

23. Peng C, Aron L, Klein R, Li M, Wurst W, et al. (2011) Pitx3 is a critical

mediator of GDNF-induced BDNF expression in nigrostriatal dopaminergic
neurons. J Neurosci 31: 12802–12815.

24. Pascual A, Hidalgo-Figueroa M, Piruat JI, Pintado CO, Gomez-Diaz R, et al.
(2008) Absolute requirement of GDNF for adult catecholaminergic neuron

survival. Nat Neurosci 11: 755–761.
25. Anderson GR, Posokhova E, Martemyanov KA (2009) The R7 RGS protein

family: multi-subunit regulators of neuronal G protein signaling. Cell Biochem

Biophys 54: 33–46.
26. Yang J, Huang J, Maity B, Gao Z, Lorca RA, et al. (2010) RGS6, a modulator of

parasympathetic activation in heart. Circ Res 107: 1345–1349.
27. Posokhova E, Wydeven N, Allen KL, Wickman K, Martemyanov KA (2010)

RGS6/Gbeta5 complex accelerates IKACh gating kinetics in atrial myocytes

and modulates parasympathetic regulation of heart rate. Circ Res 107: 1350–
1354.

28. Maity B, Stewart A, Yang J, Loo L, Sheff D, et al. (2012) Regulator of G protein

signaling 6 (RGS6) protein ensures coordination of motor movement by

modulating GABAB receptor signaling. J Biol Chem 287: 4972–4981.

29. Stewart A, Maity B, Wunsch AM, Meng F, Wu Q, et al. (2014) Regulator of G-

protein signaling 6 (RGS6) promotes anxiety and depression by attenuating

serotonin-mediated activation of the 5-HT1A receptor-adenylyl cyclase axis.

FASEB J 28: 1735–1744.

30. Fu Y, Yuan Y, Halliday G, Rusznak Z, Watson C, et al. (2012) A

cytoarchitectonic and chemoarchitectonic analysis of the dopamine cell groups

in the substantia nigra, ventral tegmental area, and retrorubral field in the

mouse. Brain Struct Funct 217: 591–612.

31. Di Salvio M, Di Giovannantonio LG, Acampora D, Prosperi R, Omodei D,

et al. (2010) Otx2 controls neuron subtype identity in ventral tegmental area and

antagonizes vulnerability to MPTP. Nat Neurosci 13: 1481–1488.

32. Moeller C, Yaylaoglu MB, Alvarez-Bolado G, Thaller C, Eichele G (2002)

Murine Lix1, a novel marker for substantia nigra, cortical layer 5, and hindbrain

structures. Brain Res Gene Expr Patterns 1: 199–203.

33. Bian GL, Wei LC, Shi M, Wang YQ, Cao R, et al. (2007) Fluoro-Jade C can

specifically stain the degenerative neurons in the substantia nigra of the 1-

methyl-4-phenyl-1,2,3,6-tetrahydro pyridine-treated C57BL/6 mice. Brain Res

1150: 55–61.

34. Ehara A, Ueda S (2009) Application of Fluoro-Jade C in acute and chronic

neurodegeneration models: utilities and staining differences. Acta Histochem

Cytochem 42: 171–179.

35. Oliveras-Salva M, Van Rompuy AS, Heeman B, Van den HC, Baekelandt V

(2011) Loss-of-function rodent models for parkin and PINK1. J Parkinsons Dis

1: 229–251.

36. Xie Z, Zhuang X, Chen L (2009) DJ-1 mRNA anatomical localization and cell

type identification in the mouse brain. Neurosci Lett 465: 214–219.

37. Taymans JM, Van den HC, Baekelandt V (2006) Distribution of PINK1 and

LRRK2 in rat and mouse brain. J Neurochem 98: 951–961.

38. Ogawa O, Lee HG, Zhu X, Raina A, Harris PL, et al. (2003) Increased p27, an

essential component of cell cycle control, in Alzheimer’s disease. Aging Cell 2:

105–110.

39. Maity B, Yang J, Huang J, Askeland RW, Bera S, et al. (2011) Regulator of G

protein signaling 6 (RGS6) induces apoptosis via a mitochondrial-dependent

pathway not involving its GTPase-activating protein activity. J Biol Chem 286:

1409–1419.

40. Lebel M, Gauthier Y, Moreau A, Drouin J (2001) Pitx3 activates mouse tyrosine

hydroxylase promoter via a high affinity binding site. J Neurochem 76: 1–11.

41. Bolan EA, Kivell B, Jaligam V, Oz M, Jayanthi LD, et al. (2007) D2 receptors

regulate dopamine transporter function via an extracellular signal-regulated

kinases 1 and 2-dependent and phosphoinositide 3 kinase-independent

mechanism. Mol Pharmacol 71: 1222–1232.

42. Sonders MS, Zhu SJ, Zahniser NR, Kavanaugh MP, Amara SG (1997) Multiple

ionic conductances of the human dopamine transporter: the actions of dopamine

and psychostimulants. J Neurosci 17: 960–974.

43. Vaughan RA, Foster JD (2013) Mechanisms of dopamine transporter regulation

in normal and disease states. Trends Pharmacol Sci 34: 489–496.

44. Caudle WM, Richardson JR, Wang MZ, Taylor TN, Guillot TS, et al. (2007)

Reduced vesicular storage of dopamine causes progressive nigrostriatal

neurodegeneration. J Neurosci 27: 8138–8148.

45. Lipski J, Nistico R, Berretta N, Guatteo E, Bernardi G, et al. (2011) L-DOPA: a

scapegoat for accelerated neurodegeneration in Parkinson’s disease? Prog

Neurobiol 94: 389–407.

46. Grimm J, Mueller A, Hefti F, Rosenthal A (2004) Molecular basis for

catecholaminergic neuron diversity. Proc Natl Acad Sci U S A 101: 13891–

13896.

47. Greene JG, Dingledine R, Greenamyre JT (2005) Gene expression profiling of

rat midbrain dopamine neurons: implications for selective vulnerability in

parkinsonism. Neurobiol Dis 18: 19–31.

48. Chung CY, Seo H, Sonntag KC, Brooks A, Lin L, et al. (2005) Cell type-specific

gene expression of midbrain dopaminergic neurons reveals molecules involved in

their vulnerability and protection. Hum Mol Genet 14: 1709–1725.

49. Melamed P, Koh M, Preklathan P, Bei L, Hew C (2002) Multiple mechanisms

for Pitx-1 transactivation of a luteinizing hormone beta subunit gene. J Biol

Chem 277: 26200–26207.

50. Afonso-Oramas D, Cruz-Muros I, Alvarez dlR, Abreu P, Giraldez T, et al.

(2009) Dopamine transporter glycosylation correlates with the vulnerability of

midbrain dopaminergic cells in Parkinson’s disease. Neurobiol Dis 36: 494–508.

51. Sawamoto K, Nakao N, Kobayashi K, Matsushita N, Takahashi H, et al. (2001)

Visualization, direct isolation, and transplantation of midbrain dopaminergic

neurons. Proc Natl Acad Sci USA 98: 6423–6428.
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