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Parkinson’s disease (PD) is the second most common neurodegen-
erative disease affecting more than 1% of the population over age
55. However, its etiology is largely unknown. Like other complex
human disorders, PD is likely affected by both environmental and
genetic factors. However, until recently the prevailing hypothesis
was that PD-related neurodegeneration results from exposure to
neurotoxin(s). While the sporadic form of PD afflicts the majority
of sufferers, a small proportion of all PD cases (approximately 5%) is
inherited representing the familial form [6]. During the last decade
or so, intensive genetic linkage studies have mapped ten PD-related
loci, PARK1–PARK13 [1]. Although these familial forms represent a
minor population of PD, their identification and functional charac-
terization are important because the underlying molecular genetic
mechanisms may shed new insights into PD pathogenesis. Two
groups recently reported that mutation of the leucine-rich repeat
kinase 2 (LRRK2) gene, encoding dardarin (derived from the Basque
word, dardara, for tremor), a 2527 amino acid protein, is responsi-
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ase (PD) is the progressive loss of the A9 midbrain dopaminergic (mDA)
pars compacta. Recently, multiple causative mutations have been identi-
inase 2 (LRRK2) gene for both familial and sporadic PD cases. Therefore, to
RRK2 in normal and/or diseased brain, it is critical to define LRRK2 expres-
ss whether LRRK2 mRNA and protein are expressed in mDA neurons, we
tyrosine hydroxylase (TH)-GFP transgenic mouse using FACS-sorting and
K2 and other mDA markers. We observed that all mDA markers tested in
r1 and Lmx1a) are robustly expressed only in GFP+ cells, but not in GFP−

ssed in both GFP+ and GFP− cells. Consistent with this, our immunohisto-
LRRK2 is expressed in TH-positive mDA neurons as well as in surrounding
in. Importantly, in the midbrain region, LRRK2 protein was preferentially
he substantia nigra, compared to A10 DA neurons of the ventral tegmental
highly expressed in the cortical and hippocampal regions. Taken together,

ay have direct functional role(s) in the neurophysiology of A9 DA neurons
eurons by mutant LRRK2 may directly cause their selective degeneration.

© 2008 Elsevier Ireland Ltd. All rights reserved.
ble for PARK8-linked autosomal dominant PD [15,22]. Strikingly,
subsequent genetic studies indicated that LRRK2 mutations were
found in approximately 3–7% of familial PD and 1–3% in sporadic PD
in several ethnic populations [17], with the highest prevalence (up
to 40%) in North Africans and Ashkanezi Jews [11,14,19]. Until now,
studies showed that some mutant forms of LRRK2 (e.g., G2019S and
R1441C) significantly increase kinase activity and cause cell death
[5,21]. Another study reported that overexpression of LRRK2 could
induce cell death via apoptotic mechanisms [9].

To better understand the role of mutant LRRK2 in PD patho-
genesis, it is critical to determine whether LRRK2 is expressed in
mDA neurons, in particular in A9 DA neurons of the substantia
nigra pars compacta, where major neuronal death is occurring in
PD. At present, it is somewhat controversial whether LRRK2 mRNA
is expressed in DA neurons of the brain. While two groups reported
that LRRK2 mRNA is not expressed in the substantia nigra but rather
in DA-innervated areas [4,12], other groups concluded that it is
expressed in DA neurons [5,16,20]. These conflicting data may be
due to low expression of LRRK2 mRNA in DA neurons. In this report,
we attempted to address this issue by analyzing LRRK2 mRNA
expression in FACS-purified DA neurons and non-DA neurons. We
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also examined LRRK2 protein expression by immunohistochem-
istry using a specific antibody against LRRK2.

To address whether LRRK2 mRNA is expressed in mDA neu-
rons, we attempted to isolate sufficient numbers of purified mDA
neurons by FACS from the TH-GFP transgenic mouse [10].

GFP+ and GFP− cells have been isolated by fluorescence activated
cell sorting (FACS) from E13–14 ventral mesencephalons (VM) of
the TH-GFP transgenic mouse, as previously described [4]. Total
RNAs from both GFP+ and GFP− cells were prepared using the
TriReagent (Sigma) followed by treatment with DNase I (Ambion).

For RT-PCR analysis, 5 �g RNA was transcribed into cDNA using the
SuperScriptTM. Preamplification Kit (Life Technologies) and oligo
(dT) or random primers. The cDNA was used as the template in the
PCR assay using the following primers:

TH: 5′-TCCTGCACTCCCTGTCAGG-3′,5′-CCAAGAGCAGCCCATCAA-
AGG-3′, 432 bp.
Pitx3: 5′-CTCTCTGAAGAAGAAGCAGCG-3′,5′-CCGAGGGCACCAT-
GGAGGCAGC-3′, 491 bp.
DAT: 5′-CAGAGAGGTGGAGCTCATC-3′,5′-GGCAGATCTTCCAGACA-
CC-3′, 328 bp.
Nurr1: 5′-CGACATTTCTGCCTTCTCCT-3′,5′-GAAAGGTAAGGTGTC-
CAGGA-3′, 300 bp.
Lmx1a: 5′-GGATCCCATATGGACGGCCTAAAGATGGAGGAGAA-3′,5′-
GGATCCCTCGAGTTAGAAGTAAGAATTCTGCATGGAGTA-3′, 1133 bp.
�-Actin: 5′-GGTGATGACCTGGCCGTCAGGCAGCTCGTA-3′,5′-AAC-
CCCAAGGCCAACCGCGAGAAGATGACC-3′, 160 bp.
LRRK2: 5′-ACCAGAACAGTTTGCATGAGA-3′,5′-AGCCCAGACACTG-
AATTTCTTG-3′, 674 bp.

Fig. 1. LRRK2 mRNAs are expressed in dopaminergic and non-dopaminergic neu-
rons. (A) GFP+ cells (DA) and GFP− cells (non-DA) were sorted by FACS followed
by RNAs extractions. RT-PCR analyses were performed using specific primers as
described in Materials and Methods. The �-actin gene was used as a positive control.
tters 442 (2008) 190–194 191

PCR reactions were carried out with 1× IN Reaction Buffer
(Epicintre Technologies, Madison, WI), 1.4 nM of each primer, and
2.5 units of Taq I DNA polymerase (Promega, Madison, WI). Sam-
ples were amplified in the Eppendorf Thermocycler (Brinkmann
Instruments, Westbury, NY) under the following conditions: dena-
turing step at 95 ◦C, 40 s; annealing step at 58 ◦C, 30 s; amplification
step at 72 ◦C, 1 min for 25–35 cycles and then the final amplifica-
tion step at 72 ◦C for 10 min. For semi-quantitative RT-PCR, to avoid
the saturation effect the number of PCR cycles was determined for
each gene using the �-actin gene as the control (Fig. 1). In a previ-
ous study, these transgenic mice were successfully used to purify
mDA neurons by FACS [3]. Consistent with this, the majority (>98%)
of FACS-purified GFP+ cells from ventral mesencephalons (VM) of

E13–14 transgenic mice were TH-positive (data not shown). Total
RNAs were prepared from both GFP+ and GFP− cells and subjected
to RT-PCR analysis for mRNA expression levels of LRRK2, midbrain
DA marker (TH, Pitx3, DAT, Nurr1 and Lmx1a), and control (�-
actin) genes. As shown in Fig. 1, all DA marker genes tested were
clearly detected in GFP+ cells. In GFP− cells, these markers were
either non-detectable or only faintly detected, which could be due
to contaminating cells during the FACS procedure. Notably, LRRK2
was prominently detected in both GFP+ and GFP− cells with higher
expression in GFP+ DA neurons. To quantify LRRK2 expression lev-
els, we performed real-time PCR analysis (Fig. 2). Real-time PCR
was performed by SYBR green I using the Opticon DNA engine (MJ
Research, Waltham, MA). Amplifications were performed in 25 �l
containing 0.5 �M of each primer, 0.5X SYBR Green I (Molecular
Probes, Inc., Eugene, OR) and 2 �l of fivefold diluted cDNAs that
were generated using the same amount of total RNAs from GFP+

and GFP− cells. Fifty PCR cycles were performed with the tem-
perature profile of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s and
79 ◦C for 5 s. The dissociation curve for each PCR product was deter-
mined to test the specificity of the fluorescent signals. After each

Fig. 2. Real-time PCR reactions were performed using SYBR green I. The standard
curve was generated using plasmid DNA containing the GAPDH cDNA. The amount
of the TH mRNA in GFP+ cells was set as 100 to calculate the relative amounts of each
mRNA. Each reaction has been performed in triplicate using an identical amount of
cDNAs as the template. The expression of TH and LRRK2 was measured as described
in Materials and Methods section. GAPDH expression levels were used to normalize
mRNA levels of each gene. Asterisk indicates statistically significant difference from
GFP− cells (*P < 0.01).
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PCR cycle, fluorescence was detected at 79 ◦C to melt primer dimers
(the Tm of all primer dimers used in this study was <76 ◦C). Plasmid
DNAs containing the glyceraldehydes-3-phosphate dehydrogenase
(GAPDH) gene (from 104 to 109 molecules) were used to generate
the standard curve. The fluorescent signals from specific TH and
LRRK2 product were normalized against that of GAPDH gene, and
then relative values were calculated by setting the value of TH in
GFP+ cells as 100. Each experiment was performed in triplicate. As
expected, the control GAPDH mRNA was comparably expressed in
GFP+ and GFP− cells (data not shown), which was used for normal-

ization of TH and LRRK2 mRNA levels. When the expression level
of TH mRNA in GFP+ cells was set at 100, it was barely detectable
(<0.5%) in GFP− cells (Fig. 2A). Surprisingly, in GFP+ cells the LRRK2
mRNA expression level was approximately twice that of the TH gene
(Fig. 2B). In GFP− cells, the LRRK2 expression level was lower than
in GFP+ cells (data not shown). Based on this result, we conclude
that LRRK2 mRNA is abundantly expressed in mDA neurons while
it is also expressed in non-DA cells in the midbrain area.

We next sought to examine the expression of LRRK2 protein
in DA neurons by co-expression analysis using immunohisto-
chemistry with anti-LRRK2 and anti-TH antibodies. Adult male
Sprague–Dawley rats (3 months old with the weight of approx-
imately 290 g) were deeply anesthetized with an intraperitoneal
injection of ketamine and xylazine, and perfused transcardially
with saline, followed by 4% paraformaldehyde in 0.1 M phosphate
buffered saline (PBS). Brains were removed, postfixed overnight
in the same fixative, and processed further as follows: brains
were equilibrated in glycerol (20% in PBS), sectioned (30 �m) on
a freezing microtome, and collected in PBS. Tissue sections were
rinsed three times in PBS followed by pre-incubation in 10% nor-
mal goat serum (Jackson ImmunoResearch Labs., West Grove, PA,

Fig. 3. LRRK2 is continuously expressed in SN regions. Rat brain sections were incubated w
(yellow) in dopaminergic neurons in the substantia nigra. In (A)–(C), the expression of L
in (D)–(F). Scale bar = 50 �m. By using confocal microscopy, LRRK2 immunoreactivities
co-localization of LRRK2 and TH. Arrowheads indicate that some TH-negative cells also ex
tters 442 (2008) 190–194

USA) for 1 h, and then incubated for overnight at 4 ◦C with rab-
bit anti-LRRK2 (diluted 1:200, a gift from Dr. Hattori) and mouse
anti-tyrosine hydroxylase (TH) (diluted 1:500; Pel-freez, Rogers,
AR) antibody. For this purpose, we used a specific rabbit polyclonal
antibody generated against synthetic peptides at the C-terminal
end (2510–2527 a.a.) of human LRRK2. This antibody was character-
ized to be specific by immunohistochemistry and western blotting
analyses. For instance, this antibody recognized a single band cor-
responding to LRRK2 (approximate molecular weight of 280 kDa)
on Western blots from whole mouse brain extracts [7]. After a PBS

rinse, sections were incubated with Alexa Fluor-conjugated sec-
ondary antibodies (Alexa Flour 488-conjugated anti-mouse IgG,
Alexa Flour 594-conjugated anti-rabbit IgGs, diluted 1:200; Molec-
ular Probes) for 1h at room temperature. Section were mounted and
examined by fluorescent and by confocal microscopy (Zeiss, Zena,
Germany). We sectioned adult rat brains study the expression pat-
tern of LRRK2 in the broad midbrain area. As shown in Fig. 3, it
appears that the majority of DA neurons co-express LRRK2 in the
substantia nigra. In contrast, LRRK2 expression was either much
weaker or undetectable in most DA neurons in the ventral tegmen-
tal area, suggesting that LRRK2 is preferentially expressed in A9 DA
neurons of the substantia nigra, compared to A10 DA neurons of the
ventral tegmental areas. In support this possibility, in the center of
the ventral tegmental area (Fig. 3D), most of TH-positive neurons
did not co-express LRRK2. At the borderline of the substantia nigra
and the ventral tegmental area (Fig. 3E), the lateral part belong-
ing to the substantia nigra showed more co-expression pattern
compared to the medial part. At the far lateral part of the substan-
tia nigra (Fig. 3F), the great majority of TH-positive neurons also
expressed LRRK2. In a higher magnification, this co-expression pat-
tern was clearly demonstrated (see arrows in Fig. 3G). In addition,

ith LRRK2 antibody (red) and tyrosine hydroxylase (green) showing colocalization
RRK2 proteins in regions A9 and A10 is shown. High magnification of (B) is shown

are detected in both TH-positive and TH-negative neurons (G). Arrows indicate
press LRRK2 proteins. Scale bar = 10 �m.
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brain
brain a
ain, h
Fig. 4. LRRK2 is highly expressed in the cortical and the hippocampal regions. Rat
representative fluorescence photographs of LRRK2 immunohistochemistry from rat
images corresponding to boxed areas from the overview image are shown for rat br

there were many TH-negative cells that express LRRK2 (see arrow-
heads in Fig. 3G), which is consistent with RT-PCR results in Fig. 1. In
addition, consistent with previous studies, LRRK2 immunoreactiv-
ity was robustly detected in non-dopaminergic areas such as cortex
and hippocampus (Fig. 4).

Among the pathogenic genes whose mutations are linked to
familial forms of PD, LRRK2 is the newest gene whose mutations
account for substantial fractions of both familial and sporadic cases
of PD [11,14,17]. Therefore, understanding the functional role(s) of
LRRK2 and its mutant forms in normal and diseased brains will be
critical for the etiology of PD. Initial northern blot analysis showed
that LRRK2 is expressed in diverse brain areas such as the cere-
bellum, cerebral cortex, medulla, spinal cord, and putman [15].

Given that midbrain DA neurons and their nigrostriatal pathway
are selectively degenerating in PD, it is important to determine
whether LRRK2 is specifically expressed in these relevant neurons.
Indeed, subsequent studies demonstrated that both LRRK2 mRNA
and protein are abundantly expressed in the target area of the
pathway, striatum, as well as in other brain areas such as cortex
and cerebellum [4,5,12,16]. However, whether LRRK2 is expressed
in the midbrain DA neurons has been rather contentious. While
some in situ hybridization analysis using oligonucleotide probes
did not detect LRRK2 mRNA in the substantia nigra [4,12], other
studies using longer exposures of in situ hybridization with non-
radioactive riboprobes detected low expression of LRRK2 mRNA
[5,16,20]. While our study was in progress, more recent studies
using specific LRRK2 antibodies showed that LRRK2 protein is abun-
dantly and ubiquitously expressed in many brain regions, including
the substantia nigra [8,13]. In Biskup et al. report, lrrk2 mRNA
in brains from mouse embryos/neonates E6 to P28 was barely
detectable at E15 then clearly visible at E17 [2]. The difference
between Biskup’s report and ours was related to the brain region
used for our experiment. They used whole brain RNA but we used
only GFP-TH positive neurons from the midbrain regions for RT-PCR.
sections were incubated with anti-LRRK2 antibody. Shown in the left column are
t the hippocampus (A) and cortex (B) levels. In the right column, high magnification

ippocampal region (A) or cortical region (B). Scale bar = 40 �m.

The purpose of this study was to clarify the expression pattern
of LRRK2 mRNA and protein in the midbrain DA neurons. In par-
ticular, we wished to address if LRRK2 is specifically expressed in
A9 DA neurons of the substantia nigra, which are the major degen-
erating neurons in PD. Toward this goal, we attempted to isolate
sufficient RNAs from FACS-purified DA neurons from embryonic
ventral mesencephalon of the TH-GFP transgenic mice [3]. Indeed,
the great majority of FACS-purified neurons were TH-positive while
GFP-negative cells were TH-negative [3] (data not shown). In our
RT-PCR analysis, we found that all midbrain DA marker genes tested
were exclusively detected in GFP+ cells (Fig. 1). Thus, these GFP+

cells likely represent authentic midbrain DA neurons. LRRK2 mRNA
was evidently detected in these GFP+ cells, leading us to conclude

that midbrain DA neurons express LRRK2 mRNAs. Interestingly, our
real-time PCR analysis indicates that the expression level of LRRK2
mRNA was approximately two-fold of TH mRNA. Therefore, our
data suggest that midbrain DA neurons in fact express an abundant
level of LRRK2 mRNAs, contrary to the notion of very low mRNA
expression based on in situ hybridization studies [5,8,13,16,20].
While the absolute expression level of LRRK2 mRNA awaits fur-
ther confirmation, we conclude that mDA neurons prominently and
abundantly express LRRK2 mRNA. In addition, our RT-PCR and real-
time PCR analyses show that LRRK2 mRNAs are also expressed in
non-DA cells of the midbrain area, suggesting that LRRK2 expres-
sion is not restricted to DA neurons in the midbrain area. To define
the LRRK2 protein expression pattern in the midbrain area, we
next performed immunohistochemistry in a series of coronal rat
brain sections containing A9–A10 regions. In this analysis, we used
an antibody against LRRK2 which exhibited a high specificity to
endogenous LRRK2 [7]. To examine the co-expression pattern, we
also used a specific TH antibody as the DA marker. Interestingly,
this co-immunohistochemistry revealed that most A9 DA neurons
in the substantia nigra express LRRK2 while there are many LRRK2-
expressing non-dopaminergic cells, which is consistent with our
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RT-PCR analysis (Figs. 2 and 3). In contrast, we found that LRRK2
expression was much weaker and/or undetectable in most A10
DA neurons of the ventral tegmental area. In addition, in agree-
ment with previous studies, we also found that LRRK2 is robustly
expressed in non-DA areas such as cortex and hippocampus (Fig. 4).

In summary, our results demonstrate that LRRK2 mRNA and pro-
tein are evidently expressed in midbrain DA neurons as well as in
non-DA neurons in the rodent brain. Our findings furthermore indi-
cate that LRRK2 is preferentially expressed in A9 DA neurons of
the substantia nigra, compared to A10 DA neurons of the ventral
tegmental areas. This finding may be important for our understand-
ing of the functional role of LRRK2 in the pathogenesis of PD by
its mutant forms. For instance, recent studies showed that some
mutant forms of LRRK2 (e.g., G2019S and R1441C) showed signifi-
cantly increased kinase activity and caused cell death [5,21]. Other
studies reported that overexpression of LRRK2 could induce cell
death via apoptotic mechanisms [9]. If LRRK2 is only expressed in
the dopaminoceptive areas, DA neuronal cell death by these LRRK2
mutant forms might be induced by alteration of synaptic com-
munication between A9 DA neurons and target striatal neurons
harboring mutant LRRK2. In contrast, since LRRK2 appears to be
expressed in A9 DA neurons rather than in A10 DA neurons, mutant
LRRK2 forms may directly affect DA neuronal death in these A9
neurons of the substantia nigra. Given that A10 neurons are largely
spared in PD, our findings furthermore suggest an interesting pos-
sibility that selective A9 neuronal death is at least in part caused by
preferential LRRK2 expression in the substantia nigra compared to
the ventral tegmental area. Another important aspect is that LRRK2
is also expressed in several major non-DA brain regions. PD patients

with dementia showed decrease of grey matter volume in several
brain regions such as putamen, hippocampus or cingulated cor-
tex [18]. Thus, it is also possible that mutant LRRK2 in these areas
may confer cell death, leading to a decreased grey matter. Further
investigation is warranted to address these important questions.
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