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Abstract

Mutations in two kinases, PTEN induced kinase 1 (PINK1)
and leucine-rich repeat kinase 2 (LRRK2), have been shown
to segregate with familial forms of Parkinson’s disease.
Although these two genes are expected to be involved in
molecular mechanisms relevant to Parkinson’s disease, their
precise anatomical localization in mammalian brain is
unknown. We have mapped the expression of PINK1 and
LRRK2 mRNA in the rat and mouse brain via in situ hybrid-
ization histochemistry using riboprobes. We found that both
genes are broadly expressed throughout the brain with similar
neuroanatomical distribution in mouse compared to rat. PINK1
mRNA abundance was rather uniform throughout the different
brain regions with expression in cortex, striatum, thalamus,
brainstem and cerebellum. LRRK2, on the other hand,

showed strong regional differences in expression levels with
highest levels seen in the striatum, cortex and hippocampus.
Weak LRRK2 expression was seen in the hypothalamus,
olfactory bulb and substantia nigra. We confirmed these dis-
tributions for both genes using quantitative RT-PCR and for
LRRK2 by western immunoblot. As their broad expression
patterns contrast with localized neuropathology in Parkinson’s
disease, the pathogenicity of clinical mutant forms of PINK1
and LRRK2 may be mediated by nigrostriatal-specific mech-
anisms.

Keywords: in situ hybridization histochemistry, leucine-rich
repeat kinase 2, Parkinson’s disease, PTEN induced kinase 1,
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease. At present, PD is incurable and
its etiology is unclear. The past decade has seen much
progress in the search for the molecular causes underlying
Parkinson’s disease, most notably by the identification of
disease causing mutations in at least 5 genes. Mutations in
Parkin, DJ-1 and PTEN-induced putative kinase 1 (PINK1)
cause autosomal-recessive forms of PD, while mutations in
a-synuclein and recently described mutations in leucine-rich
repeat kinase 2 (LRRK2) cause autosomal-dominant forms
of PD (Gasser 2005).

PINK1 was first discovered as a serine/threonine-type
protein kinase capable of in vitro autophosphorylation, with
differential expression in cancer cell lines with higher
metastatic potential (Unoki and Nakamura 2001; Nakajima
et al. 2003). In 2004, PINKI1 was identified as the gene
responsible for the PARK6 locus when 2 homozygous
mutations in the kinase domain of PINK1 were identified in
three PARK6 families (Valente et al. 2004). Since then, a
number of other clinical mutations or truncations in PINK1
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have been found (Hatano et al. 2004; Healy et al. 2004;
Rogaeva et al. 2004; Rohe et al. 2004).

In 2004, mutations in LRRK2 were shown to be responsible
for PARKS8-linked PD (Paisan-Ruiz et al. 2004; Zimprich
et al. 2004). As of today, at least 15 putatively pathogenic
amino acid substitutions have been identified in LRRK2, 6 of
which have been confirmed to segregate with Parkinson’s
disease (Mata et al. 2005). LRRK?2 is a large multi-domain
protein which has recently been confirmed to possess kinase
activity (Gloeckner et al. 2005; West et al. 2005).

Because PINK1 and LRRK2 have only recently been
linked to PD, studies of these two kinases in the brain are
limited. Preliminary mRNA regional expression patterns
using tissue extracts showed that PINKI1 is expressed in
human brain as well as in peripheral tissues such as heart,
skeletal muscle or testis (Unoki and Nakamura 2001) and
that LRRK?2 is expressed in cerebral cortex and putamen and
in extra-cerebral tissues such as lung or heart (Paisan-Ruiz
et al. 2004; Zimprich et al. 2004). However, at the onset of
the present study, a complete expression map of these genes
in intact tissue was still lacking for both genes. In order to
address this issue, we proceeded to elucidate the detailed
distribution of PINK1 and LRRK2 mRNA in both mouse
and rat brains using non-radioactive in situ hybridization
histochemistry with riboprobes. Our in situ hybridization
results for LRRK?2 are in line with other very recent studies
reported during the course of the submission of the present
work (Galter ef al. 2006; Melrose et al. 2006, Simon-
Sanchez et al. 2006). We further confirmed our findings for
both genes by quantitative RT-PCR and for LRRK2 by
Western immunoblot. Our results also provide the first
neuroanatomical localization of PINKI mRNA in intact
tissue and of LRRK?2 protein in tissue homogenates.

Materials and methods

Animals

Ten week old female Wistar rats weighing 190240 g and eight
week old female C57BL/6 J mice weighing 2224 g were housed in
a light- and temperature-controlled room (12-h dark : 12-h light
cycles) with normal rat or mouse chow and water ad libitum. All
procedures were conducted in strict accordance with the European
Communities Council Directive of 24 November 1986 (86/609/
EEC) and were approved by the animal care and use committee of
the KULeuven.

Tissue for RNA extracts and protein homogenates
Mice were killed by cervical dislocation and rats were deeply
anaesthetized with pentobarbital and then decapitated. Brains were
removed from the skull and separate brain regions were rapidly
dissected out and snap frozen using liquid nitrogen. Tissues were
stored at —70°C until use for RNA extraction or homogenates.
Total RNA was first extracted from the separate brain regions
with the TriZol reagent (Invitrogen, Carlsbad, CA, USA). RNA was
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further purified using the RNAqueous kit (Ambion, Austin, TX,
USA). This purified RNA was subsequently precipitated, washed in
70% ethanol, recovered in distilled water and stored at — 70°C until
use in cDNA synthesis.

To make homogenates for use in western immunoblotting, brain
regions were homogenized in 5 volumes of buffer medium (10 mm
Tris-HCl, 1 mm EDTA, and 0.25 wm sucrose pH 7.4), containing a
Complete™ protease inhibitor cocktail (Roche Molecular Biochem-
icals, Indianapolis, IN, USA), using a Potter-Elvehjem homogenizer
and a PTFE pestle. An aliquot of the resultant homogenates was
stored at —80°C. The protein content of each preparation was
determined by the method of Bradford (Bradford 1976).

Tissue for in situ hybridization histochemistry

Mice and rats were deeply anaesthetized with pentobarbital and
perfused with 4% paraformaldehyde in PBS. Brains were post-fixed
overnight at 4°C and the next day 50 pm thick vibratome sections
were collected. Brains were fully sectioned in the frontal plane from
rostral to caudal (N = 4). During sectioning, brains and sections
were kept at 4°C. Sections were placed in a cryopreservation buffer
(PBSIx containing 30% ethylene glycol and 30% sucrose) and
stored at —20°C until use in in situ hybridization histochemistry.

Quantitative RT-PCR

Primer and probe sequences specific to rat and mouse PINK1 and
LRRK?2 (table) were selected using Primer Express software (Applied
Biosystems, Foster City, CA, USA). Selected sequences were
compared to public databases to confirm specificities. Primer pairs
were tested using conventional RT-PCR to confirm generation of a
single band of the expected amplicon size (not shown). Random
primed cDNA was synthesized from 1 pg of total RNA of each brain
region in a 40 pL reaction volume using the High Capacity cDNA
archive reverse transcription kit (Applied Biosystems). PCR was
performed using Applied Biosystems universal master mix contain-
ing 200 nm primers and 200 nm probe (FAM label) and the cDNA
equivalent of 25 ng of total RNA. Duplicate reactions were run on an
Applied Biosystems Prism 7700 sequence detection system and
quantified against a standard curve generated from reactions
containing serial dilutions of total rat or mouse brain cDNA. The
amount of RNA input into each reaction was determined by duplex
measurement of GAPDH levels (Applied Biosystems rodent GAPDH
quantification kit, VIC labelled probe). Samples were tested for at
least two independent cDNA preparations in at least two independent
quantitative PCR runs. Data were calculated as relative PINK1 or
LRRK?2 expression, normalized to GAPDH.

Plasmid constructs

For in situ hybridization probes

Polymerase chain reaction (PCR) primers (see Table 1) were
designed based on PINK1 and LRRK2 (GenBank accession
numbers: mLRRK2: AY792512, rLRRK2: XM235581, mPINKI:
NMO026880, rPINKI1: XM216565) sequences. PCR for PINKI
probes was performed on commercially available cDNA clones
(Open Biosystems, Huntsville, Ala, USA). PCR for LRRK2 probes
was performed on a mouse brain cDNA library (for the mouse
probe) or on dT primed cDNA from rat striatum (for the rat LRRK2
probe construct, cDNA synthesized in-house).
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Table 1 Cloning primers for in situ hybridization clones

mPINK1 FW GCT GTT CGG CTG GGG GAA G

mPINK1 REV TGG CTT CAT ACA CAG CGG C

rPINK1 FW GGT GTC AGG CTG GGG CAA

rPINK1 REV TGG CTT CAT ACA CAG CGG C

mLRRK2 FW GTC ATG GCA CAG ATC TTG ACA GTG
AAG GTG GA

mLRRK2 REV GTC TAA GAC TTC AGA GCC TAC CAG
ACA GTATGC TT

rLRRK2 FW CCT GAA GCA TCC TAA GGG CAT

rLRRK2 Rev CCC ACC AGA CAG TAG GCT TCT

The obtained PCR products were cloned in the pCR4-TOPO
(Invitrogen) or pBluescriptll plasmid (Strategene, La Jolla, CA,
USA). Sequences were confirmed on both strands using the ABI
Prism® BigDye™ Terminator Cycle Sequencing Ready Reaction Kit
version 2.0 (Applied Biosystems) with the ABI Prism® 3700 DNA
analyzer (Applied Biosystems). The cloned LRRK?2 sequences are
located in the C-terminal of Ras of complex proteins domain (COR)
(452 bp for mouse from position 4663-5115 and 399 bp for rat
from position in the coding region of LRRK?2). The cloned PINK1
sequences are located mostly outside of the PINK1 kinase domain
(439 bp from position 80-519 in the coding region of PINKI, for
both rat and mouse probes).

Eukaryotic expression plasmids

Using primers based on human LRRK2 (GenBank accession
number AY792511) and oligo dT primed cDNA from SHSYS5Y
cells, a fragment corresponding to the kinase domain (corresponding
to positions 1880-2138 in LRRK2 protein) was amplified and
cloned into the pEGFP-C1 plasmid (BD Biosciences Clontech,
Mountain View, CA, USA).

In situ hybridization histochemistry

Antisense and sense digoxigenin-labelled riboprobes were produced
using T3 and T7 transcription systems and 1 pg of linearized
plasmid as previously described (Taymans ez al. 2004). Riboprobes
were recovered in distilled water and stored in aliquots at —70°C
until use.

Sections to be hybridized were quickly rinsed in PBS 1 X at 4°C,
then incubated with the following solutions (all at 4°C): PBS1x for
15 min, PBS 1x + 0.1% Triton X-100 for 15 min, HC1 0.02 N for
15 min, Tri-ethanol amine 1.5% and acetic anhydride 25 mm pH 8.0
for 15 min and PBS1x for 3 x 5 min. Sections were then equil-
ibrated in SSC 5x for 15 min and incubated for 1 h in hybridization
buffer (SSC 5x, 50% formamide, 5% dextran sulfate, 1 X Denhardt’s
solution, 250 pg/mL DNA, 100 pg/mL tRNA) in a humid chamber
at 65°C for PINKI sections and 60°C for LRRK2 hybridization.
Subsequently, 40 ng heat denatured digoxigenin labelled probe was
added to each section.

Following overnight hybridization in a humid chamber (temper-
atures as above), slides were submitted to the following post-hybrid-
ization washes (at the same temperatures as for hybridization): SSC
2x + 50% formamide for 30 min, SSC 2x + 0.3% Triton X-100 for
30 min, SSC 1 x for 30 min and SSC 0.1 x for 3 X 15 min.

© 2006 The Authors
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Sections were then equilibrated at 22°C in Buffer 1 (100 mm
maleic acid, 150 mm NaCl pH 7.5) for 10 min, then incubated for
30 min in Buffer 2 (Buffer 1 containing 1% Roche blocking
solution; Roche, Mannheim, Germany). After an overnight incuba-
tion at 4°C with alkaline phosphatase-conjugated anti-digoxigenin
antiserum (Roche; 1 : 500 in Buffer 2), the sections were quickly
rinsed with Buffer 1, then washed for 2 X 10 min in Buffer 1 and
equilibrated in Buffer 3 (Tris-HCl 100 mm pH 9.5 with NaCl
100 mm and MgCIl2 50 mm) for 10 min. Positive cells were
revealed by incubating sections for 4-12 h in the dark at room
temperature in an alkaline phosphatase substrate containing
solution: Buffer 3 with dimethyl formamide, nitroblue tetrazolium
(Roche) and bromo-chloro-indolylphosphate (Roche). The chromo-
genic reaction was stopped after 1-6 h by rinsing the sections
abundantly in Tris-EDTA buffer. Sections were then placed on
gelatin-coated microscope slides, dehydrated in an ethanol series,
cleared in Histoclear and coverslipped without counterstaining with
DPX mountant (Fluka, Bornem, Belgium). As a control of probe
specificity, sections hybridized with antisense probe were accom-
panied by adjacent sections hybridized with sense probe. No
significant labelling was observed for any of the sense riboprobes.

Sections processed from in situ hybridization histochemistry for
PINK1 and LRRK2 were visually examined using a microscope and
labelling intensity was scored for each region. Labelling intensity
scale: 0, not detected; (+), weak signal; +, moderate signal; + +,
strong signal.

Antibody synthesis and western immunoblotting

An anti-LRRK2 antiserum (DR4A/3EDD) was made in rabbits
against a keyhole limpet haemocyanin coupled peptide. The peptide
sequence corresponds to a sequence in the LRRK2 kinase domain
(Ctpnefdeleiqgklpdpv, from pos 2078-96, a cysteine residue was
added on the N-terminus for coupling).

Positive controls for antibody validation were generated by
transient transfection of plasmids encoding GFP-tagged LRRK?2 full
length (N- and C-terminal tags, a generous gift of Dr M. Cookson)
or kinase domain (LRRK2188c,i35, prepared as above) in
HEK293T cells. Cells were grown using Dulbecco’s Modified
Eagle’s Medium containing penicillin and streptomycin and sup-
plemented with 10% foetal calf serum. Transfections were per-
formed using poly(ethylenimine), cells were homogenized via
sheering through a 30 gauge needle with a 1% SDS solution
supplemented with a protease inhibitor cocktail (Roche). Protein
content was determined by the method of Bradford (Bradford 1976).

Crude homogenate preparations were diluted in SDS sample
buffer containing 10% mercaptoethanol and heated for 5 min at
95°C. For brain homogenates, 20 micrograms of protein per well
was resolved on 3—8% Tris-acetate polyacrylamide gels (Invitrogen)
in 1 X NuPAGE® Tris-acetate running buffer. For cell culture
homogenates, 10 micrograms of protein were resolved on 3-8%
Tris-acetate polyacrylamide gels (Invitrogen), as above, or on 12%
Tris-glycine polyacrylamide gels in Tris-glycine running buffer.
Molecular mass markers (Highmark and Multimark, Invitrogen)
were co-electrophoresed for size estimation. Protein was transferred
electrophoretically to a polyvinylidenedifiuoride (PVDF) membrane
in cold transfer buffer containing 10% methanol. The PVDF sheets
were blocked in PBS 1 X containing 0.1% Tween 20, 2.5% non-fat
dry milk overnight at 4°C and then incubated overnight at 4°C with
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anti-LRRK2 serum DR4A/3EDD at a dilution of 1 : 5000 or an
anti-GFP serum developed in-house (Baekelandt ef al. 2003) at a
dilution of 1 :20.000, in PBS plus 2.5% non-fat dry milk. The
PVDF sheets were washed in PBS + 0.1% Tween 20 (3 x 10 min)
at 22°C followed by incubation for 1 h at 22°C with horseradish
peroxidase-conjugated anti-rabbit IgG (1 : 20.000 dilution in
PBS + 2.5% non-fat dry milk; Amersham, Arlington Heights, IL,
USA). The blots were washed in PBS +0.1% Tween 20
(2 x 10 min) at 22°C and rinsed in PBS, and immunoreactive
proteins were visualized using the enhanced chemiluminescence
plus (ECL +) technique (Amersham Pharmacia Biotech, Little
Chalfont, England).

Illustrations

[llustrations for the figures of in situ hybridization histochemistry
were digitally recorded with the Stereo Investigator analyzing
system (MicroBrightfield Inc., Williston, VT, USA) connected with
a CCD camera to a Leica DMR optical microscope (magnification
1.6-20 X) as bright-field photomicrographs. Film autoradiograms of
western immunoblots were scanned using a Dell 922 flatbed scanner
(Dell, Round Rock, TX, USA). Illustrations were prepared with
Adobe Photoshop version 5.0.2 (Adobe Systems Incorporated, San
Jose, CA, USA) for contrast and brightness adjustments and

cropping.

Results

Specificity of the in situ hybridization signal

The specificity of the in situ hybridization signal was ensured
by probe design and verified by processing sections with
sense probe. The PINK1 probe was selected in a unique
region of its kinase domain. The LRRK?2 probe was selected
within its COR (C-terminal of Ras of complex proteins)
domain, a domain unique to the Roco family of proteins
(Bosgraaf and Van Haastert 2003). A BLAST search using
our probe sequences yielded significant homologies exclu-
sively for our respective genes of interest. The general
specificity of riboprobe hybridization was confirmed by
comparing the hybridization signal in sections hybridized
with antisense riboprobes to control serial sections hybrid-
ized with sense strand probes. These control conditions
yielded a low background for the hybridization signals, with
no detectable levels in most regions for all controls (inset of
Figs 1f—q and 2f—q). Slightly higher background levels were

seen with sense control probes for PINK1 in hippocampus
and cerebellum. Background levels of sense probe were also
higher for LRRK2 in the cerebellum or after extended signal
exposure times, such as shown for the substantia nigra (inset
Fig. 1j). All brains analyzed showed a similar expression
pattern for each probe (4 brains tested for each probe for both
mouse and rat).

PINK1 mRNA localization

The PINK1 transcript was expressed throughout the mouse
and rat brains, and the distribution pattern was essentially the
same in mouse compared to rat brain (the detailed regional
distribution is given in Table 3 and illustrated in Fig. 1).
Strong hybridization signal was observed in the following
regions: layers II-VI of cerebral cortex, striatum, paraven-
tricular hypothalamic nucleus, thalamus, amygdala, hippo-
campus, mesencephalic nuclei like the substantia nigra,
cerebellar cortical areas and pons. Intermediate expression
was seen in the globus pallidus while hypothalamic nuclei
such as the lateral and ventromedial hypothalamic nuclei
displayed generally low expression levels.

The non-radioactive in situ hybridization histochemistry
method used here allows mRNA localization at the cellular
level. For instance, in white matter, PINK1 labeled cells were
only very sparsely observed (data not shown). In the
cerebellar cortex, cells with high PINK1 levels were seen
to be expressed in neurons of the Purkinje cell layer, while
granular cell layer cells expressed lower levels of PINKI
mRNA (Fig. 1k,q). In the striatum, the soma size of PINK1
positive cells was found to be approximately 15-20 um
(Fig. 1£)]).

LRRK2 mRNA localization

The LRRK2 transcript was expressed throughout the mouse
and rat brains (Table 3, Fig. 2), and the distribution pattern
was essentially the same in both rodent species. Strong
LRRK?2 in situ hybridization signal was observed in the
following regions: layers II-VI of cerebral cortex, striatum,
olfactory tubercle, hippocampus, and amygdala nuclei such
as the antero-cortical amygdaloid nucleus and lateral amy-
gdala. Moderate expression was seen in the thalamus, pons
and paraventricular hypothalamic nucleus. Septal nuclei
showed low (mouse) or moderate (rat) LRRK2 levels, while

Fig. 1 Neuroanatomical distribution of PINK1 mRNA in mouse and rat
brain. Frontal mouse and rat brain sections were hybridized with a
digoxigenin labelled riboprobe complementary to mouse and rat
PINK1, respectively, and further processed as described in the
Materials and Methods section. Shown in the first column are repre-
sentative low magnification bright field photomicrographs of PINK1
in situ hybridization histochemistry in the mouse brain at the level of
the caudate putamen (a), globus pallidus (b), hippocampus (c), sub-
stantia nigra (d) and cerebellum (e). In columns 2 and 3, high mag-
nification images corresponding to boxed areas in overview images
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are shown for mouse and rat, respectively: caudate putamen (f, 1),
neocortex (g, m), globus pallidus (h, n), hippocampus (i, 0), substantia
nigra (j, p) and cerebellar cortex (k, g). The inner diameter of the
donut-shape next to the scale bars in panels F and L is 15 pm and
corresponds to the average diameter of labelled somata from the
caudate-putamen. The block arrows in panels K and Q point to
labelled cell somata of Purkinje cells. A full overview of the PINK1
mRNA distributions is presented in Table 3. Scale bars given in the
inset sense control images are of the same length as those of the
corresponding antisense images. Abbreviations: see list.
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Mouse PINK1 mRNA Rat PINK1 mRNA
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Mouse LRRKZ mRNA
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Table 2 Primers and probes used for quantitative RT-PCR

mPINK1 FW GAG GGC GTG GAC CAT CTG

mPINK1 REV AGG ATG TTG TCG GAC TTG AGA TC

mPINK probe Fam-TTC AGC AGG GCA TTG CCC ATC
G-Tamra

rPINK1 FW AGA CGG TCC CAAGCAGCTT

rPINK1 REV AAG TGA AGG CGC GGA AAAC

rPINK probe Fam-CCG CAC CCC AAC ATC ATC CG-Tamra

mLRRK2 FW CAA AGC TTA ATA GGA CCC CAG GAT

mLRRK2 REV ATT GGC GTG ATG AAC AGT TAA CA

Fam-TGG GAA GTC CTT GGT ATT CAC
CGG CT-Tamra

CAA AGC TTA ATA GGA CCC CAG GAT
GTT GGC ATG ATG AAC AGT TAA CA
Fam-TGG GAA GTC CTT GGT ATT CAC
CGG CT-Tamra

mLRRK2 probe

rLRRK2 FW
rLRRK2 Rev
rLRRK2 probe

LRRK2 expression in the globus pallidus was either low (rat)
or not detected (mouse). Remarkably, LRRK2 expression in
the substantia nigra was low as seen in Fig. 2(J,p) where
revelation of the in situ hybridization signal was extended for
increased sensitivity (to be compared to ‘overexposed’
cortical area, Fig. 2d).

At the cellular level, examination of LRRK2-positive cells
in the cerebellum revealed that LRRK2 is largely expressed
in Purkinje neurons (Fig. 2k,q). In the striatum, the soma size
of LRRK2 positive cells was found to be approximately 15—
20 pm (Fig. 2f)1).

Quantitative RT-PCR of PINK1 and LRRK?2 in regional
mouse and rat brain RNA extracts

To obtain more quantitative information on PINK1 and
LRRK2 levels, quantitative PCR (see Table 2 for primer/
probe sets used) was performed on cDNA of the following
rat and mouse brain regions: olfactory bulb, neocortex,
striatum, septal region, hypothalamus, diencephalon, mes-
encephalon, hippocampus, pons and cerebellum. In agree-
ment with the results obtained by in situ hybridization
histochemistry, quantitative RT-PCR revealed that the
PINK1 and LRRK2 genes are widely expressed in mouse
and rat brain (Fig. 3). Relative gene expression levels (ratios
of gene of interest over the housekeeping gene GAPDH)

Rodent brain distribution of PINK1 and LRRK2 957

were equivalent in mouse brain regions compared to rat
brain regions for both genes. PINK1 mRNA abundance was
similar over all brain regions tested with PINK1/GAPDH
ratios ranging between 0.53 and 0.946. LRRK2 mRNA
abundance displayed interregional differences with LRRK2/
GAPDH ratios ranging from 0.20 (rat hypothalamus) to 5.77
(rat striatum).

Western immunoblot of LRRK?2 in regional mouse and
rat brain homogenates

In order to examine the protein distribution of LRRK2 in
the rodent brain, we developed LRRK2-specific antibodies
via immunization of KLH-linked LRRK2 peptides. We
assessed the specificity of our primary LRRK2 antiserum
(DR4A/3EDD) by several criteria: (1) recognition of GFP-
tagged fusion constructs of an LRRK2 fragment (2)
recognition of full length LRRK2 and (3) preabsorption
tests (Fig. 4a).

The DR4A/3EDD antiserum recognized a band at
~280 kDa in HEK293T cells which express LRRK2
endogenously. In accordance with findings previously repor-
ted with another LRRK?2 antibody (Giasson et al. 2006), our
DR4A/3EDD antiserum demonstrated a primary band in the
rodent tissue at a slightly lower level (~260 kDa). The
strength of the bands varied from region to region, with
strong expression seen in the striatum, cortex and hippo-
campus. Low LRRK2 protein levels were seen in the septum,
hypothalamus and olfactory bulb.

Discussion

We have determined the detailed neuroanatomical distribu-
tion of PINK1 and LRRK2 in mouse and rat brain using non-
radioactive in situ hybridization histochemistry. These data
are complemented by the quantification of transcript levels in
regional brain extracts via quantitative RT-PCR. At the
protein level, we examined LRRK2 expression in regional
rodent brain homogenates using a specific anti-LRRK2
antiserum raised in house. The main finding of our study is
that both genes are expressed throughout the rodent CNS,
with PINK1 showing homogeneous expression levels and
LRRK2 showing relatively important interregional differ-
ences in expression level.

Fig. 2 Neuroanatomical distribution of LRRK2 mRNA in mouse and
rat brain. Frontal mouse and rat brain sections were hybridized with a
digoxigenin labelled riboprobe complementary to mouse and rat
LRRK2, respectively, and further processed as described in the
Materials and Methods section. Shown in the first column are repre-
sentative bright field photomicrographs of LRRK2 in situ hybridization
histochemistry in the mouse brain at the level of the caudate putamen
(a), globus pallidus (b), hippocampus (c), substantia nigra (d) and
cerebellum (e). In columns 2 and 3, high magnification images cor-
responding to boxed areas in overview images are shown for mouse
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and rat, respectively: caudate putamen (f, I), neocortex (g, m), globus
pallidus (h, n), hippocampus (i, 0), substantia nigra (j, p) and cerebellar
cortex (k, g). The inner diameter of the donut-shape next to the scale
bars in panels f and | is 15 um and corresponds to the average
diameter of labelled somata from the caudate-putamen. The block
arrows in panels k and g point to labelled cell somata of Purkinje cells.
A full overview of the LRRK2 mRNA distributions is presented in
Table 3. Scale bars given in the inset sense control images are of the
same length as those of the corresponding antisense images.
Abbreviations: see list.
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Table 3 Distribution of PINK1 and LRRK2 mRNA within the mouse

and rat brains

Mouse Rat Mouse Rat
Brain Structure PINK1 PINK1 LRRK2 LRRK2
Telencephalon
Olfactory bulb ++ ++ (+) (+)
Neocortex ++ ++ ++ ++
Layer | 0 0 0 0
Layer Il + 4+ + 4+ ++ + 4+
Layer IlI ++ ++ ++ ++
Layer IV ++ ++ ++ ++
Layer V + 4+ + 4+ ++ ++
Layer VI ++ ++ ++ ++
Prefrontal cortex ++ ++ ++ ++
Piriform cortex + + + + + ++
Corpus callosum 0 0 0 0
Nucleus accumbens
Shell + + + + + 4+
Core + + ++ ++
Caudoputamen + + ++ ++
Olfactory tubercle + + ++ ++
Lateral septum + + (+) +
Medial septum + + (+) +
Globus pallidus + + 0 (+)
Internal capsule 0 0 0 0
Hippocampus
CAT1 hippocampal field + + + + + + ++
CA3 hippocampal field + + + + + + + +
Dentate gyrus + + + +
Amygdala
Antero-cortical + + ++ + 4+
amygdaloid nuc
Amygdalo-striatal (+) (+) ++ ++
transition area
Lateral amygdala ++ ++ ++ ++
Basolateral amygdala ++ + + + ++
Medial amygdala + + + +
Post-eromedial cortical + + + +
amygdala
Diencephalon
Medial habenula + + + +
Lateral habenula + (+) (+) (+)
Medial lemniscus 0 0 0 0
Thalamus
Principal relay nuc ++ + 4+ + +
Pre-taenial nuc + + + +
Midline/intralaminar nuc + + + +
Reticular nuc + + 4+ + +
Dorso-lateral geniculate nuc  + + + + + +
Ventro-lateral geniculate nuc + + + + + +
Medial geniculate nuc + + + +
Hypothalamus
Paraventricular nuc + + + + + +
Ventromedial 0 0 + (+)
hypothalamic nuc
Lateral hypothalamic nuc (+) (+) 0 0

© 2006 The Authors

Table 3 Continued

Mouse Rat Mouse Rat

Brain Structure PINK1 PINK1 LRRK2  LRRK2
Arcuate nuc (+) (+) + +
Cerebral peduncle 0 0 0 0
Brainstem
Substantia nigra
Pars compacta + ++ (+) (+)
Pars reticulata + + (+) +
Ventral tegmental area + + + +
Central gray matter + + + +
Superior colliculus + + + +
Inferior colliculus + + + +
Pontine nuc ++ ++ + +
Dorsal raphe ++ ++ (+) (+)
Locus coeruleus ++ ++ (+) (+)
Cerebellum
Purkinje cell layer ++ ++ ++ + +
Granule cell layer (+) (+) (+) (+)

Labelling intensity scale: 0, not detected; (+), weak signal; +, moder-
ate signal; + +, strong signal.

For LRRK2, the in situ hybridization data presented
here is largely consistent with data from other studies
published during the course of the submission of the
present work (Galter et al. 2006; Melrose et al. 2006;
Simon-Sanchez et al. 2006). All three reports show that
LRRK2 mRNA is expressed broadly with among others
high striatal and cortical expression. Also, our LRRK2
gqRT-PCR data is consistent with the study of Melrose and
colleagues (Melrose et al. 2006). It should be noted that
two of these reports using oligoprobes conclude to the
absence of LRRK2 mRNA from the substantia nigra,
while we detected low nigral levels for LRRK2. This may
be explained by our choice to use riboprobes which show
higher specificity and sensitivity compared to shorter DNA
oligoprobes. Indeed, riboprobes create more stable hybrids
than oligoprobes making it possible to employ more
stringent hybridization and wash conditions (Tecott et al.
1987). Our data are largely in agreement with the study of
Simon-Sanchez et al. that also uses non-radioactive in situ
hybridization with riboprobes (Simon-Sanchez et al. 2006),
except for the rather strong LRRK2 signals we obtained in
the nucleus accumbens and the purkinje cells of the
cerebellum. The reason for this is unclear, but might be
due to differences in mouse strain.

The specificity of our in situ hybridization signals given
here is further supported by the regional distribution as
measured by other methods. The homogeneous expression
pattern of PINKI1 is confirmed by qRT-PCR. For LRRK2,
expression levels seen in the in situ hybridization experi-
ments correlate overall to expression levels measured by
qRT-PCR or Western blot. For example, all three detection
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Fig. 3 PINK1 and LRRK2 transcript levels in different rat and mouse
brain regions. Quantitative RT-PCR assays for PINK1 (a) and LRRK2
(b) were performed on cDNA from various brain regions. Transcript
levels were expressed as a ratio of PINK1 or LRRK2 to the house-
keeping gene GAPDH. Note the contrast between the evenly distri-
buted transcript levels for PINK1 and the drastic interregional
expression differences for LRRK2. Abbreviations: see list.

methods show strong LRRK2 expression in the striatum,
cortex and hippocampus and weak LRRK2 expression in the
olfactory bulb, septum and hypothalamus. On the other hand,
qRT-PCR is the most quantitative method with the widest
linear range, which probably explains why the very high
LRRK2 signal in the striatum is best seen through this
method.

An important issue for further investigation will be to
compare the PINK1 and LRRK?2 distributions in rodent brain
with the distribution in human brain. A study of the
distribution of PINK1 mRNA in adult human tissues via
Northern blot has shown that PINK1 is expressed in a wide
range of tissues including heart, skeletal muscle, testis,
kidney and brain (Unoki and Nakamura 2001), however, a
regional brain distribution has not yet been described. For
LRRK2, gene expression in human tissues as seen via
Northern blot and quantitative PCR has also shown that
LRRK2 is expressed in a variety of human tissues including
heart, lung, kidney and brain (Paisan-Ruiz ef al. 2004;
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Fig. 4 Western blot analysis of LRRK2 expression in various brain
regions and HEK-293T cells. (a) Antibody validation. Extracts of HEK-
293T cells transfected with a fusion construct of GFP with LRRK2
kinase domain (LRRK2188c.213g) were run on a 12% SDS-polyacryl-
amide gel. The expressed protein is detected by both a GFP-specific
antibody and with our LRRK2-specific serum DR4A/3EDD. Using
3-8% SDS-polyacrylamide gels, serum DR4A/3EDD detected a
280 kDa fragment in extracts from untransfected HEK293T cells. (b)
Western blot of mouse and rat brain homogenates. Using 3—8% Tris-
acetate SDS-polyacrylamide gels and serum DR4A/3EDD, LRRK2
was detected in various mouse and rat brain tissues as a protein of
approximately 260 kDa. As with the in situ hybridization and qRT-
PCR, striatum, cortex and hippocampus show high LRRK2 expression
while hypothalamus, septum and olfactory bulb show lower expres-
sion. Immunoblotting for beta-tubulin (51 kDa) is provided as a loading
control at the bottom of each blot. Abbreviations: see list.

Zimprich et al. 2004). In the brain, the same studies show
that LRRK2 is mostly abundant in the putamen and the
cerebral cortex with lower levels of expression in the
cerebellum and medulla (Paisan-Ruiz et al. 2004; Zimprich
et al. 2004), consistent with our results for mouse and rat
brain. In intact human brain tissue, LRRK2 protein expres-
sion was demonstrated in Purkinje cells of the cerebellum
(Giasson et al. 2006), as we show here for LRRK2 mRNA in
mouse and rat. Galter and colleagues have recently shown
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that LRRK2 mRNA levels in human cortex and striatum are
high while nigral levels are very low or absent (Galter et al.
2006), findings which are in line with our results in mouse
and rat. It would be interesting to extend these data to other
regions of the human brain such as amygdala nuclei or the
hippocampus which show high LRRK2 expression in
rodents.

Although the precise cell types expressing PINK1 and
LRRK2 remain to be conclusively determined, our data are
consistent with neuronal expression of PINK1 and LRRK2.
Both genes are expressed exclusively in grey matter
regions with no or very sparse labeling in white matter
and both PINKI1 and LRRK2 expression is seen in
neuronal Purkinje cells (Figs 1k,q and 2k,q). In the
striatum, both genes are expressed in cells with a soma
diameter of 15-20 pum, consistent with the soma size of
striatal medium spiny neurons (Gerfen 2004), but excluding
expression in cells with small soma size such as microglia.
Medium spiny neurons comprise 95% of the striatal
neurons, with approximately half accounting for direct
pathway (striatonigral) projections and the other half to the
indirect (striatopallidal) pathway (Gerfen 2004). Further
studies including colocalization of PINK1 or LRRK2 with
neuronal and glial markers will be necessary to formally
determine the cell types expressing these two genes.

A striking finding of this study is that both PINK1 and
LRRK?2 show a broad distribution of gene expression while
pathogenicity in Parkinson’s disease is much localized.
Indeed, the hallmark of Parkinson’s disease is neuronal
degeneration in the dopaminergic neurons of the substantia
nigra (Kish ez al. 1988), a feature which may be accompan-
ied by additional histopathological features such as brainstem
or cortical Lewy bodies. Nigral neuron degeneration has
been shown indirectly via positron emission tomography in
carriers of PINK1 disease mutations (Khan et al. 2002) and
in carriers of LRRK2 clinical mutations (Adams et al. 2005;
Hernandez et al. 2005). For LRRK2 PD patients, this has
been confirmed in postmortem histopathological studies
(Zimprich et al. 2004; Giasson et al. 2006; Ross et al.
2006). Interestingly, the distribution of other genes linked to
familial Parkinson’s disease such as alpha-synuclein (Hong
et al. 1998), parkin (D’Agata et al. 2000; Stichel et al. 2000)
or DJ-1 (Shang et al. 2004; Bader et al. 2005) also show a
broad distribution. The apparent contradiction between a
broad expression pattern and the involvement in anatomic-
ally localized degeneration may be reconciled by the notion
that PINK1 and LRRK2 cellular function could be regulated
differently from one functional cell group to another. For
LRRK?2, its low level of expression in the substantia nigra
raises the possibility that its potential role in nigral degen-
eration may be carried out at the systems level rather than at
the cellular level. Expression of LRRK2 is highest in the
striatum, a region which is in direct contact with the
substantia nigra via mutual projections. Region-specific
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action of PINK1 or LRRK2 may also be regulated by
region—specific interactions with other genes. So far, no
physical interaction partners have been described for PINK1.
Interestingly, LRRK2 has been shown to interact with parkin
in vitro and following transient transfection in HEK293T
cells (Smith et al. 2005). Expression of LRRK2 and parkin
overlaps in several regions of the rodent brain such as cortex,
hippocampus or cerebellar Purkinje cells (D’Agata et al.
2000; Stichel et al. 2000). However, on the contrary to
LRRK2, parkin is not expressed in the rodent caudate-
putamen, indicating that the parkin-LRRK?2 interaction may
not be essential to LRRK2 function.

In summary, we show here that both PINK1 and LRRK2
are broadly expressed in the rodent brain with expression of
both genes in structures relevant to PD: substantia nigra,
caudate-putamen, cortex, hippocampus. Distribution patterns
were the same in both rat and mouse and were consistent
with neuronal expression. Our study provides an important
basis for the future study of the roles of PINK1 and LRRK2
in the brain.
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