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Abstract

Mutations in leucine-rich repeat kinase 2 (LRRK2) are found in a significant proportion of late-
onset Parkinson’s disease (PD) patients. Elucidating the neuroanatomical localization of LRRK2
will further define LRRK2 function and the molecular basis of PD. Here, we utilize recently
characterized monoclonal antibodies to evaluate LRRK2 expression in rodent brain regions
relevant to PD. In both mice and rats, LRRK2 is highly expressed in the cortex and striatum,
particularly in pyramidal neurons of layer V and in medium spiny neurons within striosomes.
Overall, rats have a more restricted distribution of LRRK2 compared to mice. Mice, but not rats,
show high levels of LRRK2 expression in the substantia nigra pars compacta. Expression of the
pathogenic LRRK2-G2019S protein from mouse BAC constructs closely mimics endogenous
LRRK?2 distribution in the mouse brain. However, LRRK2-G2019S expression derived from
human BAC constructs causes LRRK2 to be expressed in additional neuron subtypes in the rat
such as striatal cholinergic interneurons and the substantia nigra pars compacta. The distribution
of LRRK2 from human BAC constructs more closely resembles descriptions of LRRK2 in
humans and non-human primates. Computational analyses of DNA regulatory elements in LRRK2
show a primate-specific promoter sequence that does not exist in lower mammalian species. These
non-coding regions may be involved in directing neuronal expression patterns. Together, these
studies will aid in understanding the normal function of LRRK?2 in the brain and will assist in
model selection for future studies.
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Introduction

Autosomal-dominant missense mutations in the leucine-rich repeat kinase 2 gene (LRRK2)
produce a strong susceptibility to PD with symptoms associated with late-onset disease
(Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Understanding the normal function of
LRRK?2 and the consequences of the mutations will help to elucidate the neurobiological
basis of PD. Furthermore, because the protein kinase domain of LRRK2 has successfully
been targeted by small molecule inhibitors in vitro, LRRK2 represents one of the most
promising novel targets for therapeutics (West et al., 2005; Cookson, 2010).

Rodent models provide an important tool for understanding the etiology of PD and for
screening of novel neuroprotective pharmacological treatments. Transgenic bacterial
artificial chromosome (BAC) mice have been developed harboring LRRK2 mutations
associated with PD, in particular the most common G2019S familial mutation. One of the
major transgenic lines developed include mice overexpressing murine LRRK2 under the
control of the endogenous murine LRRK2 promoter (Li et al., 2010). PD-relevant
phenotypes from mice with LRRK2 expression driven from human BAC constructs have
also been described (Li et al., 2009). The recent development of BAC transgenic rats
harboring human LRRK2 G2019S mutations provide an additional tool for studying the
contribution of LRRK2 to PD susceptibility (see Methods section for details regarding this
strain). Characterization of rat models in PD may be important in pre-clinical studies for
experimental therapeutics since physiology is easier to monitor as compared to mice,
behavioral tests of motor function and learning and memory are well established, and
surgical procedures are often easier due to the larger size of the rat. However, LRRK2
expression or localization in the brain has not yet been described in rats or in transgenic rats.

A substantial body of evidence implicates abnormalities in striatonigral circuits in PD in
motor behavior (DeLong and Wichmann, 2007), and more recent studies suggest a role for
cortical dysfunction in cognitive and executive function decline (Irwin et al., 2012).
Characterizing the neuroanatomical localization of LRRK2 in the brain in non-transgenic
and transgenic rodent models is crucial for understanding how LRRK2 may play a role in
brain circuitry, pathogenic functions, and subsequent development of LRRK2 directed
therapies. However, to date, the neuroanatomical localization of LRRK2 has been
challenging because of a lack of sensitive and specific antibodies, and the lack of suitable
LRRK2 knockout (KO) animals to serve as appropriate controls (Davies et al., 2013).
Recently, a consortium led by the West laboratory and the Melrose laboratory was formed to
systematically characterize ten monoclonal antibodies targeting LRRK2 in brain tissue
(Davies et al., 2013). Here, we capitalize upon these studies and use highly specific LRRK2
antibodies, together with knockout animals side-by-side, to ensure specificity, to perform a
comparative analysis of LRRK2 distribution in the striatum, cortex, and substantia nigra
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pars compacta (SNpc) in several strains of rodents. Importantly, all critical reagents
described in this study are commercially available, and it is hoped that this baseline
information on LRRK?2 distribution will assist in interpreting existing literature describing
these rodents as well as the design of future studies enabled because of the unique and
differential LRRK2 localization in different strains and species.

Antibody Characterization

See table 1 for details on antibodies used in this study.

The two antibodies used for the localization of LRRK2 (N241A/34 and c41-2) have been
characterized previously (Davies et al., 2013). The LRRK2 N241A/34 mouse monoclonal
antibody (NeuroMab, 73-253) was raised against an active recombinant LRRK2 fragment
(amino acids 970-2527). This antibody produced a single band corresponding to LRRK2
from mouse and rat brain lysates, with no detectable bands (resulting from primary antibody
signal) in lysates from LRRK2 knockout (LRRK2-KO) brains (Davies et al., 2013). The
anatomical distribution of LRRK2 immunohistochemistry using mouse brain sections in this
study resembled the pattern seen for LRRK2 mRNA (Melrose et al., 2006; Simon-Sanchez
et al., 2006a; Higashi et al., 2007; Giesert et al., 2013). All experimental observations of
LRRK2 presented here were matched together with tissue sections from LRRK2-KO mice,
processed in parallel, to ensure signal for LRRK2 was specific. The N241A/34 mouse
monoclonal antibody was not prioritized for immunohistochemical detection of LRRK2 in
mouse brain owing to the increased background observed (in both WT and KO mice) due to
secondary antibody cross detection of endogenous mouse proteins.

Previously, the LRRK2 c41-2 rabbit monoclonal antibody (Epitomics, 3514-1) was found to
detect a predominant band corresponding to LRRK2 in immunoblots from wild type and not
LRRK2-KO mouse brain lysates (Davies et al., 2013). This LRRK2 antibody was also
raised against the active recombinant LRRK2 fragment (amino acids 970-2527). The
anatomical distribution of LRRK2 immunohistochemistry using c41-2 resembled the pattern
seen for LRRK2 mRNA previously published. Under conditions described here, no signal
was apparent in tissue sections from LRRK2-KO mice using antibody c41-2 in sections
processed in parallel with WT or transgenic strains. The c41-2 antibody was not prioritized
for immunohistochemical detection of LRRK2 in rat brain, since in some areas of the rat
brain, c41-2 detected cells consistent with the morphology of astrocytes in both WT and
LRRK2-KO rats (Davies et al., 2013), although in all observations in this work, c41-2 signal
could reproduce the staining in neurons observed in rats using the N241A/34 antibody.

The calbindin rabbit monoclonal antibody (Epitomics, 2946-1) predominantly labeled
matrix regions in the striatum in rats and mice used here, as previously demonstrated for
calbindin distribution as a canonical marker for the matrix (Gerfen, 1989; Liu and Graybiel,
1992). The antibody was generated in rabbits with an N-terminal fragment of calbindin from
amino acids 1-150, affinity purified and produces a single band by western blot of ~30kDa
(Manufacturer’s datasheet). The MOR-1 (u-opioid receptor, OPRM1) rabbit monoclonal
antibody (Epitomics, 3675-1) predominantly labeled striosomes in the striatum in both rats
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and mice used here as previously described (Atweh and Kuhar, 1977; Gerfen, 1984). The
antibody was generated in rabbits with a C-terminal fragment of MOR-1 corresponding to
amino acids 250-400, and recognizes a single band by western blot of ~75kDa
(Manufacturer’s datasheet). Although both antibodies have not been validated in knockout
animals for their respective target, or previously published (to our knowledge), the striking
concentration of LRRK2 in the striosomes and matrix produced by these antibodies in the
rat and mouse striatum, similar to previous reports, suggest specificity of signal.

The GADG67, TH, parvalbumin, a-synuclein, ChAT, and DARPP-32 antibodies used here
can be found in the current version of the JCN antibody database. The mouse 1gG2a affinity
purified monoclonal anti-GAD67 (Millipore, MAB5406) was generated using full length
human GADG67 as immunogen, and the manufacturer reports no cross reactivity with
GADG5 by western blot and immunostaining in the rat hippocampus consistent with
expected distribution (Manufacturer’s datasheet). The rabbit polyclonal anti-TH antibody
(Santa Cruz, H-196) was generated by immunizing rabbits with an N-terminal recombinant
human TH protein (amino acids 1-196) and generates a single band of 60 kDa by western
blot (Manufacturer’s datasheet). The TH antibody produces expected anatomical distribution
in the striatum and substantia nigra in both rats and mice. The mouse 1gG1 monoclonal
targeting a-synuclein (BD Biosciences, 610785) was generated with recombinant protein
consisting of amino acids 15-123 of rat a-synuclein protein. The antibody detects a single
band by western blot of ~20 kDa (Manufacturer’s datasheet) and the expected pre-synaptic
distribution in the rats and mice was observed in this study. The polyclonal affinity purified
anti-choline acetyltransferase antibody was developed in a goat with purified human
placental choline acetyltransferase as immunogen. The Manufacturer reports staining of rat
neocortex and rat septal organotypic slice cultures with the distribution expected for choline
acetyltransferase positive neurons, and we observe the strong expected interneuron staining
in rats and mice striatum used in this study. Finally, affinity purified rabbit monoclonal
antibody anti-DARPP-32 (Cell Signaling, 19A3) produces a single band by western blot of
the expected size in mouse and rat brain, and no bands were detected in the DARPP-32
knockout mouse brain (Manufacturer’s datasheet). In addition, the Manufacturer reports the
expected distribution of cells stained with this antibody in the striatum, and expected
distribution of cells in the striatum, retina and cerebellum.

All animal protocols were approved by the Authors’ respective Institutional Animal Care
and Use Committee and were in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No. 80-23). All mice used were
male, 8 to 12 weeks of age. The murine BAC LRRK2-G2019 mice are available from the
Jackson Laboratory and were developed in the laboratory of Zhenyu Yue (Li et al., 2010)
and have been bred with C57BI/6J inbred mice for at least 10 generations. The Sprague-
Dawley human BAC LRRK2 G2019S rat strain was developed in the laboratory of Dr.
Chenjian Li, and sponsored by the Michael J. Fox Foundation for deposition to Taconic
farms and has undergone at least 3 generations of breeding by the vendor on the outbred line
of Sprague-Dawley (Charles Rivers). The BAC LRRK2 G2019S rat strain, to our
knowledge, has not been described in the literature, but a related strain, and details of the
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generation and characterization of the BAC LRRK2 R1441G rat have been published (Li et
al., 2009).

LRRK2 knockout (KO) lines on mice were exon 41 deleted mice on a C57BL/6 background
developed by Melrose and Farrer ((Hinkle et al., 2012); the Jackson Laboratory) with
undetectable LRRK2 protein and no truncated LRRK2 products detected by immunoblot.
LRRK2 KO rats on a Long-Evans Hooded outbred background were developed by Sigma
Advanced Genetic Engineering Labs, via targeted genomic editing to introduce a 10 base
pair deletion in exon 30 via Zinc-Finger Nuclease technology. This deletion results in an
early frame shift and the resultant transcript is degraded by non-sense mediated decay, with
no detectable LRRK2 protein (Davies et al., 2013). A Tg(Th-eGFP)DJ76Gsat transgenic
mouse was obtained from Jackson laboratory, originally developed by the GENSAT brain
atlas of gene expression program, and has been previously described (Ibanez-Sandoval et al.,
2010) (Moehle et al., 2012).

Rodent brain free-floating immunohistochemistry

Observations in this study were made from 12 male WT and 12 male LRRK2 KO (Hinkle et
al., 2012) mice aged 4 months, and 12 male WT and 12 male LRRK2 KO rats aged 2—4
months. Similar group sizes were used for LRRK2-BAC transgenic mice and rats.

Individual experiments presented here are representative of at least three animals per group.
Animals were terminally anesthetized with ketamine and xylazine cocktail (120/20mg/kg for
mice, 75/10mg/kg for rats) and transcardially perfused 0.9% saline with 10U/mL heparin
followed by ice cold 4% PFA. Brains were dissected and post-fixed at 4°C for 2 hours in 4%
PFA, then transferred to 30% sucrose in PBS at 4°C for cryopreservation. Once saturated in
sucrose, brains were flash frozen in isopentane cooled on dry ice and stored —80°C until
sectioning at 40 um on a sledge microtome (Leica). Sections were rinsed 3 times with Tris-
buffered saline (TBS). All rinses and primary and secondary antibody diluents were in TBS.
For DAB detection only, sections were pre-quenched with 3% H,0, for 10 minutes
followed by 3 rinses. To enable antigen retrieval, all sections were incubated with 10 mM
sodium citrate, pH 6.0, containing 0.05% Tween-20 for 30 minutes at 37°C with agitation.
Following x3 5 minute washes, non-specific sites were blocked by incubating sections for 1
hr in 5% normal serum from the host of the secondary antibody containing 0.3% triton
X-100 (with 10 Og/mL avidin for DAB) at 4°C with agitation. Following 3 rinses, sections
were incubated in primary antibody diluted in 5% normal serum (with 50 Og/mL biotin for
DAB) for 24-48 hrs. “No primary” antibody and concentration and species-matched 1gG
controls were included in each experiment. Sections were washed 3 times for 5 minutes and
then placed in secondary antibody in 5% normal serum 18 hr at 4°C with agitation.
Secondary antibodies include: biotinylated goat anti- mouse (Vector Laboratories,
Burlingame, CA); donkey anti-rabbit or anti-mouse (CF555, CF488, Sigma-Aldrich, St.
Louis, MO); goat anti-mouse 1gG1 or 1gG2a specific (Alexa 488, Alexa 555, Life
Technologies, Grand Island, NY). The next day, sections were washed 3 times. Sections for
fluorescence were mounted using Prolong Gold (Life Technologies, Grand Island, NY). For
DAB, sections were incubated with Avidin-Biotin Complex reagent (Vector Labs) for 30
minutes, washed 3 times again, then developed in 3,3’-diaminobenzidine (DAB) substrate or
ImmPACT substrate (Vector Labs, Burlingame, CA) for 2-5 minutes. The sections were
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placed in distilled water to terminate the DAB development reaction and mounted with 25%
ethanol in PBS onto positively charged glass slides (ThermoFisher). Following at least 3
hours of air drying, the slides were dehydrated in ascending alcohols and three changes of
xylene and coverslipped with Permount (ThermoFisher).

We obtained the highest LRRK2 signal over background in immunohistochemistry
experiments when freshly sectioned brain sections were used the same day as perfusions,
and PFA post-fixation was limited to 24 hours or less. LRRK?2 signal precipitously declined
with storage of brain sections at 4°C or —20°C, with most signal lost after just a few days in
both rats and mice. Thus, LRRK2 is unusually sensitive to storage conditions. For the data
presented here, all attempts were made to stain as fresh as sections as possible, although
storage of whole-frozen and cryopreserved brains at —80°C had smaller deleterious effects
and LRRK?2 signal could be recovered from brains stored at —80°C for several weeks to
months.

Confocal images were captured using a Leica TCS-SP5 laser-scanning confocal microscope.
The Leica LASAF software, Adobe Photoshop (contrast, brightness and color adjustments),

and Adobe Illustrator were used to create figures and process images. Images from sections

stained with DAB were captured using a Zeiss AxioObserver.Z1 microscope.

Immunoblotting

Male mice were terminally anesthetized with isofluorane and euthanized by decapitation for
removal of the brain, and dissection of brain regions was performed. Tissue was
homogenized directly into Laemmli buffer supplemented with a protease inhibitor cocktail
(Roche Diagnostics Corporation, Indianapolis, IN). Lysates were directly loaded onto 7.5%
TGX (Bio-rad) polyacrylamide gels and electrophoresed at 10V/cm for ~1.5 hours.
Acrylamide gels of 10% or less are suitable for resolution and transfer of LRRK2 protein;
higher percentages impede complete LRRK2 transfer to membranes. SDS-PAGE gels were
combined with either activated PVDF or nitrocellulose (Millipore), with equivalent results,
into Tris-Glycine transfer buffer overnight at 35V at 4°C. Membranes were washed and
successful protein transfer and equality of loading verified with Ponceau S (Sigma) stain.
Membranes were blocked in Tris-buffered saline/0.1% Tween-20 (TBS-T) with 5%
skimmed milk or 5% bovine serum albumin (BSA, approximate equivalent results obtained
using either BSA or milk as a blocking reagent for the antibodies described here) for 1 hour
and primary antibody was applied overnight at 4°C or for 1-2 hours at room temperature
(RT).

Promoter analysis

All genome sequences were obtained from the UCSC Genome Bioinformatics portal.
LRRK2 regulatory sequences were retrieved through alignment of the first coding exon of
LRRKZ2, and this assignment agreed with the cDNA and predicted transcriptional start of
LRRK2 in all species evaluated here. BLASTn (NCBI) and BLAT (UCSC Genome
Bioinformatics portal) tools were used for global alignment. mVISTA (available through the
Genomics Division of Lawrence Berkeley National Laboratory and US Department of
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Energy Joint Genome Institute) was used for sequence alignment, with LAGAN alignments
and Shuffle-LAGAN alignments utilized as described (Brudno et al., 2003).

LRRK2 in rodent striatum

Recently, we demonstrated the specificity of the mouse monoclonal LRRK2 antibody,
N241/34A, by both immunoblot and immunohistochemistry, and showed that this antibody
recognizes both mouse and rat LRRK2 (Davies et al., 2013). Using this antibody, we found
that LRRK2 was expressed in the striatum in both rat and mouse brain (Figure 1A), where it
was enriched in striosomes (also called patches; Figure 1B), as has been demonstrated
previously for mouse LRRK2 using a rabbit polyclonal antibody that does not recognize rat
LRRK2 (Mandemakers et al., 2012). However, the relative level of enrichment of LRRK2
expression in rat striosomes was much more pronounced than in mouse striatum. Double
labeling immunofluorescence in rats showed that LRRK2 is enriched in striosomes labeled
using MOR-1 (Figure 1C) (Atweh and Kuhar, 1977; Gerfen, 1984). LRRK2 expression was
much lower in the calbindin-positive matrix (Figure 1D)(Liu and Graybiel, 1992).
Throughout the striatum in both rats and mice, LRRK2 expression appeared to be restricted
to cells with the location and size of medium spiny neurons, with low to undetectable
expression in larger interneurons (Figure 1E).

Higher magnification images in striosomes showed localization of LRRK2 to neuropil
puncta and within cell bodies of medium spiny neurons (Figure 2). Although TH-positive
dopaminergic terminals and fibers were found juxtaposed to LRRK2 puncta, LRRK2
immunofluorescence did not colocalize with TH, suggesting that LRRK2 does not localize
to these TH positive axons in either rats or mice (Figure 2A). LRRK2-positive medium
spiny neuron cell bodies were surrounded by terminals positive for GAD67, and
parvalbumin which are expressed predominantly by striatal interneurons that were devoid of
LRRK2 expression in rats and mice (Figure 2B, E). Furthermore, no instances of overlap
between LRRK2 and the pre-synaptic protein a-synuclein could be detected (Figure 2C).
Since a-synuclein is a robust and broad marker for presynaptic terminals, these data suggest
the majority of LRRK2 localizes to the somatodendritic domains of medium spiny neurons.
However, additional ultrastructural localization experiments are required to pinpoint the
identity of these domains.

The MOR-1 receptor localizes to extrasynaptic sites within medium spiny neuron dendrites
(Kaneko et al., 1995; Wang et al., 1996; 1997). Within striosomes enriched for both LRRK2
and MOR-1, neuropil puncta for both proteins never co-localized but were exquisitely
juxtaposed, forming pairs in many instances and suggesting assignment of LRRK2 puncta to
a proportion of post-synaptic sites in the striosomes (Figure 2D). LRRK2 likewise did not
overlap with parvalbumin, a calcium buffer concentrated in fast-spiking interneurons;
parvalbumin-positive terminals were observed surrounding medium spiny neurons with
LRRK2 staining throughout the soma (Figure 2E). Finally, DARPP-32 staining in the
neuronal perikarya in the striatum overlapped with LRRK2 positive neuronal perikarya
(Figure 2F), confirming the medium spiny localization of LRRK2.
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LRRK2 Localization in Rodent Motor Cortex

In the rat cortex (Figure 1Al), LRRK2 immunoreactivity was not as abundant as in the
striatum, in contrast to mouse cortex, which exhibited LRRK2 immunoreactivity throughout
all cortical layers (Figure 1A2). Higher magnification images (Figure 3A) in the motor
cortex showed LRRK2 localized primarily to pyramidal projection neurons in layer V in the
rat, whereas LRRK2 immunoreactivity was found in neurons throughout all cortical layers
in mouse (Figure 4B). LRRK2 localized to apical dendrites, but LRRK?2 never overlapped
with a-synuclein expression (Figure 3C,D). As expected of a dominant pre-synaptic protein,
a-synuclein immunoreactivity was restricted to terminals contacting the perikarya and apical
dendrites of layer V pyramidal neurons (Figure 3D).

LRRK2 Expression in the Rodent SNpc

Whether LRRK2 protein and/or mRNA is expressed in the cells selectively vulnerable in
PD, namely dopaminergic neurons in the SNpc, has been a contentious issue, with studies
both confirming expression in these cells and also failing to detect expression (Biskup et al.,
2006; Galter et al., 2006; Simon-Sanchez et al., 2006b; Taymans et al., 2006; Melrose et al.,
2007). With the descriptions of several anti-LRRK2 polyclonal antibodies, LRRK2 protein
expression was described in the mouse and human SNpc (Biskup et al., 2006; Giasson et al.,
2006; Greggio et al., 2006; Higashi et al., 2007; Melrose et al., 2007). Here, with the benefit
of more sensitive monoclonal antibodies and the availability of LRRK2 KO animals as a
comparison group, we confirm expression of LRRK2 in mouse dopaminergic neurons, but
fail to detect any signal for LRRK2 using similar staining conditions in rat dopaminergic
neurons in the SNpc (Figure 4A).

To confirm with a second method that LRRK2 is expressed in dopaminergic neurons in the
mouse SNpc, we utilized a mouse strain developed in the GeneSat project that expresses
eGFP from a BAC construct harboring the TH gene, as previously described (Gong et al.,
2003). In eGFP-positive neurons of the mouse SNpc (Figure 4B), LRRK2 expression
primarily localized to neuronal perikarya, with weaker neuropil puncta than in the striatum
and very little dendritic localization as compared to LRRK2 positive neurons in the cortex.
In contrast, in rat midbrain sections (Figure 4C) imagined with confocal analysis, no LRRK2
immunoreactivity could be observed in TH positive neurons. In addition, LRRK2 showed
minimal expression in the abutting substantia nigra pars reticulata (Figure 4A) in both rats
and mice.

While overall comparable LRRK2 intensities in WT mice are observed with LRRK2
positive cells in the cortex, striatum and SNpc, in rats, LRRK2 expression in the striatum
was obviously higher than that of the SNpc where LRRK2 could not be detected. To help
determine whether it is possible to detect any LRRK2 expression in the rat SNpc, we titrated
the LRRK2 primary antibody (N241A/34), starting with our standard concentration of 1
ug/ml to a high concentration of 40 ug/ml (Figure 5). For these experiments, the secondary
concentration was held constant. Only at the highest concentration of anti-LRRK2 antibody
(40 pg/ml) could any signal in the rat SNpc be discerned. While the overall signal intensity
increased in the LRRK2 KO sections that were processed in parallel with the highest
concentrations of antibody (right side panels, Figure 5), no specific cells in the SNpc could
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be detected. Together with serial sections processed in parallel with anti-TH antibody and
morphological markers provided by Nissl contrast stain, these results suggest detectable but
very low levels of LRRK2 in the WT rat SNpc.

LRRK2 Distribution in BAC-Expressing Transgenic Rodents

We next investigated the pattern of expression of LRRK2 in transgenic mice harboring the
LRRK2-G2019S gene encoded within a mouse-genome derived BAC construct (Li et al.,
2010). Exogenous LRRK2-G2019S expression is thus driven from the native mouse
promoter sequence. Immunoblots of LRRK2 from LRRK2-G2019S BAC mice relative to
nontransgenic C57BL/6J control mice show a 20-30 fold increase in LRRK2 expression
across the brain (Figure 6A,B). Upon immunohistochemical analysis, the LRRK2-G2019S
BAC mice still showed the highest levels of expression in the cortex and striatum, with clear
expression in the SNpc (Figure 6C,D). Similar patterns of expression were observed in the
layers of the cortex, striosomes in the striatum, with still a lack of clear LRRK2 expression
in the substantia nigra pars reticulata. Thus, the transgenic mice display remarkable overlap
with the distribution observed in nontransgenic mice, even in the context of substantial over-
expression.

Recently, Sprague-Dawley rats harboring LRRK2-G2019S encoded from a human-genome
derived BAC construct were released commercially by Taconic Farms. Immunoblots again
show an approximately 20-30 fold increase in LRRK2 expression in the human LRRK2-
G2019S BAC transgenic rats relative to nontransgenic rats, similar to the mouse LRRK2-
G2019s transgenic mice (Figure 7A,B). Overall, expression of LRRK2 remained the highest
in the cortex and striatum in the transgenic rats. However, using the N241/34A antibody
which recognizes both rat and human LRRK2 with similar affinities (Davies et al., 2013),
we found distinct differences in LRRK2 distribution in these animals compared to LRRK2
protein endogenously expressed in nontransgenic rat brains. Unlike the restricted
localization to Layer V of the cortex in nontransgenic rats, LRRK?2 in LRRK2-G2019S
human BAC rats was intensely expressed across layers 11-V, in neurons of various
morphologies (Figure 7C). In the midbrain, LRRK2 became intensely expressed in
dopaminergic (TH positive) neurons of the SNpc where it co-localized with TH (Figure 7D).
Still, no significant LRRK2 signal could be detected in the substantia nigra reticulata. In the
striatum, there were scattered intensely LRRK2-positive neurons (in fact, the most intensely
labeled neurons that we could find across the entire brain). These were large and polygonal
and often located on the edge of striosomes, suggestive of cholinergic interneurons (Figure
7E), The cholinergic nature of these were confirmed by dual labeling with an antibody to
choline-acetyltransferase (Figure 7F). In contrast, parvalbumin-positive interneurons showed
low LRRK2 expression in the BAC transgenic rats (Figure 7G).

Lack of Conservation of the LRRK2 Promoter in Mammals

To begin to elucidate the mechanisms by which nontransgenic rodent LRRK2 and human
BAC LRRK?2 transgenic animals show such dramatic differences in the patterns of
expression, we examined LRRK2 DNA regulatory elements (i.e., DNA sequence
surrounding exon 1 of the LRRK2 gene). The nucleotides of the open-reading frame
encoding the LRRK2 protein are highly conserved in mammals, with over 80% nucleotide
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sequence identity in rats and mice compared to human (BLAST analysis), and over 90%
conservation in non-human primates compared with human. The amino acid sequence of the
LRRK?2 protein is also highly conserved, with over 88% identity between rats, mice and
humans, and more than 95% conservation between humans and non-human primates.
However, the same is not true for the regulatory regions in LRRK2. A basic-local alignment
search of 4 kilobases of sequence upstream of human exon 1 reveals that this sequence bears
no significant homology to any genomic sequences known in rats or mice, and many other
lower mammalian species, using standard filters for local alignment quality (e.g., UCSC
BLAT or NCBI BLAST tools). As this is unusual for sequence within conserved genes
between rodents and humans, we used more specialized bioinformatics approaches designed
to align sequences from more evolutionarily distant species. We found that fragments of the
human LRRK?2 promoter can be detected in rats and mice, but these sequences were subject
to heavy inversion, rearrangements and recombination, as visualized using a Shuffle-
LAGAN alignment (Figure 8A). As expected, remnants of the first transcribed exon can be
detected in all mammals evaluated, but otherwise there is not a consistent regulatory region
that remains highly conserved in mammals. Areas of significant sequence deviation can also
be detected even between rats and mice, two species that usually have a very high overall
conservation of gene-encoding regions (Figure 8B). Thus, while the LRRK2 protein
sequence itself is highly conserved in mammals, the regulatory regions outside of the coding
exons are dissimilar and have been subject to intense recombination within mammalian
evolution. It is possible that differential LRRK2 localization patterns we observed in this
study arise because of inter-species differences in regulatory elements, driven heavily by
evolutionary selection processes.

Discussion

The development of mammalian model systems is critical for understanding and potentially
treating the underpinnings of complex diseases like PD (Lee et al., 2012). Mutations in
LRRK2 represent the most common known genetic cause of late-onset PD (Ross et al.,
2011), yet descriptions of what types of cells actually express LRRK2 protein natively in the
mouse and human brain have been relatively vague, and even divergent in some cases.
Descriptions of LRRK2 distribution in the most commonly used LRRK2 transgenic mice
have also been incomplete. Finally, LRRK2 distribution in the rat brain has not been
previously described to our knowledge, yet rats can be important pre-clinical models of
neurodegeneration with advantages over mice in some areas of translational research. Our
goal for this study was to provide a comparative analysis of LRRK2 in brain regions that are
most routinely evaluated in PD research, in both rats and mice, and transgenic strains of
rodents that express pathogenic LRRK2 protein.

In the cortex, striatum, and SNpc, the pattern of LRRK2 expression differs in distinct
neuronal subtypes between rats and mice. Arguably the most important of these differences
with respect to PD research is the differential LRRK2 expression in the dopaminergic
neurons in the SNpc. In mice, LRRK2 expression can be readily detected in the SNpc with
both immunofluorescence and DAB immunohistochemistry. Likewise, LRRK2 is found in
human dopaminergic SNpc cells (Greggio et al., 2006; Higashi et al., 2007). In
nontransgenic rats, there was no LRRK2 signal in TH positive SNpc cells. However, in rats
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that express LRRK2 protein driven by a human promoter from a BAC construct, LRRK2
becomes highly expressed in dopaminergic SNpc neurons.

Furthermore, in transgenic rats with a human LRRK2 BAC construct, other neurons, such as
cholinergic interneurons in the striatum, become highly LRRK2 positive. LRRK2
distribution in the transgenic rats becomes more reminiscent of descriptions of LRRK2 in
non-human primates and human brain, for example high levels of LRRK2 in striatal
interneurons (Higashi et al., 2007; Lee et al., 2010). In the case of striatal interneurons, this
phenomenon is not likely to be a result of simple overexpression in the transgenic rats
because overexpression of LRRK2 from a murine promoter produces a pattern of staining
similar to nontransgenic rodents.

In transgenic or nontransgenic rats and mice, LRRK2 localizes to neurons that could modify
processing of cortical-striatal inputs. In particular, the striatum predominantly receives
projections from Layer V of the cortex, an area in which LRRK2 is enriched. It has been
shown that Layer V afferents preferentially synapse in MOR1-enriched striosomes where we
can show LRRK2 concentrates, which in turn send afferents to the SNpc (Gerfen 1984), yet
another area of LRRK2 expression (but only in mice and transgenic rats). Furthermore,
striosomes also have been shown to primarily receive inputs from the allocortex which
includes the olfactory bulb and hippocampus, other brain areas in which LRRK2 is
expressed (Biskup et al., 2006; Melrose et al., 2007; Winner et al., 2011). It is noteworthy
that in human PD, these brain areas are also dense with a-synuclein containing Lewy bodies
and Lewy neurites, the primary pathological hallmarks of PD (Churchyard and Lees, 1997;
Duda et al., 2002; Braak et al., 2003). Recent emerging evidence suggests interactions
between LRRK2 and a-synuclein aggregation (Lin et al., 2009; Orenstein et al., 2013), but
this remains controversial (Daher et al., 2012; Herzig et al., 2012). Thus, the cortico-striatal
circuit may in part be selectively vulnerable in PD because of the concentration of proteins
known to underlie aspects of late-onset PD.

At a subcellular level, in striatal and cortical neurons, LRRK2 appears primarily within
soma and dendrites and shows no overlap with presynaptic markers. Rather, close
associations with MOR-1 puncta and TH-positive projections suggest a dominant post-
synaptic localization in the striatum. Although LRRK2 has been shown to play a role in
presynaptic vesicle endo/exocytosis (Belluzzi et al., 2012), our data suggest an additional,
perhaps more predominant, functional role for LRRK2 in the soma and dendrites.
Ultimately, detailed electron microscopy studies will be needed to pinpoint LRRK2 within
neurons. Based on our initial observations, LRRK2 subcellular distribution on an electron
microscopy level may be quite different between neuronal subtypes, for example layer V
projection neurons with prominent apical dendritic localization and perinuclear puncta, or
striatal medium spiny neurons with post-synaptic localization, or in dopaminergic SNpc
neurons that show diffuse perikarya localization.

The LRRK2 protein sequence itself is highly conserved, with reasonable protein homologs
found in even single-celled organisms (Marin, 2006). However, analyses of 5" upstream (i.e.,
regulatory) regions of the LRRK2 gene reveal marked differences across species and very
poor conservation within mammals. We hypothesize that part of the explanation for
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differential cellular LRRK2 distribution in the mammalian brain may be due to these
species-specific elements. Further dissection of these regulatory regions may reveal new
classes of DNA regulatory elements that drive expression in unique subclasses of neurons.

Overall, we hope our findings may aid in determining the normal function of LRRK2 in the
brain and in selecting rodent models for particular experiments to study how pathogenic
LRRK2 mutations might contribute to disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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merged

Figurel. LRRK2in adult rodent striatum
A) Monoclonal antibody N241A/34 (rat brain, panel A1) and c41-2 (mouse brain, panel A2)

detection of LRRK2 in rodent sections using DAB immunohistochemistry. An anterior
section of striatum is shown at comparable levels between mouse and rat. Comparable
results were also obtained in serial sections using monoclonal antibody c41-2 in both
species. Results are representative of at least pairs (WT with a KO control) of mice and rats
processed. Scale bars are 1 mm. B) Higher magnification reveals intense LRRK2 signal
enrichment (highlighted with a white surround) in striosomes, in rat coronal striatum
sections (panel B1) and mouse coronal striatum sections (panel B2). The striosome
enrichment in mouse is typically not as pronounced as in rat (relative to neighboring matrix
LRRK2 staining). C) Double labeling immunofluorescence reveals enrichment of LRRK2 in
MOR-1 positive striosomes in rat striatal sections. D) Calbindin staining shows inverse
striosome (i.e., matrix) distribution. LRRK2 shows reduced signal (compared with striosome
signal) in calbindin matrix staining in rat striatum. E) Shown is a parvalbumin positive
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interneuron within a striosome from rat striatum. LRRK2 does not show any expression in
parvalbumin interneurons. Scale bars for panels B-E are all 0.1 mm. A magenta-green
version of the images is available as Supplemental Figure 1.
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Figure2. LRRK2 in wild-type adult rodent striatal neurons
In the anterior striatum of rats, A) no LRRK2 expression could be detected along TH

positive fibers, but LRRK2 puncta were often directly juxtaposed to TH fibers, suggestive of
LRRK2 being post-synaptic to dopaminergic input. B) LRRK2 signal was excluded from
GADG7 positive interneurons, although GADG67 could be observed adjacent to LRRK2,
suggesting GADG67 synapses on many LRRK?2 positive soma. C) LRRK2 shows no overlap
with the presynaptic marker, a-synuclein, and similar to GAD67, a-synuclein could be
observed adjacent to LRRK2 positive neurons. D) LRRK2 signal outside of neuronal
perikarya did not overlap with MOR-1, but rather formed pairs with MOR-1 puncta
(prominent pairs highlighted with white circles). E) An 86 nm thick confocal slice showing
intense parvalbumin (PV)-positive terminals adjacent to LRRK2-positive neurons. F) An 86
nm thick confocal slice showing overlap between LRRK2 and DARPP-32 in striatal
neurons. Scale bars are all 10 ym. A magenta-green version of the images is available as
Supplemental Figure 2.
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Figure 3. LRRK2in adult rodent cortex
A) LRRK2 distribution using DAB-immunohistochemistry in wild type rat motor cortex

(panel Al) and LRRK2 KO rat motor cortex (panel A2) with monoclonal antibody
N241A/34. Scale bars are 0.3 mm. B) Wild-type mouse motor cortex (panel B1) and
LRRK2 KO mouse motor cortex (panel B2) with monoclonal antibody c41-2. Scale bars are
0.15 mm for mouse. Cortical layering was defined by cresyl violet staining (not shown). C)
Higher magnification of cortical Layer V in rat (panel C1) and mouse (panel C2)
demonstrate a more restricted expression pattern of LRRK2 in rat compared to mouse. Scale
bar is 0.15 mm for rat (panel C1) and 75 pm for mouse (panel C2). D) Immunofluorescence
with antibody N241A/34 in rat cortex layer V using confocal microscopy demonstrate a
prominent somatodendritic localization of LRRK2 in Layer V of the cortex, although
possible LRRK2 expression in non-branching, non-tapering axons cannot be ruled out
through these images. LRRK2 also localizes to perinuclear puncta. LRRK2 does not co-
localize with the presynaptic marker, a —synuclein, which demarcates LRRK2 positive
apical dendrites. Scale bar is 25 um for all panels in D. A magenta-green version of the
images is available as Supplemental Figure 3.
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Figure4. LRRK2in rodent SNpc
A) LRRK2 using DAB immunohistochemistry in adult male rats or mice with the substantia

nigra pars compacta (SNpc), substantia nigra pars reticulata (SNr), and Ventral Tegmental
Area (VTA) indicated. No specific signal was obtained in simultaneously processed mouse
LRRK2 KO tissue. Results are shown using antibody c41-2. LRRK2 immunoreactivity
could be seen in mouse sections, but not in rat using either c41-2 antibody or N241A/34
monoclonal antibody(shown). Scale bars are 0.5 mm, inset scale bars are 50 um. B) A strain
of mouse produced by the GeneSat project that expresses eGFP under the endogenous TH
promoter from a BAC construct (see Methods) was used to evaluate LRRK2 in the mouse
midbrain. eGFP epifluorescence could be visualized in the SNpc, and these cells were
positive for LRRK2 protein. Scale bar is 30 um. C) At a comparable level of the SNpc in
rats, robust TH expression could be observed but none of these cells were LRRK2 positive
using antibodies N241A/34 (shown) or c41-2. Scale bar is 50 um. A magenta-green version
of the images is available as Supplemental Figure 4.
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Figure5. Titration of anti-L RRK 2 antibodiesin therat SNpc

Page 21

SNpc from adult WT (left panels, labeled subpanels 1) and LRRK2 KO rats (right panels,
labeled subpanels 2), with increasing concentrations of primary antibody (N241A/34) at A)
1 ug/ml (standard concentration used in all other experiments), B) 2.5 ug/ml C) 13 pg/mi
and D) 40 pg/ml, together with secondary antibody held at 1 pug/ml for all panels. Nissl stain

was provided to aid in the identification of the SNpc. The lateral SNpc is shown for all

panels, with both LRRK2 WT and LRRK2 KO sections processed in parallel. Scale bar is 40

um for all panels.
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Figure 6. Mouse LRRK2 BAC Transgenic Expression Mimics Endogenous Distribution
A) Western blot analysis with antibody N241A/34 demonstrating the level of overexpression

in the indicated brain region, as dissected from fresh mouse brain tissue from either
nontransgenic or LRRK2-G2019S BAC transgenic mice. Equivalent protein concentrations
determined by BCA assay were loaded between lanes, matched by region, between wild-
type and transgenic mice. B) Forebrain lysate from nontransgenic mice was loaded in lane 1,
and increasing concentrations of LRRK2-G2019 transgenic mouse forebrain lysates were
loaded in subsequent lanes. LRRK?2 is overexpressed between 25 and 50 fold in the
transgenic rats. C,D) LRRK2, as detected in adult male mice with antibody c41-2 using
DAB immunohistochemistry in the SNpc (Panel C) and in the anterior striatum and motor
cortex (panel D). Scale bars are 0.2 mm and 40 um for panel C and inset, respectively. Scale
bars are 200 um for panel D1, 40 pm for panel D2 and D3, and 100 um for panel D4.
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Figure 7. Aberrant LRRK2 Distribution Caused by Expression of Human LRRK2 BAC
Constructsin Rats

A) Western blot analysis with antibody N241 demonstrating the level of LRRK2
overexpression in the indicated brain region, as dissected from fresh rat brain tissue from
either nontransgenic or LRRK2-G2019S human-BAC transgenic rats. Equivalent protein
concentrations determined by BCA assay were loaded between lanes (and verified by actin
signal), matched by region, between wild-type and transgenic rats. B) Forebrain lysate from
nontransgenic rats was loaded in lane 1 and increasing concentrations of LRRK2-G2019S
transgenic rat forebrain lysates were loaded in subsequent lanes. LRRK2 is overexpressed
between 25 and 50 fold in the transgenic rats. C)The pan-reactive LRRK2 antibody
N241A/34 was used to detect LRRK2 in LRRK2-G2019S hBAC positive rats in the motor
cortex (scale bar is 50 um), and D) SNpc, by fluorescent co-label with TH (scale bar is 0.1
mm). E) A striosome in the anterior striatum of transgenic rats identified by LRRK2, with
intensely positive LRRK2 interneurons inside the striosome (scale bar is 50 um. F,G) Co-
localization of LRRK2 with cholinergic interneurons, but weak expression in parvalbumin-
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positive interneurons (scale bars are 10 um). A magenta-green version of the images is
available as Supplemental Figure 5.
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Figure 8. Lack of Conservation of LRRK2 Regulatory Regionsin Mammals
A) A block of sequence from the human genome (GRCh37/hg19) encompassing 4 kbp

upstream of the LRRK2 transcription start site in the brain (mapped previously (West et al.,
2005)) and 1kbp downstream of exon 1 was analyzed by mVISTA alignment software
together with the equivalent block of sequence from the indicated mammalian species, using
the conserved exon 1 sequence (and LRRK2 translational start sequence, within) as an
anchor. A computed phylogenic tree was assigned (mVISTA) that closely matched the
expected species genomic phylogeny. A shuffle-LAGAN alignment detected regions of
sequence conservation (shown as a pink-filled histogram). Global alignments were also
performed against the indicted species to ensure the shuffle-LAGAN alignment was
performed on the region with highest homology. B) LAGAN alignment of the mouse and rat
regulatory regions in LRRK2.
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Table 1
List of antibodies utilized in this study.
Primary Antibody/ Clone Host species /I sotype/Mono
Name Immunogen Catalog Number Source or Polyclonal
Recombinant protein
anti-LRRK2 c41-2 970-2527AA of human LRRK2 3514-1 Epitomics Rabbit/lgG1/Monoclonal
Recombinant protein
anti-LRRK2 N241A/34 970-2527AA of human LRRK2 73-253 NeuroMab Mouse/lIgG2a/Monoclonal
Recombinant protein 1-150AA
anti-Calbindin of human Calbindin 2946-1 Epitomics Rabbit/IlgG1/Monoclonal
Recombinant protein
anti-MOR-1 250-400AA of human MOR-1 3675-1 Epitomics Rabbit/IlgG1/Monoclonal
Recombinant full length human
anti-GAD67 GAD67 MAB5406 Millipore Mouse/lgG2a/Monoclonal
Parvalbumin purified from frog
anti-Parvalbumin muscle MAB1572 Millipore Mouse/IgG1/Monoclonal
Recombinant protein 1-196AA
anti-TH of human TH H-196 Santa Cruz Rabbit/IgG/Polyclonal
Recombinant protein 15-123AA
anti-a-Synuclein of rat synuclein 610785 BD Biosci Mouse/IgG1/Monoclonal
Choline Acetyltransferase
anti-Choline Acetyltransferase purified from human placenta AB144P Millipore Goat/IgG/Polyclonal
Synthetic peptide to residues
surrounding 160AA of human
anti-DARPP-32 DARPP-32 2306 Cell Signaling Rabbit/IgG/Polyclonal
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