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Abstract
The generation and maturation of adult neural stem/progenitor cells are impaired in many
neurodegenerative diseases, among them Parkinson’s disease (PD). In mammals, including
humans, adult neurogenesis is a lifelong feature of cellular brain plasticity in the hippocampal
dentate gyrus (DG) and in the subventricular zone (SVZ)/olfactory bulb system. Hyposmia,
depression, and anxiety are early non-motor symptoms in PD. There are parallels between brain
regions associated with non-motor symptoms in PD and neurogenic regions. In autosomal
dominant PD, mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are frequent. LRRK2
homologs in non-vertebrate systems play an important role in chemotaxis, cell polarity, and
neurite arborization.

We investigated adult neurogenesis and the neurite development of new neurons in the DG and
SVZ/olfactory bulb system in bacterial artificial chromosome (BAC) human Lrrk2 G2019S
transgenic mice. We report that mutant human Lrrk2 is highly expressed in the hippocampus in
the DG and the SVZ of adult Lrrk2 G2019S mice. Proliferation of newly generated cells is
significantly decreased and survival of newly generated neurons in the DG and olfactory bulb is
also severely impaired. In addition, after stereotactic injection of a GFP retrovirus, newly
generated neurons in the DG of Lrrk2 G2019S mice exhibited reduced dendritic arborization and
fewer spines. This loss in mature, developed spines might point towards a decrease in synaptic
connectivity. Interestingly, physical activity partially reverses the decrease in neuroblasts observed
in Lrrk2 G2010S mice. These data further support a role for Lrrk2 in neuronal morphogenesis and
provide new insights into the role of Lrrk2 in adult neurogenesis.
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Introduction
Mutations in leucine-rich repeat kinase 2 (LRRK2) predispose carriers to Parkinson's disease
(PD; (Zimprich et al 2004a); (Mata et al 2006). Lrrk2 G2019S is found in more than 30% of
patients of certain ethnicities and has the highest genotype- and population-attributable risk
(Hulihan et al 2008); (Healy et al 2008).

LRRK2 is comprised of 51 exons that encode 2,527 amino acids and has a molecular mass of
286kDa. Lrrk2 is a large, multi-domain protein kinase and consists of an ankyrin repeat
region, leucine-rich repeats, a Roc GTPase domain, and a C terminal of Roc (COR) domain.
In addition, a serine/threonine protein kinase domain with a high degree of homology with
MAPKKK (mitogen-activated protein kinase kinase kinase, where the G2019S mutation is
located) and a WD40 domain are present (Mata et al 2006); (Zimprich et al 2004b). While
Lrrk2 transgenic models are yet to recapitulate human PD neuropathology in aspects such as
increased cell death of dopaminergic neurons or Lewy bodies, subtle phenotypes including
impaired regulation of neurite growth and arborization have been reported. In non-vertebrate
systems a role of LRRK2 homologs for chemotaxis, polarization, and regulation of axonal-
dendritic polarity of synaptic vesicle proteins was described (van Egmond et al 2008,
Sakaguchi-Nakashima et al 2007). In primary neuronal cultures, in utero transfection or
AAV2 viral injection, mutant Lrrk2 slows axonal outgrowth and reduces neurite length and
branching, whereas silencing of LRRK2 leads to the opposite effects (Li et al 2009;
MacLeod et al 2006; Plowey et al 2008).

In humans and mice, Lrrk2 is highly expressed in the hippocampus and subventricular zone
(SVZ) and colocalizes with the migrating neuroblast marker PSA-NCAM (Melrose et al
2007). The hippocampal dentate gyrus (DG) and SVZ/olfactory bulb system are the
physiological areas of neurogenesis in the adult brain (Altman & Das 1965; Curtis et al
2007; Eriksson et al 1998). In PD and transgenic SNCA mouse models of parkinsonism, the
proliferation of dividing cells is impaired in the DG and SVZ/olfactory bulb system (Crews
et al 2008; Hoglinger et al 2004; Winner et al 2004). PD affects multiple neurotransmitter
systems and includes a variety of non-motor symptoms (Langston 2006). Frequently
observed early symptoms in PD include hyposmia, anxiety, anhedonia, and depression
(Tolosa & Poewe 2009). These symptoms are linked to neuropathological alterations in the
olfactory and limbic system, including the olfactory bulb and the hippocampus (Rodriguez-
Oroz et al 2009).

In this study, we take advantage of the hippocampal and SVZ transgene expression in
G2019S Lrrk2 mice to study the impact of mutated Lrrk2 on newly generated neurons in the
adult brain. With the benefit of inherent Lrrk2 expression, we examine the impact of
aberrant human Lrrk2 on adult neurogenesis. We determine neurite outgrowth, and spine
numbers in newly generated neurons in the hippocampal DG in vivo and test whether
physical activity impacts this system.

Methods
Animals

All animal procedures were approved by the Mayo Clinic Institutional Animal Care and Use
Committee (IACUC) and were in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 1996. All
mice were kept in a normal light/dark cycle (12 hours light/ 12 hours dark) and had free
access to food and water.
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Generation of BAC transgenic mice
A Bacterial Artificial Chromosome (BAC) (RP-11 568G5) containing the entire human
wild-type LRRK2 gene and regulatory sequences was identified using the Celera Database
and purchased from the Children’s Hospital Oakland Research Institute (Oakland, CA).
Recombination-based BAC mutagenesis was performed on RP-11 568G5 to generate mutant
a G2019S BAC clone, which was sequenced to confirm the mutation. Following
confirmation of integrity, purified BAC DNA was injected into FVB/N (Taconic,
Germantown, NY) fertilized oocytes and transplanted into pseudo-pregnant ICR (Harlan,
Indianapolis, IN) female mice. Subsequent offspring were genotyped by polymerase chain
reaction (PCR) using two sets of primers designed within the vector arms and the human 5’
and 3’ insert, to identify founders. Transgenic founders were bred to FVB mice and
transgenic F1 offspring were analyzed for gene and protein expression. A colony was
expanded for the G2019S line with the highest expression level. General characteristics of
these mice are recently described elsewhere (Melrose et al 2010).

Real time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
Mice were euthanized by cervical dislocation and brains were carefully separated into
different regions (olfactory bulb, hippocampus, striatum, cortex, mid-brain, brainstem,
cerebellum) and frozen on dry ice. RNA was isolated using TRIzol® (Invitrogen, Carlsbad,
CA,) according to manufacturer’s instructions. cDNA was synthesized using Superscript II
(Invitrogen). Real time PCR assays were performed in triplicate on a 384 well plate using an
ABI 7900 detection system to assess the relative level of human LRRK2 mRNA using
TaqMan® probe Hs00417273 ml specific for human LRRK2 (ABI, Foster City, CA, USA).
Murine GAPDH (Mm99999915 ml) was used as the endogenous reference gene.

In situ hybridization
Cartridge purified oligonucleotides were synthesized by Sigma Genosys (St Louis, MO,
USA). Human LRRK2 was detected with an oligonucleotide
5’TTTAAGGCTTCCTAGCTGTGCTGTCATCATGACTCTG’3 designed to human exon
41. 100 ng of oligonucleotide was 3’ end labeled with 33P α-dATP (Perkin Elmer, Boston,
MA, USA) using Terminal Transferase (Roche, Indianapolis, IN, USA). Labeled
oligonucleotides were purified using Nick columns (Amersham, Piscataway, NJ, USA) and
the specific activity checked to ensure a minimum of 1×108 cpm/µg.

15-µm coronal frozen cryostat sections were fixed in cold 4% paraformaldehyde in
Sörensen’s phosphate buffer, dehydrated in ascending alcohols and incubated at 37°C
overnight in hybridization buffer (4× Standard sodium citrate, 50% (w/v) formamide, 10%
(w/v) dextran sulfate, 200mg/µl Herring Sperm DNA) containing 33P α-dATP labeled
oligonucleotides. Competition hybridizations performed in the presence of excess unlabeled
probe served as an additional control for each oligonucleotide. Slides were stringently
washed three times in 1× SSC at 55°C and exposed to Kodak MS high-resolution film for
10–14 days.

Antibodies
Affinity purified rabbit polyclonal antibody PA0362 (C-terminal amino acid residues 2507–
2527) was raised to synthetic human Lrrk2 peptides (Melrose et al 2007). Primary
antibodies were as follows: rat α-5-bromo-2-deoxyuridine (BrdU) 1:500 (Oxford
Biotechnology, Oxford, UK); mouse α-NeuN 1:500, rabbit α-Tyrosine hydroxylase (TH, all
Chemicon, Temecula, CA, USA), and goat α-doublecortin (DCX) 1:500, (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Secondary antibodies for immunofluorescence were
donkey anti-goat, -mouse, -rabbit or -rat conjugated with fluorescein (FITC), rhodamine X
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(RHOX), CY5 or biotin 1:500 (Jackson Immuno Research, West Grove, PA, USA). For
immunohistochemistry, donkey anti-mouse, -rabbit or -goat biotinylated 1:500 (Jackson
Immuno Research, West Grove, PA, USA) and avidin-biotin-peroxidase complex 1:100
(Vectastain Elite, Vector Laboratories, Burlingame, CA, USA) were used.

Lrrk2 Immunoblotting
Tissue was homogenized in 5 volumes [V/m) of homogenization buffer (50 mM Na2PO4, 10
mM Na4P2O7.10H2O, 20 mM NaF, 2 mM EGTA, 2 mM EDTA, 2 mM Na3VO42 mM
DTT), protease inhibitor cocktail (Sigma, St. Louis, MO) and phosphatase inhibitor
cocktails I and II (Sigma). Samples were centrifuged at 12,000×g for 5 minutes at 4°C. The
supernatant was collected and assayed for protein concentration (Pierce Biotechnology, Inc/
ThermoFisher Scientific Rockford, IL). Samples were denatured in sodium dodecyl sulphate
sample buffer before being resolved on a 3–8% Tris-acetate gel (Invitrogen). Blots were
blocked in 5% non-fat milk in Tris buffered-saline-Tween and probed with primary antibody
overnight at 4°C (PA0362 1:500). The blots were incubated with the appropriate conjugated
secondary antibodies, and bands were visualized using enhanced chemiluminescence (Pierce
Biotechnology).

Analysis of adult neurogenesis
Lrrk2 G2019S BAC mice were compared to non-transgenic (NT) littermate controls. The
animals were four months old at the beginning of the experiment. For the proliferation
study, G2019S mice and NT controls received a single injection of BrdU, (100 mg/kg), and
the mice were perfused 24 hours after the injection (experimental design: Fig. 2A, n=5 per
group). In an additional experiment, survival of newly generated neurons was studied. Here
the mice received daily intraperitoneal injections of BrdU (50 mg/kg) for five consecutive
days and were sacrificed one month after the BrdU injections (experimental design: Fig. 3A,
n=5 per group).

Retrovirus-mediated labeling of new neurons in the mouse hippocampus
The murine Moloney leukemia virus-based retroviral vector CAG-GFP (a gift from Drs.
Gerald Pao and Inder Verma, Salk Institute, La Jolla, CA) uses the backbone of pCLNCXv.
2; the compound promoter CAG expression drives the expression of GFP. The concentrated
viral solution (108 pfu/ml) was prepared and stereotactically injected as described previously
(Zhao et al 2006) into the DG at the following coordinates: AP: 2, ML: −1.6, DV −2.3/ 2.2
(from skull, n 5 per group for G2019S and NT control mice).

Running experiment
For a third set of experiments, G2019S mice and NT controls were exposed to a running
wheel in their cages. The non-running (non-run) control groups were placed in same-size
standard cages including the base of the running wheel (n=4 per group for NT and Lrrk2
G2019S). The running group (run) had free access to a running wheel in each cage (n=4 per
group for NT and G2019S) for a total of six weeks. Physical appearance and time spent on
the running wheel were checked daily, and all animals made use of the running wheels
provided. All animals were sacrificed at four months.

Mice were deeply anesthetized with chloral hydrate and perfused transcardially with 4%
paraformaldehyde in 100 mM phosphate buffer (PB), pH 7.4. The brains were removed,
post-fixed in 4% paraformaldehyde/ PB for 24 hours, and processed as previously described
(Winner et al., 2008b).
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Immunohistochemistry and immunofluorescence—Free-floating sections were
stained by applying primary antibodies in TBS/donkey serum overnight at 4°C and
biotinylated secondary antibodies and avidin-biotin-peroxidase complex as previously
described (Winner et al., 2008b). For detection of BrdU-labeled nuclei, the following DNA
denaturation steps preceded the incubation with anti-BrdU antibody: two-hour incubation in
50% formamide/2×SSC (2×SSC: 0.3 M NaCl, 0.03 M sodium citrate) at 65°C, five-min
rinse in 2×SSC, 30-min incubation in 2 M HCl at 37°C, and 10-min rinse in 0.1 M boric
acid, pH 8.5. For immunofluorescence staining, free-floating sections for BrdU staining
were treated to denature the DNA as described above. Afterwards the combination of
antibodies was applied as described previously (Winner et al 2008a).

For Lrrk2 immunostaining, 15-µm thick frozen sections were briefly fixed in 10% buffered
formalin. Following endogenous peroxidase blocking, sections were treated to block
endogenous fluorescence by incubation with 0.1% Sudan black in 70% ethanol for 10
minutes. After washing, sections were blocked for 30 minutes in TNB blocking buffer
(0.1M Tris-HCL, pH 7.5, 0.15M NaCl, 0.5% blocking reagent), reconstituted from reagents
provided in a Renaissance® Tyramide Signal Amplification (TSA)™ Biotin or Plus
Fluorescence System kits (PerkinElmer). Sections were then incubated with PA0362
antibody (Lee et al 2010; Melrose et al 2007) diluted 1:100 in TNB blocking buffer for 48
hours at room temperature. Secondary antibody was Biotin-SP-conjugated AffiniPure
Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch) diluted 1:500 in TNB blocking
buffer at room temperature (RT) for 30 min. TSA amplification was then performed
according to manufacturer’s instructions. Subsequently, sections were incubated with
strepavidin-conjugated Cy-2 (Jackson ImmunoResearch) diluted 1:100 in PBS for 30 min at
RT.

Counting procedures
For quantification, a systematic, random counting procedure, similar to the optical dissector
(Gundersen et al 1988; Williams & Rakic 1988), was used as previously described (Winner
et al 2008b), Stereoinvestigator, MicroBrightField, Colchester, VT, USA). Cells were
counted exhaustively in the DG, SVZ and glomerular layer of the olfactory bulb and by
using using a semiautomatic stereology system for the granule cell layer of the olfactory
bulb. Briefly, in the granule cell layer of the olfactory bulb, BrdU-positive cells were
counted within a 30 × 30 µm counting frame, which was spaced in a 300 × 300 µm counting
grid. Positive profiles that intersected the uppermost focal plane (exclusion plane) or the
lateral exclusion boundaries of the counting frame were not counted. The total counts of
positive profiles were multiplied by the ratio of reference volume to sampling volume to
obtain the estimated number of positive cells.

Confocal images were generated by using a confocal laser microscope (Leica TCS-NT,
Bensheim, Germany) equipped with a 40 × PL APO oil objective (1.25 numeric aperture)
and a pinhole setting that corresponded to a focal plane of 2 µm, as described previously
(Winner et al., 2008). On average, 40 BrdU-positive cells were analyzed in each animal and
each region for neuronal differentiation.

Dendritic growth of GFP-positive neurons—For dendritic growth analysis, z-series at
1.5-µm intervals were acquired with a Bio-Rad Radiance 2100 confocal system (Hercules,
CA, USA). Two-dimensional maximum intensity projections of each z-series were created
with the Confocal Assistance Program (Bio-Rad) in the BMP (bitmap) format, and the files
were then imported into IGL Trace to measure dendritic length. The number of branching
points/cell was counted manually from the same images. Eight to 10 cells per mouse (four
mice per group) were analyzed.
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Spine density and classification of mushroom spines—Images of GFP-labeled
dendritic processes at the outer molecular layer were acquired at 0.5-µm intervals with the
Bio-Rad R2100 confocal system with a plan apochromatic 60× oil lens [numerical aperture
(NA), 1.4; Nikon] and a digital zoom of 5. The Bio-Rad image files were subjected to five
iterations of deconvolution with the AutoDeblur program (AutoQuant, Troy, NY).
Maximum intensity projections of z-series were created with the Confocal Assistance
Program in BMP format, and the files were then imported into IGL Trace. The length of
each dendritic segment was determined by tracing the center of the dendritic shaft, and the
number of spines was counted manually from the two-dimensional projections. The linear
spine density was calculated by dividing the total number of spines by the length of the
dendritic segment. Classification of mushroom spines was performed as described
previously (Zhao et al 2006). Briefly, major and minor axes of each spine head were
identified. A spine was considered of mushroom type if the average estimated area from
three measurements was 0.4 µm2. For the final quantification, 25 or more dendritic segments
from four mice per group were used. Confocal imaging and data quantification were
performed blinded to the experimental conditions. The data are expressed as mean values ±
standard deviation (SD). One-way analysis of variance (ANOVA) followed by Bonferroni
multiple comparison test or student-t test was used (Prism Graph Pad Software, San Diego,
Ca, USA). The significance level was set at p < 0.05.

Results
Human G2019S Lrrk2 is highly expressed in regions of adult neurogenesis

Regional expression of transgenic LRRK2 mRNA was assessed with a human-specific
Taqman probe and revealed that the highest transgene expression in adult G2019S mice
occurred in the hippocampal formation (Fig. 1A). Finer anatomical mapping using in situ
hybridization with a LRRK2 human-specific probe confirmed that high expression was
found in the Cornu Ammonis fields and, importantly, in the DG (Fig. 1B). Consistent with
mRNA results, immunoblotting with a Lrrk2 specific antibody, PA0362, revealed that Lrrk2
protein levels were robust in the hippocampus (Fig 1C), in agreement with the estimated 14-
fold expression over endogenous levels previously reported for the hippocampus in this line
(Melrose et al 2010). Expression of murine Lrrk2 in the SVZ was described in detail
previously (Melrose et al 2007). While we are unable to determine the exact level of human
transgenic over-expression in the SVZ by Western blotting, expression analysis in hemi-
brains from transgenic mice previously revealed an overall 3-fold expression of transgenic
Lrrk2 protein versus endogenous Lrrk2 (Melrose et al 2010). Immunofluorescence with the
Lrrk2 antibody revealed robust Lrrk2 expression in chains of neuroblasts in both NT and
G2019S mice (Fig. 2J–M).

Proliferation is markedly reduced in G2019S transgenic mice
As Lrrk2 is highly expressed in the adult DG and SVZ, we sought to ascertain whether this
expression has an impact on cell proliferation. We analyzed the effect of Lrrk2 G2019S
overexpression on newly generated cells in the hippocampal DG and SVZ 24 hours after a
single injection of BrdU (Fig. 2A). We compared proliferation in G2019S versus NT
littermate controls. Unbiased stereological counting methods were applied to estimate the
number of BrdU-labeled cells. A significant decrease in BrdU-positive cells was detected in
G2019S mice compared to NTs, as evidenced by a ~54% (p<0.01) decrease in proliferation
in the DG (Fig. 2B, C) and in the SVZ (~36% decrease, p<0.05, Fig. 2D–F). The rostral
migratory stream (RMS) appeared thinner in the Lrrk2 G2019S mice, with less BrdU-
positive cells within this structure (Fig. 2G–I).

Winner et al. Page 6

Neurobiol Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Survival of new neurons in the olfactory bulb is significantly decreased in G2019S
transgenic mice

To investigate the survival of newly generated neurons, four-month-old G2019S mice and
NT littermates received daily intraperitoneal injections of BrdU for five consecutive days
and were sacrificed 30 days later (Fig. 3A). A significant decrease in numbers of newly
generated neurons was present in the granule cell layer of the olfactory bulb (41% decrease
compared to NT, p<0.0001, Fig. 3B–E) and the glomerular layer (73% decrease, p<0.0001,
Fig. 3B, F–I). The ratio of neuronal (NeuN-positive) profiles among the BrdU-positive cells
was not significantly altered; neurons represented the majority of newly generated cells,
with 94% (NT) and 96% (G2019S) in the olfactory bulb granule cell layer and 81% (NT)
and 74% (G2019S) in the glomerular layer. Moreover, the TH-positive neurons were
significantly decreased in the glomerular layer of the olfactory bulb, where a 72% decrease
of TH-positive cells was detected (Fig. 3J–M, p<0.0001). The ratio of dopaminergic
differentiation was not significantly different between both groups [18% (NT) and 17%
(G2019S) of all BrdU-positive cells].

Survival of new neurons in the DG is significantly decreased in G2019S transgenic mice
The number of BrdU-positive cells was reduced significantly in the DG of G2019S mice
(73% decrease, p=0.0002) compared to the NT group (Fig. 4B). Adult neurogenesis was
further studied by determining the fate of BrdU-labeled cells. The total number of newly
generated neurons (BrdU/NeuN) was significantly reduced in the G2019S group (77%
decrease, p<0.001, Fig. 4C, D). The percentages of neuronal differentiation of BrdU-positive
cells did not differ significantly between NT (69%) and G2019S mice (64%). DG volumes
were unchanged between transgenics and controls (0.1 mm3 in both groups).

Dendrite length and branching points in new neurons are reduced in G2019S mice
To further analyze the dendritic morphology of newly generated neurons in G2019S mice
compared to NT controls, we delivered concentrated GFP retrovirus (1×8 transduction units/
ml) into the DG of three-month-old G2019S transgenic and NT mice. Brains were harvested
one month after the retroviral injection (Fig. 5A). At this time point, the dendrites of
newborn granule cells in control animals showed a highly polarized morphology.
Retrovirus-mediated gene transfer allows the study of the morphological details of neurite
outgrowth in new neurons (Zhao et al 2006). They had an elaborate dendritic arbor with
abundant spines extending into the molecular layer (Fig. 5B), and the axons had reached
their target area, CA3 (van Praag et al 2002;Zhao et al 2006). However, in the G2019S mice,
less dendritic arborization and shorter dendrite lengths were observed (Fig. 5B). We
measured dendrite length and branching points and found a 60% decrease in dendrite length
in the G2019S group (Fig. 5C, p<0.0001). In addition, the arborization was severely
impaired in these animals, with a decrease of 66% in branching points (p<0.0001, Fig. 5D).

Spine density and mushroom spines are decreased in G2019S mice
Mature granule neurons receive most of their synaptic inputs from the entorhinal cortex
through dendritic spines. Therefore, the number and shape of the dendritic spines are
indicative of the connectivity of these newly generated cells. We asked whether spine
density and development were also affected in the G2019S transgenic mice. The time point
analyzed reflects a stage of late spine development (Fig. 6a; van Praag et al 2002). A
significant difference was found in the G2019S group, with a 64% decrease in spine density
(p<0.001, Fig. 6B, C). Spines have been categorized into different types on the basis of their
morphology, which also reflects their maturation stage: mushroom, thin, stubby, and
filopodia. Mushroom spines are more abundant in mature neurons, whereas thin, stubby and
filopodia are immature developing stages (Nimchinsky et al 2002,Sala 2002). Interestingly,
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the number of mushroom spines was decreased in G2019S mice, indicating that, at this time
point, mature, developed spines are less frequent in G2019S mice (decrease of 53%,
p<0.001, Fig. 6D).

Running increases the generation of new neurons in Lrrk2 G2019S mice
The rate of neurogenesis in the mammalian brain is not constant but can be influenced by
numerous factors, among them enhancement by voluntary physical activity (van Praag et al
1999b). Enhanced physical activity subsequent to the introduction of a running wheel
doubles proliferation in the DG as compared to what is observed in mice housed in standard
conditions (van Praag et al 1999b). Moreover, voluntary physical activity increases the
relative survival of the newly generated cells as well as the percentage of neuronal
differentiation (van Praag et al 1999a). DCX is a marker used to assess and quantify changes
occurring in the rate of neurogenesis in the DG following enhanced physical activity
(Couillard-Despres et al 2005). When comparing non-running NT and G2019S mice (Fig.
7A), the decrease in neurogenesis reported above for BrdU/NeuN cell numbers was also
reflected in a decrease in numbers of DCX-expressing neuroblasts (decrease of 71% in
G2019S, p<0.001, Fig. 7B, C). Compared to NT non-running mice, NT running mice
showed a significant increase in numbers of DCX-positive cells as a result of the increased
physical activity (34% increase, p<0.05). This effect is confirmed between different strains
of mice (Kempermann et al 2006; van Praag et al 1999b). Interestingly, there is also a
significant increase in numbers of DCX-positive cells in the running G2019S group,
indicating that the decreased numbers of DCX-labeled cells in the DG of non-running Lrrk2
G2019S animals could be partially reversed by physical activity (nearly 3-fold increase
compared to Lrrk2 G2019S non-running group) and not statistically different from NT non-
runners. This finding suggests that increased physical activity is capable of partially
reversing the decrease in neurogenesis induced by Lrrk2 G2019S overexpression.

Discussion
We have used a mouse model that expresses a high level of human Lrrk2 in regions of adult
neurogenesis and endogenous Lrrk2 expression. We reported a significant decrease in SVZ/
olfactory bulb and hippocampal adult neurogenesis in Lrrk2 G2019S transgenic mice, both
at the level of proliferation and survival of newly generated cells. Moreover, impaired adult
neurogenesis was accompanied by structural alterations of the newly generated cells in the
DG, with decreases in neurite length and in spine numbers. Interestingly, the reduced
neurogenesis in G2019S transgenic mice could be partly reversed by physical activity.

Our study reports a significant decrease in olfactory bulb adult neurogenesis. In particular, a
significant decrease in proliferation in the SVZ results in fewer new granule cell neurons
and fewer dopaminergic neurons in the glomerular layer. As levels of Lrrk2 are relatively
high in the SVZ, we speculate that a cell-autonomous effect in the neural cells might be the
reason for the decrease in olfactory neurogenesis. Alternatively, decreased dopaminergic
neurotransmission could be an additional factor that could potentially contribute to reduced
proliferation. Decreased extracellular striatal dopamine levels were reported in these animals
(Melrose et al 2010) and decreased SVZ proliferation was also described previously for 6-
OHDA lesions (Hoglinger et al 2004), (Winner et al 2006).

Newly generated olfactory interneurons undergo different experience-dependent synaptic
modifications and provide a possible substrate for adult neurogenesis-dependent olfactory
learning (Nissant et al 2009). How these affect olfaction in this animal model will be
investigated by detailed olfactory testing in the future Olfactory dysfunction, among them
odor identification, detection and discrimination of symptomatic Lrrk2 carriers varies
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between 50% to more than 80% (Healy et al 2008; Khan et al 2005; Silveira-Moriyama et al
2008).

The decrease in proliferation in the DG might partly explain reduced numbers of newly
generated neurons. In our model, similar to previous reports, LRRK2 is strongly expressed
postnatally (West et al 2007), which might explain, that the decrease in neurogenesis does
not have an effect on DG volume. However, the altered morphology of newly generated
neurons, with shorter dendritic length and less branching, suggests that, even if cells survive
the period of proliferation, integration may be impaired in Lrrk2 mice. Reduced neurite
outgrowth has been described for Lrrk2 in primary neuronal cultures, embryonic brains and
following AAV2 injection (MacLeod et al 2006). Besides a severe decrease in dendrite
length, we observed a decrease in spines and, in particular, in mature mushroom spines.

Ezrin/Radixin/Moesin (ERM) proteins are physiologically expressed in neurogenic regions
in the adult (Persson et al 2010). Interestingly, a recent paper reports that phosphorylation of
ERM proteins by Lrrk2 promotes the rearrangement of actin cytoskeleton in neuronal
morphogenesis (Parisiadou et al 2009). In G2019S primary hippocampal cultures derived
from inducible BAC mice, an increase in ERM phosphorylation was accompanied by an
increase in filopodia (Parisiadou et al 2009). While a more detailed analysis is required, we
speculate that aberrant Lrrk2 may interfere with the maturation of filopodia into spines.
Other models of parkinsonism (e.g. human wild-type overexpression α-synuclein transgenic
animals) also present with impaired neurite development of newly generated neurons. Here
changes in DCX-neuroblast morphology were noted. Specifically, the DCX-positive cells in
a-synuclein transgenic animals had shorter and less elaborated processes (Winner et al
2004).

In asymptomatic LRRK2 mutation carriers, a smaller hippocampal gray matter volume was
recently described (Reetz et al 2010). It is intriguing that DG neurogenesis is involved in
regulation of emotion and might have an impact on the effectiveness of antidepressants
(Sahay & Hen 2007; Santarelli et al 2003). G2019S mice display anxiety-like behaviors in
the open field test compared with NT mice, as evidenced by increased path length and
thigmotaxis (Melrose et al 2010). Unfortunately, the visual impairment of the G2019S
animals on FVB/N background (FVB/N mice are homozygous for the retinal degeneration
gene) prevented testing with DG-dependent tasks for spatial orientation. Detailed DG-
dependent behavioral studies will be conducted in future studies using a different genetic
background.

Our findings of decreased adult neurogenesis have parallels with Huntington’s disease (HD),
where the non-striatal pathology, especially that of the hippocampus, is suspected to mediate
aspects of affective and cognitive deficits in HD patients (Rosas et al 2003). In addition,
environmental enrichment improves motor and cognitive deficits in HD transgenic mice
models (van Dellen et al 2000). Neural progenitor cell proliferation, survival and structure
are abnormal in the DG of mice transgenic for the human HD gene (reviewed in (Clelland et
al 2008), an effect that can be partially restored by environmental enrichment (Lazic et al
2006; Spires et al 2004) but not by running (Kohl et al 2007). However, physical activity
does causes a robust increase in neurogenesis in the DG of the hippocampus in non-diseased
(van Praag et al 1999b) and irradiated (Naylor et al 2008) brains and a beneficial effect of
running on cognition has been speculated to be in part attributable to enhanced hippocampal
neurogenesis. In Lrrk2 transgenic mice, the reduction in neurogenesis is partly reversed by
physical activity. The running recovery difference here between the HD mice and the Lrrk2
mice is likely due to the underlying mechanisms (protein aggregation versus defective
signaling) impacting on neurogenesis. In mice and humans, exercise improves mood and
cognition (Babyak et al 2000; Suominen-Troyer et al 1986) and delays the onset of
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neurodegenerative diseases, among them PD (Tillerson et al 2003). The mechanisms behind
the beneficial effects of exercise on neurogenesis are not yet understood however several
neurotrophic factors - among them brain derived neurotrophic factor (BDNF), vascular
endothelial growth factor (VEGF), and TrkB tyrosine kinase (TrkB) – are increased by
physical activity (Fabel et al 2003; Marais et al 2009) and some of them are able to reverse
synapse loss in Alzheimer’s disease models (Nagahara et al 2009). Physical activity can also
activate kinase signaling pathways that are associated with neurogenesis including the
mitogen activated kinase signaling (MAPK) and phosphatidylinositol 3-kinase (PI3K)
pathways (Cotman et al 2007). Furthermore, inhibition of the PI3K-Akt signaling pathway
blocks exercise mediated enhancement of adult neurogenesis (Bruel-Jungerman et al 2009).
While the pathways involved in Lrrk2 kinase signaling are yet to be fully elucidated, several
lines of evidence link Lrrk2 to MAPK signaling cascades (Carballo-Carbajal et al 2010;
Gloeckner et al 2009; Hsu et al 2010; Liou et al 2008; Plowey et al 2008).With the caveat
that signaling mechanisms involved in recovery of neurogenesis are not necessarily the same
as those impacted by the mutation, our data may go some way to suggest that exercise
induced signaling may at least partially be able compensate for aberrant Lrrk2 activity
caused by the G2019S mutation.

Recently, new pro-neurogenic and neuroprotective agents were found to impede neuron
death in the DG and preserve cognitive capacity (Pieper et al 2010). Transgenic models for
neurodegenerative diseases, such as the one we describe here, will serve as useful tools for
therapeutic evaluation of these drugs.

Our findings expand previous observations of Lrrk2 interference with process outgrowth to
an adult in vivo model (MacLeod et al 2006; Plowey et al 2008; Wang et al 2008). In the
current model, modulation of neurite outgrowth and neurogenesis of newly generated
neurons may provide an early and constitutive assay for studying the neuronal dysfunction
associated with Lrrk2 activity.
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Figure 1. Transgenic human G2019S Lrrk2 is highly expressed in the hippocampus
A: Real time RT-PCR with a human-specific LRRK2 Taqman probe reveals highest
transgene mRNA expression in the hippocampus. B: Finer mapping of transgene expression
using in situ hybridization with a human-specific probe confirms high DG (arrow)
expression of Lrrk2. C: Immunoblot with a Lrrk2-specific antibody shows robust transgenic
human expression.
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Figure 2. Proliferation is decreased in G2019S transgenic mice
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice.
Animals were perfused 24 hours after a single BrdU injection (100 mg/kg). B: BrdU cell
numbers indicating mitotic cells within the hippocampal DG of the respective groups are
decreased in G2019S Lrrk2 transgenic mice; mean number of BrdU-positive cells ± SD,
*p<0.01. C: Representative images of DAB staining of BrdU-positive cells in the DG of the
different groups, NT: non-transgenic. Scale bar, 50 µm. D–F: Proliferation, presented as the
mean number of BrdU-positive cells ± SD, is decreased in the SVZ of G2019S Lrrk2
transgenic mice; E, F show representative images of an overview of the BrdU-positive cells,
that are decreased in the SVZ/ RMS of Lrrk2 G2019S mice (F) compared to NT (E). Scale
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bar in E, F, 50 µm. G: Schematic drawing of the SVZ/olfactory bulb (OB) system. H, I: A
thinner stream of newly generated cells (BrdU-positive) is present in the rostral migratory
stream (RMS) of Lrrk2 G2019S mice (I) compared to controls (H), Scale bar, 250 µm.
Expression of LRRK2 is observed in the SVZ of NT mice (J, Lrrk2 in green merged with
Dapi, blue in K) and more strongly in the SVZ of LRRK2 G2019S mice (L, Lrrk2 in green
merged with Dapi, blue in M). Scale bar, 20 µm (E, F, H, I).
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Figure 3. Olfactory neurogenesis is decreased in G2010S transgenic mice
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice.
Animals received BrdU injections (50 mg/kg) on five consecutive days and were perfused
one month after the BrdU injections. B: Schematic overview of the two neurogenic regions
of the olfactory bulb analyzed, the granule cell layer (GCL) and the glomerular layer
(GLOM). C–E: Analysis of neurogenesis in the GCL in NT (C) and Lrrk2 G2010S mice (D)
reveals a significant decrease in BrdU/NeuN-positive cells in the transgenic mice (E,
*p<0.01). BrdU-positive cells are depicted in green in C, D; NeuN-positive cells are in blue
in C, D. (Scale bar in C, D, 25 µm). F–M: Analysis of neurogenesis in the GLOM.
Neurogenesis (I) and dopaminergic neurogenesis (M) are both decreased in transgenic mice
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(*p<0.01). F–H: examples of newly generated neurons (BrdU/NeuN) and J–L: examples of
newly generated dopaminergic neurons (BrdU/TH, Scale bars F–H and J–L, 10 µm). BrdU
is depicted in green, TH is depicted in red and NeuN is depicted in green.
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Figure 4. Fewer new neurons survive in G2019S transgenic mice
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice. B:
Cell numbers of newly generated cells (BrdU-positive) in the hippocampal DG from the
respective groups are presented as the mean number of BrdU-positive cells ± SD, *p<0.01.
C: Representative images of BrdU-positive cells (green) colabeled with NeuN (red) for the
groups indicated. Scale bar, 50 µm. D: Cell numbers of newly generated neurons (BrdU/
NeuN-positive) in the DG, *p<0.0.01, compared to NT.
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Figure 5. Defects in dendrite outgrowth of new neurons in G2019S transgenic mice
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice.
Animals were stereotactically injected with CAG-GFP retrovirus and were perfused one
month later. B: Representative images of GFP-positive cells in the DG of NT and Lrrk2
G2019S mice. Scale bar, 20 µm. Quantitative analysis for dendrite length (C) and branching
points (D), ± SD, *p<0.01.
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Figure 6. Spine number and maturation are decreased in G2019S transgenic mice
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice.
Animals were stereotactically injected with CAG-GFP retrovirus and were perfused one
month later. B: Representative images of GFP-positive dendrites in the DG of NT and Lrrk2
G2019S mice. Scale bar, 5 µm. Quantitative analysis for C: dendritic spines/µm and D:
percentage of mushroom spines, * p<0.001.
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Figure 7. Running partly reverses negative impact of G2019S on neurogenesis
A: Experimental design for the non-transgenic control (NT) and Lrrk2 G2019S mice,
running (run) or non-running (non-run). B: Representative images of DCX-positive
neuroblasts in the DG of NT and Lrrk2 G2019S mice (red: DCX, blue: NeuN). Note the
increase in numbers of DCX-positive cells after running. C: Quantitative analysis for the
total number of DCX-positive cells in the DG. Scale bar, 50 µm, * p<0.05.
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