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Abstract
Dominantly inherited mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common
cause of familial Parkinson’s disease (PD). Understanding LRRK2 biology and pathophysiology
is central to the elucidation of PD etiology and development of disease intervention. Recently a
number of genetic mouse models of LRRK2 have been reported utilizing different genetic
approaches. Some similarities in PD-related pathology emerge in these genetic models, despite
lack of substantial neuropathology and clinical syndromes of PD. The systematic characterization
of these models has begun to shed light on LRRK2 biology and pathophysiology and is expected
to offer the identification and validation of drug targets. In this review, we summarize the progress
of genetic LRRK2 mouse models and discuss their utility in understanding much needed
knowledge regarding early stage (pre-symptomatic) disease progression, identifying drug targets,
and exploring the potential in aiding compound screening focused on inhibitors of kinase activity
of LRRK2.

Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease and is
characterized pathologically by the loss of dopaminergic neurons of the substantia nigra pars
compacta (SNpc) and the presence of intraneuronal proteinacious cytoplasmic inclusions,
termed Lewy bodies. Clinically PD is primarily a movement disorder; it is also associated
with a series of non-motor symptoms. Although most PD cases are sporadic, approximately
5 – 10 % of cases are inherited. The major breakthrough in recent years in PD research has
been the mapping of 16 genetic loci, named PARK1–16 and the subsequent cloning of
several genes involved in familial PD. LRRK2 was first reported in 2004 as a gene
corresponding to PARK8 1, 2. LRRK2 encodes a complex protein (285 kD) containing kinase
and GTPase activities, which are apparently altered by several familial LRRK2
mutations 3–8. G2019S mutation, located in kinase domain of LRRK2, is the most prevalent
mutation, present in more than 85% of PD patients carrying LRRK2 mutations, with
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R1441C/G (within GTPase domain) as the next most prevalent, at approximately 10% 9. In
addition, the G2019S was observed in 4% of all familial PD cases. Strikingly, the G2019S
was also identified in 1% of sporadic PD cases, suggesting that the mutation is linked to the
etiology of PD 9.

The majority of LRRK2 pathogenic mutations cause clinically typical PD, but remarkable
variability in neuropathological features exists 2. Noticeable genetic feature of the G2019S–
linked PD is the incomplete penetrance 10–12. The risk of PD with an LRRK2 G2019S
mutation increases with age, and it is 28% at 59 years, 51% at 69 years, and 74% at 79
years 9. The reduced penetrance is also noted in R1441G/C individuals 13. Since the
identification of LRRK2 in PD, there has been extensive investigation of LRRK2 function
and pathophysiology of the mutants in cultured cells and invertebrate models. Recent in
vitro studies suggest that some, but not all, PD-linked mutations in LRRK2 cause increased
kinase activity 7, 8, which is correlated with enhanced neuronal toxicity 5, 7, 14. The previous
study in invertebrate models implicates LRRK2 in diverse cellular functions in vesicular
trafficking, neurite outgrowth, cytoskeletal regulation and translational control 15–19.

Modeling PD in genetically modified rodent is an essential step toward understanding of the
pathogenesis of PD and developing therapeutic strategy. A recent review has provided an
excellent overview of current progress of genetic animal models of PD 20. As noted,
however, none of the existing genetic mouse models, including overexperessing autosomal-
dominant PD mutations and targeted deletion of autosomal recessive PD genes as well as
their genetic combination, fully recapitulates key clinical and neuropathological features of
PD, highlighting the great challenge of generating an “ideal” genetic PD model for
mechanistic study and application in drug development. The lack of visible success also
underscores the complexity of PD pathogenic pathways in human that are not immediately
accessible in rodents. With increasing number of PD-related genes identified and perhaps
linked to diverse functions, a question is raised whether PD can be considered as one or
more disease entity 21. Therefore, manifestation of a complete spectrum of PD features in
mouse models may require multiple factors that are yet to be defined. This notion contrasts
to the success in generating familial ALS model carrying SOD1 mutation and Huntington’s
disease (HD) model containing polyQ expansion in huntingtin 20. In each case the
pathogenic process of the diseases is determined by single genetic cause, and mouse models
harboring the pathogenic mutation resembled closely the clinical and neuropatholgocial
features of human diseases.

Recently several groups have reported the generation of LRRK2 genetic mouse models
(including transgenic expression and targeted deletion). Without exception all LRRK2
genetic models are viable, fertile, and no gross abnormality in neural development and
differentiation stage have been reported. As with other genetic mouse models of PD, there is
lack of substantial neurodegenerative process and clinical syndromes of PD. However,
common PD-related pathologies were observed in these genetic models, and study of these
models has begun to shed light on LRRK2 biology and pathophysiology. In this review, we
summarize the characterization of available LRRK2 models and discuss their potential in
understanding much needed knowledge regarding early stage (pre-symptomatic) disease
progression, identifying drug targets, and exploring the potential in aiding compound
screening focused on inhibitors of kinase activity of LRRK2.

BAC mediated transgenic mouse models
Bacterial artificial chromosome (BAC)-mediated transgenesis is a proven genetic tool for
studying gene function in vivo. Carrying intact genomic regulatory sequence, the BAC
confers precise temporal and spatial expression pattern of transgene under the control of
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endogenous promoter 22. BAC can be modified by genetic engineering in host bacterial cells
to carry disease-related mutations. BAC transgenesis has been successfully applied to the
modeling of neurodegenerative diseases with dominant disease transmission such as
Huntington’s disease (HD) 23, 24. At least three groups so far have reported BAC transgenic
mice expressing the common PD mutations of LRRK2 G2019S and R1441G.

Li et al reported the first BAC transgenic mice expressing human LRRK2 R1441G
mutant 25. The BAC model develops an age-dependent and levodopa-responsive movement
abnormality that is characterized with periods of immobility. Although total content of
striatal dopamine is unaltered, the extracellular dopamine levels measured by microdialysis
are reduced in the mutant mice. Furthermore, examination of the nigrostriatal projection by
tyrosine hydroxylase immunostaining in the mutant mice reveals sign of axonal dystrophy
and degeneration. However, the prevalence of the axonal pathology, as well as whether the
aberrant dopamine efflux is caused by the impaired presynaptic terminals in this model
remains unclear. Strikingly, the axonal pathology in these mice can also be demonstrated by
immunostaining for phospho-tau with AT8 antibody. However, there is no aggregation of α-
synuclein and the number of midbrain dopaminergic neurons is unaltered.

In a parallel study, our group developed two BAC transgenic models expressing murine
form LRRK2 wildtype (LRRK2-Wt) and G2019S mutant 26. Analysis of the two BAC
models showed similar expression patterns and levels in the CNS, offering a unique
opportunity to “tease out” G2019S–specific pathogenic effect from that resulted from
LRRK2-Wt overexpression. Close comparison of the two BAC models revealed distinct
effect of LRRK2 variants on striatal dopamine transmission (measured through cyclic
voltametry) and consequent motor function: LRRK2-Wt mice have elevated striatal
dopamine release with unaltered DA uptake or tissue content, and accordingly, they are
hyperactive and show enhanced performance in motor function tests; by contrast, LRRK2-
G2019S mice show an age-dependent decrease in striatal DA content (~25%), as well as
decreased striatal DA release and uptake. However, LRRK2-G2019S mice do not display
significant motor function deficits up to 12 months 26. Interestingly, a small portion of
LRRK2-G2019S mice (10%-15% of total cohort) developed abnormal motor behavior after
age of 20 months (Wang and Yue, unpublished data). Furthermore, the study shows that
LRRK2-Wt and G2019S overexpression have distinct effects on regional phospho-tau
levels, suggesting that G2019S impairs the normal function of LRRK2 that protects against
the accumulation of phospho-tau.

The third report of BAC transgenic models of LRRK2 was recently shown by Melrose,
Farrer and colleagues 27. They examined two BAC models expressing human LRRK2
wildtype (hWT) and G2019S mutant. While no motor function deficits were observed in
these BAC models, they develop abnormal dopamine transmission, evidenced by the
reduction of extracellular dopamine levels at striatum via microdialysis. Remarkably,
overexpression of G2019S mutant, but not hWT LRRK2, causes age-dependent changes in
localization and increased phosphorylation tau in various brain regions. The study also
suggests that G2019S mutation causes an increase in tau posttranslational modification,
leading to the enhanced phosphorylation levels of tau. Interestingly, although motor function
is unaltered, G2019S mice exhibit anxiety-like behavior. More recently, G2019S mice were
shown to have impaired adult neurogenesis and neurite outgrowth 28.

What do we learn from these BAC models? First, despite the lack of degeneration of
dopamine neurons and α-synuclein inclusions in the above models, the BAC mice
expressing G2019S or R1441G mutant share similar pathological features that are highly
relevant to PD: impairment of striatal dopamine transmission and aberrant levels of
phospho-tau. In addition, our G2019S BAC mice show 25% reduction of striatal dopamine
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content, in contrast to LRRK2-Wt BAC mice or control mice 26. Considering the
enhancement of dopamine transmission and motor performance caused by overexpression of
wildtype LRRK2, we propose that at system level LRRK2 plays an important role in
regulating striatal dopamine transmission and consequent motor function control; the
G2019S or R1441G pathogenic mutation disrupts LRRK2-mediated dopamine transmission,
which is linked to motor function deficits. Second, the collective results clearly demonstrate
a physiological connection between LRRK2 and tau, and they are compatible with the
observation in a subset of PD patients carrying LRRK2 mutations that are associated only
with tauopathies but not α-synuclein Lewy bodies 29–31. Therefore, these models are useful
for investigating cellular pathway that MAPT/tau becomes involved in the pathogenesis of
PD 32, as well as potential functional interaction of LRRK2 with tau in vivo. Third, not
surprisingly, some discrepancies of certain phenotypes exist in the different BAC models.
For example, the prevalent motor impairment associated with BAC R1441G mice (e.g.
periodic immobility) was not observed in the two BAC G2019S models, although it is
unlikely or at least no evidence thus far has suggested that R1441G is more neuropathogenic
than G2019S in human PD. Moreover, what is also puzzling is that BAC R1441G mice do
not show obvious change in striatal dopamine content, whereas our BAC G2019S mice
exhibit reduced striatal dopamine levels but in the absence of apparent motor dysfunction as
observed in BAC R1441G mice. Other factors, such as different BAC constructs, host strain
genetic background, expression levels of transgenes, can each or combined account for the
variability of the phenotypes in these BAC models 33. It is worth mentioning that, despite
~90% overall sequence homology between human and mouse LRRK2 proteins, the genomic
sequence difference between human BAC 25, 27 and murine BAC 26 including coding
regions and regulatory elements may contribute significantly to the phenotype variability as
previously noted for various HD animal models 34.

Knockin and knockout models
Several groups have reported the generation of targeted deletion of the LRRK2 gene
(knockout) or insertion of PD pathogenic mutation (knockin) 35–39. The R1441C knockin
mice shown by Tong et al are grossly normal even at 2 years of age 36. For example, PD-
related neuropathology was not detected in homozygous knockin mice under normal
condition. However, they show attenuated amphetamine (AMPH)-induced locomotor
activity and reduction of evoked catecholamine release in cultured chromaffin cells.
Furthermore, the sensitivity to the suppression of the firing of nigral neurons by quinpirole,
dopamine and AMPH is markedly reduced in mutant mice than the control. Therefore,
consistent with the studies of aforementioned BAC mice, the result of R1441C knockin
model provides a further support to the notion that LRRK2 pathogenic mutations (G2019S
and R1441C/G) cause disruption of dopamine transmission. This study may also validate the
dopamine transmission phenotype observed in the BAC models. Therefore, the dopamine
transmission impairment in the BAC models expressing LRRK2 mutants is unlikely a result
of transgene overexpression effect, given the physiological expression level of R1441C
protein in knockin model.

Dawson, Shen and Cai groups have independently reported the characterization of LRRK2
knockout mice. The results from at least four independent LRRK2 knockout lines indicate
that LRRK2 is not an essential gene for mouse survival or associated with significant role in
early neural development, differentiation or viability. All knockout lines are viable, fertile
and exhibit no detectable motor function abnormality 35, 37, 39, in an agreement with the lack
of PD-related neuropathology in these mutant mice. A simple explanation for the above
observation is that loss of LRRK2 function is compensated for by LRRK2 homologue
LRRK1 33. On another note, disruption of several known PD-related genes, such as α-
synuclein, Parkin, DJ-1, and PINK-1, has not been associated with obvious loss of
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dopaminergic neurons or accumulation of α-synuclein in the CNS. It is intriguing to note
that none of these PD-related genes are essential for neural development and differentiation,
which is consistent with the hypothesis that the mutations of these PD genes only lead to
disruption of neuronal functions mostly at adult stage. Moreover, the above studies
collectively suggest that LRRK2-mediated PD is not due to a loss of function in LRRK2.
Interestingly, Andres-Mateos et al showed that lack of LRRK2 unexpectedly has no impact
on MPTP-induced selective toxicity of dopamine neurons in mice 39.

Although no obvious pathology was observed in the CNS, the LRRK2 knockout mice
reported by Tong et al suffer renal abnormality at old age evidenced by cell type-dependent
impairment of protein degradation pathways, accumulation of α-synuclein, and enhanced
apoptotic cell death 31. Whether this observation is mechanistically connected to the PD
pathogenesis in the CNS is unclear, as the CNS in the absence of LRRK2 is largely intact.
Furthermore, the knockout kidney showed inflammatory response and oxidative damage in
old mice. This result may be related to a recent report linking LRRK2 to cellular pathway of
immune response 40. Therefore, the study by Tong et al may suggest that normal function of
LRRK2 is involved in suppressing age-related inflammation or oxidative damage, which is
an important contributing factor to PD pathophysiology 35, 41. Consistent with the protective
role of LRRK2, overexpression of LRRK2 wildtype resulted in a decrease of toxic phospho-
tau levels in regional brain of the previous BAC model. In contrast, G2019S mutant is
stripped of the protection 26.

Inducible transgenic model
Lin et al previously described transgenic models containing tetracycline-regulated
expression of human LRRK2 wildtype, G2019S and mutant with kinase domain deletion 37.
The driver line CamKIIa-tTA was used to direct transgene expression 42, which shows a
similarity to endogenous LRRK2 expression pattern in regional brain 43. All inducible lines
are viable and developed normally, and no PD-related neuropathology was noticed, despite
the 8–16 fold overexpression of transgene. However, overexpression of LRRK2 variants
markedly accelerated the progression of neuropathological abnormalities developed in PD-
related A53T α-synuclein transgenic mice under the similar inducible control system.
Furthermore, the excessive LRRK2 expression promotes somatic accumulation of α-
synuclein, accompanied with impaired microtubule dynamics, Golgi organization and the
UPS pathways. Interestingly, deletion of endogenous LRRK2 expression seems to reduce
some of the abnormalities and alleviate the progression of neuropathology observed in A53T
mice. This study suggests the genetic interaction of LRRK2 with α-synuclein, and therefore,
the two PD-related genes may be placed in the same pathogenic pathways. However, the
exact mechanism whereby the two are functionally connected is unclear. In addition, the
lack of difference among LRRK2 wildtype, G2019S and kinase-dead (KD) mutant in
altering the progression of neuropathology in α-synuclein A53T mice calls for caution in the
interpretation of the results, as the possibility of disease-unrelated toxicity resulted from
overexpression of the two genes cannot be completely excluded, although the result may
implicate a less critical role of LRRK2 kinase activity in aggravating α-synuclein-mediated
neuropathology. Furthermore, the study concludes that, while overexepression of LRRK2
worsens, ablation of LRRK2 protects against α-synuclein-mediated neuropathology. The
results, however, seemed at odds with a previously suggested, protective role of LRRK2 in
the suppression of age-dependent renal accumulation of α-synuclein, inflammation,
oxidative damage 35 and brain phospho-tau levels 27. Future experiments are apparently
needed to resolve the conflict and clarify the exact cellular function of LRRK2.
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Cellular functions and potential pathogenic pathways of LRRK2 in PD
a. LRRK2, dopamine neurotransmission, and regulation of synaptic vesicles

A consensus of the pathophysiology emerging from multiple LRRK2 models is that the
common mutations G2019S and R1441C/G cause an impairment of dopamine transmission
that is likely associated with a deficit in striatal dopamine content 26 and motor function
abnormality 25, 36, 37 (Wang and Yue, unpublished), the clinical hallmarks of PD. Whether
LRRK2 mutations affect other neurotransmitter system is unclear and merits future
investigation. Furthermore, the impaired neurotransmission may not be necessarily
secondary to degenerating presynaptic terminals. Although the BAC R1441G mice
displayed axonopathy and aberrant dopamine efflux 25, no obvious axonal abnormalities
were noticed in the knockin R1441C mice 36 or the two BAC G2019S mice 26, 27.
Therefore, the PD mutations can trigger an initial defect in neuronal/axonal functions in the
absence of physical denervation of presynaptic terminals. Previous evidence that LRRK2
function is linked to the regulation of synaptic vesicle protein localization or synaptic vesicle
trafficking is compatible with this notion 19, 44. Therefore, impairment of synaptic vesicle
function caused by G2019S or R1441C/G could be the underlying mechanism for
presynaptic dysfunction. Whether the dysfunction of presynaptic terminals results in cell
autonomous, age-dependent axonal and neural degeneration remains to be established.

b. LRRK2, Tau, and regulation of cytoskeletal (such as microtubule and actin) dynamics
The second common PD-related pathology arising from the genetic models is the aberrant
levels phospho-tau and/or tauopathies induced by G2019S and R1441G mutants 25–27. The
observation not only confirms the pathology in a subgroup of LRRK2 PD patients that are
associated with tauopathies 29–31, but also provides strong support for the tie of LRRK2 and
Tau in the same pathway. Indeed, recent genome-wide association studies (GWAS) showed
surprisingly that MAPT (genetic term for tau) is a risk factor for sporadic PD 45, 46,
therefore placing tau in the pathogenic cascade of PD in addition to other neurological
disorders with tau pathology such as Alzheimer’s disease and frontotemporal dementia. It
also suggests that these diseases may in part share the pathogenic mechanism involved in tau
dysfunction.

Tau binds tubulin to stabilize microtubules and promote tubulin assembly into microtubules.
Phosphorylation of tau causes disruption of microtubule organization. The increase of
phospho-tau levels in LRRK2 mutant transgenic mice, therefore, may result in impairment
of microtubule network. In fact, Lin et al showed that overexpression of LRRK2 wildtype or
G2019S perturbs the β-tubulin assembly, significantly altering microtubule dynamics 37.
Moreover, a previous work by Gillardon shows that LRRK2 G2019S preferentially
phosphorylates β-tubulin and enhances the assembly of microtubules 38. While the levels of
free tubulin are increased in LRRK2 knockout brain 38, the soluble tubulin levels (in
Reassembly-High-salt Buffer) are decreased (accompanied with an increase of pellet
tubulin) in LRRK2 transgenic mice 37. In a fly model, LRRK2 was shown to phosphorylate
a microtubule associated protein Futsch (fly homologue of MAP1B) 47. Therefore, LRRK2
can directly act on tubulin via phosphorylation, a signaling event perhaps corroborating with
phosphorylation of the MAPs including tau and MAP1B and together regulating tubulin
assembly and stability of microtubules (although no evidence has indicated that LRRK2
directly phosphorylates tau). Thus, LRRK2 levels and activity seem to play a critical role in
controlling the dynamics of microtubule network. Furthermore, it was previously noted that
LRRK2 also interacts with actin and modulates the actin assembly 48. By phosphorylating
ezrin/radixin/moesin (ERM) proteins, LRRK2 may promote the re-arrangement of actin
cytoskeleton in neuronal morphogenesis 48. Taken together, the data from the genetic
models shows an important role of LRRK2 in regulating the cytoskeletal dynamics. Finally,
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since tau and MAP1B are abundant MAP proteins in axons, this may explain the axonal
pathology and presynaptic abnormality in several LRRK2 genetic models 25–27.

c. Potential link of LRRK2 and α-synuclein
A body of evidence suggests that LRRK2 and α-synuclein, the only two genes associated
with a dominant disease inheritance, are central to the disease pathogenesis 21. However, the
overall in vivo evidence for the link of LRRK2 and α-synuclein based on LRRK2 mouse
models is less clear. The study described by Lin et al showed that LRRK2 expression levels
are critical for the development of α-synuclein-induced neuropathology in mice, suggesting
that LRRK2 acts upstream of and regulates α-synuclein in disease pathway. The excessive
LRRK2 expression seems to enhance the accumulation of α-synuclein protein and
neuropathology when α-synuclein is also overexpressed in neurons; loss of LRRK2 seems to
alleviate the α-synuclein evoked neuropathology. However, unlike tau, α-synuclein
produced at physiological level is not affected by LRRK2 (wildtype or PD mutants)
overexpression in multiple transgenic models. Therefore, the result suggests that the
pathogenic effect of LRRK2 via α-synuclein action requires additional factors conferring α-
synuclein accumulations or related changes. However, a relevant and seemingly conflicting
result from LRRK2 knockout mice suggests that endogenous LRRK2 appears to be
important to suppress abnormal accumulation of α-synuclein as well as accompanied
inflammatory response in kidney 35. But the argument may be tentative, as the knockout
brain is largely intact, and it is likely that the effect of loss-of-function is tissue-specific.
Nonetheless, given the current knowledge that α-synuclein is associated with multiple
cellular functions 49, 50, one can speculate that in the CNS LRRK2 and α-synuclein are
functionally related and cause neuropathology perhaps through the following pathways: (1)
interfere with synaptic vesicle functions by directly engaging vesicle-associated proteins and
membrane trafficking; and/or (2) impair microtubule and actin dynamics by modulating
cytoskeletal protein biochemical properties at presynaptical terminals.

d. Protein degradation, mitochondrial, and other pathways in LRRK2 models?
Previous characterization of several known PD gene functions strongly suggests that
mitochondria and protein degradation pathways including ubiquitin proteasome system
(UPS) and autophagy-lysosome are the primary cellular pathways relevant to the
pathogenesis of PD. However, the significant role for LRRK2 in these pathways has yet to
be demonstrated in the reported LRRK2 models, except that Tong et al described the
reduced autophagic activity or possibly UPS function, as evidenced with enhanced ubiquitin
levels and altered autophagic markers in knockout kidney. But the molecular evidence that
LRRK2 directly participates in protein degradation pathways is lacking 35. In addition,
overexpression of LRRK2 seems to exacerbate the impairment of UPS and mitochondrial
injury triggered by α-synuclein overexpression 37. However, overexpression of LRRK2
wildtype or mutants alone did not seem to cause obvious UPS or mitochondrial
abnormalities in available LRRK2 models. Finally, the study of fly models suggests that
protein translation pathway is involved in LRRK2-mediated PD pathology 16, 17. But related
observation has yet to be shown in the LRRK2 mouse models.

The absence of overt neurodegeneration in LRRK2 genetic models
Until now the LRRK2 G2019S or R1441C models have shown reportedly no sign of cell
loss or accumulation of α-synuclein in the CNS. Nor do they exhibit substantial motor
function abnormalities (with the exception of R1441C BAC models, but concern of
overexpression effects cannot be excluded) (Table 1). The results suggest that PD-related
mutations of LRRK2 do not directly participate in cell death signaling cascade or at least do
not activate cell death pathways at early disease stage. Rather, the mutants of LRRK2 may
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impair cellular functions that are important for adult nervous system function as described
above.

The lack of robust PD-related pathology and clinical syndrome in LRRK2 models is not
surprising, considering the previous studies in other PD mouse models that alteration of PD-
related genes, regardless of autosomal dominant (α-synuclein) or autosomal recessive (DJ-1,
Parkin, and Pink1), has not captured the key neuropathological features or clinical spectrum
of PD. Although the evidence does not help gain any insight, we argue that the results of
LRRK2 models may well reflect the intrinsic features of LRRK2 pathogenic mutations that
are only partially penetrable in disease transmission. In fact, unlike SNCA (α-synuclein) PD
that is fully penetrant, LRRK2-G2019S and R1441G mutations have reduced penetrance
that is age-dependent 9–13. Ageing is apparently the single most important risk factor for the
majority of PD cases. Interestingly, a recent report indicated that a significant subset of non-
manifesting carriers of G2019S (with average age of 82) is not on the motor trajectory to
disease 51. The evidence from human study suggests that the LRRK2-mediated pathogenic
pathway is particularly susceptible to modifications by other genetic or environmental
mechanisms, and the pathogenic effect can be significantly attenuated under certain
circumstances. The LRRK2 pathogenic pathway perhaps interacts with various cellular
pathways that are likely to play a significant role in modulating disease onset and
progression. This hypothesis can also explain the variability of the neuropathology among
different LRRK2 patients. Alternatively, the environmental factors may contribute to the
LRRK2 disease pathogenesis. Andres-Mateos et al treated LRRK2 knockout mice with
neurotoxin MPTP; however, they found that LRRK2 plays little role in MPTP-mediated
toxicity to the SNpc dopamine neurons 39. It is likely that LRRK2 may collaborate with
completely different sets of neurotoxin to cause the neurodegeneration. Therefore, additional
genetic or environment factors are required for the LRRK2-mediated full penetrance of the
disease, and apparently these factors, yet to be identified, are missing in available LRRK2
models.

Neurodegeneration in rodent models with viral delivery of LRRK2: a role of
inflammatory pathway in glia?

More recently, Lee et al described a herpes simplex virus (HSV) amplicon-based mouse
model of LRRK2 dopaminergic neurotoxicity. In this model, delivery of viral LRRK2
G2019S expression causes significant loss of dopamine neurons accompanied with local
inflammatory response; in contrast, LRRK2-wildtype, KD mutant, or GFP control
expression has no effect in the neuron viability or inflammation levels 52. In addition, a most
recent report by Dusonchet and colleagues showed that expression of LRRK2-G2019S
assisted with adenovirus vector delivery induced progressive degeneration of nigral
dopamine neurons in a rat model 53. The results from the viral expression system supports
the notion that inflammatory pathway activated in glial cells, which is largely absent in the
genetic LRRK2 models, is likely to play an important role in driving the phenotype of
neuronal loss in vivo. Therefore, the non-cell autonomous effects elicited by glial
inflammation pathway may provide a promising mechanism that is critically required for
LRRK2-mediated neurodegeneration in PD.

Understanding the disease with the “imperfect” LRRK2 models
The lack of the substantial PD neuropathology and clinical features of the PD syndrome
indicate that the reported genetic models of LRRK2 are hardly robust PD models, thereby
limiting their use with respect to understanding the exact mechanism whereby pathogenic
mutations of LRRK2 leads to dopamine neuron degeneration, α-synuclein associated Lewy
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Bodies, and progression of motor deficits associated with PD. It raises the questions for how
we evaluate application of the “imperfect” models for basic and clinical research of PD.

PD is a complex neurological disorder, and with increasing number of PD loci identified, it
may be viewed as a spectrum of highly related disease rather than a single entity 21. The
neuropathological features of the identified PD genes are not completely identical, therefore,
it is plausible to speculate that the molecular function of each familial gene is actually
diverse but converges at system levels. Thus, for modeling PD carrying different gene
mutations one may not apply the same criteria especially at early disease stage. In fact,
available evidence does not support a strong functional connection between α-synuclein and
other recessive genes such as DJ-1, PINK1 or Parkin. Furthermore, there has been no
convincing evidence that LRRK2 is linked to any other PD-related proteins at molecular
levels.

The available large cohort of human G2019S not only provides a unique and promising
opportunity for systematic examination of LRRK2 neuropathology and clinical syndrome in
PD, but also offers critical clinical experience for validation of the available LRRK2 models.
The late onset and age-dependent penetrance of the G2019S presents a long window time
for tracking disease progression, and it may also explain the lack of neurodegeneration in
LRRK2 genetic mouse models with maximal 2–3 year in life span. A number of functional
imaging studies show abnormal striatal dopamine system in both symptomatic G2019S
patients, which is indistinguishable from idiopathogenic PD cases 54, 55, and asymptomatic
G2019S individuals, who might be in the course of developing PD symptom 56–58. This
result demonstrates that the striatal dopamine abnormality occurs preceding the frank motor
function deficits in G2019S PD patients and perhaps loss of the dopamine neurons.
Therefore, the impairment of striatal dopamine transmission observed in several LRRK2
models that have not been associated with motor abnormalities recapitulates the specific
disease stage, and may represent an early pathological alteration before the loss of dopamine
neurons.

Moreover, the specific tau pathology that is associated with a subset of G2019S patients
appears common in LRRK2 transgenic models. The result offers further validation, to some
degree, of the LRRK2 models in capturing LRRK2-associated neuropathology. Therefore,
along these lines LRRK2 mouse models set a platform for dissecting specific
pathophysiology of LRRK2 PD and particularly at early stage of the disease. We propose
that these models can be best used to identify the molecular events that trigger signaling
cascade and can be causative to the ultimate manifestation of motor deficits and
neurodegeneration. In addition, they should be valuable for delineating the sequence of
pathological events that are responsible for the slow progression of the disease. The results
will provide critical information for the discovery of effective drug targets and biomarkers
that will guide the clinical research in diagnostics and drug screening.

Finally, PD is a motor as well as non-motor disease. LRRK2 is expressed in broad brain
regions that are in charge of more than just motor functions. In addition, LRRK2 patients
also exhibit non-motor symptoms similar to sporadic PD 9, 59–61. It is worth mentioning that
G2019S models reported by Melrose et al 27 and from our group (Wang and Yue, presented
in SFN 2010) showed abnormal psychiatric-related behavior, which was shown to be
associated with pre-motor episode in PD 62. Future experiments should investigate the
molecular and cellular basis of this observation and may shed light on the pathogenic
mechanism for the non-motor components of PD.
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Utility of LRRK2 models in clinical research
a. kinase activity as the drug target

LRRK2 is considered a promising drug target for PD, however, given the current
knowledge, we do not know exactly how to tame it with available tools. The toxic gain-of-
function associated with LRRK2 kinase activity has been a dominant hypothesis, and
therefore, inhibition of kinase activity is being pursued as the primary therapeutic strategy
for LRRK2-mediated PD 8, 52. A number of in vitro assays based on primary neuronal
cultures supports a pathogenic function of LRRK2 kinase in retarding neuritic outgrowth or
extension 7, 18, 63–65. Numerous genetic models of invertebrates including nematode worms
and fruit flies show in vivo evidence for the neurotoxic hyperactivity of LRRK2
kinase 17, 66, 67. The study of LRRK2 kinase activity in genetic mouse models is limited,
with only one report by Lin et al that seems to argue against a significant role of LRRK2
kinase activity in the neuropathology induced by α-synuclein 37. While the results may need
further validation in other mouse models, Dawson’s group has recently shown that LRRK2
kinase activity is required to cause the degeneration of dopaminergic neurons in HSV-
LRRK2 mouse models. More importantly, they identified LRRK2 inhibitors through
screening a pool of available industrial kinase inhibitors that potently block LRRK2 kinase
activity in vitro, and further showed that the inhibitors are neuroprotective in their
models 52. Therefore, this study provides the first in vivo evidence in a mammalian model
with a proof of principle that pharmacological inhibition of LRRK2 kinase activity is a
potentially promising strategy for the treatment of PD. However, a caveat is that, as the
authors also cautioned, the effective inhibition of LRRK2 kinase activity has yet to be
confirmed in vivo because no physiological substrates of LRRK2 are currently available for
the evaluation. Nonetheless, this report is expected to facilitate the campaign in rodent and
other animal models to ultimately validate/invalidate LRRK2 kinase activity as a drug
target. Until then, the gain-of-function of LRRK2 kinase activity remains as the most
attractive hypothesis and deserves a thorough assessment, particularly given that no other
hypotheses proposed to date are equally as competitive. However, one that is worth
mentioning is the GTPase activity, another major enzymatic activity in LRRK2 that was also
implicated in LRRK2-mediated pathogenesis 6, 14, 68. Future study should also explore
LRRK2 GTPase activity as a potential drug target.

b. How can the available genetic LRRK2 models aid the target validation and inhibitor
screening?

With increasing number of LRRK2 inhibitors identified, a suitable mouse model(s) is highly
desirable for the functional validation of their efficacy in vivo. Although the rodent models
mediated by HSV or adenovirus delivery of LRRK2 may provide promising systems, the
expansion of the study for thorough screening and validation of inhibitors may be difficult
due to overall high variability of the results in this type of study. For available LRRK2
genetic models, despite the lack of the prominent PD neuropathological features and clinical
syndrome, the previous evidence that some PD relevant pathological features shared by
multiple lines of LRRK2 transgenics may assist to establish potential endpoints in assessing
the efficacy of inhibitors in these models.

First, it is necessary to demonstrate the inhibition of LRRK2 activity in the CNS caused by
the administration of inhibitors in vivo. This can be assessed by evaluation of
autophosphorylation of LRRK2 and phosphorylation of LRRK2 substrates via phospho-
specific antibody detection. Using a pair of BAC lines producing FLAG-tagged LRRK2-Wt
and G2019S, we showed that the kinase activity of the brain G2019S protein is 2–3 fold
higher than that of wildtype 26. These models are potentially useful to test the idea that
suppression of enhanced kinase activity in G2019S (without a complete block of wildtype
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LRRK2 kinase activity) is correlated with the reversal of the observed neuropathology in
G2019S mice. Second, we propose the premise of impaired striatal dopamine transmission
(and levels) and tau pathology, the two common disease-related features in LRRK2 genetic
models, as primary neuropathology endpoints, and the motor function deficits in R1441G
BAC mice as potential behavioral endpoint. Third, more than one models is necessary for
the study in order to draw a meaningful conclusion. However, it would increase the cost
significantly by recruiting multiple models. Systematic characterization of the available
LRRK2 models through consortium effort will facilitate the identification and further
validation of the endpoints.

While an “ideal” LRRK2 PD model is currently unavailable and perhaps we will never have
one with only LRRK2 mutation due to the specific nature of LRRK2-associated PD, e.g.
reduced penetrance and high variability of neuropathology (see above discussion),
generation of compound LRRK2 models in combination with additional PD-linked
mutations or with environmental toxin may facilitate development of PD models with
prominent neuropathology. However, generation of such compound models and follow-up
validation is expected to be a long process and would take for years. Until then, probe of the
specific disease feature or stage in available LRRK2 models should be highly feasible, and
most likely will advance our knowledge and move the field forward.

c. Potential use of available LRRK2 models in developing pharmacodynamic biomarkers
LRRK2 signaling pathway mediated by its kinase/GTPase activity is largely unclear. The
lack of understanding LRRK2-regulated function is a major roadblock to the effective
evaluation of therapeutic strategy targeting LRRK2 activity. Comparably high levels of
LRRK2 are observed in multiple tissues/organs including kidney, spleen, lung and brain,
suggesting that LRRK2 function is also important outside the CNS. In support of this notion,
recent reports have linked LRRK2 abnormal function to the pathological conditions
associated with Crohn’s disease 69, cancer 70 and leprosy 71. It is likely that LRRK2-
mediated signaling pathway is conserved between the CNS and other tissues, and
elucidation of signaling pathway in peripheral tissues will facilitate the development of
pharmacodynamic biomarkers of LRRK2 activity and can assist to predict the outcome of
clinical trials of promising therapeutic strategies. For this purpose, we propose that the
LRRK2 models, particularly BACs and knockin/knockout mice that use endogenous
promotors for LRRK2 expression, are suitable to study the gene expression profiling
impacted by the overexpression, loss of function, and pathogenic expression of PD
mutations of LRRK2 in the peripheral tissues. This would allow us to quickly establish the
fingerprints of gene expression patterns that caused by LRRK2 kinase/GTPase activity. The
information will guide the investigation and verification of the effects of small compounds
targeting LRRK2 activity in a dynamic fashion. Therefore, these LRRK2 models provide a
platform for elucidating the mechanism of drug action and yielding critical information for
the future clinical trials.

Conclusion and Future Perspective
Understanding LRRK2 biology and pathophysiology is central for the ultimate elucidation
of pathogenesis of inherited and perhaps idiopathic PD. As LRRK2 kinase/GTPase activity
is a highly “druggable” target, therapeutic strategies targeting aberrant LRRK2 activity hold
a great promise for the treatment of PD. The development of the genetic mouse models of
LRRK2 has made one step forward toward this goal and the emerging evidence has
provided insightful information (Figure 1), but many pressing questions remain unanswered,
such as what is the molecular and genetic basis of reduced penetrance of LRRK2 common
mutations (e.g. G2019S and R1441C)? What is the underlying mechanism contributing to
drastic variability of LRRK2 neuropathology/clinical syndromes and how does LRRK2-
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associated PD differ from other inherited and sporadic types of PD? What is the exact
cellular function and dysfunction of LRRK2 in PD and how is LRRK2 connected to other
PD-related gene pathways, especially tau and α-synuclein? Whether or not aberrant LRRK2
kinase/GTPase activity is the culprit of the disease and how can they be harnessed for the
purpose of therapeutics? Finding clues to these questions requires rigorous characterization
of numerous LRRK2 genetic models, and validations of the outcome should be closely
inspected by corroborating with the analysis of disease process in the available cohorts of
human LRRK2 G2019S. This can be achieved only through large consortium efforts.
Continuous exploration of the existing and incoming new LRRK2 models will provide
critical information for drug target validation and novel endpoint identification in the
development of therapeutic strategies.
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Figure 1.
An illustration of LRRK2-regulated cellular functions and pathophysiology associated with
mutant LRRK2 based on primarily the in vivo studies of LRRK2 genetic mouse models.
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