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Abstract

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most common genetic causes
of Parkinson’s disease (PD), and also one of the strongest genetic risk factors in sporadic PD. The
LRRK2 protein contains a GTPase domain and a kinase domain, and several protein-protein
interaction domains. Both /n vitroand /n vivo assays in different model systems have provided
tremendous insights into the molecular mechanisms underlying LRRK2 induced dopaminergic
neurodegeneration. Among all the model systems, animal models are crucial tools to study the
pathogenesis of human disease. How do the animal models recapitulate LRRK2 induced
dopaminergic neuronal loss in human PD? To answer this question, this review focuses on the
discussion of the animal models of LRRK?2 associated PD including genetic and viral-based
models.
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Introduction

Parkinson’s disease (PD) is recognized as the most common movement disorder, affecting
up to 1% of the population above the age of 60 and 4-5% above the age of 85 [1]. Clinical
symptoms in PD patients include akinesia, resting tremor, muscle rigidity, and postural
imbalance [1]. The cardinal symptoms are caused by the progressive degeneration of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) [2]. Although the
majority of PD cases appear to be sporadic, in the past couple of decades several genes have
been identified to be responsible for this progressive neurodegenerative disease [3]. To date,
genes encoding LRRK2 (leucine-rich repeat kinase 2), a-synuclein, parkin, DJ-1, PINK1
(phosphatase and tensin homologue deleted on chromosome 10-induced putative kinase 1),
VPS35 (vacuolar protein sorting 35), DNAJC13, GBA (Glucocerebrosidase), and EIF4G1
(eukaryotic initiation factor 4G1), among others are associated with genetic forms of PD [3-
8]. Mutations in the LRRK2 gene (PARKS, dardarin, OMIM 609007) cause late-onset,
autosomal dominant PD and is the most frequent genetic cause of PD, accounting for 4% of
familial PD and 1% of sporadic PD across all populations. Importantly, LRRK2 mediated
PD is clinically and pathologically indistinguishable from sporadic PD [9, 10], suggesting
that understanding LRRK?2 associated PD may lead to an understanding of sporadic PD.

The LRRK2 protein contains two enzymatic domains, a GTPase and a kinase domain, and
multiple protein-protein interaction domains including a leucine-rich repeat (LRR), a WD40
repeat, and a LRRK2 specific repeat domain (Figure 1) [11, 12]. LRRK?2 interaction
domains are thought to serve as protein binding modules where LRRK2 acts as a signaling
scaffold. LRRK2 GTPase and kinase enzyme activity are important in regulating LRRK2
dependent cellular signaling pathways and may reciprocally regulate each other to direct
LRRK2’s ultimate function [13]. Pathogenic mutations of LRRK2 are centered on LRRK2
enzymatic domains (Figure 1). Thus, LRRK2 enzymatic activity is important in PD. The
most prevalent LRRK2 mutation, G2019S is within the kinase domain. It accounts for 5 —
6% of autosomal-dominant PD patients and ~1% of sporadic late-onset PD. Patients with the
G2019S mutation exhibit Lewy bodies in most cases [1]. However, mutations in the GTPase
domain and COR domain, such as R1441 C/G and Y1669C often vary on Lewy body
pathology [10, 14]. This raises the possibility that these mutations cause disease via distinct
pathogenic mechanisms.

Tremendous work in both /in vitroand in vivo systems suggests that LRRK2 is involved in
diverse pathways and cellular signaling including regulation of protein translation, vesicle
trafficking, neurite outgrowth, autophagy, and cytoskeletal dynamics [15-17]. Several model
systems have been developed to study LRRK2 function from yeast to invertebrates such as
Drosophilaand C. elegans, rodents, and patient-derived induced pluripotent stem cells
(iPScs) [18]. Yeast, a eukaryotic single-cell organism, has been widely used to uncover the
fundamental pathobiology of proteins associated with neurodegenerative diseases including
PD. The first LRRK2 yeast model revealed LRRK2 GTPase function plays a key role in
LRRK?2 pathobiology [19, 20]. The toxicity is closely associated with GTPase activity and
defects in endocytic vesicular trafficking and autophagy [19]. More importantly, using this
yeast model, the first GTPase activating protein (GAP) for LRRK2, ArfGAP1, was
identified and characterized [20]. Patient-derived iPScs provide highly relevant models for
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PD studies as the well-developed capacity to generate iPSc-derived DA neurons. Several
LRRK2 iPSc models have been developed. DA neurons derived from LRRK2 iPScs display
reduced neurite length, accumulation of a-synuclein and tau, increased vulnerability to
cellular stress, and impaired autophagy and mitochondrial function [18]. IPSc models allow
us to study LRRKZ2 pathobiology directly in human context. However, both yeast and iPSc
models cannot recapitulate the physiological cell diversity in the intact mammalian brain and
the complexity of brain circuits.

While the eukaryotic yeast and iPS cell models provide an important yet complementary
insights to animal models on understanding disease mechanisms, this review focuses on the
animal models of LRRK?2 associated PD and discusses the advantages and disadvantages of
each model and how each of these different models have contributed to understanding the
role of LRRK2 in PD pathogenesis.

1. Genetic animal models of LRRK2

1.1 LRRK2 Drosophila models

Animal models are crucial tools for LRRK2 research. Invertebrate animals, especially
Drosophila, have proven to play an important role in studying LRRK2 pathogenic
mechanisms and developing therapeutics. Drosophila have well-defined nerve systems,
which share similar neuronal transmitters with mammals. Importantly, Drosophila have DA
neuronal clusters and can perform complicated behavioral tests, which mimic some DA
dependent behaviors in human. Several steps have been taken to establish and utilize
LRRK2 Drosophilamodels: 1) generation of Drosgphila strains carrying mutations in genes
linked to disease, 2) determination of the Drosophila models to see if they recapitulate the
pathogenesis of the disease and in turn are good models of the disease, 3) investigation of
the detailed molecular mechanisms underlying the phenotypes, 4) identification of genetic
modifiers to dissect the signaling pathways involved in pathogenesis, 5) drug candidate
screening. Several LRRK2 Drosophila models have been generated and are listed in Table 1.

1.1.1 LRRK2 knockout Drosophila models—Drosophila has one human LRRK2
homolog dLRRK and residues affected by PD-causing mutations in LRRK2 are conserved
in Drosophila LRRK2. To study the function of endogenous wild type (WT) LRRK2,
Drosophila LRRK?2 knockouts have been generated [21-24]. Several groups reported that
the homozygous mutant fly develops normally with a normal life span as well as unchanged
number and pattern of DA neurons [21, 24, 23], although one group reported LRRK loss-of-
function mutants exhibited severely impaired locomotive activity and a severe reduction in
tyrosine hydroxylase immunostaining and shrunken morphology of DA neurons in LRRK
mutants [22]. In addition, Wang et a/. showed that mutant flies containing C-terminal kinase
domain truncated dLRRK are selectively sensitive to H,O5, but not to paraquat, rotenone or
B-mercaptoethanol [23]. By contrast, Imai ef al. showed that dLRRK null flies are relatively
resistant to general oxidative stress, such as paraquat and H,O, treatment, compared to WT
flies [21]. Thus, the exact role of dLRRK in oxidative stress remains unclear. The different
phenotypes is possibly due to the different genomic locus of insertion for gene disruption
and the different genetic backgrounds. As the majority of the reports support that dL RRK is
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dispensable for survival of DA neurons in flies and this is consistent with the phenotypes in
LRRK2 knockout mice, the general consensus is that LRRK2 toxicity is from a gain-of-
function and not a loss-of-function mechanism.

1.1.2 LRRK2 transgenic Drosophila models—In contrast to dL RRK knockout
Drosophila, overexpression of both human LRRK2 and dLRRK pathogenic mutations in
Drosophila leads to age-dependent DA-responsive reductions in locomotor activity and loss
of DA neurons (Table 1) [21, 25-28]. Interestingly, in addition to the DA neurodegeneration,
different LRRK2 mutations cause different phenotypes related to the degeneration. One
recent study showed that LRRK2 G2019S induced extensive neurodegeneration throughout
the visual system [29]. This degeneration is LRRK2 G2019S mutation specific and occurs in
a kinase dependent manner. Dopaminergic expression of LRRK2 G2019S led to non-
autonomous cell death reminiscent of that seen in PD [29]. Another report showed that
LRRK2 R1441C or Y1699C mutations in the GTPase-COR domain preferentially associates
with de-acetylated microtubules, and inhibits axonal transport in Drosophila, causing
locomotor deficits /n7 vivo. These features are not seen with the LRRK2 G2019S mutation,
suggesting these defects are GTPase activity dependent [30]. A previous study suggested
that reduced axonal transport rates caused by alpha-synuclein mutants might contribute to
accumulation of alpha-synuclein and hence Lewy body formation and neuritic abnormalities
in PD brain [31]. Taken together, reduced axonal transport rates may contribute to the
formation of Lewy bodies or lewy neurites in some PD cases carrying R1441C or Y1669C
mutation. These studies suggest that different LRRK2 pathogenic mutations act at distinct
pathways and cause varied neuropathology in the DA neurodegeneration.

1.1.3 Using LRRK2 Drosophila models to study molecular mechanisms
underlying LRRK2 associated PD—Do LRRK2 Drosophila models reveal the
pathogenic mechanisms underlying LRRK2 induced DA neurodegeneration? To address
this, Drosgphila offers a wide variety of genetic tools including genetic screens, which allow
genome-wide analyses of genetic interactions based on the modification of a given
phenotype, and candidate gene approaches, in which only those suspected genes are
analyzed for modifications of the phenotype. Both strategies allow identification of
components of signaling pathways involved in PD pathogenesis. Using LRRK2 Drosophila
models, several /n vivo LRRK2 interactors have been identified and characterized in
different signaling pathways.

L RRK 2 function in protein synthesigtrandation: Drosophila dLRRK was shown to
regulate protein translational pathways. Imai et a/. first provided evidence that both dLRRK
and human LRRK2 can phosphorylate eukaryotic initiation factor 4E-binding protein (4E-
BP), a negative regulator of eukaryotic initiation factor 4E-mediated protein translation and
a key mediator of various stress responses [21]. A link between dLRRK and protein
synthesis was further strengthened by the observation from the same group that LRRK2
interacts with the microRNA pathway to regulate protein synthesis [32]. However, these
Drosophila studies have yet to be extended to mammalian systems. A recent study, using a
combination of a LRRK2 Drosophila model and human dopamine neurons, demonstrated
that LRRK2 phosphorylates ribosome protein s15 to enhance protein translation and mediate
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LRRK2 induced neurodegeneration [33]. Taken together, there is strong convergent evidence
that LRRK2 regulates protein translation machinery in diverse species and tissues.

LRRK?2 function in vesicular trafficking: Studies using LRRK2 Drosgphila models have
revealed potential roles for LRRK2 in multiple aspects of vesicle trafficking including
endolysosomal pathways, synaptic vesicle (SV) endocytosis, ER-Golgi and retromer
trafficking. First, ALRRK was reported to localize to the membranes of late endosomes and
lysosomes, physically interacts with the crucial mediator of late endosomal transport Rab7
and negatively regulates Rab7-dependent perinuclear localization of lysosomes [34]. LRRK2
has been further shown to localize at endosomes and interacts with clathrin-light chains
(CLCGs) to limit Racl activation. These data identify a new pathway in which CLCs function
with LRRK2 to control Racl activation on endosomes [35]. The function of LRRK2 in
endolysosomal pathways is further strengthened by a study on novel ethyl methanesulfonate
(EMS)-induced nonsense alleles in dLRRK, which cause striking defects in the
endolysosomal and autophagy pathways [36]. Second, a study in Drosophila shows that
LRRK?2 functions on SV endocytosis at the neuromuscular junctions by phosphorylating
endophilin A (EndoA) at S75 and mediating EndoA-dependent membrane tubulation and
membrane association [37]. In addition, dLRRK has been demonstrated to regulate Golgi
outpost (GOP) dynamics in dendrites through the golgin Lava lamp [38]. Moreover, genetic
interactions between VPS35, Rab7L1, ArfGAPL and LRRK2 in Drosophila highlight
LRRK2’s role in retromer and ER-Golgi trafficking [39, 40, 20]. All data taken together
strongly support that LRRK2 plays a crucial role in vesicular trafficking pathway, which
may provide potential mechanisms for accumulation of a-synuclein in LRRK2 associated
PD.

LRRK 2 function in dendritic degener ation and synaptic morphology: Expression of
LRRK2 G2019S in Drosophila dendritic arborization neurons induces mislocalization of the
axonal protein tau in dendrites and causes dendrite degeneration. This may act through a
mechanism LRRK2 G2019S promotes tau phosphorylation by the glycogen synthase kinase
3B (GSK3p) [28]. In addition, LRRK2 regulates synaptic morphology through interacting
with 4E-BP at the postsynaptic site and phosphorylating Futsch at the presynaptic
compartments of the Drosophila neuromuscular junctions [41]. These studies point out a
possible role for LRRK?2 in dendrite degeneration and synaptic dysfunction.

L RRK 2 genetic interaction with other PD genes: As the number of genetic alterations
linked to PD pathogenesis increases, establishing functional pathways and whether these
genes or risk factors interact with each other will be crucial. Drosophilaas a classical
genetic model provides powerful tools to study genetic interactions between different genes.
Using LRRK2 Drosophila models, genetic dissection revealed that LRRK2 interacts with
other PD genes or risk factors such as VPS35, RAB7L, Parkin, DJ-1, and PINK1 [39, 40,
27] and implicates several potential LRRK2 functions. Genetic interaction between LRRK2
and VPS35 and Rab7L implicate LRRK2 function in retromer and lysosomal pathways that
contribute to PD [39, 40]. Coexpression of human parkin in LRRK2 G2019S-expressing
flies provides significant protection against DA neurodegeneration that occurs with age or in
response to rotenone, suggesting a potential link between LRRK?2, Parkin and mitochondria
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in the pathogenesis of LRRK2 related parkinsonism [27]. Genetic interaction between
LRRK2 and Parkin, DJ-1 and PINK1 also suggest that dominant PD genes may act via
common pathways with the recessive PD genes.

1.1.4 Using LRRK2 Drosophila models to identify potentially therapeutic
compounds—The genetic LRRK2 Drosophila model represents a promising platform for
inhibitor identification and validation. Studies have shown that GW5074, curcumin, or
sorafenib significantly suppressed LRRK2 PD-like phenotypes in Drosophila [42, 43].
Although candidate compounds have been used in these studies, they open the possibility of
performing compound screens, which may be useful for finding new drugs for treatment of
LRRK?2 associated PD.

1.2 LRRK2 C. elegans models

The nematode Caenorhabditis elegans has a well-defined and genetically tractable nervous
system that offers an effective model to explore basic mechanistic pathways that might
underpin complex human neurological diseases. C. elegans contains only one /rk-1 gene
encoding a LRRK-like protein. Lrk-1 is localized in the Golgi apparatus and is required for
polarized localization of SV proteins. Loss of /rk-1 causes SV protein mislocalization to
both presynaptic and dendritic endings in neurons, which are dependent on the AP-1 clathrin
adaptor UNC-101 [44]. The results raise the possibility that the LRK-1 functions on the
trans-Golgi network (TGN) to exclude SV proteins from the dendrite-specific transport
mechanisms mediated by the AP-1 clathrin adaptor complex. This study suggest that
LRRK2 might function in the Golgi network. Recent identification of ArfGAP1, a Golgi
protein that reciprocally regulates LRRK2 induced toxicity both /n vitroand in vivo, might
provide a new insight into LRRK2 function in ER to Golgi trafficking [20]. Other loss of
function studies in C. elegans revealed that LRRK2 acts to protect C. elegans DA neurons
from the toxicity of 6-hydroxydopamine and/or human a-synuclein, possibly through the
p38 pathway, by supporting upregulation of GRP78 [45]. Loss of Irk-1 renders animals
hypersensitive to the endoplasmic reticulum stressor tunicamycin, which is rescued by
PINK1 [46]. These studies suggest a functional link between LRRK2 and ER stress [46, 45].

While loss of the LRRK2 homolog in C. elegans provided information of the biological
function of LRRKZ2, overexpression of human LRRK2 in C. elegans established a model that
recapitulates key features of PD. Overexpression of human LRRK2 WT, R1441C or G2019S
in DA neurons in C. elegans causes age-dependent DA neurodegeneration, behavioral
deficits, and locomotor dysfunction that are accompanied by a reduction of dopamine levels
in vivo [47, 48]. Several studies suggested that these phenotypes could be caused by
mitochondrial dysfunction, autophagy inhibition and ER stress. Expressing human LRRK2
WT increased nematode survival by protecting against mitochondrial stress, but mutant
forms of LRRK2 (G2019S or R1441C) enhanced vulnerability to mitochondrial dysfunction
and inhibition of autophagy [47, 49]. Although LRRK2 G2019S consistently inhibits
autophagy in multiple studies, the effects of LRRK2 WT appear to vary between studies
even from the same group [47, 49]. The explanation for this variation appears to be depend
on whether or not a-synuclein is present [50]. Coexpressing LRRK2 WT with a-synuclein
produces a modest age-dependent inhibition of autophagy [50]. Since C. elegans, like
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Drosophila, does not express endogenous a-synuclein, caution needs to be taken in
interpreting studies using C. efegans models.

The observations from LRRK2 C. elegans models support a role for LRRK2 kinase and
GTPase activity as a critical mediators of neurotoxicity induced by mutant LRRK2.
Overexpression of the GTP binding defective mutant, K1347A prevents the LRRK2 induced
neurodegeneration and behavioral abnormalities [48]. LRRK2 kinase inhibitors TTT-3002
and LRRK2-IN1 protect against LRRK2 R1441C- or LRRK2 G2019S-induced
neurodegeneration [48, 42]. These studies suggested that both LRRK2 GTPase and kinase
activity play crucial roles in LRRK2 induced neurodegeneration in C. elegans.

1.3 LRRK?2 zebrafish models

Although zebrafish has been established as an excellent vertebrate model for study of human
disease, zebrafish LRRK2 (zLRRK2) models are not well developed. There is one human
LRRK2 homolog in zebrafish, zZLRRK2, which has a high degree conservation of amino
acid sequences with human LRRK2 (hLRRK?2) proteins and the highest conservation within
the kinase domain. Two groups reported the generation of loss of function zZLRRK2 models,
but with conflicting results. Sheng et al. first reported that the deletion of the WD40 domain
of zZLRRK2 by morpholino targeted splicing caused Parkinsonism-like phenotypes,
including loss of DA neurons in the diencephalon and locomotion defects [51]. These
neurodegenerative and locomotion defects could be rescued by over-expressing zZLRRK2 or
hLRRK2 mRNA. The administration of L-dopa could also rescue the locomotion defects,
but not the neurodegeneration [51]. However, a later study reported by Ren et al.
demonstrated that the deletion of the WD40 domain of zZLRRK2 using the same methods
does not cause the loss of DA neurons [52]. Given the opposite results from two similar
studies, the loss of function zZLRRK2 models need further evaluation. Transient co-
overexpress of human WT or GS LRRK2 with GFP tagged ubiquitin in WT zebrafish
embryos causes impaired clearance of transiently expressed ubiquitin, suggesting of
ubiquitin proteasome system disruption [53]. The characterization on DA system was not
performed [53]. Taken together, LRRK2 zebrafish models are underdeveloped and need
more evaluation and characterization.

1.4 LRRK2 mouse models

Whereas all the models are important and can be used in a variety of research directions,
generally more effort is placed on developing mouse models to study human genetic
disorders because mice possess similar neuronal networks and basal ganglia circuitry with
high conservation of homologs with the human disease causing genes. Then, what are the
criteria for the effective modeling of human diseases in mice? A good model should
recapitulate the genetic and pathological features of the disease in human patients while
avoiding spurious phenotypes that are not involved in human diseases [54-56]. For PD,
mouse models that faithfully recapitulate the characteristic neurodegeneration and motor
deficits as well as other hallmarks of PD such as alpha-synuclein aggregation are necessary.
They would provide /in vivo platforms to validate pathogenic molecular pathways and
therapeutic strategies in more controlled physiological systems [55].
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1.4.1 LRRK2 knockout mouse models—A question frequently raised is: whether
LRRK2 pathology could be the result of a loss of function? To address this question, several
groups generated and analyzed LRRK2 knockout mice. Consistent among the knockouts is
that observation that there is no DA neurodegeneration although some abnormalities are
observed outside the nervous system (Table 2) [57-63]. Andres-Mateo et a/. reported the
first LRRK2 knockout mouse model showing an intact nigrostriatal DA pathway up to 2
years of age and no altered sensitivity to MPTP-induced neurotoxicity [57]. Tong et al.
demonstrated LRRK2 knockouts develop striking kidney pathology and impaired autophagy
lysosomal function [62, 63]. The kidney phenotype was observed in two other LRRK?2
knockouts, although the defects in autophagy changes were not observed [58, 59]. A recent
study using LRRK2 knockouts suggests that LRRK2 influences neurogenesis and
particularly neuronal morphogenesis [61].

Since the majority of LRRK2 PD patients exhibit a-synuclein deposition, the role of
LRRK2 in a-synuclein pathology has been explored. Lin et a/. showed that knockout of
LRRK2 rescued A53T a-synuclein overexpression induced Golgi fragmentation, a-
synuclein accumulation and aggregation, microglial activation, and forebrain neuronal
degeneration [60]. On the other hand, Tong ef a/. demonstrated that LRRK2 knockout mice
develop striking accumulation and aggregation of a-synuclein and Daher et a/. showed that
deletion of LRRK2 had no influence on the lethal neurodegenerative phenotype of the A53T
a-synuclein transgenic mice [64, 63]. The difference findings between these studies could
be due to the different level of a-synuclein expression and or technical concerns. Whether
inhibition of LRRK2 could be employed as a therapeutic strategy to attenuate a.-synuclein-
mediated neuronal damage relevant to PD needs further investigation.

All the observations from the LRRK2 knockout mice suggest that LRRK2 plays little if any
role in the development and survival of DA neurons under physiologic conditions. Thus, PD
caused by LRRK2 mutations are likely not due to a loss of LRRK2 function.

1.4.2 LRRK2 transgenic mouse models—Many groups have generated LRRK2
related PD mouse models expressing LRRK2 WT or PD-associated mutant LRRK2 G2019S
or R1441C/G (Table 2) [65-67, 60, 68—73, 58, 74, 75]. Several transgenic techniques for
LRRK2 related PD modeling in mice have been utilized, including conventional [65, 73, 69,
70], BAC transgenic [66—68], tet-inducible transgenic [60, 71] and mutant LRRK2 knock-in
techniques [72, 58, 74, 75]. However, to date only two of the LRRK2 models exhibit age-
dependent SNpc DA neurodegeneration [65, 69]. Most LRRK2 transgenic animals manifest
deficits in DA transmission and DA-responsive behavior. Between the two studies with
SNpc DA neurodegeneration, both used conventional transgenic techniques utilizing the
PDGF-B promoter to generate LRRK2 mutant G2019S mouse lines. Ramonet et al. show
that LRRK2 G2019S mice developed about 20% SNpc DA neurodegeneration at 20 months
of age [69] while Chen et a/. demonstrated more robust degeneration in the SNpc starting
from 12 months of age with about 50% degeneration at 16 months of age without a
phenotype in LRRK2 WT transgenic mice [65]. The different degree of the degeneration
may be due to the different overexpression level of the transgenes.

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiong et al.

Page 9

Why don’t most LRRK2 transgenic models exhibit SNpc DA degeneration? One potential
explanation could be a lack of robust transgene overexpression in SNpc DA neurons. The
BAC and knock-in models express mutant LRRK2 during development and thus there may
be compensatory mechanisms in the mouse that prevent loss of DA neurons. Thus,
conditional and selective expression of LRRK2 in SNpc DA neurons may overcome this
problem. A recent study reported a LRRK2 G2019S conditional transgenic mouse model
using the tet-off system and a PitX3-tTA driver line to drive transgene expression in DA
neurons. However, no SNpc DA degeneration was observed in this model [71]. The reason is
unclear but may be related to not aging the mice to old enough such as 24 months, or
perhaps expression of LRRK2 only in DA neurons is not enough for DA degeneration to
occur given that the endogenous LRRK2 expression levels are comparatively low in SNpc
DA neurons and LRRK?2 is also expressed in other neurons. Thus, overexpresion of LRRK2
in other neurons at the same time as in DA neurons or other genetic and/or environmental
factors may be required for degeneration of DA neurons.

1.5 LRRK2 rat models

For the last several decades, investigators have chosen to use mouse models because of the
technologies that were available. Now the same technologies are available in the rat. As a
model of human disease, the rat offers many advantages over the mouse and other
organisms. Physiology is easier to monitor in the rat. Moreover, in many cases, the
physiology is more like the corresponding human condition. The rat is more intelligent than
the mouse and is capable of learning a wider variety of tasks that are important in mimicking
human behavioral symptoms. Recently, both LRRK2 knockout and transgenic rat models
have been generated and characterized.

1.5.1 LRRK2 knockout rat models—Like other LRRK2 animal models, LRRK2
knockout rats have no significant loss of SNpc neurons. Similar to LRRK2 knockout mice,
loss of LRRK2 in rats leads to abnormal phenotypes in peripheral organs. Two studies have
observed abnormal kidneys [76, 77]. Besides the kidney phenotype, Ness et al. observed
significant weight gain in the LRRK2 knockout rats accompanied by significant increases in
insulin and insulin-like growth factors [77]. They also found significant alterations in the
cellular composition of the spleen in LRRK2 knockout animals, which Baptista ef /. did not
observe [76, 77]. Instead, they found LRRK2 knockout rats displayed an abnormal lung and
liver phenotype. Using LRRK2 knockout rats, the West group demonstrated resistance to
DA neurodegeneration elicited by intracranial administration of LPS and protection from a.-
synuclein-induced DA neurodegeneration and rhabdomyolysis-induced kidney injury [78,
79]. The abnormal peripheral phenotype of the LRRK2 knockout rat is suggestive of a
complex LRRK2 biology influencing metabolism, immune function and kidney
homeostasis. The phenotype of LRRK2 knockout rat is consistent with LRRK2 knock out in
other organisms such as Drosophila, C. elegans and mouse, supporting the concept that
LRRK2 plays little role in the development and survival of DA neurons under physiologic
conditions.

1.5.2 LRRK2 transgenic rat models—The first LRRK2 transgenic rat model was
developed by Zhou et a/. using an inducible system [80]. Temporal expression of human
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LRRK2 G2019S in rats did not lead to DA neurodegeneration, but enhanced locomotor
activity with age accompanied with impaired dopamine reuptake by the dopamine
transporter (DAT) was observed. As a result of compromised DAT activity, amphetamine-
evoked dopamine release and amphetamine-elicited locomotor activity were reduced in
LRRK2 G2019S transgenic rats [80]. Since only two copies of LRRK2 transgene was
expressed in this model, there may have been insufficient protein to produce DA
neurodegeneration. Human BAC-LRRK2 G2019S or R1441G rats were developed and
mutant LRRK2 expression was approximately 5~8 times higher than endogenous rat
LRRK2. However, both BAC-LRRK?2 R1441G and G2019S transgenic rats do not show
signs of neurodegeneration and do not develop significant motor or cognitive deficits with
age [81-83]. Instead, LRRK2 G2019S induced oxidative stress in the striatum and substantia
nigra, increased inducible nitric oxide synthase expression in SNpc DA neurons, and
abnormal morphology of SNpc DA neurons [81, 83]. Although this model does not
reproduce the key features of end-stage PD, it may be useful in studying gene-environment
interactions. However, a recent study indicates that BAC-LRRK?2 R1441G transgenic rats
did not show increased vulnerability to sub-toxic doses of paraquat [82]. Since these studies
lacked a wild type human LRRK2 transgenic rat as a control, it is not possible to conclude
that the phenotype induced by mutant LRRK2 is due to the LRRK2 PD mutation or
overexpression of the LRRK2 protein. All results from different LRRK2 transgenic rats
suggest that rats compensate and accommodate LRRK2’s toxic effects.

2. Viral-mediated animal models of LRRK2

While the genetic LRRK2 models shed light on LRRK2 cellular functions and pathogenic
pathways, development of recombinant viral vectors for /n vivo delivery of transgenes has
opened up a new possibility to model diseases in the CNS. The viral mediated gene transfer
approach in adulthood bypasses the development of compensatory effects. This approach
also allows researchers to target specific neuronal populations, such as SNpc DA neurons.
Another advantage of the viral mediated gene transfer approach is that it allows researchers
to control transgene dosage by modulating copy number of the transgene. While viral
models allow us to recapitulate some of the neurodegeneration processes observed in PD
patients that has so far been difficult to show in other models, there are caveats of non-
physiological doses of transgenes and potential alterations in RNA translation.

Due to large size of LRRK2 gene and the limited packaging capacity of different viral
vectors, so far only two LRRK2 viral models have been developed and characterized.

2.1. Herpes simplex virus (HSV)-LRRK2 viral model

The first LRRK2 viral model was developed by Lee et al. by carrying LRRK2 into HSV
amplicons expressing a CMV-driven GFP reporter [84]. One advantage of HSV is that it is
injected in the striatum and retrogradely transported into SNpc DA neurons, which avoids
non-specific inflammatory damage to the substantia nigra. In this model, after 3 weeks
injection, the HSV-WT-LRRK?2 induced modest SNpc DA neurodegeneration of about 10—
20%, whereas the HSV-LRRK2 G2019S induced up to 50% neuronal loss in SNpc DA
neurons. Interestingly, the kinase-dead LRRK2 does not induce neuronal loss, which
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strongly suggested that kinase activity of LRRK2 mediates LRRK2 induced DA
neurodegeneration. This notion is further supported by the protective effects of
pharmacological inhibition of LRRK2 kinase activity in this HSV model [84].

2.2. Adenoviruses (rAd)-LRRK2 viral model

Second-generation E1, E3, E2a-deleted recombinant human serotype 5 adenoviruses (rAd)
carrying LRRK2 WT and G2019S were generated by Dusonchet, et a/. [85]. Similar to HSV,
adenoviral particles can be efficiently retrogradely transported to DA neurons within the
SNpc following intrastriatal injections. Injection of rAd-LRRK2 G2019S into rat striatum
causes a progressive loss of TH-positive DA neurons in the SNpc, reaching about 21% at 42
d post injection but no cell loss is detected in the rAd-GFP- or rAd-LRRK2 WT injected
groups. Abnormal transient hyperphosphorylation of tau in dystrophic SNpc neuritic
processes was observed upon LRRK2 overexpression at 10 days [85]. Tsika et a/. further
characterized the striatal pathology in this model [86]. Expression of LRRK2 G2019S
selectively induces the accumulation of neuronal ubiquitin-positive inclusions accompanied
by neurite degeneration and the altered distribution of axonal phosphorylated neurofilaments
in striatum. The pathological phenotype is dependent on LRRK?2 kinase activity as a kinase-
inactive mutation (LRRK2 G2019S/D1994N) completely ameliorates the pathological
effects of LRRK2 G2019S [86].

Another LRRK2 viral model has been briefly mentioned in another study. The authors
delivered lentiviral vectors carrying enhanced green fluorescent protein (eGFP)-tagged
LRRK2 G2019S in adult mouse striatum and observed LRRK2 function in TGN turnover
[87]. However, there was no characterization of this model in terms of pathology in the
nigrostriatal pathways.

Concluding remarks

Modeling of LRRK2 associated PD in various animal models has provided unprecedented
insights into the potential mechanisms of LRRK2 mediated neurodegeneration such as
regulation of protein translation, vesicle trafficking, neurite outgrowth, autophagy and
cytoskeletal dynamics. However, none of the current LRRK2 animal models fulfills all the
key features of PD. Different LRRK2 animal models recapitulate different clinical and
neuropathological features of LRRK2 -associated PD, including the degeneration of
nigrostriatal DA neurons, neuropathology, a-synuclein accumulation, abnormal striatal DA
neurotransmission, and behavioral deficits.

Why are the animal models ‘imperfect” for modeling LRRK2 associated PD? First, for the
simple animal models such as Drosophilaand C. elegans, they do not have a-synuclein
homolog and a true human LRRK2 homolog. PD patients harboring LRRK2 mutations
frequently exhibit a-synuclein neuropathology in the form of Lewy bodies. A question
about whether a-synuclein is required for LRRK2 pathology or vice visahas been raised.
The challenge remains to validate the mechanisms identified in these model systems in
human PD. Second, for LRRK2 rodent models, perhaps rodent DA neurons are particularly
resistant to LRRK?2 toxicity. In addition, there may be compensatory mechanisms in the
rodents that prevent loss of DA neuron. Third, the fact that LRRK2 mutations in humans are
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partially penetrant, implicating that there may be additional factors such as genetic and/or
environmental stressors that are required for degeneration of DA neurons. In deed, in both
LRRK2 Drosophilaand C. elegans models, treatments with mitochondrial function
inhibitors exacerbate neurodegeneration. Fourth, the HSV or adenovirus-mediated LRRK2
rodent models induce robust DA neurodegeneration, supporting the notion that both non-
cell-autonomous and cell-autonomous processes contribute to the degeneration of DA
neurons. The transgene can be virally expressed in both neurons and glia to activate the
inflammatory pathway in glial cells and elicit neurodegeneration in DA neurons, which is
largely absent in the genetic LRRK2 models. Therefore, non-cell autonomous effects may
provide a promising mechanism for LRRK2 induced PD in humans. All these possibilities
need to be taken into consideration in developing future LRRK2 animal models.
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Figure 1. Schematic showing the domain structure of LRRK 2 protein and the position of

pathogenic mutations

WD40

Residues 1-660 encode LRRK?2 specific repeat sequences, 984-1278 encode the leucine-rich
repeat (LRR), 1335-1510 encode the Roc GTPase domain, 1519-1795 encode the C-terminal
of Ras (COR) domain and 1879-2138 encode the kinase domain. Five confirmed LRRK2
pathogenic mutations: R1441C/G, Y1699C, G2019S, 12020T.

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.

2527




Page 20

Xiong et al.

6002 “'[e 10 BN sabueyo oN sabueyd oN anN sabueyo oN sabueyo oN 3/0 ARt m
102021y
ACZTTIY Ut Anjie
102021y
‘D669TAY Ul | ueds 9)17 10¢0cIy
10202 | yumisow |sAepoz 1sAep 0T 0669TAY
uonelauabisp [eunay lauousloy anN 8y} 4 suounau HL :AIIAIOR 10J0WO090] AZZTITIY
JRnpeg |
ueds aji
6002 “le shepoz 1sAep 01
19 BAOJSPUBA uonesuafisp feunay lauousloy anN 4 SU0INAU H L :AIIAIOE 1010WO090] 2062 1 3/0 DYy
| enbesed
| op1xosad 1 UsJU0d Yd 1ST6TIP
anN uaboipAH 1 Bulurels H1 sabueyo oN anN DEBETAP
800¢
“le 19 rew| anN sabueys oN sabueyo oN sabueyo oN aN 3/0 MHHP
edoQ edo@-1 01 asuodsay
-7 01 asuodsal ON + ueds 8)17
uonelauabisp feunay an anN 4 suoinau HL 1 AIAI9E J0J0W0907] S6T0ZOU
edoq edo@-T 01 asuodsay
8002 -7 01 asuodsai oN 4 ueds a1
“le19 ‘i uonesuafisp feunay an anN 4 'SU0INAU H L 1 AIAE J0JOW0907] 3/0 DYy
100¢
“le19 ‘9o an an sabueyd oN sabueyo oN sabueyo oN 3/0 MHYIP
6002
“le1s ‘urel anN anN an an 4 KIAR9E 1010W0207] uonouny JO 07 AY41P
1 enbesed UaWIopQe PawIoyeN
800¢ + apixosad + Annaed
“le 19 rew| an uabolpAH | U802 YQ sabueyo oN 1 ueds aj1 uo1ouNy Jo sso MHYIp
Joueyisoldedsaw
-d pue
auoua)od ‘enbesed
031 J0U ‘apixosad
8002 uaBoipAy
““le 19 ‘Buepn anN 01 8AIISUSS sabueyd oN sabueyo oN 1 ueds aj1 uonouny Jo sso MHYIp
1002 uapuniys
“le19 ‘9o an an suoJnau @ 4 Bulurels HL sabueyo oN 1 AIA19E J0J0W0907] uo1ouNy Jo sso MHYIP
SS9 115 AAITRPIXO
S90UR PBIBY sadfjoueyd BYIO 01 AlAlSUBS uonouNSAp ferelsolbiu SSO| [euoJnBU YQ ueds a41151101)9p J010\ | suoirendiuew d1RLeD SIUBRIIBA ZMHY 1

Author Manuscript

T alqeL

Author Manuscript

"d PaleId0SSe-ZMH Y 104 S|apow &//ydosolc

Author Manuscript

Author Manuscript

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.



Page 21

Xiong et al.

'Pasealdaps {paseaioul | ‘Uoissaldxalano '3/ ‘paullLIsiop Jou :aN

JEBETAP
an anN 4 Modsuel} uoxy an 1 AAnoe 1030W0907 0690THP
0669TAY
an anN 4 Hodsuel; uoxy an 1 AlAnoe 10J0W0907 OTyyTHy
102 safueyo S6T0ZOY
““|e 19 BUBPOSD) an aN | sebueyd ou :uodsuel) uoxy an ou :AIAIOE 10J0WO090T] 3/0 FA RSt m [
IN906T M/6T0COY
HS8ECOY
1020214 LST6TIY
JEBETAY
sabueyd oTyyTay
0u :uonouny [ensin anN anN an an NZCTTIY
4 Uuonauny [ensiA anN anN anN anN S6T0Z9Y
€702 sabueyd

“le 18 ‘a|puiH Ou :uo1oUNy [ensIA anN an anN anN 3/0 U1y
+ ueds )17 US8ETOY
aN anN 1Spus dnupusQ anN 1 AlAnoe Jojowo00 OTvyTdY

Luonelsuabap uoxy 14 ueds 817
an anN 11Spua dliupusqg 1 suoInau H1L 14 AlAoR 10)0W0207 S6T0ZOY

+ ueds a1

sabueyd
0TOZ “|e 38 UIN an anN ASpus dnupusd an ou :AyAnoe 1010W0207 3/0 oYY

abueyd
0U D669TAY ¥S8eCOY
1 H88€ZoY 4 Ueds 8417 0669TAY
safueyo oN ‘'S6T029U @]\ 1 suoInsu HL + A1IAII9E 1010W0007] S6T029OY
SS9 1S AAITRPIX0

S90UB B oY sadAjouayd =BY1I0 01 AlAnsues uo1puNSAp [erelsolbiu SSO| [euoJnBU YQ ueds a411511019p J010N | suoire|ndivew d1BUSD SlueleA Z XYY 1

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.



Page 22

Xiong et al.

GTOZ [l i sauab @ Jo uoissaldxa pasessdsq sabueyo oN sabueyd oN sabueyd oN a1uafsue.} 8]qIaNpuI 13 -EXHd/H0-181 1M
syuow
ZT e saniAnoe
Aiore|nquie
aN aN aN paseaiou| S6T0Z9
6002 “[e 18 Ul anN an anN saBueyo oN | otuaBsues a|qIonpul VLI IMWed/yo-1aL 1M
s|ana| auiwedop
nej-oydsoyd pasealou| Je[n||a9R4IXa JO Uo1IONPaY sabueyo oN sabueyo oN S61029
1102 S|ana| auiwedop
N EREENITEN sabueyd oN 1e|N||a2e41Xa JO Uononpay sabueyd oN sabueyd oN a1uabsuel} Dvg 1M
ney-oydsoyd aye1dn pue asesjal va syuow
pue AJIA1OE aSeuly| pasueyug pue JUSIU0d Y Pasealdad sabueyd oN 2T Ye sabueyd oN S6T0Z9
syuow
0TOZ ‘le18 ‘17 sabueys oN sabueys oN sabueys oN 9 Je aAnoeIadAH oluabsuel; Dvg 1M
edog-7 01
asuodsay ‘sypuow
aseajal auiwedop palredw| 9-¢ wouy Buruels
anN ‘ABojoyred ney pue jeuoxy sabueyo oN | Buiieas ul auippaqg OTyTH
600Z ‘1218 ‘11 anN sabueys oN sabueyo oN sabueys oN oluabsuel; Dvg 1M
syuow
9T1°® L 1e Joineyaq
2102 Ainnoe o16eydoine pasealoul Aioresojdxa
“le 19 ‘apjuIH ‘Aaupiy ays u1 uoneiauabag sabueyo oN sabueyo oN lewouqy IN03I0UH /- 2441
ainssaid poo|q uoisuauadAy ‘Asupix
1102 Ul SAWOS0SA| A1epuodss Jo azIs pue
“le 18 ‘BizioH Jaguinu u1 asealoul 1asuo-Ajies uy sabueyo oN sabueyd oN sabueyd oN N0XO0UD —/—- YY1
abewep aAllepIXo
pue ‘sasuodsal Alorewiwelyul
‘yreap 192 anoydode paseatou|
‘Remuypred [ewososA|-ABeydoine
070z | pasredwi suisjoud pareuninbign pue
“le 18 BuoL u1g|onuAs-eydie Jo UOHEBINWNIIY sabueyd oN sabueyd oN an IN0MI0UM —/-28d1
6002 “Ie18 ‘ur aN aN sabueyo oN sabueyo oN 100U A IStch|
6002
““[e 19 ‘soareN
-salpuy d1d 01 AlAnisussiadAy Jo xoe sabueyo oN sabueyo oN an IN03I0UH —/-e1ad1
S90UR oY sadAlouayd JoYyl1o uoouUNSAp erel11s0461IN SSO| [euoJmdu vYQ S101BP 010N suole|nditew 218U | swueleAZ YY1

Author Manuscript

¢ dlqeL

Author Manuscript

"(d PaleId0SSE-Z MY 104 S|9POW 3SNOIN|

Author Manuscript

Author Manuscript

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.



Page 23

Xiong et al.

pauIWIaIap 10U AN

GT0C “[e 18

ney-loydsoyd paseasoul

syuow
2T 1e saouelsIp
Jabuoj janen

anA ¥T0Z e 19 ‘asealal ajeweln|b parens|3 wisijogeisw Qg patayfe 90IWSBTOZO
‘A|19>1-0ued8g BLWLIOUQR [eLIPUOYI0NIA ‘asea|al aulwedop pairedw sabueyo oN -0WwoH ul-3o0u| S6T0ZO
T10C
“1e 19 ‘BiziaH ABeydoine ui sabueyd oN sabueyo oN sabueyo oN sabueys oN ul-yo0uy S6T0Z9D
S|199 UlewoIyd AJIAIOE 10J0WO090|
6002 JueINW PaIN}Nd Ul ases|al ul HdAY 03
“le 19 ‘Buol an dUIWRI0YIS)LD Paonpay sabueyo oN | asuodsas paonpay Ul-3o0u| OTVrTY
ST0¢ ymolahino a31inau uo sebueyd oN sabueys oN sabueys oN an S6T0ZO
““le 19 ‘sa|[elN
-el0JRS) ymnoaBino aj1inau uo sebueyd oN sabueyo oN sabueyo oN anN oluabsuey panup z'TAYL 1M
¥102
“le1d ‘exIs1 saljljew.ouqe JesjonN sabueyo oN sabueyo oN sabueyo oN olusBsue.) paALIp 92VSOY TV
syuow
2T wouy Buiuels rdog-7 01
Bulureis H1 Jo sispodsuely uolnesauabapoinau | asuodsay ‘AlAnoe
Aemuyred MNC-FUMIN PareAndy auiwedop pasealdsqg HL Jojow patredw S6T0Z29
210z
“le 18 usyd sabueyo oN sabueyo oN sabueyo oN sabueyo oN a1uabsues) paALIp d49ad-IAND 1M
syuow
an sabueyo oN sabueyo oN GT 1e pasealoag ITrrTY
syiuow oz 1e
1102 sanljew.oude d16eydoine uoljelsusBapolnau
““1e 19 ‘1auowey pue Aixajdwos s)1insu paonpay sabueyo oN HL sabueyo oN a1uabsues) paALIp d49ad-IAND S6T0ZO
9sea[al pue SIseIsoawoy
sauab v 0 uoissaldxa pasealdad auiwedop palredw| sabueyo oN sabueyo oN S6T0Z9D

S0 BPY

sadAiouayd =BYI0

uo1puNSAp erelsobIN

SSO| [euo.InBU YQ

SIORP I0I0N

suolre|ndiuew 911U

SJUBLIBA ZMHY 1

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Neurobiol. Author manuscript; available in PMC 2018 January 01.



	Abstract
	Introduction
	1. Genetic animal models of LRRK2
	1.1 LRRK2 Drosophila models
	1.1.1 LRRK2 knockout Drosophila models
	1.1.2 LRRK2 transgenic Drosophila models
	1.1.3 Using LRRK2 Drosophila models to study molecular mechanisms underlying LRRK2 associated PD
	LRRK2 function in protein synthesis/translation
	LRRK2 function in vesicular trafficking
	LRRK2 function in dendritic degeneration and synaptic morphology
	LRRK2 genetic interaction with other PD genes

	1.1.4 Using LRRK2 Drosophila models to identify potentially therapeutic compounds

	1.2 LRRK2 C. elegans models
	1.3 LRRK2 zebrafish models
	1.4 LRRK2 mouse models
	1.4.1 LRRK2 knockout mouse models
	1.4.2 LRRK2 transgenic mouse models

	1.5 LRRK2 rat models
	1.5.1 LRRK2 knockout rat models
	1.5.2 LRRK2 transgenic rat models


	2. Viral-mediated animal models of LRRK2
	2.1. Herpes simplex virus (HSV)-LRRK2 viral model
	2.2. Adenoviruses (rAd)-LRRK2 viral model

	Concluding remarks
	References
	Figure 1
	Table 1
	Table 2

