
(G2019S) LRRK2 activates MKK4-JNK pathway and
causes degeneration of SN dopaminergic neurons in a
transgenic mouse model of PD
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(G2019S) mutation of leucine-rich repeat kinase 2 (LRRK2) is the most common genetic cause of both familial and sporadic
Parkinson’s disease (PD) cases. Twelve- to sixteen-month-old (G2019S) LRRK2 transgenic mice prepared by us displayed
progressive degeneration of substantia nigra pars compacta (SNpc) dopaminergic neurons and parkinsonism phenotypes of
motor dysfunction. LRRK2 is a member of mixed lineage kinase subfamily of mitogen-activated protein kinase kinase kinases
(MAPKKKs). We hypothesized that (G2019S) mutation augmented LRRK2 kinase activity, leading to overphosphorylation of
downstream MAPK kinase (MKK) and resulting in activation of neuronal death signal pathway. Consistent with our hypothesis,
(G2019S) LRRK2 expressed in HEK 293 cells exhibited an augmented kinase activity of phosphorylating MAPK kinase 4
(MKK4) at Ser257, and protein expression of active phospho-MKK4Ser257 was upregulated in the SN of (G2019S) LRRK2
transgenic mice. Protein level of active phospho-JNKThr183/Tyr185 and phospho-c-JunSer63, downstream targets of phospho-
MKK4Ser257, was increased in the SN of (G2019S) LRRK2 mice. Upregulated mRNA expression of pro-apoptotic Bim and FasL,
target genes of phospho-c-JunSer63, and formation of active caspase-9, caspase-8 and caspase-3 were also observed in the SN of
(G2019S) LRRK2 transgenic mice. Our results suggest that mutant (G2019S) LRRK2 activates MKK4-JNK-c-Jun pathway in the
SN and causes the resulting degeneration of SNpc dopaminergic neurons in PD transgenic mice.
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Patients with familial type 8 of Parkinson0s disease (PARK8)
exhibit late-onset parkinsonism symptoms and autosomal
dominant inheritance.1,2 Initial linkage studies mapped
PARK8 gene to the chromosome 12p11.2-q13.1 region.3

Subsequent sequencing of candidate genes identified mis-
sense mutations in leucine-rich repeat kinase 2 (LRRK2) as
the cause of PARK8.4,5 LRRK2 gene encodes a 2527-amino-
acid protein with a predicted molecular weight of B280 kDa.
LRRK2 consists of several functional domains, including
ankyrin repeat region, leucine-rich repeat (LRR) domain, ROC
(Ras of complex proteins) GTPase domain, C-terminal of
ROC (COR) domain, kinase domain related to mito-
gen-activated protein kinase kinase kinase (MAPKKK) and
C-terminal WD40 region.6,7 LRRK2 expression is found in
several brain regions implicated in the neuropathology of
Parkinson0s disease (PD), such as substantia nigra (SN),
caudate putamen, and cerebral cortex.8,9

LRRK2 mutations account for 5–13% of familial PD and
1–5% of sporadic PD.6,10 Therefore, LRRK2 mutation is the
most common genetic cause of both familial and sporadic PD
cases. PD-associated mutations are found in every domain of
LRRK2.6,7 For example, (I2012T), (G2019S), and (I2020T)

mutations are located in the kinase domain, (I1122V)mutation
in the LRR domain, (R1441C) and (R1441G) mutations in the
ROC domain, (Y1699C) mutation in the COR domain, and
(G2385R) in the WD 40 domain. Among LRRK2 mutations
found in PD patients, G2019S is the most prevalent
amino-acid substitution.10–12 Neuropathological examination
showed a loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) of PD patients with (G2019S)
LRRK2 mutation.11–14 Thus, mutant (G2019S) LRRK2
causes neurodegeneration of SNpc dopaminergic cells and
resulting in parkinsonism.
In-vitro studies demonstrated that LRRK2 induced Ser/

Thr phosphorylation but not Tyr phosphorylation and that
(G2019S) mutation augmented LRRK2 kinase activity.15–17

Thus, (G2019S) mutation is believed to exert a gain-of-
function and activating effect on LRRK2 kinase activity.
Kinase domain of LRRK2 closely resembles that of mixed
lineage kinases (MLKs), which are members of a large family
of MAPKKKs and mediate cellular stress responses.6,18,19

MLK family of MAPKKKs activates neuronal death signal
pathway by phosphorylating and activating downstream
MAPK kinases (MKKs), which subsequently induces the
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phosphorylation and activation of c-Jun N-terminal kinases
(JNKs), essential mediators of neuronal death observed
in various neurodegenerative diseases.18,19 MKK4-JNK
pathway has been shown to mediate the death of SNpc
dopaminergic neurons caused by 6-hydroxydopamine
injection and medial forebrain bundle axotomy, which
are performed to prepare PD animal models.20,21 Thus, it is
possible that (G2019S) LRRK2-induced aberrant activation of
MKK4-JNK pathway causes degeneration of SNpc dopami-
nergic neurons.
A mouse model, which replicates (G2019S) LRRK2-

induced degeneration of SNpc dopaminergic neurons, should
be a valuable tool to investigate pathogenic mechanism of
familial and sporadic PD caused by (G2019S) LRRK2
mutation. In the present study, we prepared an animal model
of PD by generating transgenic mice expressing mutant
(G2019S) LRRK2. Similarly to (G2019S) LRRK2 PD patients,
(G2019S) LRRK2 transgenic mice exhibited degeneration
of SNpc dopaminergic neurons and PD neurological
phenotypes. Our results also suggest that mutant (G2019S)
LRRK2 activates MKK4-JNK pathway in the SN and causes
the resulting degeneration of SNpc dopaminergic neurons in
PD transgenic mice.

Results

Generation of transgenic mice expressing mutant
(G2019S) or wild-type LRRK2. In the present study, we
prepared a PD animal model by generating transgenic
mice expressing HA-tagged disease-causing (G2019S)
LRRK2. As a control, transgenic mice expressing HA-tagged
wild-type LRRK2 were also generated. Previous studies by
us and others showed that a high level of PDGF-b promoter-
mediated neuronal transgene expression was observed in

the cerebral cortex, striatum, and SN.22–24 Furthermore,
hybrid CMV enhancer/PDGF-b promoter mediated a high
level of transgene expression in SNpc dopaminergic neu-
rons.25 Therefore, the expression of (G2019S) or wild-type
LRRK2HA in the transgenic mouse was under transcriptional
control of CMV enhancer/PDGF-b promoter. Southern blot
analysis was performed to identify founder animals expres-
sing transgene (CMV enhancer/PDGF-b promoter-(G2019S)
LRRK2HA or CMV enhancer/PDGF-b promoter-LRRK2HA)
and determine approximate copy number. Two CMV
enhancer/PDGF-b promoter-(G2019S) LRRK2HA founder
mice with a high copy number (10 copies) of transgene were
used to establish two stable lines of (G2019S) LRRK2
transgenic mice (lines 32 and 51). As a control, two lines
of LRRK2 transgenic mice (lines 36 and 43) were also
generated from two CMV enhancer/PDGF-b promoter-
LRRK2HA founder mice with 10 copies of transgene.
HA-tagged (G2019S) LRRK2 was expressed in various

brain regions of (G2019S) LRRK2 mouse, including the
cerebral cortex, cerebellum, SN, and striatum (Figure 1a).
Similarly to (G2019S) LRRK2 mice, HA-tagged wild-type
LRRK2 was found in several brain regions including the SN
(Figure 1a) and striatum of LRRK2 transgenic mice. Protein
level of wild-type LRRK2HA in the SN of LRRK2 mouse was
similar to that of (G2019S) LRRK2HA in the SN of (G2019S)
LRRK2 transgenic mouse (Figure 1a).
Double immunofluorescence staining using anti-TH

antiserum and anti-HA antibody was performed to visualize
the expression of HA-tagged (G2019S) or wild-type LRRK2 in
SNpc dopaminergic neurons. Consistent with a previous
study reporting that CMV enhancer/PDGF-b promoter
mediated transgene expression in SNpc dopaminergic
cells,25 confocal microscopy showed that HA-tagged
(G2019S) or wild-type LRRK2 was found in the cytoplasm
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Figure 1 Expression of mutant (G2019S) or wild-type LRRK2HA in the brain of transgenic mouse. (a) Western blot analysis using anti-HA antiserum indicated that mutant
(G2019S) LRRK2HA or wild-type LRRK2HA (MW¼B280 kDa) was expressed in the SN, cerebral cortex (CTX), or cerebellum (CB) of a 10-month-old transgenic mouse
expressing mutant (G2019S) (line 32) or wild-type LRRK2 (line 36). (b) Double immunofluorescence staining using anti-TH antiserum and anti-HA antibody showed that
HA-tagged (G2019S) or wild-type LRRK2 was expressed in the cytoplasm of SNpc TH-positive dopaminergic neurons of a 10-month-old (G2019S) LRRK2 (line 32) and
LRRK2 transgenic mouse (line 36), respectively. Scale bar is 10 mm
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of about 70% of SNpc TH-positive dopaminergic neurons
in 10-month-old transgenic mice expressing (G2019S) or
wild-type LRRK2 (Figure 1b; n¼ 4 animals).

(G2019S) LRRK2 transgenic mice exhibit progressive
degeneration of SNpc dopaminergic neurons. Immuno-
histochemical TH staining was conducted to visualize
degeneration of SNpc dopaminergic cells in 8- to 16-
month-old (G2019S) LRRK2 transgenic mice. The number
of SNpc TH-positive dopaminergic cells of 8- to 9-month-old
(G2019S) LRRK2 mice (n¼ 4 animals) was not significantly
different from that of wild-type mice at the same age.
Compared with 12-month-old wild-type mice, two lines of
age-matched (G2019S) LRRK2 mice exhibited a significant
reduction in the number of SNpc dopaminergic neurons
(Figure 2a). Neuronal death of SNpc dopaminergic cells
progressively deteriorated in 16-month-old (G2019S) LRRK2
transgenic mice (Figure 2a). In contrast, the number of SNpc
dopaminergic neurons was not significantly altered in
two lines of 12- or 16-month-old transgenic mice expressing
wild-type LRRK2 (Figure 2a).
In addition to a loss of SNpc dopaminergic neurons, another

common pathological hallmark of PD is the formation of
intracytoplasmic protein aggregates termed as Lewy bodies,
composed of the synaptic vesicle-associated protein
a-synuclein, ubiquitin, and other components, in the

surviving SN neurons.26 Immunocytochemical staining
using monoclonal FK2 antiserum, which recognizes ubiquiti-
nated proteins, anti-a-synuclein antibody or anti-phospho-a-
synucleinSer129 antiserum failed to observe Lewy bodies
or Lewy neurites in the SN of 12- to 16-month-old
(G2019S) LRRK2 transgenic mice (n¼ 5 animals; data
not shown).
Tau pathology, caused by accumulation of hyperpho-

sphorylated microtubule-associated protein tau with numer-
ous Ser/Thr phosphorylation sites including Ser202 and Thr205,
was found in PARK8 patients with (G2019S) LRRK2 muta-
tion.13 Western blot analysis with AT8 monoclonal antibody,
which recognizes a tau epitope phosphorylated at Ser202 and
Thr205, was performed to visualize phospho-tauSer202/Thr205

expression in the brain of wild-type, LRRK2, or (G2019S)
LRRK2 mouse. Protein level of phospho-tauSer202/Thr205 was
increased in the SN of 12-month-old (G2019S) LRRK2
transgenic mice (Figure 2b). In contrast, protein expression
of phospho-tauSer202/Thr205 was not altered in the SN of
transgenic mice expressing wild-type LRRK2 (Figure 2b).
Protein level of phospho-tauSer202/Thr205 was not significantly
altered in the cerebellum, cerebral cortex, and striatum of
12-month-old (G2019S) LRRK2 mice (n¼ 5 animals; data
not shown).
Consistent with previous neuropathological studies of

(G2019S) LRRK2 PD patients,12,14–16 immunohistochemical
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Figure 2 (G2019S) LRRK2 transgenic mice exhibit a progressive and selective degeneration of SNpc dopaminergic neurons. (a) Immunohistochemical TH staining
showed that compared with a 12-month-old wild-type mouse, age-matched (G2019S) LRRK2 mice (line 32) exhibited a reduction in the number of SNpc TH-positive
dopaminergic neurons. Neuronal death of SNpc dopaminergic cells progressively deteriorated in 16-month-old (G2019S) LRRK2 transgenic mice. Note that degeneration
of SNpc dopaminergic neurons was not observed in a 16-month-old transgenic mouse expressing wild-type LRRK2 (line 43). Each bar represents the mean±S.E. value of
six mice. (b) Western blot analysis using AT8 monoclonal antibody demonstrated an upregulated protein expression of phospho-tauSer202/Thr205 in the SN of a 12-month-old
(G2019S) LRRK2 mouse (line 32). Note that protein level of phospho-tauSer202/Thr205 was not altered in the SN of LRRK2 transgenic mouse (line 43). Each bar shows the
mean±S.E. value of five mice. (c) Immunocytochemical staining of neuronal marker NeuN showed that compared with an age-matched wild-type mouse, significant neuronal
death was absent in the striatum of a 12-month-old (G2019S) LRRK2 transgenic mouse (line 51). Each bar represents the mean±S.E. value of five mice. Scale bar is 100mm.
*Po0.01 compared with wild-type mice
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staining of neuronal marker NeuN showed the absence of
significant neuronal death in the cerebral cortex, hippocam-
pus, and striatum (Figure 2c) of 12- or 16-month-old (G2019S)
LRRK2 transgenic mice (n¼ 5 animals).
(G2019S) LRRK2-induced neuronal death of SNpc dopa-

minergic cells is expected to cause the degeneration of
nigrostriatal dopaminergic terminals. Therefore, microSPECT
imaging of 99mTc-TRODAT, a tracer of presynaptic dopamine
transporter (DAT), was performed to visualize in-vivo
DAT density in the striatum of mouse. Single-photon
emission computed tomography (SPECT) imaging studies
demonstrated that striatal 99mTc-TRODAT uptake was
significantly decreased in 12-month-old (G2019S) LRRK2
transgenic mice as compared with age-matched wild-type
mice (Figures 3A and B). Comparedwith 16-month-old control
mice or transgenic mice expressing wild-type LRRK2,
density of TH-immunoreactive staining was also decreased
in the striatal sections of (G2019S) LRRK2 mice (Figures 3C
and D).

(G2019S) LRRK2 transgenic mice display progressive
parkinsonism phenotypes. Similarly to hypokinesia
exhibited by PD patients, 12-month-old (G2019S) LRRK2
transgenic mice were less active, which was indicated by a
significant reduction in measured spontaneous ambulatory

activity (Figure 4a). The severity of reduced locomotor
activity progressively increased in (G2019S) LRRK2 mice
at 16 months of age (Figure 4a). In contrast, 12- or 16-month-
old LRRK2 transgenic mice did not display the symptom
of hypoactivity (Figure 4a).
The pole test was also conducted to investigate the motor

performance of mouse. Similarly to bradykinesia displayed by
PD patients, animal with a lesion of SNpc dopaminergic
neurons takes a longer time to perform the pole test.27

Twelve- or sixteen-month-old (G2019S) LRRK2 transgenic
mice exhibited an impaired motor performance and the
phenomenon of bradykinesia, which was indicated by a
significant increase in time required to perform the pole test
(Figure 4b). The performance of LRRK2 transgenic mice in
the pole test was similar to that of wild-type mice (Figure 4b).
(G2019S) LRRK2 PD patients had a good response to

L-DOPA treatment.6 Therefore, we tested the possible
beneficial effect of L-DOPA on PD phenotype displayed by
(G2019S) LRRK2 transgenic mice. Compared with saline-
treated wild-type mice, 12-month-old (G2019S) LRRK2 mice
injected with saline displayed a significant reduction in open-
field locomotor activity measured by the distance traveled
during the test period (Figure 4c). Similarly to PD patients with
(G2019S) LRRK2 mutation, intraperitoneal administration
of methyl L-DOPA (2mg/kg of body weight) reversed the
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Figure 3 The density of dopamine transporters or TH staining is reduced in the striatum of (G2019S) LRRK2 transgenic mice. (A) In-vivo 99mTc-TRODAT microSPECT
imaging was performed to visualize the density of dopamine transporters in the striatum. The uptake of 99mTc-TRODAT is normal (red color scale) in the striatum (ST) of a wild-
type mouse (d–f), but it is markedly reduced (green color scale) in a 12-month-old (G2019S) LRRK2 transgenic mouse (line 32) (g–i) (a–c: VOI definition of bilateral striatum
and cerebellum (CB); d–i: fusion imaging of microCT and microSPECT; a, d, g: coronal section; b, e, h: sagittal section; c, f, i: horizontal section). (B) Compared with 12-month-
old wild-type mice, specific uptake ratios of 99mTc-TRODAT were significantly reduced in (G2019S) LRRK2 transgenic mice at the same age. Each bar shows the mean±S.E.
value of eight mice. *Po0.01. (C) Compared with 16-month-old control mouse or transgenic mouse expressing wild-type LRRK2 (line 43), density of TH-immunoreactive
staining was decreased in the striatum of a (G2019S) LRRK2 mouse (line 32). (D) Optical density of striatal TH-positive terminals was significantly reduced in (G2019S)
LRRK2 transgenic mice. Each bar represents the mean±S.E. value of four mice. *Po0.01
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hypoactivity exhibited by (G2019S) LRRK2 transgenic
mice (Figure 4c). Thus, (G2019S) LRRK2 mice prepared
by us recapitulated (G2019S) LRRK2 PD patient0s clinical
characteristics, progressive motor deficit, and responsive-
ness to L-DOPA.

(G2019S) LRRK2 exhibits an augmented kinase activity
of phosphorylating MAPK kinase 4 at Ser257. (G2019S)
LRRK2 mutation resulted in an augmented in-vitro kinase
activity.15–17 Thus, it is very likely that (G2019S) LRRK2
mutation causes overphosphorylation of downstream sub-
strates, aberrant activation of neuronal death signal pathway
and resulting in degeneration of SNpc dopaminergic neurons
in (G2019S) LRRK2 transgenic mice.
Recently, we performed quantitative phosphoproteomic

analysis by quantifying differentially labeled phosphopeptides
isolated from the SN of wild-type or (G2019S) LRRK2 mice
and identified upregulated phosphoproteins, which are likely
to be (G2019S) LRRK2 substrates, in the (G2019S) LRRK2
transgenic mice. Interestingly, one of the identified phospho-
proteins upregulated in the SN of (G2019S) LRRK2 mice was
MAPK kinase 4 (MKK4) phosphorylated at Ser257 (Chen et al.,
unpublished results). LRRK2 is believed to be a member of
MLK subfamily of MAPKKKs.18,19 MLKs are known to activate
neuronal death signal pathway by phosphorylating down-
stream MKK4 at Ser257. Therefore, we hypothesized that
(G2019S) LRRK2 displays an augmented kinase activity
of phosphorylating MKK4 at Ser257.
To provide evidence that (G2019S) LRRK2 mutation

augments kinase activity and causes aberrant phosphoryla-
tion of MKK4 at Ser257, cDNA of FLAG-tagged MKK4 was
transfected into HEK 293 cells stably expressing HA-tagged
wild-type or (G2019S) LRRK2 (Figure 5a). Subsequent
immunoprecipitation using anti-FLAG antibody and western
blot analysis using anti-phospho-MKK4Ser257 antiserum
showed that when expressed in 293 cells expressing wild-
type LRRK2, FLAG-tagged MKK4 was not significantly
phosphorylated at Ser257 (Figure 5b). On the other hand,
immunoprecipitated protein level of phospho-MKK4Ser257 was
greatly increased in 293 cells expressing FLAG-taggedMKK4
and (G2019S) LRRK2 (Figure 5b).

(G2019S) LRRK2 activates MKK4-JNK-cJun pathway and
promotes formation of active caspases in the SN of
(G2019S) LRRK2 transgenic mice. Consistent with results
observed in HEK 293 cells, immunoblotting study using anti-
phospho-MKK4Ser257 antibody showed that protein level of
active phospho-MKK4Ser257 was greatly increased in the SN
of (G2019S) LRRK2 mice at the age of 12 months (Figures
6a and b). Protein expression of phospho-MKK4Ser257 was
not significantly altered in the SN of transgenic mice
expressing wild-type LRRK2 (Figure 6a).
Activated phospho-MKK4Ser257 phosphorylates and acti-

vates downstream JNKs. Western blot analysis using anti-
phospho-JNKThr183/Tyr185 antiserum, which recognizes phos-
phorylated and activated JNKs, was performed to visualize
JNK activation in the SN. Compared with wild-type mice,
protein expression of active phospho-JNKThr183/Tyr185 was
significantly upregulated in the SN of 12-month-old (G2019S)
LRRK2 mice (Figure 6a).
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Figure 4 (G2019S) LRRK2 transgenic mice display motor deficit of
parkinsonism, which is rescued by L-DOPA. (a) Compared with 12-month-old
wild-type mice, (G2019S) LRRK2 transgenic mice at the same age exhibited a
significant decrease in spontaneous ambulatory activity. Severity of hypoactivity
progressively increased in (G2019S) LRRK2 mice at 16 months of age. In contrast,
12- or 16-month-old LRRK2 transgenic mice did not display the symptom of
hypoactivity. Each bar shows the mean±S.E. value of 10–12 mice. (b) Pole test
indicated that compared with wild-type mice or transgenic mice expressing wild-type
LRRK2, 12- or 16-month-old (G2019S) LRRK2 transgenic mice took a significantly
longer time to perform the pole test and exhibited an impaired motor performance.
Each bar represents the mean±S.E. value of eight mice. *Po0.01 compared with
wild-type mice. (c) Compared with saline-treated wild-type mice, 12-month-old
(G2019S) LRRK2 mice injected with saline displayed a significant reduction in open-
field locomotor activity measured by the distance traveled during the test period.
Methyl L-DOPA (2 mg/kg of body weight) was intraperitoneally injected into animals,
and locomotor activity was measured 40 min after the injections. Note that methyl
L-DOPA rescued the hypoactivity exhibited by (G2019S) LRRK2 transgenic mice.
Each bar represents the mean±S.E. value of seven mice. *Po0.01 compared with
saline-injected wild-type mice. #Po0.01 compared with saline-injected (G2019S)
LRRK2 mice
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A principal target of activated JNK is transcription factor
c-Jun. The transcriptional activity of c-Jun is stimulated by
JNK-mediated phosphorylation at Ser63, leading to increased
expression of target genes that initiate the apoptotic cascade
and caspase activation.18,19 Western blot analysis using anti-
phospho-c-JunSer63 antibody demonstrated the expected
upregulated expression of active phospho-c-JunSer63 in the
SN of (G2019S) LRRK2 transgenic mice at 12 months of age
(Figure 6a).
Active phospho-c-JunSer63 causes neuronal death by

enhancing the transcription of Bim and FasL.28–30 Bim, a
member of pro-apoptotic BH3-only proteins, promotes cell
death of CNS neurons including SNpc dopaminergic neurons
by binding to Bcl-2 family pro-survival proteins and facilitating
activation of Bax/Bak, which subsequently induces mitochon-
drial release of cytochrome-c and caspase-9 activation.31 By
interacting with its cell surface receptor Fas, FasL promotes
neuronal apoptosis via activating caspase-8.29 Consistent
with our hypothesis that (G2019S) LRRK2 induces the
activation and phosphorylation of c-Jun, mRNA expression
of Bim or FasL was significantly upregulated in the SN of
12-month-old (G2019S) LRRK2 mice (Figure 6b).

JNK-c-Jun-Bim/FasL cascade induces the formation of
active caspase-9 and caspase-8 and causes neuronal death
by activating intrinsic and extrinsic apoptotic pathways.29–32

Therefore, it was hypothesized that (G2019S) LRRK2 causes
degeneration of SNpc dopaminergic neurons in (G2019S)
LRRK2 mice by promoting the formation of active caspase-9,
caspase-8, and caspase-3. In accordance with this hypoth-
esis, protein level of cleaved active caspase-9, active
caspase-8, or active caspase-3 was greatly increased in the
SN of 12-month-old (G2019S) LRRK2 mice (Figure 7a).
Wild-type LRRK2 failed to induce the formation of active
caspase-3, caspase-8, or caspase-9 in the SN of LRRK2
transgenic mice (Figure 7a). Confocal immunofluorescence
imaging study further showed that active caspase-9
(Figure 7b; 27±3% TH-positive neurons; n¼ 4 animals) and
active caspase-3 (Figure 7c; 32±4% TH-positive cells; n¼ 4
animals) were found in the cytoplasm of TH-positive SNpc
dopaminergic neurons of 12-month-old (G2019S) LRRK2
mice. In contrast, the formation of active caspase-9 or
caspase-3 was not observed in TH-positive SNpc dopami-
nergic cells of LRRK2 transgenic mice at the same age
(Figures 7b and c; n¼ 4 animals).
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Discussion

LRRK2 is the most frequent causative gene in both familial
and sporadic PD cases.6,7,10 Among LRRK2 mutations found
in PD patients, G2019S is the most common amino-acid
substitution.6,7,10 PD patients with (G2019S) LRRK2mutation
displayed a loss of SNpc dopaminergic neurons,11–14 indicat-
ing that (G2019S) LRRK2 causes neurodegeneration of
SNpc dopaminergic cells and resulting in parkinsonism.
A mouse model, which replicates (G2019S) LRRK2-induced
degeneration of SNpc dopaminergic neurons, should be a
valuable tool to investigate the pathogenic mechanism
of (G2019S) LRRK2-induced PD.
PDGF-b promoter mediated a high level of neuronal

transgene expression in the brain.22–24 Furthermore, hybrid
CMV enhancer/PDGF-b promoter drives a highly efficient
transgene expression in SNpc dopaminergic neurons.25

Thus, we prepared (G2019S) LRRK2-induced PD mouse
model expressing transgene CMV enhancer/PDGF-b promo-
ter-(G2019S) LRRK2. Mutant (G2019S) LRRK2 protein was
expressed in several PD-associated brain regions, including
the SN, striatum, and cerebral cortex. Double immunofluor-
escence staining also demonstrated a high level of (G2019S)
LRRK2 expression in SNpc dopaminergic neurons of
(G2019S) LRRK2 transgenic mouse. Consistent with
previous studies showing a late-onset degeneration of SNpc
dopaminergic neurons in (G2019S) LRRK2 PD patients,11–14

12-month-old (G2019S) LRRK2 transgenic mice prepared by
us exhibited a significant neuronal death of SNpc dopaminer-
gic cells, which progressively deteriorated in the following
months. A reduction in striatal 99mTc-TRODAT uptake of
(G2019S) LRRK2 mice, visualized by microSPECT imaging,
provided a direct in-vivo evidence of (G2019S) LRRK2-
induced degeneration of nigrostriatal dopaminergic terminals.
(G2019S) LRRK2 transgenic mice at the ages of 12–16
months displayed progressive parkinsonism phenotypes

including reduced locomotor activity and impaired motor
performance, which resulted from (G2019S) LRRK2-induced
degeneration of nigrostriatal dopaminergic pathway. Consis-
tent with clinical studies showing that (G2019S) LRRK2 PD
patients exhibited a good response to L-DOPA treatment,6

intraperitoneal administration of methyl L-DOPA rescued the
hypoactivity exhibited by (G2019S) LRRK2 mice. Therefore,
we, for the first time, generated transgenic mouse that
recapitulates (G2019S) LRRK2 PD patient0s clinical charac-
teristics, neuropathological and neurological phenotypes.
In the present study, (G2019S) LRRK2 transgenic mice
prepared by us were used to study molecular pathogenic
mechanisms of (G2019S) LRRK2-induced degeneration of
SN dopaminergic neurons and resulting in parkinsonism.
Post-mortem analysis of most PD patients observed the

presence of intracytoplasmic protein aggregates termed
as Lewy bodies and Lewy neurites, which are formed as the
result of the aberrant aggregation of a-synuclein, in the
surviving neurons.26 Previous neuropathological examination
reported the presence of a-synuclein-positive Lewy bodies in
the brain of most (G2019S) LRRK2 PD patients.11,12,14

However, SN neuronal loss in the absence of Lewy bodies
was also found in some PD patients with (G2019S) LRRK2
mutation.13,33 In the present study, we did not observe Lewy
bodies or Lewy neurites in the SN of 12- to 16-month-old
(G2019S) LRRK2 transgenic mice, which exhibit a significant
neuronal death of SNpc dopaminergic cells. These results
suggest that there is no direct correlation between (G2019S)
LRRK2-induced degeneration of SNpc dopaminergic neurons
and the formation of a-synuclein-positive Lewy body.
Consistent with a previous study reporting that tau

pathology, caused by accumulation of hyperphosphorylated
tau, in the absence of Lewy bodies occurred in (G2019S)
LRRK2 PD patients,13 immunoblotting study with AT8
monoclonal antibody, which recognizes phosphorylated tau
at Ser202 and Thr205, showed an upregulated expression
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of phospho-tauSer202/Thr205 in the SN of (G2019S) LRRK2
transgenic mice but not in transgenic mice expressing wild-
type LRRK2. This finding suggests that mutant (G2019S)
LRRK2 causes a gain-of-function tau hyperphosphorylation in
the SN. Interestingly, western blot analysis using AT8
antiserum also demonstrated the hyperphosphorylation of
tau in the brain of (R1441G) LRRK2 transgenic mice.34 The
contribution of tau hyperphosphorylation to PARK8 mutant
LRRK2-mediated neurotoxicity remains to be determined.
Similarly to the expression pattern of endogenous LRRK2 in

the brain,8,9 (G2019S) LRRK2 was widely expressed in the
cerebral cortex, cerebellum, hippocampus, striatum, and SN
of (G2019S) LRRK2 transgenic mice. Previous studies
reported the absence of significant neuronal death in the
cerebral cortex, hippocampus, and striatum of (G2019S)
LRRK2 PD patients.12,33 Consistent with the results observed
from PD patients, 12- to 16-month-old (G2019S) LRRK2
transgenic mice did not exhibit a significant death of
neocortical, hippocampal, and striatal neurons. In contrast
with widespread expression of mutant (G2019S) LRRK2 in
the brain, selective vulnerability of SNpc dopaminergic
neurons is likely to result from (G2019S) LRRK2-mediated
region-specific protein-protein interaction(s) or protein phos-
phorylation(s) in the SN. (G2019S) LRRK2 transgenic mice

prepared by us can be used to identify SN protein interactor(s)
or substrate(s) of (G2019S) LRRK2 and investigate molecular
pathogenic mechanism underlying (G2019S) LRRK2-induced
selective loss of SNpc dopaminergic cells.
Previous studies showed that (G2019S) substitution

led to an enhancement of LRRK2 Ser/Thr kinase activity,
which is required for (G2019S) LRRK2-mediated in-vitro
neurotoxicity.15–17 LRRK2 is believed to be a member of MLK
subfamily of MAPKKKs,6,7 and MLKs activate neuronal death
signal pathway by phosphorylating downstream MKKs.18,19

Previous in-vitro kinase assays reported that recombinant
wild-type or (G2019S) LRRK2 phosphorylated MKK3, MKK4,
MKK6, or MKK7 and that (G2019S) mutation augmented
LRRK2-mediated phosphorylating of MKK6 or MKK7.35,36 In
the present study, our quantitative phosphoproteomic
analysis identified MKK4 phosphorylated at Ser257 residue
as one of the upregulated phosphoproteins in the SN of
(G2019S) LRRK2 mice, which are likely to be substrates
of (G2019S) LRRK2-mediated phosphorylation in vivo
(Chen et al., unpublished results). Thus, we hypothesized
that (G2019S) LRRK2 mutation exerts a gain-of-function and
enhancing effect on LRRK2 kinase activity, leading to over-
phosphorylation of MKK4Ser257, abnormal activation of MKK4-
mediated cell death pathway and degeneration of SNpc
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dopaminergic cells in (G2019S) LRRK2 transgenic mice. In
accordance with this hypothesis, our in-vivo phosphorylation
assays showed that when co-expressed with MKK4 in HEK
293 cells, mutant (G2019S) LRRK2, but not wild-type LRRK2,
significantly promoted MKK4 phosphorylation at Ser257.
Furthermore, protein expression of active phospho-
MKK4Ser257 was upregulated in the SN of (G2019S) LRRK2
mice but not in the SN of transgenic mice expressing wild-type
LRRK2. Therefore, our study provides in-vivo evidence that
mutant (G2019S) LRRK2 exhibits an augmented kinase
activity of phosphorylating MKK4 at Ser257 in the SN.
Activated phospho-MKK4Ser257 induces the phosphoryla-

tion and activation of downstream JNKs. Then, phos-
pho-JNKThr183/Tyr185 stimulates the transcriptional activity of
transcription factor c-Jun by phosphorylating c-Jun at
Ser63,18,19,28 Subsequently, active phospho-c-JunSer63

enhances the transcription of pro-apoptotic Bim and FasL,
which causes the activation of caspase-9, caspase-8, and
caspase-3.28–30 Our results showed that protein level of active
phospho-JNKThr183/Tyr185 and active phospho-c-JunSer63 was
significantly increased in the SN of (G2019S) LRRK2 mice.
The mRNA expression of pro-apoptotic Bim and FasL was
greatly upregulated in the SN of (G2019S) LRRK2 transgenic
mice. Furthermore, protein level of cleaved active caspase-8
or caspase-9 was significantly increased in the SN of
(G2019S) LRRK2 mice, and formation of cleaved active
caspase-9 or active caspase-3 was observed in SNpc
dopaminergic neurons of (G2019S) LRRK2 transgenic mice.
These findings suggest that mutant (G2019S) LRRK2, which
promotes the formation of active phospho-MKK4Ser257,
causes the death of SNpc dopaminergic neurons of
(G2019S) LRRK2 mice by activating JNK-c-Jun signaling
pathway. When expressed in neuroblastoma cell line or
cultured cortical neurons, mutant (G2019S) LRRK2 has been
shown to induce apoptotic cell death by activating caspase-3
and caspase-8.37–39 Our results provide the first in-vivo
evidence that mutant (G2019S) LRRK2 causes the cell death
of SN dopaminergic neurons by activating caspase-9 and
caspase-8 through MKK4-JNK-c-Jun pathway.
In summary, we have successfully generated PD animal

model by preparing transgenic mice expressing mutant
(G2019S) LRRK2. Similarly to PD patients with (G2019S)
LRRK2mutation, (G2019S) LRRK2 transgenic mice exhibited
degeneration of SNpc dopaminergic neurons and PD neuro-
logical phenotypes. Our results also suggest that mutant
(G2019S) LRRK2 activates MKK4-JNK-c-Jun pathway
in the SN and causes the resulting degeneration of SNpc
dopaminergic neurons in PD transgenic mice.

Materials and methods
Generation of transgenic mice expressing wild-type or mutant
(G2019S) LRRK2. HA epitope was added to the C-terminus of human
wild-type LRRK2 by PCR amplification. Oligonucleotide-directed mutagenesis was
performed to prepare cDNA encoding human (G2019S) LRRK2, and DNA
mutation of LRRK2 was confirmed by DNA sequencing. According to our previous
studies,23,24 transgene construct was prepared by inserting cDNA of HA-tagged
wild-type or mutant (G2019S) LRRK2 into CMV enhancer/platelet-derived growth
factor (PDGF)-bchain expression vector. An B11-kb transgene fragment
contained CMV enhancer, PDGF-bchain promoter, cDNA of wild-type or mutant
(G2019S) LRRK2 and a 3’ SV40pA sequence. Linearized transgene construct was
purified and injected into male pronuclei of fertilized oocytes prepared from FVB/N
mice, which were then implanted into pseudopregnant mice. Southern blot

analysis was performed to identify founders and copy number of transgene.
Founder transgenic mice were mated with wild-type FVB/N mice and bred into
stable transgenic lines. Animals were handled according to protocols approved
by Animal Care and Use Committee of Chang Gung University.

Behavioral tests. Spontaneous locomotor activity was measured in an
activity cage (30� 45� 45 cm; Med Associates Inc., St. Albans, VT, USA)
constructed of opaque plastic walls and four photocells positioned 1 cm above the
floor and spaced evenly along the longitudinal axis of each chamber. When animal
moved, separate interruptions of photocell beams were detected via an electrical
interface of a computer. Locomotor activity was recorded for a total session of 1 h.
For measuring locomotive distance, animal was placed in an open field of acrylic
box (45� 45� 45 cm) for 20 min. The movement of mouse was filmed with a
video camera installed above and analyzed by a video tracking software TopScan
(Clever Sys., Inc., Reston, VA, USA). The pole test was performed to determine
motor performance of mouse. Briefly, animal was placed on the top of a pole, and
the base of pole was placed in the home cage. Mice oriented themselves
downward, descended along the pole and returned to their home cage. Animal
received 2 days of training that was consisted of five trials for each day. On the
test day, mice performed five trials, and the time required for orienting downward
and descending along the pole was measured.

Western blot analysis. Frozen brain tissues were homogenized with SDS
sample buffer supplemented with cocktail of protease inhibitors (Sigma, St. Louis,
MO, USA). Protein samples were fractionated on SDS-polyacrylamide gel and
transferred onto PVDF membrane. Then, membrane was incubated overnight with
one of the following diluted primary antibodies: (1) Anti-HA monoclonal antiserum
(Cell Signaling Technology, Beverly, MA, USA); (2) Monoclonal anti-LRRK2
antibody (Millipore, Bedford, MA, USA); (3) Rabbit monoclonal anti-phospho-
MKK4Ser257 antiserum (Cell Signaling Technology); (4) Anti-MKK4 polyclonal
antiserum (Cell Signaling Technology); (5) Monoclonal anti-phospho-JNKThr183/

Tyr185 antibody (Cell Signaling Technology); (6) Anti-JNK polyclonal antibody (Cell
Signaling Technology); (7) Polyclonal anti-phospho-c-JunSer63 antibody (Cell
Signaling Technology); (8) Anti-c-Jun rabbit monoclonal antibody (Cell Signaling
Technology); (9) Anti-cleaved active caspase-3 polyclonal antiserum (Cell
Signaling Technology); (10) Monoclonal anti-caspase-8 antibody (Santa Cruz,
Santa Cruz, CA, USA); (11) Anti-cleaved active caspase-9 polyclonal antiserum
(Cell Signaling Technology); and (12) Monoclonal anti-phospho-Tau antibody
(AT8; Thermo Scientific, Waltham, MA, USA). After being washed, the membrane
was incubated with sheep anti-mouse or donkey anti-rabbit horseradish
peroxidase-linked secondary antibody (Amersham, Piscataway, NJ, USA). Then,
immunoreactive proteins on the membrane were visualized by using enhanced
chemiluminescence protocol (ECL Kit; Amersham).

Immunohistochemical and confocal immunofluorescence
staining. Animal was anesthetized and perfused transcardially with 4%
paraformaldehyde in PBS. Coronal brain sections (20 mm) prepared by cryostat
sectioning were permeabilized and incubated with diluted monoclonal anti-tyrosine
hydroxylase antibody (TH; Millipore), anti-NeuN monoclonal antiserum (Chemicon,
Temecula, CA, USA), monoclonal anti-a-synuclein antibody (BD Transduction
Laboratories, San Diego, CA, USA), monoclonal FK2 antibody (Enzo Life
Sciences, Farmingdale, NY, USA), or polyclonal anti-phospho-a-synucleinSer129

antibody (Abcam, Cambridge, MA, USA). Subsequently, sections were incubated
with biotinylated horse anti-mouse or goat anti-rabbit IgG followed by incu-
bation with avidin-biotin-horseradish peroxidase complex (Vector Laboratories,
Burlingame, CA, USA). TH-positive dopaminergic neurons or NeuN-positive
neurons were visualized and counted by a Leica DM2500 microscope equipped
with an RET 2000R CCD camera (Qimaging, Surrey, BC, Canada) and a 3-axis
computer-controlled MAC 600 motorized stage (Ludl Electronics, Hawthorne, NY,
USA) with the aid of StereoInvestigator software (MBF Bioscience, Williston, VT,
USA). The optical density of striatal TH staining was measured using ImageJ
(freeware Java version; National Institutes of Health, Bethesda, MD, USA)
Software. Each analysis included the processing of 15–20 brain sections per
mouse.

To visualize active caspase-3 or caspase-9 in SN dopaminergic neurons,
SN sections were incubated with monoclonal anti-TH antibody and anti-active
caspase-9 or caspase-3 polyclonal antiserum. Subsequently, sections were
incubated with Alexa Fluor 568- and FITC-conjugated secondary antibodies.
Sections were then viewed under a Leica DM6000 microscope equipped with Leica
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TCS SP5 confocal spectral scanning system and a � 100 oil-immersion objective.
Confocal fluorescence images were processed and analyzed by LAS AF software
(Leica, Mannheim, Germany).

Animal image study with [99mTc]-TRODAT. Animal imaging study
using a high-resolution dual modality system (NanoSPECT/CT, Bioscan,
Washington, DC, USA) was performed at Molecular Imaging Center, Chang
Gung Memorial Hospital. This system features helical scanning for both SPECT
and computed tomography (CT) acquisitions using a translation stage with variable
axial scanning ranged from 30 to 300 mm. According to our previous study,40

185 MBq (concentrated in a total volume of 0.2 ml) of DAT tracer 99mTc-TRODAT
(INER, Taiwan) was injected into tail vein of mouse. SPECT acquisition protocol
was started after 1.5 h update period, and total acquisition time was 30 min. A CT
scan with the same bed position was performed immediately after the SPECT
acquisition for anatomical reference. Final image was reconstructed using iterative
method. Coregistered SPECT/CT images were displayed and analyzed using the
PMOD image analysis software (PMOD Technologies, Zurich, Switzerland). The
bilateral striatal or cerebellar volume of interest was manually drawn on the fused
SPECT/CT images. The specific binding ratio of bilateral striatal was calculated as
(striatal average counts/cerebellum average counts)–1. Animal imaging was
performed under anesthesia (1.5% isoflurane in 100% oxygen).

Wild-type or (G2019S) LRRK2-mediated phosphorylation of
MKK4 in HEK 293 cells. The cDNA of FLAG-tagged MKK4 was transiently
transfected into 293 cells stably expressing HA-tagged wild-type or (G2019S)
LRRK2. Three days after the transfection, FLAG-tagged MKK4 was purified using
FLAG immnunoprecipitation kit (Sigma). Briefly, HEK 293 cells were solubilized
with ice-cold lysis buffer provided in the kit. Then, FLAG-tagged MKK4
was immunoprecipitated using anti-FLAG-M2 affinity gel. Immunoprecipitated
FLAG-tagged MKK4 was eluted from the resin by competition with FLAG peptide.
Subsequently, immunoprecipitated protein samples was fractionated on 10%
SDS-polyacrylamide and transferred onto PVDF membrane. To visualize wild-type
or (G2019S) LRRK2-induced phosphorylation of FLAG-tagged MKK4 at Ser257,
PVDF membrane was incubated with diluted rabbit monoclonal anti-phospho-
MKK4Ser257 antiserum and then with donkey anti-rabbit horseradish peroxidase-
linked secondary antibody (Amersham).

Real-time quantitative RT-PCR assays of Bim or FasL. Total RNA
was prepared from the SN using Trizol Reagent (Invitrogen, Carlsbad, CA, USA).
Then, the first-strand cDNA was synthesized in a reaction mixture containing total
RNA (1mg), 8 ng/ml oligodT primer, 1 mM of each dNTP, 20 U of ribonuclease
inhibitor and 100 U of SuperScript III RT (InVitrogen). Reaction was performed for
1 h at 50 1C and terminated by incubating for 15 min at 70 1C. Real-time PCR was
carried out in the StepOne Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA) using SYBR Green PCR Master Mix (Applied Biosystems). The
reaction mixture (40ml) consisted of cDNA aliquot, 400 nM of forward or reverse
primer and 1� SYBR Green PCR Master Mix containing AmpliTaq Gold DNA
polymerase and SYBR Green 1 dye. PCR amplification of GAPDH mRNA was
used as the normalization control. Relative change in mRNA expressions was
determined by the equation: Fold change¼ 2� [DDCt], DDCt¼ (CtBim/FasL–
CtGAPDH)(G2019S)LRRK2–(CtBim/FasL– CtGAPDH)wild type. Ct value is the cycle number
at which fluorescence signal crosses the threshold.

Statistics. All results are expressed as the mean±S.E. value of n
experiments. Statistical significance among multiple experimental groups was
determined by one-way ANOVA followed by Dunnett0s test. Unpaired Student0s
t-test (two-tailed) was used to determine the significant difference between two
groups of data. A P-value of o0.05 was considered significant.
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