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Dominantly inherited mutations in leucine-rich repeat kinase 2
(LRRK2) are a common genetic cause of Parkinson’s disease (PD).
The importance of the R1441 residue in the pathogenesis is high-
lighted by the identification of three distinct missense mutations.
To investigate the pathogenic mechanism underlying LRRK2 dys-
function, we generated a knockin (KI) mouse in which the R1441C
mutation is expressed under the control of the endogenous reg-
ulatory elements. Homozygous R1441C KI mice appear grossly
normal and exhibit no dopaminergic (DA) neurodegeneration or
alterations in steady-state levels of striatal dopamine up to 2 years
of age. However, these KI mice show reductions in amphetamine
(AMPH)-induced locomotor activity and stimulated catecholamine
release in cultured chromaffin cells. The introduction of the R1441C
mutation also impairs dopamine D2 receptor function, as sug-
gested by decreased responses of KI mice in locomotor activity to
the inhibitory effect of a D2 receptor agonist, quinpirole. Further-
more, the firing of nigral neurons in R1441C KI mice show reduced
sensitivity to suppression induced by quinpirole, dopamine, or
AMPH. Together, our data suggest that the R1441C mutation in
LRRK2 impairs stimulated dopamine neurotransmission and D2
receptor function, which may represent pathogenic precursors
preceding dopaminergic degeneration in PD brains.

Parkinson’s disease | knockin | dopamine D2 receptor | amphetamine
quinpirole

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder, characterized by resting tremor,
slow movement, muscular rigidity, and postural instability. The
clinical symptoms of PD are thought to result from reduced
dopamine input to the striatum due to the severe loss of
dopaminergic (DA) neurons in the pars compacta of the sub-
stantia nigra (SNpc). Although most PD cases occur sporadically,
several genes associated with monogenetic forms of the disease
mimicking clinical symptoms of sporadic PD have been identi-
fied. The leucine-rich repeat kinase 2 (LRRK2) gene on chromo-
some 12 (chromosome 15 in mice) harbors 5 pathogenic muta-
tions, which segregate with the disease, and many more amino
acid residue substitutions have also been found to be associated
with the disease (1-3). LRRK?2 contains 51 exons and encodes a
large 2527-aa protein, which consists of several functional do-
mains, including a Ras-like small GTPase domain and a MAP
kinase-like domain (1, 2). The pathogenic mutations all affect
highly conserved amino acid residues, and are collectively the
most common genetic cause of the late-onset PD (~7% familial
and 3% sporadic PD) (1-7).

Interestingly, multiple amino acid substitutions of the same
residue R1441 (R1441C, R1441G, and R1441H) in the highly
conserved GTPase domain and multiple mutations (I2012T,
G2019S, and 12020T) in the kinase domain have been identified,
whereas no multiplication or exonic deletion of LRRK?2 has been
reported (3). Most LRRK2 mutations cause clinically typical PD,
but the neuropathology varies ranging from pure nigral degen-
eration without Lewy bodies (LBs) to nigral degeneration with
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brainstem or widespread LBs, or neurofibrillary tau-positive
tangles (2, 8); thus, confirming that a single gene disorder can
have multiple pathological consequences.

Recent in vitro studies suggest that mutations in LRRK2
(R1441C, G2019S) cause increases in its kinase activity (9, 10),
which mediates neuronal toxicity and is regulated by the GTPase
domain in a GTP-dependent manner (10-13). It has also been
reported that expression of pathogenic LRRK2 mutants
(R1441C, Y1699C, or G2019S) results in neuronal degeneration
and protein aggregation or inclusions in SH-SY5Y cells and
cultured cortical neurons (11, 14, 15). LRRK2 has also been
implicated in the biogenesis and/or regulation of intracellular
membrane structures (16), synaptic vesicle endocytosis (17), and
neurite outgrowth (15). However, the physiological function of
mammalian LRRK2 is unknown. Recently, Lee et al. (18)
reported that loss-of-function mutants for LRRK, the sole
Drosophila ortholog of human LRRK2, exhibited severely im-
paired locomotor activity and reduced tyrosine hydroxylase
(TH) immunoreactivity in DA neurons, but transgenic (Tg)
expression of pathogenic mutant or WT LRRK did not result in
any significant defects. However, in another study, Tg expression
of human WT or G2019S LRRK?2 led to adult-onset selective
loss of DA neurons, locomotor dysfunction, and early mortality
in Drosophila (19).

To investigate the pathogenic mechanism by which mutations
in LRRK2 cause PD, we generated a LRRK2 knockin (KI)
mouse by introducing the R1441C mutation into exon 31 and
allowing its expression under the control of the endogenous
regulatory elements. This R1441C mutation is of particular
interest, because three distinct mutations have been identified in
this arginine residue, and diverse neuropathology has been
identified in families carrying this R1441C mutation (1-3, 20).
Although LRRK2 R1441C KI mice are viable and appear grossly
normal, our multidisciplinary analysis has suggested that the
R1441C mutation causes abnormal regulation of activity-
dependent dopamine neurotransmission, which may be patho-
genic precursors preceding to frank DA degeneration in PD
patients.

Results

Generation and Molecular Characterization of R1441C KI Mice. To
generate LRRK?2 KI mice, the R1441C mutation was introduced
into exon 31 of the LRRK?2 gene by homologous recombination
in mouse ES cells (Fig. 14). The floxed PGK-neo selection
cassette was removed in the R1441C-targeted ES clone by
transient transfection of a Cre-expressing plasmid to avoid any
possible interference with LRRK2 expression (Fig. 14). The
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Fig. 1. Normal DA neurons and striatal dopamine levels in R1441C KI mice.
(A) Targeting strategy. The R1441Cmutation was introduced into exon 31. The
locations of the 5’ and 3’ probes used for Southern blotting are indicated.
Restriction sites: N, Ncol; S, Spel, Bs, BssSl; Ba, BamHI are indicated. (B)
Southern blotting of F2 mice using the 5’ probe shows the germ-line trans-
mission of the Kl allele. Tail genomic DNAs were digested with Spel. The
13.7-kb bandrepresents the WT allele, whereas the 5.3-kb band represents the
Kl allele. (C) Northern blotting of total RNAs from KI/KI brains. A 406-bp cDNA
fragment spanning exons 1-5 of LRRK2 was used as a probe. (D) Western
blotting of brain samples indicates normal protein levels of LRRK2 in KI/KI
mice. The specificity of our LRRK2 antibody is confirmed by the absence of
LRRK2 in the brain of our two distinct lines of LRRK2 KO mice, KO1 and KO2.
Antibodies specific for valosin containing protein (VCP) or spectrin were used
to normalize the amounts of protein in each lane for Kl or for KO samples,
respectively. (E) TH staining of DA neurons in the SNpc. A series of 16-um
coronal sections from 4 KI/Kland 4 WT littermate (+/+) mice at ~2 years of age
were stained with a TH antibody. The representative comparable sections are
shown. (Lower) Higher magnification views of the boxed areas. (F) Quantifi-
cation of TH-immunoreactive neurons in the SNpc by unbiased stereological
counting. (G) Levels of striatal DA measured by HPLC in the 2-year-old mice
(n = 6 each genotype). Data in all panels are expressed as mean = SEM.

resulting ES clones were further analyzed using Southern blot-
ting and PCR followed by DNA sequencing to confirm the
removal of the PGK-neo cassette, and then injected into C57/BL6
blastocysts. The chimeric offspring were crossed to F1 hybrids of
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129 and C57/BL6 mice to obtain heterozygous mutant mice. The
germ-line transmission of the R1441C mutation and the absence
of the floxed PGK-neo cassette were confirmed in these het-
erozygous mutant mice by Southern blotting using the 5’ (Fig.
1B) and 3’ probes and PCR followed by DNA sequencing. The
heterozygous KI (KI/+) mice were crossed together to obtain
homozygous KI/KI mice, which are viable, fertile, and appear
grossly normal. Normal LRRK2 mRNA expression level in KI/KI
mice was confirmed by Northern blotting using a probe specific
for exons 1-5 (Fig. 1C). We also generated a rabbit polyclonal
antibody against the recombinant protein of the kinase domain
of LRRK2. The specificity of the LRRK2 antibody was verified
by Western blotting using the brain homogenates from our two
distinct lines of LRRK2 KO mice (Fig. 1D). Using this antibody,
we confirmed normal LRRK2 protein levels in KI/KI mice (Fig.
1D). The presence of the R1441C mutation and the correct
mRNA splicing around the mutation were further confirmed
using RT-PCR followed by DNA sequencing.

Normal DA Neurons and Striatal Catecholamine Levels in R1441C KI
Mice. To determine whether R1441C KI mice develop degener-
ation of DA neurons, we performed immunohistochemical
analysis of the KI/KI brains at the ages of 3, 12, and 22 months
using an antibody specific for TH, the rate-limiting enzyme in
dopamine synthesis. The morphology of DA neurons and their
projections appears grossly normal in KI/KI mice (Fig. 1E).
Quantification of TH-immunoreactive neurons in the SNpc
using stereological methods revealed no significant difference in
the number of DA neurons between KI/KI and WT littermate
controls at 12 and 22 months of age (Fig. 1F). Because degen-
eration of noradrenergic neurons in the locus coeruleus (LC) has
also been reported in PD patients (21), we similarly examined the
morphology and quantified TH-immunoreactive neurons in the
LC, and found no significant alteration in the morphology and
number of noradrenergic neurons in KI/KI mice (WT, 494 * 36;
KI/KI, 459 = 63; P > 0.05). Our initial analysis of KI/+ and
KI/KI mice, including morphological analysis of TH-immuno-
reactive neurons, immunohistochemistry for protein aggrega-
tion, measurement of striatal DA and its metabolites, and
behavioral analysis (spontaneous locomotor activity and motor
coordination) of the mice at 3 months of age, revealed pheno-
types essentially identical to WT controls. We then focused on
analysis of only WT and KI/KI mice with the anticipation that
KI/KI mice would have more dramatic phenotypes than KI/+
mice.

To look for any alteration in steady-state dopamine levels,
which may occur before the frank loss of DA neurons, we
measured the levels of striatal dopamine and its major metab-
olites using HPLC. The striatal dopamine level is not signifi-
cantly different in KI/KI mice at the ages of 3, 12, and 23 months
(Fig. 1G), compared with their respective WT littermate con-
trols. There was also no significant alteration in the striatal level
of major metabolites of dopamine, dihydroxylphenylacetic acid
(DOPAC; WT, 11.9 = 0.8 pmol/mg; KI/KI, 14.0 = 1.2 pmol/mg;
P > 0.05) and homovanillic acid (HVA; WT, 7.7 = 1.3 pmol/mg;
KI/KI, 7.9 £ 0.4 pmol/mg; P > 0.05) in KI/KI mice by the age
of ~2 years, suggesting that DA turnover is normal in KI/KI
mice.

Besides the common DA neuronal loss in the SNpc, members
of the families carrying the R1441C mutation exhibited diverse
protein aggregation-related neuropathology, ranging from
a-synuclein-immunoreactive LBs or Lewy neurites, ubiquitin-
immunoreactive neuronal cytoplasmic or nuclear inclusions, to
tau-immunoreactive neurofibrillary tangles (2). Therefore, we
performed immunohistochemical analysis using antibodies spe-
cific for a-synuclein, phospho-a-synuclein (Ser-129), ubiquitin,
tau, phospho-tau (Ser-396/404 or Ser-202), or GFAP. There was
no obvious accumulation or abnormal phosphorylation of
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Fig. 2. Reduced response to AMPH in locomotor activity of R1441C KI mice.
(A) Spontaneous activity of KI/KI (n = 14) and +/+ (n = 11) mice at 1 year of
age in the open field during 1-h test. Two infrared light arrays measured
horizontal movements, and one array measured vertical movements (rearing
on hind legs). Repeated sequential breakings of the same beam were scored
as occurrences of stereotyped behaviors (scratching, grooming, etc.). (B) Ro-
tarod test. KI/Kl and +/+ mice show similar latencies to fall off an accelerating
rotating rod. The average time before falling off the rod is shown for each of
three consecutive trials. (C) KI/KI and +/+ mice show similar acoustic startle
responses at each decibel of loud noise tested. Each mouse was tested 10 times
at each decibel level in a semirandom order with a 30-s interstimulus interval,
and the startle response was averaged and normalized to body mass. Body
mass does not differ between the genotypes. (D) AMPH injection (i.p., 2.0
mg/kg body weight) dramatically stimulates the locomotor activity of WT
(+/+), but not that of KI/KI mice during the 1-h test (#, P < 0.05; ns, not
significant). The numbers shown in the bars indicate the numbers of mice used
for each experiment. Data in all panels are expressed as mean + SEM.

a-synuclein, ubiquitin, or tau in the SNpc and LC of KI/KI mice
at the ages of 3, 12, and 22 months. This result is further
confirmed by Western blotting, showing normal levels of
a-synuclein, phospho-a-synuclein (Ser-129), ubiquitin, and tau
and phospho-tau (Ser-396/404 or Ser-202) in KI/KI mice at 6 and
12 months. GFAP immunoreactivity was also similar between
KI/KI and control brains at the ages of 12 and 22 months,
indicating the absence of gliosis.

Reduced Response to Amphetamine (AMPH) in Locomotor Activity of
R1441C KI Mice. We examined LRRK?2 KI mice in various behav-
ioral paradigms for abnormalities in general reflexes, move-
ments, and posture. In the open field test, KI/KI mice at the ages
of 3, 12 (Fig. 24), and 24 months exhibited normal spontaneous
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locomotor activity. Involuntary movement of KI/KI mice at the
ages of 3 and 12 months (+/+, n = 9; KI/KI, n = 13; Fig. 2B)
assessed by the rotarod test is also not significantly changed.
Acoustic startle reflex, which has been shown to be sensitive to
alterations in dopamine (22), was similar between KI/KI mice
and their WT controls at the age of 1 year (Fig. 2C). Acoustic
startle response can be inhibited by a preceding weaker stimulus,
a process termed prepulse inhibition (PPI), which is thought to
be modulated by the central noradrenergic neurotransmission.
PPI was also normal in KI/KI mice.

Because the spontaneous locomotor activity of LRRK2 KI/KI
mice is normal, we examined whether there is any abnormality
in drug-stimulated locomotor activity in KI/KI mice. We mon-
itored the locomotor activity of KI/KI mice in the open field test
for 1 h, after injection with a psychostimulant AMPH, which is
known to stimulate locomotor activity by inducing synaptic
dopamine release via dopamine transporter (DAT) and vesicular
monoamine transporter 2 (VMAT?2) (23). Compared with the
saline control, AMPH injection (2 mg/kg) resulted in markedly
increased activity in WT mice, whereas it failed to increase the
locomotor activity of KI/KI mice (Fig. 2D). Similar results were
obtained when a higher dose of AMPH (10 mg/kg) was used.
Thus, the reduced response of LRRK2 KI/KI mice to AMPH
stimulation in locomotor activity may be due to impairment in
AMPH-induced dopamine release.

Reduced Catecholamine Release in Cultured R1441C KI Chromaffin
Cells. To determine whether mutations in LRRK2 affect release
of all catecholamine, we used adrenal chromaffin cells isolated
from LRRK2 KI/KI mice as a model to study exocytotic cate-
cholamine release. Adrenal chromaffin cells are neuroendocrine
cells in the medulla of the adrenal gland, derived from the same
embryonic origin as sympathetic neurons, and are responsible
for the “fight or flight” response of the body by releasing
catecholamines epinephrine and norepinephrine into the blood
stream (24). These cells are thought to share the same exocytosis
mechanism as neurons, and have been widely used as a model
system to study catecholamine release, including measurement
of total catecholamine released per cell, quantal size (number of
catecholamine molecules released per vesicle during exocytosis),
and number of vesicles releasable from each cell (24, 25).
Amperometric recordings showed significant reductions in the
total catecholamine released per cell (=50%), quantal size, and
frequency of released events (=50%) in cultured chromaffin
cells isolated from the KI/KI mice, when stimulated by high K*
(picospritzing for 6 s with an 80 mM K* solution) (Fig. 3). The
results show that evoked release of catecholamines in real time
is compromised in KI/KI mice, and it is likely mediated through
two mechanisms: a decrease in catecholamine quantal size per
vesicle and a reduction in the number of vesicles releasing
catecholamines.

Impaired D2 Receptor Function in R1441C KI Mice. We further
evaluated dopamine D2 receptor function or signaling in LRRK2
KI/KI mice, which is impaired in DJ-I KO mice (26), and is
involved in feedback regulation of dopamine release (27). We
assessed locomotor activity of KI/KI mice in the open field test
after injection with quinpirole, a D2 receptor agonist, at a low
(0.05 mg/kg) or high dose (1.0 mg/kg). As expected, the injection
of quinpirole caused significant dose-dependent inhibition of the
locomotor activity in WT mice (Fig. 4). However, the extent of
inhibition by quinpirole in locomotor activity is decreased in
KI/KI mice in horizontal and vertical movements (Fig. 4). In
particular, the injection of the low-dose quinpirole (0.05 mg/kg)
only caused marginal inhibition of the locomotor activity in
KI/KI mice, whereas it resulted in significant reduction in WT
controls. These results indicate that KI/KI mice are less sensitive
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Fig. 3. Reduced catecholamine release in cultured chromaffin cells from
R1441CKI mice. (A) Expression of LRRK2 mRNAs, shown by RT-PCR, in medulla
of adrenal glands, which is composed mainly of chromaffin cells. (B) The
representative traces for high-K*-stimulated catecholamine release from
KI/KI and +/+ controls. (C) Reduced total catecholamine released per cell,
quantal size, and numbers of vesicles released per cell in chromaffin cells of
KI/KI mice. The number of cells recorded (Left) and mice used (Right) is
indicated in the parenthesis. Data in all panels are expressed as mean + SEM.
Asterisk denotes statistical significance (¥, P < 0.05; **, P < 0.01; **%, P <
0.001).

to quinpirole treatment, suggesting that D2 receptor-mediated
functions may be impaired in KI/KI mice.

To investigate the possible mechanisms underlying the re-
duced response of R1441C KI mice to quinpirole and AMPH, we
evaluated the function of DA neurons in acute horizontal
midbrain slices (300 uwm) from KI/KI and WT mice at 6—8 weeks
of age by monitoring spontaneous firing activity of DA neurons
and their responses to the application of dopamine, quinpirole,
or AMPH. The DA neurons of the SNpc were identified
according to their electrophysiological and pharmacological
criteria (28-30). Spontaneous, rhythmic firing activity of nigral
neurons in KI/KI mice was comparable with that recorded from
WT controls (WT, 3.56 = 0.2 Hz; KI/KI, 3.4 = 0.6 Hz; P > 0.05)
(Fig. 54).

Membrane hyperpolarization and blockade of action poten-
tials are typical responses of nigral neurons to dopamine appli-
cation due to activation of somatodendritic D2 autoreceptors
(31). Indeed, dopamine (100 uM, 45 s) inhibited cell firing and
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Fig. 4. Reduced inhibition of locomotor activity by quinpirole in R1441CKI
mice. Intraperitoneal injections of low (0.05 mg/kg body weight) or high (1.0
mg/kg body weight) dose of quinpirole, a D2 receptor agonist, result in
significant inhibition of locomotor activity in both KI/KI and +/+ mice in a
dose-dependent manner (#, P < 0.05; ##, P < 0.01). However, the extent of the
inhibition in KI/KI mice is smaller for both horizontal and vertical movements,
compared with the control (*, P < 0.05). The number shown in the bar
indicates the number of mice used for each experiment. Data in all panels are
expressed as mean = SEM.
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Fig.5. Decreased sensitivity to inhibition of firing induced by DA, quinpirole,
and AMPH in R1441C KI nigral neurons. (A) Sample traces showing the
comparable spontaneous, rhythmic action potentials recorded in DA neurons
from +/+ (Left) and KI/KI (Right) mice. Firing activity is shown at different time
scales marked by an arrow. (B) In midbrain slices from +/+ mice (left trace),
bath-application of DA (100 M, 45 s) hyperpolarizes the cell membrane and
blocks the firing activity. On DA washout, the membrane potential slowly
recovers, and the action potential discharge returns to control levels. DA-
induced firing cessation is significantly shorter in nigral neurons of KI/KI mice
(right trace). (C and D) Sample traces showing the reduced responses in firing
of nigral neurons in KI/KI mice to bath-application of quinpirole (10 wM, 2 min)
(C) or AMPH (100 uM, 2 min) (D). The arrow in D indicates a 10-min interrup-
tion in the trace of +/+ nigral neurons.

induced a membrane hyperpolarization (17.5 = 2.1 mV; Fig. 5B)
in nigral neurons of WT slices. Notably, the response to dopa-
mine was significantly smaller in amplitude (9.5 £ 0.9 mV; P <
0.05) and shorter in duration of hyperpolarization in nigral
neurons from KI/KI mice (Fig. 5B). Indeed, on dopamine
washout, in WT slices, the membrane potential of nigral neurons
slowly recovered, and firing activity resumed to control levels,
whereas in KI/KI mice, the time to recovery of predrug firing
activity was significantly shorter (WT, 12.9 * 3.0 min, n = 6;
KI/KI, 1.5 = 0.1 min, n = 7; P < 0.05) (Fig. 5B). The inhibitory
effect of dopamine on nigral neurons is mediated specifically by
somatodendritic D2 autoreceptors, because it is fully prevented
by D2 receptor antagonists (29) and is absent in D2R~/~ mice
(32). Accordingly, bath-application of the D2 receptor agonist
quinpirole (10 M, 2 min) caused a long-lasting hyperpolariza-
tion of the cell membrane (13.5 = 2.1 mV) and blockade of the
firing activity in nigral neurons from WT mice (16.6 = 0.9 min,
time to recovery of firing activity; n = 4) (Fig. 5C). Interestingly,
nigral neurons from KI/KI mice (n = 6) showed a dramatic
reduction in the sensitivity to quinpirole (8.6 = 0.7 mV; 3.8 = 0.9
min; P < 0.05) (Fig. 5C). These data suggest that D2 receptor-
mediated functions are impaired in KI/KI mice.

Similarly, in midbrain slices from WT mice, bath-application
of AMPH (100 uM, 2 min) hyperpolarized the cell membrane
and blocked the firing activity of nigral neurons. On drug
washout, the membrane slowly recovered, and action potential
discharge was resumed. However, the duration of firing cessation
induced by bath-application of AMPH was much shorter in the
nigral neurons of KI/KI mice (WT, 38.4 = 8.3 min; KI/KI, 8.2 =
2.8 min; n = 6 for each genotype; P < 0.05) (Fig. 5D). The
amplitude of the AMPH-induced membrane hyperpolarization
was smaller in KI/KI mice than the one observed in their WT
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controls (WT, 18.0 = 6.7 mV; KI/KI, 8.6 = 0.7 mV; P < 0.05)
(Fig. 5D). These results suggest the reduced response of KI/KI
nigral neurons to AMPH.

Discussion

The importance of the R1441 residue for the normal function of
LRRK?2 is highlighted by the presence of multiple pathogenic
missense mutations at this residue in PD patients. Therefore, we
chose to focus on the R1441C mutation and developed a mouse
model to study the pathogenic mechanism of LRRK2 dysfunc-
tion by creating a KI mouse, in which this commonly found
mutant form of LRRK2 is expressed under the control of the
endogenous regulatory elements. R1441C KI mice do not de-
velop DA degeneration or alterations in striatal dopamine levels
up to 2 years of age (Fig. 1). However, these KI mice show
abnormal activity-dependent DA neurotransmission, including
impairment in stimulation (e.g., AMPH, high-K*)-induced lo-
comotor activity (Fig. 2) and catecholamine release (Fig. 3), as
well as dopamine D2 receptor-mediated functions (Figs. 4 and
5). Thus, our multidisciplinary analysis of R1441C KI mice has
revealed an essential role for LRRK?2 in the nigrostriatal DA
pathway.

Similar to our prior findings in parkin='~ (33), DJ-17/~ (26,
34), and PINKI~'~ mice (35), the R1441C KI mouse does not
develop nigrostriatal DA degeneration during its lifespan, pro-
viding further evidence that genetic recapitulation of pathogenic
mutations in mice is insufficient to reproduce this terminal
neuropathological hallmark of PD. Interestingly, Tg flies ex-
pressing either human WT or mutant G2019S LRRK2 exhibit
selective loss of DA neurons, locomotor dysfunction, and early
mortality (19), whereas Tg expression of WT or pathogenic
equivalent mutant forms of LRRK, the sole Drosophila ortholog
of human LRRK2, does not result in any significant defects in
flies (18). However, it is unclear why expression of human
LRRK?2 or fly LRRK has such different effects in flies, and why
expression of either WT or mutant human LRRK2 similarly
results in loss of DA neurons in flies. Also, our KI mice develop
no protein aggregation or inclusions in the brain up to 2 years of
age, in contrast to previous findings in cell lines or cultured
cortical neurons, (11, 14, 15). Also, we saw no alterations in levels
of a-synuclein and tau, as well as their phosphorylated forms
measured by immunostaining or Western blotting in our R1441C
LRRK?2 KI/KI brains up to 2 years of age.

Interestingly, introduction of the R1441C mutation in LRRK2
affects activity-dependent DA neurotransmission, such as re-
duced responses to AMPH stimulation in locomotor activity
(Fig. 2) and significant reduction in stimulation-induced cate-
cholamine release (Fig. 3) in the absence of DA degeneration
(Fig. 1). AMPH exerts its effects by stimulating dopamine efflux
into the synaptic cleft via multiple mechanisms, including inhi-
bition of VMAT2 and monoamine oxidase activity, which in-
creases cytosolic dopamine available for DAT-mediated reverse
transport of dopamine (23). Calcium released from intracellular
stores plays a key role in AMPH-mediated dopamine release (36,
37). The reduced response to AMPH stimulation in locomotor
activity of R1441C KI mice suggests that AMPH-stimulated
dopamine release may be reduced in these mice. This possibility
will need to be confirmed by in vivo microdialysis to measure
directly extracellular dopamine levels in freely moving mice after
AMPH treatment. Consistent with this result, stimulation-
induced catecholamine release is decreased in chromaffin cells
isolated from R1441C KI mice, as indicated by significant
reductions in total catecholamine release, quantal size, and the
number of vesicles releasable after high-K* stimulation (Fig. 3).
Identification of a possible common mechanism underlying the
impairment of AMPH-induced locomotion in the open field and
evoked catecholamine release in cultured chromaffin cells awaits
further investigation. Also, parallel studies using cultured DA

14626 | www.pnas.org/cgi/doi/10.1073/pnas.0906334106

neurons from postnatal ventral midbrains will provide additional
support for this conclusion.

Another interesting phenotype exhibited by R1441C KI mice
is the impairment of dopamine D2 receptor-mediated functions,
as indicated by reduced responses of KI mice in locomotor
activity to the inhibitory effect of a D2 receptor agonist, quin-
pirole (Fig. 4), and decreased sensitivity of KI nigral neurons in
firing activity to suppression induced by quinpirole or dopamine
(Fig. 5). Prior studies have shown that these inhibitory effects of
quinpirole are abolished in mice lacking all D2 receptors, but are
retained in mice expressing only the short isoform, which serves
presynaptic autoreceptor functions (32, 38, 39). Interestingly,
similar compromises of D2 autoreceptor-mediated functions
have been reported in another PD mouse model, DJ-1~/~ mice,
which also exhibited reduced responses in locomotor activity to
quinpirole and reduced responses of nigral neurons to dopamine
and quinpirole (26). These results raise the possibility that the
D2 autoreceptor-mediated function may be a converging com-
mon target of PD mutations, a notion supported by the clinical
efficacy of D2 receptor agonists in PD (40). Also, several variants
of the dopamine D2 receptor gene have been associated with PD
(41). Recent clinical trials have shown that use of D2 receptor
agonists ropinirole and pramipexole retards loss of functional
nigral projections to the striatum (42, 43). Thus, our KI mouse
model provides a tool for the study of the normal physiological
role of LRRK2 and its dysfunction in PD pathogenesis, which
may yield previously undescribed targets for development of
effective therapeutic drugs.

After we submitted our manuscript, Li et al. (44) reported that
overexpression of R1441G LRRK2 in BAC Tg mice results in
age-dependent striking reductions (80-95% at 10—-12 months) of
rearing activities measured by a cylinder test, decreases in
spontaneous DA release measured by in vivo microdialysis, loss
of TH" DA dendrites near the DA cell body in the SNpc at 9-10
months, and elevated levels of tau and phospho-tau. Although
the dopamine release defect appears to be shared between our
R1441C KI and their R1441G BAC Tg mice, KI mice do not
exhibit defects in locomotion, dendritic degeneration of DA
neurons, or phosphorylation of tau up to 2 years of age. Possible
explanations for the phenotypic variation include differences in
expression levels of mutant LRRK2 (endogenous levels in KI/KI
vs. 5- to 10-folds overexpression in Tg), the presence of WT
LRRK?2 (none in KI/KI), genetic background (B6/129 for KI/KI,
FVB for Tg), and specific mutations (R1441C for KI/KI vs.
R1441G for Tg). The most striking difference between the KI
and Tg mice, however, is perhaps their open field activity
(quantified as normal in KI/KI vs. immobility in Tg without
quantitative data). It was unclear whether the degree of reduc-
tion in open field activity and the severity of other phenotypes
correlate with the overexpression level of LRRK2 mutant pro-
teins in two independent Tg lines (5- or 10-fold overproduction
compared with endogenous mouse LRRK2 measured by a
human LRRK2-specific antibody). Studies of additional LRRK2
mutant lines and quantitative comparison of the phenotypes
exhibited by different mutant lines will yield further insight into
how LRRK2 mutations cause DA dysfunction and degeneration
in PD.

Materials and Methods

Generation and Molecular Characterization of R1441C KI Mice. To generate
R1441CKlmice, a 1.7-kb DNA fragment encompassing exon 31 and a 1.6-kb DNA
fragment containing part of intron 31 were amplified by PCR using tail genomic
DNA of B6 mice as template, and the R1441C mutation was introduced into exon
31 in the 1.7-kb DNA fragment by site-directed mutagenesis. These two DNA
fragments were used as 5’ and 3" homologous arms, respectively, in the targeting
vector. Linearized targeting vector was transfected by electroporation into
MKV®6.5 ES cells derived from B6/129 F1 mice (gift of R. Jaenisch). Desired homol-
ogous recombination events were confirmed by Southern blotting with the neo
probe and the 5" and 3’ probes. ES cells from one targeted clone were transiently
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transfected with a Cre expressing plasmid to excise the floxed PGK-neo selection
cassette. The new ES cells were injected into B6 blastocysts. The resulting chimeric
mice were mated with B6/129 F1 mice. Neuron counting, behavioral and phar-
macological analyses, as well as amperometric and electrophysiological record-
ings were performed in a genotype blind manner.

Histological and Electrophysiological Analyses of DA Neurons. Immunohisto-
chemical analysis and stereological DA neuron counting, as well as intracel-
lular recordings of nigral neurons, were performed as previously described
(26). For immunohistochemical analysis, coronal brain sections were stained
with antibodies to TH (Chemicon), total a-synuclein (4D6; Abcam) or phos-
phorylated at Ser-129 (Wako), ubiquitin (Abcam), total tau or phosphorylated
tau at Ser-396/404 (PHF-1) or at Ser-202 (CP13) (both were provided by Peter
Davies), and glial fibrillary acidic protein (GFAP; Sigma).

Striatal Dopamine Measurements by HPLC. Dorsal striata were dissected,
weighed, and stored at —80 °C until use. Frozen striata were sonicated in
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ice-cold solution (0.1 M perchloric acid/0.2 mM sodium bisulfite) and centri-
fuged for 10 min at 14,000 X g at 4 °C. The levels of dopamine and its
metabolites in the supernatant were measured using HPLC and normalized to
tissue weight.

Behavioral Analysis and Ameperometry. Behavioral tests were performed as
previously described (26). To test the responses of R1441C KI mice in
locomotor activity to AMPH or quinpirole, mice were injected (i.p.) with
saline, AMPH (2 or 10 png/g body weight), or quinpirole (0.05 or 1.0 ng/g
body weight) immediately before placed in the testing chambers. Ampero-
metric recordings of dissociated chromaffin cells were performed as pre-
viously described (45).
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