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Mutations in leucine-rich repeat kinase 2 (LRRK2) contribute to development of late-onset familial Parkinson’s disease (PD), with
clinical features of motor and cognitive dysfunction indistinguishable from sporadic PD. Calcium dysregulation plays an important role
in PD pathogenesis, but the mechanisms of neurodegeneration remain unclear. Recent reports indicate enhanced excitatory neurotrans-
mission in cortical neurons expressing mutant LRRK2, which occurs before the well-characterized phenotype of dendritic shortening. As
mitochondria play a major role in the rapid buffering of cytosolic calcium, we hypothesized that altered mitochondrial calcium handling
contributes to dendritic retraction elicited by the LRRK2-G2019S and -R1441C mutations. In primary mouse cortical neurons, we
observed increased depolarization-induced mitochondrial calcium uptake. We found that expression of mutant LRRK2 elicited tran-
scriptional upregulation of the mitochondrial calcium uniporter (MCU) and the mitochondrial calcium uptake 1 protein (MICU1) with no
change in levels of the mitochondrial calcium antiporter NCLX. Elevated MCU and MICU1 were also observed in LRRK2-mutated patient
fibroblasts, along with increased mitochondrial calcium uptake, and in postmortem brains of sporadic PD/PDD patients of both sexes.
Transcriptional upregulation of MCU and MICU1 was caused by activation of the ERK1/2 (MAPK3/1) pathway. Inhibiting ERK1/2
conferred protection against mutant LRRK2-induced neurite shortening. Pharmacological inhibitors or RNAi knockdown of MCU
attenuated mitochondrial calcium uptake and dendritic/neuritic shortening elicited by mutant LRRK2, whereas expression of a consti-
tutively active mutant of NCLX that enhances calcium export from mitochondria was neuroprotective. These data suggest that an
increased susceptibility to mitochondrial calcium dysregulation contributes to dendritic injury in mutant LRRK2 pathogenesis.
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Introduction
Mutations in the leucine-rich repeat kinase 2 (LRRK2) represent
a common cause of familial Parkinson’s disease (PD), the brain-
stem stage of Lewy body disease (LBD) (Zheng et al., 2010) while

also contributing to risk of sporadic PD (Healy et al., 2008). In-
deed, in most LRRK2 mutation carriers, the clinical and patho-
logical features are indistinguishable from those of sporadic PD
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Significance Statement

Cognitive dysfunction and dementia are common features of Parkinson’s disease (PD), causing significant disability. Mutations in
LRRK2 represent the most common known genetic cause of PD. We found that PD-linked LRRK2 mutations increased dendritic
and mitochondrial calcium uptake in cortical neurons and familial PD patient fibroblasts, accompanied by increased expression
of the mitochondrial calcium transporter MCU. Blocking the ERK1/2-dependent upregulation of MCU conferred protection
against mutant LRRK2-elicited dendrite shortening, as did inhibiting MCU-mediated calcium import. Conversely, stimulating the
export of calcium from mitochondria was also neuroprotective. These results implicate increased susceptibility to mitochondrial
calcium overload in LRRK2-driven neurodegeneration, and suggest possible interventions that may slow the progression of
cognitive dysfunction in PD.
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(Dickson et al., 2009). Substantia nigra neurons are vulnerable to
Ca2� dysregulation due to autonomous pacemaking activity, with
mitochondrial mechanisms implicated (Guzman et al., 2010). In
addition to motor symptoms, PD is characterized quite early in dis-
ease by olfactory, autonomic, and cognitive dysfunction, with nearly
80% progressing to dementia (PDD) within 8 years (Aarsland et al.,
2003). The symptoms include impairment of concentration, judg-
ment, and visual processing, accompanied by mood disorders and
hallucinations. These features are distinct from Alzheimer disease,
yet little is known of pathophysiological mechanisms contributing to
vulnerability of the cerebral cortex in PD/PDD.

Lewy body pathology in LRRK2-related PD patient brains is
highly correlated with clinical patterns of cortical-executive dys-
function characteristic of PD (Kalia et al., 2015). LRRK2, a mul-
tidomain protein with GTPase and kinase activities, localizes to
membranous structures, including mitochondria and lysosomes
(Biskup et al., 2006). LRRK2 phosphorylates Rab GTPases in-
volved in vesicular transport (Steger et al., 2016) and regulates
PKA localization in dendritic spines (Parisiadou et al., 2014).
PD-associated LRRK2 mutations result in shortening and simpli-
fication of the dendritic tree in primary neurons (MacLeod et al.,
2006; Plowey et al., 2008; Chan et al., 2011; Ramonet et al., 2011;
Cherra et al., 2013; Reinhardt et al., 2013; Sepulveda et al., 2013)
and in vivo (MacLeod et al., 2006; Winner et al., 2011). We pre-
viously found that LRRK2-G2019S or -R1441C mutations elicit
increased excitatory synapse density and increased EPSPs in mouse
cortical neurons (Plowey et al., 2014). Enhanced postsynaptic excit-
atory neurotransmission was also observed in LRRK2-G2019S
transgenic hippocampal slices (Sweet et al., 2015). Interestingly,
LRRK2-G2019S mice exhibit early hyperactivity and enhanced
learning that transform into cognitive deficits with aging (Volta et
al., 2015). This suggests that increased excitatory neurotransmission,
althoughtoleratedacutely,enhancesvulnerabilityofmutantLRRK2-
expressing neurons to neuritic degeneration through undefined
mechanisms. We hypothesize that this enhanced vulnerability is me-
diated through dysregulation of mitochondrial Ca2� homeostasis.

Mitochondrial dysfunction has emerged as an important factor
in LRRK2-associated pathophysiology (Mortiboys et al., 2010;
Wang et al., 2012; Cherra et al., 2013), but the specific mechanisms
by which mutant LRRK2 promotes mitochondrial injury remain
unknown. Mitochondria function to rapidly sequester intracel-
lular Ca 2� released from internal stores or due to sudden influx
of extracellular calcium (for review, see Carafoli, 2012). This is
achieved through the mitochondrial calcium uniporter (MCU)
(Baughman et al., 2011; De Stefani et al., 2011), balanced by
release of imported Ca 2� back to the cytosol through a sodium/
calcium antiporter (NCLX) (Palty et al., 2010) as other cellular
calcium homeostasis mechanisms are engaged. In addition to
MCU, regulatory proteins include Mitochondrial Calcium Up-
take 1 (MICU1) and Mitochondrial Calcium Uptake 2 (MICU2)
proteins that tune the thresholds for mitochondrial calcium up-
take through MCU (Perocchi et al., 2010; Plovanich et al., 2013).

In the present study, we discovered that expression of mutant
LRRK2 (R1441C and G2019S) increases cytosolic and mitochon-
drial Ca 2� levels upon KCl stimulation. The increase in mito-

chondrial Ca 2� uptake is dependent on LRRK2 kinase activity,
which upregulates MCU and MICU1 expression through the
ERK1/2 (MAPK3/1) pathway. Furthermore, several distinct genetic
or pharmacologic strategies to normalize mitochondrial calcium
fluxes, including expression of a constitutively active (CA) form of
NCLX, conferred protection against mutant LRRK2-mediated den-
drite retraction. These results provide a new mechanistic linkage
between mitochondrial Ca2� handling and mutant LRRK2 toxicity
in PD/PDD-associated neurodegeneration.

Materials and Methods
Mouse primary neuron culture. Timed pregnant female C57BL/6 mice
were purchased from Charles River Laboratories. All procedures for the
derivation of primary neuron cultures were approved by the University
of Pittsburgh Institutional Animal Care and Use Committee. Primary
E14 –E16 cortical neurons from male or female pups were isolated from
cerebral cortices as described previously (Cherra et al., 2013; Dagda et al.,
2014). Neurons were plated at 150,000 cells/cm 2 in LabTek II coverglass
chamber slides coated with poly-L-lysine (0.1 mg/ml). They were main-
tained in antibiotic-free Neurobasal medium supplemented with 2% B27
and 2 mM Glutamax (Invitrogen). Half of the media was replaced with
fresh media every other day.

Cell culture, reagents, and treatments. SH-SY5Y cells (ATCC catalog
#CRL-2266, RRID:CVCL_0019) were purchased from ATCC. Human
control fibroblasts (ND34769, 68-year-old female), and two familial
LRRK2 patient-derived fibroblast cultures (ND33879, 66-year-old fe-
male, PDD with LRRK2-G2019S; and ND32975, 74-year-old female, PD
with LRRK2-R1441G) were purchased from the NINDS Cell Repository
at RUCDR Infinite Biologics. All cells were maintained in antibiotic-free
DMEM (BioWhittaker) supplemented with 10% FBS (Mediatech), 2 mM

L-glutamine, and 10 mM HEPES in humidified incubator at 37°C and 5%
CO2. Cells were routinely passaged at 1:10 for maintenance. For neurite
length analysis, cells were plated at a density of 50,000 cells/cm2 in LabTek II
coverglass chamber slides (Thermo Fisher Scientific) in DMEM supple-
mented with 10 �M retinoic acid for 72 h to induce differentiation before
transfection. Pharmacological treatments were added 24 h after transfec-
tion. For all other experiments, cells were plated in Biolite 6-well tissue
culture plates at the same density (Thermo Fisher Scientific). Cells were
transfected the next day for 48 h and treated as indicated in the figure
legends. CGP-37157 (catalog #C8874) and U0126 (catalog #U120) were
purchased from Sigma-Aldrich. Ru360 (catalog #557440), digitonin (catalog
#300410), and ruthenium red (catalog #557450) were purchased from Cal-
biochem. BAPTA-AM (catalog #B1205) was purchased from Thermo Fisher
Scientific.

Calcium and hydrogen peroxide imaging and analysis. Mouse primary
cortical neurons were plated at a density of 250,000 cells/coverslip on
poly-L-lysine coated 25 mm glass coverslips (Thermo Fisher Scientific)
in a 6-well plate and maintained in Neurobasal medium supplemented
with 2% B27 and 2 mM Glutamax (Invitrogen). The following genetically
encoded calcium sensors, RCaMP, gift of Loren L. Looger (Howard
Hughes Medical Institute Janelia Research Campus, Ashburn, Virginia)
(Akerboom et al., 2013) and 2mtGCaMP6m, gift of Diego De Stefani
(University of Padova, Padova, Italy) (Patron et al., 2014), were cotrans-
fected with blue fluorescent protein (BFP), gift of Erik Snapp (Howard
Hughes Medical Institute Janelia Research Campus, Ashburn, Virginia)
(Costantini et al., 2015). For intracellular hydrogen peroxide imaging,
neurons were cotransfected with either pHyPer-cyto (catalog #FP941) or
pHyPer-dMito (catalog #FP942; Evrogen) and BFP. Neurons were trans-
fected at 7 DIV and imaged 7 d after transfection in imaging buffer
containing the following (in mM): 126 NaCl, 5.4 KCl, 0.8 MgCl2, 20
HEPES, 1.8 CaCl2 and 15 glucose, pH 7.4 adjusted with NaOH, supple-
mented with 0.1% BSA. Neurons were washed 3 times with imaging
buffer, and coverslips were mounted into Attoflour cell imaging chamber
(catalog #A7816, Invitrogen) and placed on a heated stage (Tokai Hit).

Calcium imaging in digitonin-permeabilized primary neurons or PD
patient fibroblasts was conducted in “intracellular-like” imaging buffer
as described previously (Brustovetsky et al., 2009; Palty et al., 2010) con-
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taining the following (in mM): 125 KCl, 0.5 MgCl2 3 KH2PO4, 3 pyruvate,
1 malate, 0.01 EGTA, 10 HEPES, and 220 sucrose, pH adjusted to 7.4 with
KOH. Digitonin concentration and incubation times were optimized to
achieve plasma membrane permeabilization without affecting mito-
chondrial membrane potential. Neurons or fibroblasts were permeabil-
ized by incubating for 10 min at 37°C in imaging buffer containing 2 �M

digitonin, washed 2�, and then placed in imaging buffer without digi-
tonin. Time-lapse images were acquired with A1R confocal microscope
(Nikon Instruments) every 5 s for neurons or 5 frames/s for fibro-
blasts in fast scan Galvano mode at 256 � 256 resolution in each
channel. Images were analyzed with NIS-Elements Basic Research
software (Nikon Instruments).

To stimulate Ca 2� flux in intact neurons, 40 mM KCl was added at the
indicated time point. For digitonin-permeabilized neurons or fibro-
blasts, a bolus of 50 �M CaCl2 was added. In intact neurons, intensities of
RCaMP and 2mtGCaMP6m signals in dendrites were normalized to ad-
jacent BFP signal to control for possible focal drift. Similarly, intensity
changes in cytosolic HyPer and mitochondrial HyPer were normalized to
RFP signal. In fibroblasts, 2mtGCaMP6m intensity was normalized to
dsRed targeted to mitochondria (mito-dsRed). Changes in cytosolic and
mitochondrial Ca 2� or hydrogen peroxide signals were calculated using
the following equation: (F1/Fo), where F1 is the fluorescence intensity of
the image and Fo is the intensity of the first image. Maximum response in
intensity from baseline (�F) was determined as maximum intensity after
stimulation minus baseline intensity before stimulation, expressed as
percentage increase.

Plasmid and siRNA transfections. Mouse primary cortical neurons were
cotransfected at 7 DIV with HA-tagged LRRK2 and the indicated calcium
or hydrogen peroxide sensors at a 15:1 mass ratio (�4:1 molar ratio)
using Lipofectamine 2000 as described previously (Cherra et al., 2013).
These conditions routinely yielded �90% cotransfection. For intracellu-
lar Ca 2� or ROS analysis, cells were imaged at 7 d after transfection (14
DIV). For dendritic length analysis, cells were fixed and immunostained
14 d after transfection (21 DIV). Patient fibroblasts were transfected with
500 ng total plasmid/well with 2mtGCaMP6m and mito-dsRed at a
4:1 mass ratio. Cells expressing both plasmids were imaged 48 h after
transfection.

For neurite length analysis, RA-differentiated SH-SY5Y cells were
cotransfected as described previously (Plowey et al., 2008). Generation
and details of GFP-tagged ERK plasmids (wild-type [WT], CA, and ki-
nase dead [KD]) have been previously described (Dagda et al., 2008).
Cells were fixed with 4% PFA and processed for immunofluorescence
48 h after transfection. For biochemical analyses, the 4D-Nucleofector
system (Lonza) was used according to the manufacturer’s instructions.
Cells were harvested for Western blot 48 h after nucleofection.

Small interfering RNA (siRNA) transfections were performed as de-
scribed previously (Zhu et al., 2007). siRNA targeting human MCU (5�-
CAGUUCACACUCAAGCCUCdTdT-3�; 50 nM, Sigma-Aldrich) was
cotransfected with LRRK2 plasmids using 0.1% Lipofectamine 2000 re-
agent. Cotransfection efficiency was �95% as determined by using Cy3-
conjugated scrambled oligonucleotide (20 nM; Dharmacon). A random
nontargeting RNA oligonucleotide pool was used as control. Knock-
down efficiency was determined by quantitative RT-PCR and immuno-
blot analysis.

Immunoblot analysis. SH-SY5Y cells or PD patient fibroblasts were
lysed in buffer containing the following (in mM): 150 NaCl, 5 EDTA, 25
HEPES, 10% glycerol, and 1% Triton X-100 supplemented with protease
inhibitors as described previously (Cherra et al., 2013). Equal amounts of
protein, as determined by Coomassie Plus Protein Assay (Thermo Scien-
tific), were resolved on a 10% gel by SDS-PAGE and transferred to PVDF
membrane. Membranes were blocked with 5% nonfat milk and probed
with rabbit anti-MCU (catalog #HPA016480, 1:500, Sigma-Aldrich;
RRID:AB_1233699), rabbit anti-MICU1 (catalog #HPA037480, 1:500,
Sigma-Aldrich; RRID:AB_106969334), mouse anti-HA (catalog #16B12,
1:1000, Biolegend), rabbit anti-EFHA1/MICU2 (catalog #ab101645,
1:1000, Abcam; RRID:AB_10711219), rabbit-anti p-ERK1/2 (catalog
#E7028, 1:1000, Sigma-Aldrich; RRID:AB_259347), rabbit anti-LRRK2
(catalog #C41-2, 1:1000, MJFF), rabbit total-ERK (catalog #06-182,
1:10,000, Millipore), a custom rabbit anti-NCLX produced in the labo-

ratory of Dr. Seklar (Palty et al., 2010), rabbit anti-GAPDH (catalog
#ab37168, 1:5000, Abcam;RRID:AB_732652), and rabbit anti-�-tubulin
(catalog #ab6046, 1:2000, Abcam; RRID:AB_2210370) overnight with
gentle agitation at 4°C. Immunoreactive bands were detected using anti-
mouse or anti-rabbit HRP-conjugated secondary antibodies (GE Health-
care) followed by exposure to ECL solution. Images were acquired using
the Odyssey Fc imaging system (Li-Cor) for densitometry using Image
Studio software (Li-Cor).

Flash frozen mid-frontal cortical specimens were obtained from the
University of Pittsburgh Brain Bank, following standardized premortem
neurological and postmortem neuropathological assessment. Diagnoses
were confirmed and Braak tangle and Braak PD staging performed by
the study neuropathologist (C.T.C.) as previously described (Chu et al.,
2000; Alafuzoff et al., 2009). The study design was reviewed and approved
by the University of Pittsburgh Committee for Oversight of Research
Involving the Dead. Mid-frontal cortex from 8 PDD patients and 6 con-
trol subjects, matched for age, sex, and postmortem intervals (Table 1),
was used for analysis.

Indirect immunofluorescence and neurite/dendrite length analysis.
Mouse primary cortical neurons or SH-SY5Y cells were fixed with 4%
PFA and permeabilized with 0.1% Triton X-100 in PBS. Cells were
blocked with Superblock Buffer (catalog #37515, Thermo Scientific).
Transfected cells were identified by staining with rabbit anti-GFP (cata-
log #A6455, 1:1000, Invitrogen, RRID:AB_221570) and AlexaFlour-488-
conjugated goat anti-rabbit IgG (catalog #A-11008, Thermo Fisher
Scientific). Cells were imaged on an Olympus IX71 microscope with
Microsuite Five imaging software (Olympus America). Color images
were extracted to 8-bit greyscale images for quantification using NIH
Image J supplemented with the Neuron J plug-in. Mean neurite length/
cell (SH-SY5Y cells) and total dendritic length/neuron (mouse primary
cortical neuron) were measured as described previously (Plowey et al.,
2008; Cherra et al., 2013), using the intensity-tracing algorithm in ImageJ
(Chu et al., 2009).

To assess autophagy or mitophagy, SH-SY5Y cells were cotransfected
with GFP-LC3 and pcDNA or LRRK2 constructs. Twenty-four hours
after transfection, Ru360 (10 �M) or vehicle was added for another 24 h,
and then cells were fixed and immunostained for the mitochondrial
protein HSP60 (catalog #611563, BD Biosciences, RRID:AB_399099).
Images were obtained with Nikon A1 confocal microscope at 60� mag-
nification. Two-dimensional projections were created from Z stacks (12-
�m-thick sections from 0.25-�m-thick slices) using Nikon Elements
software. Percentage mitophagy was quantified using the “mitophagy”
ImageJ plug-in (Zhu et al., 2011). Numbers of GFP-LC3 puncta/cell and
numbers of HSP60-colocalized GFP-LC3 puncta were quantified as pre-
viously described (Chu et al., 2013), analyzing at least 20 cells/condition
from two independent experiments.

Paraffin-embedded midbrain sections (5 �m thick) were immuno-
stained as previously described (Zhu et al., 2003), using rabbit anti-
phospho ERK (Sigma-Aldrich) at 1:2500 followed by tyramide signal
amplification (PerkinElmer). Immunoreactivity was visualized using the
Nova Red chromagen (Vector Labs).

RNA isolation and quantitative RT-PCR. Total RNA was isolated from
SH-SY5Y cells or fibroblasts using RNeasy kit (QIAGEN). A total of 1 �g
of RNA was used to generate cDNA using the GeneAmp RNA PCR kit
(Invitrogen). MCU expression was analyzed using SYBR green (Sigma-
Aldrich) primers (forward, 5�-GGTACGAATTGAGATTAGCAG-3�; re-
verse, 5�-GTGATGAAGTATGTTACTGGC-3�) normalized to GAPDH
(forward, 5�-ACAGTTGCCATGTAGACC-3�; reverse, 5�-TTTTTGGTT
GAGCACAGG-3�). NCLX (probe ID:Hs00227951_m1), MICU1 (probe
ID:Hs00246104_m1), MICU2 (probe ID:Hs00381563_m1) expression

Table 1. Clinical and pathological characteristics of human postmortem subjects

Age (yr) Male:female
Postmortem
time (h)

Braak
AD stage

Braak
PD stage

Control 77.3 � 10.3 3:3 9.3 � 3.5 1.8 � 0.3 0 � 0
PDD 77.0 � 8.7 4:4 7 � 3.5 2 � 0.5 5.0 � 0.8
Statistics p 	 0.95 (t test) NA p 	 0.24 (t test) p 	 0.69 (�2) NA
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was determined using TaqMan probe and normalized to GAPDH
(4333764F) or ACTB (�-actin; 4333762F), all purchased from Thermo
Fisher Scientific.

Statistics. Data are mean � SEM, except for mutant LRRK2 patient
materials, which were not analyzed statistically (N 
 3). Parametric data
were analyzed by Student’s t test for two-group comparisons or ANOVA
followed by post hoc t test with Bonferroni correction for multigroup
comparisons. p values shown were multiplied by the Bonferroni correc-
tion factor. Nonparametric data were analyzed using (� 2).

Results
Mutant LRRK2 modulates MCU expression
Mitochondrial calcium uptake is mediated by activity of MCU
(Raffaello et al., 2013), whereas calcium antiporters, such as NCLX,
mediate mitochondrial calcium release (Palty et al., 2010). To deter-
mine whether or not LRRK2 affected expression of MCU or NCLX,
we performed quantitative RT-PCR on SH-SY5Y cells transfected
with HA-tagged LRRK2 constructs (Fig. 1A). SH-SY5Y cells trans-
fected with PD-associated LRRK2 mutants (-G2019S and -R1441C)
48 h before analysis showed increased MCU mRNA expression com-
pared with cells transfected with pcDNA (vector control), whereas
no changes were observed for NCLX mRNA (Fig. 1A). Significant
elevations of MCU mRNA were blocked by the LRRK2-In-1 inhib-
itor and also observed at 24 and 72 h after transfection (data not
shown). Similar results were observed whether GAPDH or ACTB
was used as reference gene (see Fig. 6). Increases in MCU protein
expression were observed in SH-SY5Y cells expressing LRRK2-
G2019S or -R1441C (Fig. 1B,C), along with an increase in MICU1,
another component of the MCU complex (Perocchi et al., 2010)
(Fig. 1B,D). There were no changes in expression of MICU2 pro-
tein, which plays a gatekeeper role limiting calcium uptake by MCU
(Patron et al., 2014) (Fig. 1B). These results suggested that PD-linked
LRRK2 mutants may regulate MCU complex activity.

Inhibiting mitochondrial calcium uptake prevents LRRK2
mutant-induced neurite shortening
Whereas the G2019S and R1441C/G mutations differ with regard
to effects on kinase activity (West et al., 2005; Jaleel et al., 2007) or
protein aggregation (Nichols et al., 2010; Kett et al., 2012), kinase
domain and Roc-COR mutations of LRRK2 converge on a com-
mon phenotype of dendritic/neuritic shortening and simplifica-
tion (MacLeod et al., 2006; Cherra et al., 2010, 2013; Plowey et al.,
2014). This dendrite shortening may be due to either degenera-
tion (Yao et al., 2010) or to reduced outgrowth during develop-
ment (Parisiadou et al., 2009), although the delayed retraction
that occurs in the current system supports a degenerative process
(Plowey et al., 2014). Given that NMDA receptor antagonists and
L-type calcium channel inhibitors can reverse mutant LRRK2-
induced autophagy, mitophagy, and dendritic/neuritic shortening
(Cherra et al., 2013; Plowey et al., 2014), calcium dysregulation
plays a causal role. To determine whether the uptake of calcium
by mitochondria represents a protective or a pathogenic re-
sponse, we treated differentiated SH-SY5Y cells expressing
mutant LRRK2 with a panel of inhibitors that modulate mito-
chondrial calcium transport. Ru360, a cell-permeable inhibitor
of MCU, prevented neurite shortening in differentiated SH-SY5Y
cells (Fig. 1E). In contrast, treatment with cyclosporine A to pre-
vent the mitochondrial permeability transition did not protect
against mutant LRRK2-mediated neurite retraction. Inhibition
of mitochondrial calcium export using the NCLX inhibitor
CGP37157 (CGP) not only failed to protect against mutant
LRRK2-induced neurite shortening, but also elicited a small, but
significant, degree of neurite shortening in vector control trans-
fected cells relative to vehicle. Together, these data indicate that

increased mitochondrial calcium levels contribute to the patho-
genesis of LRRK2-induced neurite shortening.

To control for possible off-target effects of Ru360, we used
siRNA to knockdown MCU mRNA (Fig. 1F, top left) and protein
(Fig. 1F, top right). Similar to Ru360, knockdown of MCU pre-
vented mutant LRRK2-induced neurite retraction in differenti-
ated SH-SY 5Y cells (Fig. 1F, graph and representative images). In
mouse primary cortical neurons, inhibition of MCU with
Ru360 was also neuroprotective (Fig. 1G), whereas neither inhib-
itors of mitochondrial permeability transition nor inhibiting cal-
cium efflux through NCLX prevented mutant LRRK2-mediated
dendrite retraction. These results suggest that mutant LRRK2 not
only modulates cytosolic calcium homeostasis (Cherra et al.,
2013), but also mitochondrial calcium handling through regula-
tion of MCU.

Mutant LRRK2 mediates enhanced mitochondrial calcium
uptake through MCU
To directly visualize dendritic mitochondrial calcium uptake, we
conducted live cell calcium imaging in mouse primary cortical
neurons cotransfected with LRRK2 mutants or controls, two ge-
netically encoded cytosolic and mitochondrial calcium sensors
with spectrally distinct emissions (RCaMP and 2mt-GCaMP6m,
respectively) and BFP. Live time-lapse confocal imaging shows
that upon neuronal stimulation with KCl (black arrows), the
increased calcium influx into the dendrites of neurons expressing
LRRK2 mutants (G2019S and R1441C) (Fig. 2A,E) is accompa-
nied by a greater degree of calcium uptake by dendritic mito-
chondria (Fig. 2C,F) than in pcDNA- or WT LRRK2- transfected
controls. As expected, Ru360 treatment did not block the in-
creased cytosolic calcium uptake in neurons expressing mutant
LRRK2 (Fig. 2B,E) but reversed the increases in mitochondrial
calcium uptake induced by mutant LRRK2 (Fig. 2D,F).

To further determine whether increased expression of MCU
directly modulated mitochondrial calcium uptake, digitonin
treatment of mouse primary cortical neurons was used to elimi-
nate differences in “cytosolic” calcium levels between mutant and
control neurons. Upon addition of exogenous calcium (CaCl2,

50 �M), digitonin-permeabilized neurons expressing mutant
LRRK2 showed significant increases in mitochondrial calcium
uptake (Fig. 2G,I), which were inhibited by pretreatment with
ruthenium red (Fig. 2H). To determine whether increased mu-
tant LRRK2-mediated intracellular calcium levels were involved
in triggering increased MCU expression, pcDNA- or LRRK2-
transfected SH-SY5Y cells were treated with DMSO or 5 �M of
BAPTA-AM, and mRNA levels determined by quantitative RT-
PCR. The increase in MCU mRNA expression in mutant LRRK2-
expressing cells was reversed by BAPTA-AM treatment (Fig. 2J).
These results confirm that the neuroprotective effect of Ru360
were not due to off-target effects on cytosolic calcium uptake, and
further support a causative role for mitochondrial calcium dys-
regulation due in part to enhanced expression of MCU in the
mutant LRRK2 phenotype.

Mutant LRRK2-mediated mitophagy is attenuated by
inhibition of mitochondrial calcium uptake without
significant changes in intracellular ROS generation
An increase in kinase activity of LRRK2 has been associated with
increases in ROS generation (Heo et al., 2010). Similar to previ-
ous results, we found a significant increase in cytosolic ROS in
LRRK2-G2019S-transfected neurons, with nonsignificant trends
in LRRK2-R1441C and LRRK2-WT-transfected neurons (Fig. 3A,
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Figure 1. PD-associated LRRK2 mutants modulate MCU, but not NCLX, expression, and inhibiting MCU prevents mutant LRRK2-mediated neurite/dendrite retraction. A, PD-associated LRRK2
mutants, G2019S (GS) and R1441C (RC), elicit increased MCU mRNA expression in SH-SY5Y cells at 48 h after transfection, which is not seen in cells expressing vector (pcDNA), LRRK2-WT, or the kinase
inactive K1906M (KM) mutant. No change in NCLX mRNA expression was observed in the same samples. *p 	 0.009, MCU (GS vs pcDNA); p 	 0.014, MCU (RC vs pcDNA). B, Representative Western
blot reveals increased MCU protein expression in SH-SY5Y cells expressing the LRRK2-GS and -RC mutants compared with pcDNA, LRRK2-WT, or -KM-transfected cells. MICU1 expression was also
increased, but there were no changes in MICU2. Densitometry normalized to GAPDH is shown for (C) MCU (*p 	 0.013, GS vs pcDNA; p 	 0.008, RC vs pcDNA) and (D) MICU1 (*p 	 0.0035, GS vs
pcDNA; p 	 0.012, RC vs pcDNA). E, RA-differentiated SH-SY5Y cells were transfected with pcDNA vector or the indicated forms of LRRK2. The inhibitors Ru360, cyclosporine A, CGP, or vehicle control
were added for the last 24 h before measurement of mean neurite length/cell as described in Materials and Methods. *p 	 0.003, Veh (GS/RC vs pcDNA). &p 	 0.043, pcDNA (CGP vs Veh). #p 	
0.045, GS (Ru360 vs Veh); p 	 0.026, RC (Ru360 vs Veh). F, SH-SY5Y cells were mock-transfected or transfected with control siRNA (siCtrl) or siRNA targeting human MCU (siMCU). After 48 h, cells
were harvested and knockdown was verified by quantitative RT-PCR (top left, †p 	 0.013) and by immunoblot (top right). Middle, RA-differentiated SH-SY5Y cells were cotransfected with pcDNA
and siCtrl/siMCU or with the indicated forms of LRRK2 and siCtrl/siMCU. Mean neurite length/cell was measured as described in Materials and Methods. *p 	 0.0452, siCtrl (GS vs pcDNA); p 	
0.0439, siCtrl (RC vs pcDNA). #p 	 0.0419, GS (siMCU vs siCtrl); p 	 0.0428, RC (siMCU vs siCtrl). Bottom, Representative images of RA-differentiated SH-SY5Y cells show restoration of neurite length
by siRNA knockdown of MCU in cells expressing LRRK2-GS and -RC. Scale bar, 25 �m. G, Mouse primary cortical neurons were cotransfected with GFP and either pcDNA or LRRK2 mutants at 7 DIV.
The indicated inhibitors were added at 8 DIV and total dendritic length/neuron measured at 15 DIV. *p 	0.0045, Veh (GS/RC vs pcDNA). &p 	0.047, pcDNA (CGP vs Veh). #p 	0.005, GS/RC (Ru360
vs Veh). A, C–G, ANOVA followed by post hoc Bonferroni-corrected t test.
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Figure 2. Mutant LRRK2 enhances MCU-mediated mitochondrial calcium uptake in primary cortical neurons. A–F, Mouse primary cortical neurons were cotransfected with the indicated LRRK2
constructs and cytosolic and mitochondrial calcium sensors. PD-associated LRRK2 mutants showed altered cytosolic (A) and mitochondrial (C) calcium levels upon stimulation with 40 mM KCl (black
arrow) added after 150 s of baseline recording. Changes in cytosolic and mitochondrial calcium levels were recorded without Ru360 (A, C) or in the presence of Ru360 (B, D) as described in Materials
and Methods. Each trace represents an average intensity of calcium recording from 8 to 10 different neurons. E, F, Data were quantified as the percentage increase over baseline of the maximum
F1/FO, and averaged across 8 –10 neurons. Error bars indicate SEM. *p 	 0.002, pcDNA versus GS/RC in the presence of vehicle (black bars). †p 	 0.01, pcDNA versus GS/RC in the presence of Ru360
(white bars). #p 	 0.0489/p 	 0.0298/p 	 0.0402/p 	 0.047, WT/GS/RC/KM, respectively (Ru360 vs Veh). G, H, Mitochondrial calcium levels were measured in digitonin-permeabilized mouse
primary cortical neurons expressing GCaMP6m in the absence (G) or presence of ruthenium red (H, RR, 2 �M). Calcium (CaCl2, 50 �M) was added to increase the calcium concentration in the imaging
chamber (black arrow). I, Quantification of GCaMP6m traces in digitonin-permeabilized neurons in G. *p	0.013, GS versus pcDNA; p	0.0083, RC versus pcDNA. J, Chelation of intracellular calcium
with 5 �M BAPTA-AM in SH-SY5Y cells transfected with pcDNA or the indicated constructs of LRRK2 prevents MCU mRNA upregulation. Error bars indicate SEM from three independent experiments.
*p 	 0.02, Veh (GS vs pcDNA); p 	 0.0202, Veh (RC vs pcDNA). #p 	 0.0011, GS (BAPTA-AM vs Veh); p 	 0.003, RC (BAPTA-AM vs Veh). E, F, I, J, ANOVA followed by post hoc Bonferroni-corrected
t test.
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top traces, B; GS � RC � WT), upon stimulation with 40 mM

KCl. There were no changes in mitochondrial ROS generation
upon KCl stimulation (Fig. 3A, bottom traces, C).

WT and mutant LRRK2 have been previously linked to
changes in autophagy and mitophagy (Plowey et al., 2008; Alegre-
Abarrategui et al., 2009; Gómez-Suaga et al., 2012a; Bravo-San Pe-
dro et al., 2013; Cherra et al., 2013; Schapansky et al., 2014). The
LRRK2-mediated increase in autophagosome numbers was not
affected by Ru360 (Fig. 3D). However, LRRK2-mediated in-
creases in mitophagy, as evidenced by targeting of mitochondria
to GFP-LC3 puncta, were significantly attenuated upon inhibi-
tion of MCU (Fig. 3E,F). As inhibition of autophagy, or mito-
chondrial clearance by autophagy, has previously been shown to
protect against mutant LRRK2-induced neuritic/dendritic short-
ening (Cherra et al., 2010), these data suggest that MCU-
mediated mitochondrial calcium uptake plays an upstream role
in triggering mitophagy, which contributes to neuritic/dendritic
shortening.

Fibroblasts from PD patients with mutations in LRRK2 show
increased mitochondrial calcium uptake accompanied by
increased MCU and MICU1 expression
We obtained PD patient-derived fibroblasts harboring LRRK2-
R1441G and -G2019S mutations to study whether similar changes
are observed in the presence of endogenous levels of mutant LRRK2
(Fig. 4A–C). These cells also showed increased mitochondrial cal-
cium uptake (Fig. 4A,B), accompanied by increases in MCU and
MICU1 protein expression, but not MICU2 or NCLX (Fig. 4C).

Human PD/PDD brains show upregulation of MCU and MICU1
in conjunction with elevations in phosphorylated ERK2
To determine whether elevated MCU and MICU1 protein are
also observed in sporadic human PD/PDD brain tissues, we per-

formed Western blot analysis on frozen mid-frontal cortical sam-
ples. Similar to cells expressing mutant LRRK2, we observed a
significant increase in MCU and MICU1 protein levels in PD/
PDD human brain samples compared with age-matched control
cases (Fig. 4D,E). As observed previously in PD/PDD cases (Zhu
et al., 2003), there were also increases in phosphorylation of
extracellular signal-regulated protein kinases, particularly
ERK2, in the majority of the PD/PDD samples with no differ-
ence in expression of total ERK1/2 (Fig. 4 D, E). Although no
frozen brain tissue was available from patients with LRRK2
mutations, we were able to examine paraffin-embedded sec-
tions from a single transitional LBD patient with the G2019S
mutation in LRRK2 (courtesy of Dr. Dennis Dickson). This
revealed increases in phosphorylated ERK1/2 in degenerating
neurons (Fig. 4 F, G) in a punctate, cytoplasmic staining pat-
tern similar to that previously reported in sporadic PD/PDD
patients (Zhu et al., 2003), which are not observed in age-
matched controls (Fig. 4H, I). Although ERK1/2 phosphoryla-
tion was observed in PD/PDD patients in neurons undergoing
neurodegeneration, as evidenced by the presence of Lewy bodies,
it was not observed in midbrain neurons with tau aggregates in
patients with progressive supranuclear palsy, a different neu-
rodegenerative disease characterized by degeneration of the
same dopaminergic neuronal population (Fig. 4 H, J ). More-
over, previous studies of early stage “incidental” PD revealed a
similar pattern of ERK1/2 phosphorylation in neurons lacking
visible signs of pathology (Zhu et al., 2003). These observa-
tions suggest that ERK1/2 activation occurs early as well as late
in LBDs, and is not simply a nonspecific consequence of neu-
rodegeneration. Together, these pathological data further
support a role for ERK1/2 and increased MCU expression in
the pathogenesis of mutant LRRK2, and suggest that similar
changes may occur in sporadic PD/PDD.

Figure 3. Mutant LRRK2-mediated mitophagy is attenuated by inhibition of mitochondrial calcium uptake without significant changes in intracellular ROS generation. A, Mouse primary cortical
neurons were transfected with the indicated LRRK2 constructs and either cytosolic or mitochondrial hydrogen peroxide sensors and monitored after addition of KCl. Each trace represents an average
intensity of calcium recording from 8 to 10 different neurons. B, The LRRK2–G2019S mutant showed a moderate, but significant, increase in cytosolic ROS levels upon stimulation with 40 mM KCl.
*p 	 0.026, GS versus pcDNA. Not significant, p 	 0.056, RC versus pcDNA. C, There were no significant changes in signal from the mitochondrially targeted sensor. D, The LRRK2-stimulated
autophagy, as monitored by increase in numbers of GFP-LC3 puncta/cell, was not modulated by MCU inhibition. *p 	 0.0064, Veh (WT vs pcDNA); p 	 0.0043, Veh (GS vs pcDNA); p 	 0.0053, Veh
(RC vs pcDNA). Mutant LRRK2-mediated mitophagy was significantly attenuated by inhibition of MCU, whether monitored by the percentage of GFP-LC3 puncta colocalizing with HSP60-stained
mitochondria (E) or the increase in numbers mitochondrially colocalized GFP-LC3 puncta (F ). E, *p 	 0.0045, Veh (GS vs pcDNA); p 	 0.047, Veh (RC vs pcDNA). #p 	 0.017, GS (Ru360 vs Veh); p 	
0.0028, RC (Ru360 vs Veh). F, *p 	 0.0044, Veh (GS vs pcDNA); p 	 0.0026, Veh (RC vs pcDNA). #p 	 0.0093, GS (Ru360 vs Veh); p 	 0.0215, RC (Ru360 vs Veh). Data are mean � SEM from three
independent experiments. B, D–F, ANOVA followed by post hoc Bonferroni-corrected t test.
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Figure 4. Patient-derived LRRK2-mutated fibroblasts and human PD/PDD brains show upregulation of MCU and MICU1 in conjunction with increased mitochondrial calcium uptake and
elevations in phospho-ERK2. A, Human fibroblasts were cotransfected with 2mt-GCaMP6m and mito-dsRed. Mitochondrial calcium uptake was measured in digitonin-permeabilized fibroblast in
the absence or presence of ruthenium red (RR, 10 �M). A bolus of CaCl2 was added at the indicated time point (black arrow). Each trace represents an average (Figure legend continues.)
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ERK1/2 inhibition prevents MCU and MICU1 upregulation
and protects against mutant LRRK2-mediated neurite
retraction
To further explore the role of ERK1/2 signaling in regulation of
the MCU complex, mRNA expression of MCU, MICU1, MICU2,
and NCLX was determined in LRRK2-mutated patient fibroblasts
(Fig. 5) and in pcDNA or mutant LRRK2-transfected SH-SY5Y
cells (Fig. 6). The mutant LRRK2-mediated increases in MCU
(Figs. 5A, 6A) and MICU1 (Figs. 5B, 6B) expression were reversed
in cells treated with the MEK inhibitor U0126, which prevents
ERK1/2 activation. Consistent with the cell culture and human
tissue Western blots discussed above, mutant LRRK2 expression
did not increase MICU2 (Figs. 5C, 6C) or NCLX (Figs. 5D, 6D)
mRNA expression.

Previous studies have demonstrated that the ERK1/2 signaling
pathway mediates several effects of mutant LRRK2 in differenti-
ated SH-SY5Y cells, HEK cells, and PD-patient induced pluripo-
tent stem cells (Plowey et al., 2008; Carballo-Carbajal et al., 2010;
Reinhardt et al., 2013). In agreement with these previous studies,
we found that, in transfected SH-SY5Y cells, LRRK2-G2019S and
R1441C mutants increased ERK1/2 phosphorylation (Fig. 6E),

4

(Figure legend continued.) intensity of 8 –10 fibroblasts. B, Data were quantified as the percent-
age increase over baseline of the maximum F1/FO, and averaged across 8 –10 fibroblasts. Error
bars indicate SEM. *p 	 8.89257 � 10 �9 Veh (CTL vs GS); p 	 5.19185 � 10 �11 Veh (CTL vs
RG). #p 	 6.56837 � 10 �7 CTL (Veh vs RR); p 	 1.73223 � 10 �9 GS (Veh vs RR); p 	
7.66794 � 10 �13 RG (Veh vs RR). C, Western blot of patient-derived fibroblasts carrying LRRK2
mutations (-R1441G and -G2019S) shows increased MCU and MICU1 expression, with no
changes in MICU2 and NCLX. D, Representative Western blot of human mid-frontal cortices
showing increased expression of MCU, MICU1, and ERK2 phosphorylated at its activation motif
(p-ERK2). E, Densitometric quantification of MCU ( p 	 0.0084 vs CTL), MICU1 ( p 	 0.044 vs
CTL), MICU2 and ERK2 expression normalized to GAPDH, and p-ERK2 normalized to ERK2 ( p 	
0.001 vs CTL). F–J, Immunohistochemistry for phosphorylated ERK1/2 (arrows, red chromagen)
in midbrain neurons of a G2019S PD/PDD patient compared with healthy control and progres-
sive supranuclear palsy (PSP) midbrain neurons. As previously reported in sporadic PD/PDD (Zhu
et al., 2003), cytoplasmic phospho-ERK1/2 was observed in neurons without synuclein pathol-
ogy as well as those with pale bodies (F, asterisk) and or mature Lewy bodies (G, arrowheads).
In contrast, this pattern of staining was not prominent in age-matched control brains (I) or in
tangle-bearing midbrain neurons of patients with PSP (J). H, Quantification of the percentage
of SNc neurons exhibiting ERK phosphorylation in Control (Ctrl, n	6), PD/PDD (n	9), G2019S
(n 	 1), and PSP (n 	 3) cases. *p 	 1.5 � 10 �5, PD/PDD versus Ctrl. E, Student’s t test.
B, H, ANOVA followed by post hoc Bonferroni-corrected t test.

Figure 5. ERK1/2 inhibition prevents increased MCU and MICU1 expression in PD patient-derived fibroblasts. A–D, Control or PD patient-derived fibroblasts were treated with vehicle (DMSO) or
the MEK inhibitor U0126 (10 �M) for 48 h. mRNA levels were studied using quantitative RT-PCR and normalized to �-actin (ACTB). A, MCU mRNA expression. *p 	 0.004, Veh (GS vs CTL); p 	 0.004,
Veh (RG vs CTL). #p 	 0.007, GS (U0126 vs Veh); p 	 0.012, RG (U0126 vs Veh). B, MICU1 mRNA expression. *p 	 0.0003, Veh (GS vs CTL); p 	 0.0011, Veh (RG vs CTL). #p 	 0.0004, GS (U0126
vs Veh); p 	 0.0012, RG (U0126 vs Veh). C, D, MICU2 and NCLX mRNA expression normalized to �-actin. E, Left, Representative Western blots of human fibroblasts treated with vehicle or U0126 for
48 h. Right, Gel densitometry from 3 to 6 independent experiments. p-ERK2: *p 	 0.027, Veh (RG vs CTL); p 	 2.287 � 10 �6 Veh (GS vs CTL). #p 	 0.012, RG (Veh vs U0126); p 	 8.518 � 10 �8

GS (Veh vs U0126). MCU: *p 	 0.009, Veh (RG vs CTL); p 	 0.005, Veh (GS vs CTL). #p 	 0.006, RG (Veh vs U0126); p 	 0.004, GS (Veh vs U0126). MICU1: *p 	 0.042, Veh (RG vs CTL); p 	 0.0107,
Veh (GS vs CTL). #p 	 0.0495, RG (Veh vs U0126); p 	 0.0086, GS (Veh vs U0126).
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whereas LRRK2-WT had a moderate effect. PD patient fibro-
blasts bearing endogenous G2019S and R1441G mutations also
exhibited increased phospho-ERK (Fig. 5E). Furthermore, the
increase in MCU expression could be reversed by treatment with
U0126 (Figs. 5E, 6E), which also protected against the neurite-
shortening phenotype (Fig. 6F). Interestingly, MCU mRNA
expression was significantly upregulated in SH-SY5Y cells trans-
fected with a ERK-CA construct, which was reversed by U0126
treatment (Fig. 6G). Moreover, ERK-CA was sufficient to signif-
icantly reduce neurite length (Fig. 6H).

Restoring mitochondrial calcium homeostasis is
neuroprotective
To further investigate the possible role of mitochondrial calcium
overload in the mutant LRRK2 phenotype, we sought another
mechanism to alleviate increased mitochondrial calcium levels.
In addition to inhibiting or reducing mitochondrial calcium up-
take by inhibition or RNAi knockdown of MCU, we reasoned
that, if the increased mitochondrial calcium was harmful, we
should be able to achieve neuroprotection by other mechanisms
to decrease mitochondrial calcium levels. NCLX plays an impor-

Figure 6. ERK1/2 inhibition prevents increased MCU and MICU1 expression and protects against mutant LRRK2-mediated neurite retraction. A–D, SH-SY5Y cells were transfected with pcDNA and
LRRK2 constructs using nucleofection and treated with vehicle (DMSO) or the MEK inhibitor U0126 (10 �M). After 48 h, mRNA was studied using quantitative RT-PCR and normalized to �-actin
(ACTB). A, MCU mRNA expression. *p 	 0.0006, Veh (GS vs pcDNA); p 	 0.0017, Veh (RC vs pcDNA). #p 	 0.0091, GS (U0126 vs Veh); p 	 0.002, RC (U0126 vs Veh). B, MICU1 mRNA expression.
*p 	 0.044, Veh (GS vs pcDNA); p 	 0.034, Veh (RC vs pcDNA). #p 	 0.041, GS (U0126 vs Veh); p 	 0.03, RC (U0126 vs Veh). C, D, MICU2 and NCLX mRNA expression normalized to �-actin. E, In
parallel experiments, SH-SY5Y cells were lysed and proteins resolved using 10% SDS-PAGE for immunoblot studies. Representative blot from two independent experiments. F, Mean neurite
length/cell in RA-differentiated SH-SY5Y cells transfected with pcDNA or LRRK2 plasmids, after treatment with DMSO (Veh) or 10 �M U0126. *p 	 0.041, Veh (GS vs pcDNA); p 	 0.045, Veh (RC vs
pcDNA). #p 	 0.00969, GS (U0126 vs Veh); p 	 0.01593, RC (U0126 vs Veh). G, MCU mRNA expression in SH-SY5Y transfected with GFP or the indicated GFP tagged ERK2 constructs, after treatment
with Veh or 10 �M U0126. *p 	 0.037, Veh (ERK-WT vs GFP); p 	 0.0001, Veh (ERK-CA vs GFP). #p 	 0.03, ERK-WT (U0126 vs Veh); p 	 0.000246, ERK-CA (U0126 vs Veh). H, Mean neurite
length/cell in RA-differentiated SH-SY5Y cells transfected with GFP or the indicated constructs of ERK2-GFP. *p 	 0.0018, CA-ERK2-GFP versus GFP; p 	 0.047, WT-ERK2-GFP versus GFP. A, B, F–H,
ANOVA followed by post hoc Bonferroni-corrected t test.
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tant role in the efflux of calcium out of mitochondria. We re-
cently found that NCLX is activated by phosphorylation by
protein kinase A (Kostic et al., 2015). To determine whether
NCLX-WT or a phosphomimetic mutant NCLX (S258D) could
rescue mutant LRRK2-mediated calcium homeostasis and neu-
rite length, we co-overexpressed different forms of LRRK2 and
NCLX in differentiated SH-SY5Y cells (Fig. 7A) and in primary
cortical neurons (Fig. 7B). In both systems, expression of the CA
NCLX-S258D significantly protected against LRRK2-G2019S and

LRRK2-R1441C mediated neurite/dendrite shortening (Fig. 7A–C).
As predicted by the CGP results, downregulation of NCLX activity
by overexpression of the nonphosphorylatable NCLX mutant
(S258A) or by shRNA-mediated knockdown of endogenous
NCLX did not protect against the neurite/dendrite shortening
phenotype. These results further establish that increased mitochon-
drial calcium flux contributes to pathogenic responses to mutant
LRRK2, highlighting the neuroprotective potential of interventions
that enhance mitochondrial calcium efflux in neurons.

Figure 7. Restoring mitochondrial calcium homeostasis is neuroprotective. A, RA-differentiated SH-SY5Y cells were cotransfected with pcDNA or LRRK2 with the indicated NCLX
constructs. Knockdown efficiency for shRNA targeting NCLX was 50 � 5% (mean � SD). *p 	 0.0105 Vec (GS vs pcDNA); p 	 0.0141 Vec (RC vs pcDNA). &p 	 0.0153 pcDNA (shNCLX
vs vector). #p 	 0.0045 GS (NCLX-S258D vs vector); p 	 0.0258 RC (NCLX-S258D vs vector). B, Mouse primary cortical neurons were cotransfected with the indicated plasmids at 7 DIV.
Total dendritic length/neuron was quantified at 15 DIV. N 	 30 –35 neurons/condition from three independent experiments. *p 	 0.0142 Vec (GS vs pcDNA); p 	 0.0244 Vec (RC vs
pcDNA). #p 	 0.01 GS (NCLX-S258D vs vector); p 	 0.01 RC (NCLX-S258D vs vector). A, B, ANOVA followed by post hoc Bonferroni-corrected t test. C, Representative images of neurons
quantified in B. Scale bar, 100 �m.
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Discussion
Mutations in LRRK2 have been linked to cytosolic and lysosomal
Ca 2� dysregulation, with changes in mitochondrial calcium han-
dling implicated (Gómez-Suaga et al., 2012b; Cherra et al., 2013;
Bedford et al., 2016). Here, we show that the PD-associated G2019S
and R1441C mutations in LRRK2 elicit ERK1/2-dependent tran-
scriptional upregulation of MCU and MICU1. Similar ERK1/2-
dependent increases in MCU and MICU1 expression were observed
in PD patient fibroblasts with LRRK2-G2019S and -R1441G mu-
tations. Elevated ERK1/2 phosphorylation and MCU/MICU1 ex-
pression were also observed in human PD/PDD postmortem
brains. Cotransfection of mouse primary cortical neurons or PD
patient fibroblasts with genetically encoded calcium sensors con-
firmed increases in MCU-mediated mitochondrial calcium up-
take. Inhibiting ERK1/2 activation not only reversed changes in
MCU mRNA but also prevented mutant LRRK2-mediated neu-
rite retraction, suggesting a pathogenic role for increased mito-
chondrial calcium. To test this directly, we used several strategies
to oppose mutant LRRK2-elicited increases in activity-triggered
mitochondrial Ca 2�. Pharmacological inhibition and RNAi
knockdown of MCU were neuroprotective against mutant
LRRK2-mediated neurite/dendrite retraction. Moreover, expres-
sion of CA NCLX-S258D, which promotes mitochondrial Ca 2�

efflux (Kostic et al., 2015), protected against mutant LRRK2-
mediated neurodegeneration. These data provide a new mecha-
nistic linkage implicating LRRK2 and mitochondrial Ca 2�

dyshomeostasis in the pathogenesis of PD/LBD.
Dysregulation of intracellular Ca 2� homeostasis plays a criti-

cal role in PD pathogenesis (Calì et al., 2014). SN neurons exhibit
spontaneous pacemaking activity (Puopolo et al., 2007), and cor-
tical neurons degenerate as patients progress from the executive
dysfunction that is prevalent in PD to frank PDD (Aarsland et al.,
2003). Both SN and cortical neurons express L-type voltage-gated
channels, which contribute to Ca 2� influx during an action po-
tential (Guzman et al., 2009). Moreover, L-type calcium channel
inhibitors protect both neuron types in toxic (Ilijic et al., 2011)
and genetic (Cherra et al., 2013) models of PD. Enhanced cyto-
solic calcium is a shared feature of mutant LRRK2 (Cherra et al.,
2013; Hockey et al., 2015) and �-synuclein models (Danzer et al.,
2007).

Earlier studies found that inhibiting Ca 2� uptake or enhanc-
ing chelation of intracellular Ca 2� protects against mutant
LRRK2-mediated pathology (Gómez-Suaga et al., 2012b; Cherra
et al., 2013). Increased calcium uptake by mitochondria in mu-
tant LRRK2-expressing neurons could represent either an adap-
tive response or part of the pathogenic sequence. Together with
prior studies showing increased excitatory neurotransmission in
mutant LRRK2 cortical and hippocampal neurons (Beccano-
Kelly et al., 2014; Plowey et al., 2014; Sweet et al., 2015), our data
indicate that the pathogenic consequences of increased calcium
on neuritic/dendritic structures are mediated by elevations in
mitochondrial calcium. This fits with observations that increased
mitochondrial Ca 2� uptake during excitatory stimuli promotes
cell death (Pivovarova et al., 2004), whereas inhibition of mito-
chondrial Ca 2� uptake prevents Ca 2� overload and is neuropro-
tective in other injury systems (Peng et al., 1998; Qiu et al., 2013).
Interestingly, the BAPTA studies indicate that increased cytosolic
calcium, which is known to activate ERK1/2 (Lahne and Gale, 2008;
Doyle et al., 2010), was essential for mutant LRRK2-mediated up-
regulation of MCU. In turn, MCU upregulation may decrease
calcium-mediated inhibition of L-type calcium channels (Nita et
al., 2014), potentially contributing to amplification of calcium

dysregulation in mutant LRRK2 cells. Taken together, we pro-
pose that signaling pathways leading to upregulation of MCU are
activated to compensate for increased cytosolic calcium but may
represent a maladaptive response in the mutant LRRK2 setting.

It is important to note that we did not monitor cytosolic cal-
cium in the soma, or the entire dendrite, but focused on cytosolic
regions immediately adjacent to dendritic mitochondria. Also,
although there were no changes in NCLX expression level, possi-
ble post-translational effects cannot be excluded. KCl-induced
cytosolic calcium traces in the soma of mutant LRRK2-expressing
neurons (Cherra et al., 2013) suggest that somatic calcium han-
dling may also be affected by other mechanisms, such as lyso-
somal calcium dysregulation (Gómez-Suaga et al., 2012b).
Neurons in particular exhibit compartmentalized signaling re-
sponses, and mutant LRRK2 affects the localization, and there-
fore substrate accessibility, of PKA in spines (Parisiadou et al.,
2014). Interestingly, NCLX represents the second PKA phospho-
target that protects against mutant LRRK2-mediated dendrite
shortening, in addition to the autophagy protein LC3 (Cherra et
al., 2010).

We previously found that increased excitatory synaptic den-
sity/activity occurs within the first few days after transfection
with mutant LRRK2 (Plowey et al., 2014), in a similar time frame
to upregulation of MCU mRNA observed here. This is followed
by loss of dendritic mitochondria, which occurs before dendritic
shortening elicited by mutant LRRK2 in primary cortical neurons
(Cherra et al., 2013). Although there were no significant changes
in mitochondrial ROS, mitochondrial calcium uptake through
MCU was necessary for the induction of mitophagy by mutant
LRRK2. Mitochondrial calcium overload may thus represent an-
other trigger for selective mitophagy, in addition to ROS, depo-
larization and cardiolipin externalization (Ding et al., 2010;
Matsuda et al., 2010; Chu et al., 2013). Together, these data sug-
gest that alterations in mitochondrial calcium homeostasis can
trigger mitophagy. The resulting loss in dendritic mitochondria
contributes to dendritic remodeling, although additional mech-
anisms involving cytoskeletal dysregulation may also play a role
(Jaleel et al., 2007; Parisiadou et al., 2009; Kett et al., 2012).

In further support of this mechanism are observations that
preventing excess extracellular uptake or chelating intracellular
calcium reverses effects of mutant LRRK2 on mitochondrial de-
polarization in dendrites and their loss via mitophagy (Cherra et
al., 2013). Interestingly, LRRK2-G2019S acts to promote basal
autophagy in human patient-derived fibroblasts (Bravo-San Pe-
dro et al., 2013), accentuating autophagy in perisynaptic regions
in Drosophila (Soukup et al., 2016). Inhibition of autophagy in
turn prevents mutant LRRK2-mediated neurite/dendrite short-
ening (Plowey et al., 2008; Cherra et al., 2013). Both the G2019S
and R1441C mutations selectively reduce mitochondrial content
in dendrites, although neither affects axonal mitochondrial den-
sity (Cherra et al., 2013). This correlates with relatively selective
effects on dendritic morphology, implicating enhanced neuronal
excitability as a pathogenic factor for mutant LRRK2. As mito-
chondrial content is important for supporting dendrite extension
and maintaining dendritic arbors, multiple mechanisms may ac-
count for enhanced vulnerability to calcium-driven synaptic-
dendritic pathology.

MCU is the low-affinity mitochondrial Ca 2� uptake channel
(Kirichok et al., 2004; Baughman et al., 2011; De Stefani et al.,
2011) required for mitochondrial Ca 2� uptake (Pan et al., 2013).
Its activity is regulated by MICU1 (Perocchi et al., 2010), MICU2
(Plovanich et al., 2013), EMRE (Sancak et al., 2013), MCUR1
(Mallilankaraman et al., 2012), and MCUb (Raffaello et al.,
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2013). Fine-tuning of mitochondrial Ca 2� uptake is regulated by
MICU1 and MICU2 (Patron et al., 2014), with the former acting
to stimulate MCU activity at high calcium concentrations
whereas MICU2 prevents channel opening at lower calcium lev-
els. Although decreased MICU2 expression could also result in
enhanced mitochondrial calcium uptake, mutant LRRK2 did not
affect MICU2 expression.

The ERK1/2 signaling pathway has been implicated as a me-
diator of mutant LRRK2 effects (Plowey et al., 2008; Reinhardt et
al., 2013). Activated ERK1/2 may translocate to the nucleus
(Chen et al., 1992) to phosphorylate and activate transcription
factors (Lu and Xu, 2006) or to mitochondria as observed in
degenerating PD neurons (Zhu et al., 2003). Although an eleva-
tion in MCU mRNA was not observed in a microarray study of
induced pluripotent stem cell-differentiated DA neurons from 2
patients with G2019S-linked PD, this difference may relate to
observations that mutant LRRK2 suppresses dopaminergic neu-
rotransmission (Li et al., 2010; Melrose et al., 2010), whereas it
stimulates glutamatergic neurotransmission (Plowey et al., 2014;
Sweet et al., 2015). Interestingly, fibroblasts from PD/PDD pa-
tients with either G2019S or R1441G mutations also showed
increased MCU and MICU1, but not MICU2 and NCLX, expres-
sion. Moreover, paraffin sections from a PD patient with the
LRRK2-G2019S mutation reveal a similar pattern and degree of
phospho-ERK1/2 staining as observed in several distinct cohorts
of sporadic PD/PDD patients. Given the high degree of clinical
and pathological similarity between dominant genetic forms of
PD and sporadic PD, the ability of ERK1/2 to modulate mito-
chondrial calcium uptake through transcriptional regulation of
MCU may be applicable to other forms of PD as well.

Indeed, our neuroprotection data suggest a convergence of
mechanisms between dominant LRRK2-linked and recessive
PINK1-linked forms of PD. Mutations in LRRK2 and loss of
PINK1 function share a common phenotype of dendritic short-
ening and simplification (Abeliovich and Flint Beal, 2006; Cherra
et al., 2009; Dagda et al., 2014). Loss of PINK1 function inhibits
mitochondrial calcium extrusion through NCLX, leading to
enhanced cell death that could be rescued by expression of CA
NCLX-S258D (Kostic et al., 2015). In the current study of mutant
LRRK2, both increased cytosolic calcium and increased MCU
expression contribute to increased mitochondrial calcium up-
take. Nevertheless, alleviation of mitochondrial calcium overload
through expression of the phosphomimetic NCLX-S258D was
protective in either PINK1-deficient or mutant LRRK2 models.
Together, these data indicate that excess levels of activity-
dependent mitochondrial calcium flux may represent a shared
mechanism in PD/PDD triggered by recessive and dominant eti-
ologies. Strategies targeting either MCU or NCLX may serve to
normalize activity-dependent mitochondrial calcium flux to pro-
tect against neurodegeneration.
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