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Parkinson’s disease (PD) is a common neurodegenerative disorder caused by genetic and environmental factors

that results in degeneration of the nigrostriatal dopaminergic pathway in the brain. We analyzed neural cells

generated from induced pluripotent stem cells (iPSCs) derived from PD patients and presymptomatic individuals

carrying mutations in the PINK1 (PTEN-induced putative kinase 1) and LRRK2 (leucine-rich repeat kinase 2) genes, and

compared them to those of healthy control subjects. We measured several aspects of mitochondrial responses in

the iPSC-derived neural cells including production of reactive oxygen species, mitochondrial respiration, proton

leakage, and intraneuronal movement of mitochondria. Cellular vulnerability associated with mitochondrial

dysfunction in iPSC-derived neural cells from familial PD patients and at-risk individuals could be rescued with

coenzyme Q10, rapamycin, or the LRRK2 kinase inhibitor GW5074. Analysis of mitochondrial responses in iPSC-

derived neural cells from PD patients carrying different mutations provides insight into convergence of cellular

disease mechanisms between different familial forms of PD and highlights the importance of oxidative stress

and mitochondrial dysfunction in this neurodegenerative disease.

INTRODUCTION

The progressive motor symptoms in Parkinson’s disease (PD) involve
the loss of particularly vulnerable dopaminergic (DA) synapses and
neurons in the nigrostriatal pathway of the brain. There is also damage
to other neurons in the central and peripheral nervous systems in PD.
The reasons for loss of function and degeneration remain unclear, al-
though the normal physiology of DA neurons (1, 2) may be altered by
hereditary genetic risk factors. Both genetic and environmental factors
contribute to an individual’s risk of developing PD (3–6). Over the

past decade, mutations in several genes have been shown to confer
a significant risk of developing PD (7, 8). From studies of the rare
inherited (familial) form of PD, mutations have been identified in
the genes leucine-rich repeat kinase 2 and PTEN-induced putative ki-
nase 1 encoding the LRRK2 and PINK1 kinases, respectively (7).
Dominantly inherited mutations in LRRK2 are associated with familial
PD (9, 10) that is clinically and pathologically similar, but not identical,
to the more common late-onset idiopathic form of the disease (11–14).
LRRK2 pathogenic mutations occur in the catalytic domains of this
kinase—the G2019S mutation in the kinase domain and the R1441C/
G/H mutation in the guanosine triphosphatase domain—implicating
altered LRRK2 kinase activity in PD pathogenesis (15, 16). Muta-
tions in PINK1, which encodes a mitochondria-targeted kinase, cause
recessively inherited early-onset parkinsonism (17–20) that not only
clinically resembles the common late-onset form of PD but also presents
with additional psychiatric symptoms. It is not clear whether PINK1
mutations cause the characteristic Lewy body inclusions that are found
in most other forms of PD (21, 22).

Patients with the common sporadic form of PD may have genetic
variations that influence their risk of developing PD. Such variations
may be found in genes implicated in familial PD (6, 23) or in genes in
signaling pathways that have not yet been implicated in PD (3, 24).
The accumulation of genetic variants associated with PD may also ex-
plain the high incidence of shared clinical syndromes in family mem-
bers who do not share the familial genetic mutation (25).

Here, we generate neural cells from induced pluripotent stem cells
(iPSCs) derived from fibroblasts from familial PD patients carrying
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the recessive homozygous Q456X mutation in PINK1, the dominant
homozygous G2019S mutation in LRRK2, and the heterozygous R1441C
substitution in LRRK2. iPSC-derived neural cells were also generated
from fibroblasts from presymptomatic individuals and from healthy
subjects not carrying these mutations. In parallel experiments performed
in several collaborating laboratories, mitochondrial, proteasomal, and
lysosomal function was analyzed in the iPSC-derived neural cells. The
results of these assays were then used to characterize resulting neural
cell phenotypes from individuals with genetically distinct forms of PD
or without a family history of PD.

RESULTS

PINK1 and LRRK2 mutations and vulnerability
to chemical stressors
The phenotypic assays were performed at the same time in several lab-
oratories using neural cells distributed from the same weekly batches
of differentiated iPSC cultures. All iPSC clones were differentiated and
analyzed in parallel. The iPSCs were generated from fibroblasts from
three patients with familial PD, two asymptomatic individuals carry-
ing PD-associated genetic mutations, and two healthy individuals who
were not carrying genetic mutations associated with familial PD (figs.
S1 to S3 and table S1). Comparative batch-batch analysis of iPSC dif-
ferentiation confirmed the reproducibility of the broad neural cell
types used for the phenotypic assays (fig. S4). The populations of neu-
ral cells contained DA neurons, non-DA neurons, and immature cells
of these lineages. Neural cell vulnerabilities to PD-associated chemical
toxins and stressors targeting either mitochondrial function or protein
degradation (Fig. 1) were determined in parallel by measuring cellular
release of lactate dehydrogenase (LDH) and intracellular activity of MTS
[reductase 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium]. Because the LDH and MTS assays
produced similar dose responses, only the data from the LDH assays
are shown (Table 1). The genotype-specific cytotoxicity profiles showed
that neural cells from patients with the
PINK1 Q456Xmutation were more vulner-
able to valinomycin (0.5 to 100 mM), MPP+

(1-methyl-4-phenylpyridinium) (0.05 and
5 mM), concanamycin A (10 to 100 nM),
hydrogen peroxide (1 to 10 mM), andMG132
(carbobenzoxy-L-leucyl-L-leucyl-L-leucinal)
(1 mM) than those from healthy subjects
(fig. S5). Neural cells from individuals carry-
ing LRRK2mutations shared a vulnerability
to valinomycin (0.5 to 100 mM), concana-
mycin A (10 and 50 nM), and MPP+

(0.05 mM) (fig. S6). From analyses using
the same batches of cells as used in the
LDH and MTS assays, immunocytochem-
istry and cell counts revealed fewer DA
neurons among the neural cells from indi-
viduals carrying PINK1Q456X and LRRK2
R1441Cmutations compared to those from
healthy subjects not carrying the genetic
mutations after exposure to low concen-
trations of valinomycin and concanamycin
A (table S4). These data show that iPSC-

derived neural cells from patients with genetically distinct forms of
PD or at-risk individuals share common vulnerabilities to valino-
mycin and concanamycin A. Furthermore, the data demonstrate the
differential vulnerability of human neural cells, neurons, and DA neu-
rons carrying PD-associated genetic mutations to valinomycin and
concanamycin A.

Increased mROS in vulnerable PD PINK1 neural cells
Given that mitochondrial reactive oxygen species (mROS) are a pri-
mary source of cellular stress that can be induced by a wide variety
of chemical stimuli, we examined whether low concentrations of chem-
ical stressors such as the potassium ionophore valinomycin could
increase mROS concentrations in neural cells from PD patients com-
pared to healthy subjects. There was an increase in the production
of mROS by neural cells from PD patients with PINK1 mutations
[0.1 mM valinomycin; 308.99 ± 101% SEM; P < 0.05, analysis of var-
iance (ANOVA)] compared to healthy controls who did not carry fa-
milial PD-associated genetic mutations (0.1 mM valinomycin; 122.84 ±
7.16% SEM) in response to a low concentration of valinomycin (Fig. 2,
A and B). Neural cells from PD patients and healthy subjects showed
similar dose-dependent increases in mROS levels in response to low
concentrations of hydrogen peroxide (Fig. 2C); the remaining chem-
ical stressors did not change mROS levels in neural cells from either
patients or healthy subjects (table S3).

The reduced form of glutathione (GSH) is an antioxidant that is
important for preventing the damage caused by an increase in mROS
concentrations. Given the combined cytotoxicity and increased mROS
concentrations in neural cells from PD patients with the PINK1 Q456X
mutation in response to valinomycin, we next determined GSH con-
centrations in neural cells from PINK1 Q456X patients and healthy
subjects after exposure to low concentrations of valinomycin, concana-
mycin A, MPP+, and hydrogen peroxide. Neural cells from PINK1
Q456X patients contained reduced GSH after administration of low
concentrations of valinomycin (1 and 10 mM), concanamycin A (10 nM),
MPP+ (5 mM), and hydrogen peroxide (10 mM) but not MG132 or

Fig. 1. Cellular stressors used to treat iPSC-derived neural cells from PD patients. To analyze cellular
vulnerability and dysfunctional oxidative phosphorylation relevant to PD, we administered 10 differ-
ent cellular stressors to iPSC-derived neural cells generated from familial PD patients and asymptomatic
individuals carrying PINK1 or LRRK2 genetic mutations, and from healthy subjects who were not carrying
these PD-associated mutations. The cellular stressors were known to affect pathways implicated in PD
pathogenesis, such as oxidative phosphorylation, the autophagy-lysosomal pathway, or the ubiquitin-
proteasome system (UPS).
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Fig. 2. Effects of cellular stressors on iPSC-derived neural cells with a PINK1
mutation. iPSC-derived neural cells from PD patients carrying the PINK1Q456X
homozygous mutation were treated with low concentrations of valinomycin,
and then mROS and GSH concentrations were measured. (A to C) After
24 hours of incubation in vehicle and 0.1 or 1 mM valinomycin, patient-specific
neural cells were labeled with a fluorescence indicator of mROS and analyzed
by fluorescence-activated cell sorting. (A) Few fluorescent cellular events were
recorded from healthy subject neural cells exposed to 0.1 mM valinomycin
relative to unstained cultures. In contrast, many fluorescent cellular events
representing increased mROS production were recorded from PINK1 patient
neural cells exposed to 0.1 mM valinomycin. (B) Quantification of fluorescent
events revealed that 0.1 mM valinomycin increased the percentage of flu-

orescent PINK1 patient-specific neural cells. (C) Parallel incubations of
healthy subject and patient-specific neural cells with 1 or 10 nM hydrogen
peroxide (H2O2) showed dose-dependent increases in the percentage of
fluorescent cellular events independent of genotype, confirming the spec-
ificity of the assay for mROS. (D to I) After exposure to valinomycin (0.1 or
1 mM) (D), concanamycin A (10 nM) (E), MPP+ (5 mM) (F), or H2O2 (10 mM)
(G), PINK1 patient neural cells (black bars) showed reduced GSH levels rel-
ative to healthy control neural cells (white bars). In contrast, low concen-
trations of 6-OHDA (1 or 10 mM) (H) or MG132 (1 or 10 mM) (I) did not change
GSH levels in PINK1 patient or healthy subject neural cells. Data are repre-
sented as means ± SEM. n = 3. *P < 0.05, ANOVA, PINK1 PD patients versus
healthy subjects; dP < 0.05, ANOVA, chemical stressor versus vehicle.

Table 1. Sensitivity of iPSC-derived neural cells from PD patients and healthy subjects in response to chemical stressors (mean ± SEM of LDH release
expressed as percent of Triton X-100 control; n = 3).

Neural cell genotype

Cellular stressor

Valinomycin
(10 mM)

MPP+

(5 mM)
Concanamycin A

(10 nM)
Hydrogen peroxide

(1 mM)
MG132
(1 mM)

CCCP
(10 mM)

6-OHDA
(10 mM)

Healthy subjects 30.1 ± 2.8 34.5 ± 2.2 39.3 ± 3.4 40.3 ± 2.8 35.1 ± 3.1 42.3 ± 4.1 31.4 ± 3.4

PINK1 Q456X homozygotes 52.3 ± 3.3* 41.4 ± 2.8* 51.6 ± 4.1* 52.3 ± 4.1* 44.5 ± 4.8* 48.2 ± 4.4 33.1 ± 2.7

LRRK2 G2019S homozygote 42.8 ± 3.9* 39.5 ± 4.2 48.4 ± 3.9* 49.3 ± 8.2 38.5 ± 4.9 52.4 ± 6.3 34.5 ± 4.1

LRRK2 R1441C heterozygotes 45.3 ± 3.9* 37.5 ± 5.2 53.7 ± 4.5* 48.2 ± 7.3 40.4 ± 3.9 53.1 ± 5.7 35.7 ± 3.1

*P < 0.05, ANOVA.
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6-hydroxydopamine (6-OHDA) (Fig. 2, D to I). Together, the cyto-
toxicity profiles and the changes in mROS and GSH concentrations
suggest that iPSC-derived neural cells from PD patients carrying the
PINK1 mutation show increased vulnerability to cellular oxidative
stress compared to neural cells from healthy individuals.

Mitochondrial respiration in neural cells from individuals
carrying PINK1 or LRRK2 mutations
Next, we determined the rates of oxygen consumption by neural cells
derived from individuals carrying PD-associated genetic mutations
in PINK1 or LRRK2 and healthy subjects without these genetic mu-
tations in response to the adenosine triphosphate (ATP) synthase in-
hibitor oligomycin (antibiotic), the proton ionophore FCCP (carbonyl
cyanide p-trifluoromethoxyphenylhydrazone), and the mitochon-
drial complex I inhibitor rotenone (pesticide) (Fig. 3). The basal ox-
ygen consumption rate (OCR) of neural cells from PD patients with
PINK1 mutations was greater than that for healthy subjects; exposure
to oligomycin did not reduce the OCR (Fig. 3, A and B). Neural cells
from both PD patients with PINK1 mutations and healthy subjects
showed similar responses in OCR to FCCP and rotenone. Further-
more, neural cells from PINK1 PD patients showed an increased
difference between oligomycin- and rotenone-mediated inhibition
of OCRs. This represented energy substrate (ATP)–independent respi-
ration and an increase in the passive leak of protons from the inner
mitochondrial membrane (Fig. 3C). The results from the full experiment
(Fig. 3, T.M.D. lab) were confirmed in a parallel exploratory experi-
ment using the same neural cells but adding oligomycin, CCCP (car-
bonyl cyanide 3-chlorophenylhydrazone), and the electron transport
chain inhibitor antimycin A to the neural cell culture medium (fig.
S7, D.K. lab).

The basal OCRs of iPSC-derived neural cells from individuals
carrying the LRRK2 G2019S and R1441C mutations were reduced
compared to iPSC-derived neural cells from healthy subjects (Fig.
3, D, E, G, and H). The neural cells from individuals carrying
LRRK2 G2019S and R1441C mutations and healthy subjects showed
similar changes in OCRs in response to oligomycin, FCCP, and ro-
tenone (Fig. 3, D, E, G, and H). Furthermore, the similar levels of
oligomycin and rotenone inhibition of OCRs indicated that proton
leakage was not increased in neural cells from individuals carrying
eitherLRRK2G2019S orR1441Cmutations (Fig. 3, F and I). The shared
profiles of mitochondrial dysfunction among iPSC-derived neural cells
from individuals carrying different PD-associated genetic mutations
suggest a common vulnerability to altered cellular bioenergetics.

Dysfunctional mitochondrial mobility in PD LRRK2

mutant neurons
Mitochondrial transport allows cells to respond to regional changes
in metabolism and protect their mitochondria from damage. To
discern the consequences of PD-associated genetic mutations on mito-
chondrial biology, we examined mitochondrial dynamics in iPSC-
derived neurons from individuals carrying LRRK2 and PINK1 genetic
mutations and healthy subjects using live-cell imaging. Mitochondria
in the proximal axon of neurons from individuals carrying the LRRK2
G2019S mutation (72.4 ± 4.6% SD) and R1441C mutation (61.1 ±
3.8% SD) were more mobile (percentage of mitochondria moving
in any direction during the 5-min recording) than similarly located
mitochondria in neurons derived from healthy subjects (47.25 ±
1.6% SD; P < 0.05, ANOVA; Fig. 4A). The mobility of mitochondria

in neurons from PD patients with the PINK1 Q456X mutation was
similar to mitochondrial movement in neurons from healthy subjects
(Fig. 4A).

Regarding the direction of movement, mitochondria in the prox-
imal axon of neurons from PD patients with the LRRK2 G2019S muta-
tion showed more bidirectional (nonmonotonic) movement (percentage
of mitochondria moving in both directions, anterograde and retrograde,
21.7 ± 5.1% SD) than mitochondria in neurons from healthy subjects
(8.60 ± 1.07% SD; P < 0.05, ANOVA; Fig. 4, A and D). An increase in
bidirectional mobility of mitochondria in neurons from LRRK2 G2019S
PD patients was also found.

The length of axons (that is, long, thin processes with uniform diam-
eters) did not differ between neurons from healthy subjects (30.7 ±
16.2 mm SD, n = 88, by Kolmogorov-Smirnov test) and neurons from
individuals carrying PD-associated genetic mutations (PINK1 Q456X:
33.5 ± 17.5 mm SD, n = 81; LRRK2 R1441C: 33 ± 12.1 mm SD, n =
51; LRRK2G2019S: 31.3 ± 10.8 mmSD, n = 25; Fig. 4B). As for the length
of each mitochondrion in the axons, mitochondria in the proximal axon
of neurons from individuals carrying the LRRK2 R1441Cmutation (1.8 ±
1.0 mm SD, n = 283; P = 0.041 by Kolmogorov-Smirnov test) were found
to be 20% shorter than those in axons of neurons derived from healthy
subjects (2.25 ± 1.36 mm SD, n = 430; Fig. 4, C and E). Mitochondria
in neurons from PINK1 Q456X PD patients (2.34 ± 2.81 mm SD, n =
463) or LRRK2 G2019S PD patients (1.91 ± 0.86 mm SD, n = 116) were
similar in length to neuronal mitochondria from healthy subjects. These
findings suggest that the LRRK2 mutations in PD patient–specific
neurons are associated with altered mitochondrial dynamics and
morphology.

Pharmacological rescue of PD patient neural
cell vulnerability
Cytotoxicity assays demonstrated that iPSC-derived neural cells from
individuals carrying PINK1 and LRRK2 mutations are more vulnera-
ble to the chemical toxins valinomycin and concanamycin A than those
from healthy subjects. To examine whether this cellular vulnerability
could be reduced pharmacologically, we treated iPSC-derived neural
cells carrying PINK1 and LRRK2 genetic mutations with the antioxidant
coenzyme Q10 or rapamycin or the LRRK2 inhibitor GW5074 during
exposure to low concentrations of either valinomycin or concanamycin
A. Measurements of LDH release demonstrated that treatment with co-
enzyme Q10 reduced the vulnerability of iPSC-derived neural cells with
PINK1 Q456X, LRRK2 G2019S, and LRRK2 R1441C mutations to the
lowest concentration of valinomycin (0.1 mM; Fig. 5, A, C, and E) and
concanamycin A (1 nM; Fig. 5, B, D, and F). However, coenzyme Q10

did not reduce LDH release by the same iPSC-derived neural cells in
response to higher concentrations of valinomycin (1 mM) and concana-
mycin A (10 nM). Although rapamycin reduced LDH release from
LRRK2 mutant neural cells exposed to valinomycin but not concana-
mycin A, neural cells from PD patients with PINK1mutations were un-
responsive to rapamycin (Fig. 5, A and B). Treatment with the LRRK2
inhibitor GW5074 reduced LDH release from neural cells from PINK1
Q456X PD patients exposed to valinomycin but not to concanamycin A
(Fig. 5, A and B). GW5074 also reduced LDH release from neural cells
with LRRK2 mutations in response to both valinomycin and concana-
mycin A (Fig. 5, C to F). Next, we examined whether the induction
of mROS production in PINK1 PD patient neural cells in response
to a low concentration of valinomycin could be reduced pharma-
cologically. Neural cells from PINK1 Q456X PD patients or healthy
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subjects were administered coenzyme Q10, rapamycin, or GW5074
during exposure to valinomycin. Neither coenzyme Q10, rapamycin,
nor GW5074 affected mROS production in neural cells from healthy

subjects (fig. S8A). In contrast, both rapamycin and GW5074 reduced
mROS production by PINK1 PD patient neural cells exposed to
0.1 mM valinomycin (fig. S8B).

Fig. 3. Respiration in PD patient iPSC-derived neural cells. (A) iPSC-derived
neural cells from healthy subjects (black) or PD patients carrying the PINK1
Q456X mutation (red) were administered oligomycin (which inhibits ATP
synthesis), FCCP (which induces maximum respiratory capacity), and rote-
none (which inhibits total mitochondrial respiration) sequentially, and the
OCR, indicative of oxidative phosphorylation, was measured in real time.
(B) Quantification of the OCR for each cellular stressor demonstrated an
increased basal respiration rate and reduced sensitivity to oligomycin of
PINK1 Q456X patient neural cells. (C) Subtraction of the rotenone-induced
OCR from the oligomycin OCR demonstrated an increase in proton leak-
age from PINK1 Q456X PD patient neural cells. (D) iPSC-derived neural cells
from healthy subjects (black) and from a PD patient carrying the LRRK2
G2019S mutation (blue) were treated with oligomycin, FCCP, and rotenone
sequentially, and the OCR was measured in real time. (E) iPSC-derived neu-

ral cells from a PD patient carrying the LRRK2 G2019S mutation exhibited a
reduced basal respiration rate and increased sensitivity to FCCP. (F) Sub-
traction of the rotenone-induced OCR from the oligomycin OCR demon-
strated that the levels of proton leakage from LRRK2 G2019S patient neural
cells were similar to those for healthy subject neural cells. (G) iPSC-derived
neural cells from healthy subjects (black) or individuals carrying the LRRK2
R1441C mutation (green) were administered oligomycin, FCCP, and rotenone
sequentially, and the OCR was measured in real time. (H) LRRK2 R1441C
patient neural cells exhibited a reduced basal respiration rate and increased
sensitivity to both oligomycin and rotenone. (I) Subtraction of the rotenone-
induced OCR from the oligomycin OCR demonstrated that the levels of pro-
ton leakage from LRRK2 R1441C patient neural cells were similar to those for
healthy subject neural cells. Data are represented as means ± SEM. n = 3.
*P < 0.05, ANOVA.
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PINK1 and LRRK2 PD neural cells are more sensitive to
chemical stressors than fibroblasts
Finally, we examined whether cellular reprogramming is required for
the cytotoxicity phenotypes observed in neural cells from individuals

carrying LRRK2 and PINK1 genetic mutations. LDH release in re-
sponse to a full range of valinomycin and concanamycin A concentra-
tions was measured for iPSC-derived neural cells and for fibroblasts
taken directly from familial PD patients (Fig. 6). Exposure to valino-
mycin caused both PINK1 PD patient neural cells (Fig. 6A) and fibro-
blasts (Fig. 6B) to release more LDH than iPSC-derived neural cells or
fibroblasts from healthy subjects. Greater concentrations of valino-
mycin were required to induce vulnerability to oxidative stress in fibro-
blasts compared to neural cells from PINK1 PD patients. In response to
concanamycin A, PINK1 PD patient neural cells released more LDH
than those from healthy subjects (Fig. 6C), but PINK1 PD patient and
healthy control fibroblasts released similar levels of LDH (Fig. 6D).
Similar results were obtained for iPSC-derived neural cells and fibro-
blasts from PD patients with the LRRK2 G2019S and R1441C muta-
tions in response to valinomycin and concanamycin A (Fig. 6, E to H).
In response to valinomycin, iPSC-derived neural cells carrying LRRK2
mutations released more LDH than those from healthy subjects (Fig.
6E), but LRRK2 PD patient fibroblasts did not release more LDH than
those from healthy subjects (Fig. 6F). In response to concanamycin A,
neural cells (Fig. 6G) and fibroblasts (Fig. 6H) from individuals car-
rying either of the LRRK2 mutations released more LDH than neural
cells and fibroblasts from healthy subjects. LRRK2 PD patient fibro-
blasts released less LDH than iPSC-derived neural cells with LRRK2
mutations when treated with either valinomycin or concanamycin A
(Fig. 6, E to H).

DISCUSSION

We first focused on determining phenotypes for iPSC-derived neural
cells generated from patients with familial forms of PD and at-risk
individuals. Our rationale was based on the fact that patients with spo-
radic forms of PD share many of the symptoms of patients carrying
PINK1 and LRRK2 mutations. The disease in patients with sporadic
forms of PD is less well defined because it may be caused by a com-
bination of cumulative genetic variants and greater environmental ef-
fects than is the case with familial forms of PD. We therefore decided
to first examine mitochondrial dysfunction in iPSC-derived neural
cells from patients with rare familial forms of PD to see whether there
are commonalities in terms of vulnerabilities to chemical stressors and
toxins (26). It is hoped that future experiments using iPSC-derived neu-
ral cells from patients with sporadic PD may show some of the same
phenotypic features identified in iPSC-derived neural cells from PD pa-
tients with PINK1 and LRRK2 mutations.

In our experiments, we observed an increase in sensitivity to chem-
ical stressors as the cell type analyzed became functionally closer to the
vulnerable cell types in the PD brain, that is, an increase in sensitivity
in iPSC-derived neural cells and neurons compared to fibroblasts from
the same patient. The iPSC-derived neural cells from the different PD-
associated genotypes shared similar vulnerabilities to chemicals such
as valinomycin that induced mitochondrial depolarization with K+

ions (27–29). In contrast, the iPSC-derived neural cells from PD pa-
tients were not vulnerable to CCCP, which depolarizes mitochondria
using protons (H+) (30). Compared to healthy control neural cells, PD
patient neural cells also showed increased sensitivity to concanamycin
A, a specific inhibitor of vacuolar-type H+-dependent adenosine tri-
phosphatases (V-ATPases) that regulate autophagy and membrane
transport (31, 32). However, a similar inhibitor of V-ATPases can change

Fig. 4. Mobility of mitochondria in the proximal axon of iPSC-derived neu-
rons from PD patients. (A) Live-cell imaging showed that the mitochondria
in the proximal axons of neurons from individuals carrying LRRK2 G2019S
and R1441C mutations moved more randomly than similarly located
mitochondria in healthy control neurons. Further analysis showed that
mitochondrial movements in the proximal axons of LRRK2 G2019S patient
neurons were more bidirectional (both anterograde and retrograde move-
ment) than those in healthy control neurons. *P < 0.05, ANOVA. (B) The
axons of neurons from healthy subjects and individuals carrying PINK1
Q456X, LRRK2 G2019S, and LRRK2 R1441C mutations were the same length
(Kolmogorov-Smirnov test). (C) However, the mitochondria in neurons from
individuals carrying the LRRK2 R1441C mutation were shorter than those in
healthy control neurons. *P < 0.05, Kolmogorov-Smirnov test. (D) Represent-
ative kymographs of mitochondria labeled with mitoDendra fluorescent
protein in proximal axons of neurons from healthy subjects and from in-
dividuals carrying PINK1 Q456X, LRRK2 G2019S, and LRRK2 R1441C muta-
tions were taken every 5 s for 5 min. (E) Representative images are shown
for mitochondria labeled with mitoDendra fluorescent protein in the
proximal axons of neurons from healthy subjects and from individuals
carrying PINK1 Q456X, LRRK2 G2019S, and LRRK2 R1441C mutations. Data
are represented as means ± SD. n = 3.
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mitochondrial respiration and exhibits K+ ionophore activity (33, 34).
Given the shared vulnerability of PINK1 and LRRK2 PD patient neural
cells to valinomycin and concanamycin A but not CCCP, it is possible that
the PD-associated mutations compromised the ability of the iPSC-derived
neural cells to efficiently respond to mitochondria damaged by the in-
flux of K+ ions. Measuring cellular vulnerabilities to direct ROS (H2O2),

induced mROS and other stressors indi-
cated that the iPSC-derived neural cells
from PINK1Q456X patients were less able
to respond to oxidative stress. The find-
ings suggest that iPSC-derived neural cells
from PD patients carrying PINK1 muta-
tions may use mitochondrial proton leak-
age to minimize oxidative damage due to
loss of PINK1 activity (27, 35, 36). In con-
trast, the OCRs show that the mitochon-
drial electron transport chain is intact in
PD patient neural cells carrying LRRK2
mutations, but the reduced levels of basal
respiration in these cells suggest that the
increased kinase activity caused by the
LRRK2 mutations reduces the availability
of substrates for oxidative phosphoryl-
ation (37). The LRRK2mutations were also
associated with disrupted mitochondrial
movement in PD patient–specific neurons.
Dysfunctional axonal trafficking has been
implicated in PD as an early event that pre-
cedes neurodegeneration (38–40). LRRK2
regulates the stability of neuronal microtu-
bules that are required for efficient traffick-
ing of mitochondria to energy-dependent
regions within neurons (41, 42). The com-
bination of altered mitochondrial dynamics
and reduced basal respiration in LRRK2
PD patient neural cells may contribute to
the vulnerability of these neurons in PD.

The pharmacological rescue of the
genotype-specific vulnerabilities to valino-
mycin and concanamycin A also provided
some mechanistic insight. The rescue of
PINK1 Q456X PD patient neural cells from
low concentrations of valinomycin and con-
canamycin A by the antioxidant coenzyme
Q10 and the LRRK2 inhibitor GW5074 is
consistent with the hypothesis that loss of
PINK1 leads to production of ROS through
an LRRK2-associatedmechanism (15, 43, 44).
Rapamycin inhibits the activity of the mam-
malian target of rapamycin (mTOR) and
can improve lysosomal degradation and
activate the prosurvival signaling mole-
cule AKT in PD cellular and animal mod-
els (45–47). In our experiments, rapamycin
did not protect PINK1Q456X PD patient
neural cells from either valinomycin or
concanamycin A. This contrasts with the
neuroprotective effects of rapamycin ob-

served in Drosophila carrying a PINK1 null mutation (48). Rapamycin
reduced the vulnerability of bothLRRK2G2019S andR1441CPDpatient
neural cells to valinomycin, suggesting a potential link between LRRK2,
mitochondrial dysfunction, lysosomal degradation, andAKTactivation. The
LRRK2 inhibitorGW5074 provided some protection against valinomycin-
and concanamycin A–induced toxicity in both LRRK2 G2019S and

Fig. 5. Pharmacological treatment of iPSC-derived neural cells from PD patients. iPSC-derived neural cells
from individuals with PINK1 and LRRK2mutations were treated with coenzyme Q10, rapamycin, or GW5074
after exposure to low doses of valinomycin or concanamycin A, and then LDH release was measured. (A to
F) The administration of either valinomycin (0.1 and 1 mM) or concanamycin A (1 and 10 nM) increased LDH
release from PINK1 Q456X, LRRK2 G2019S, and LRRK2 R1441C PD patient neural cells (white bars). (A) Treat-
ment with 1 mM coenzyme Q10 (CoQ) (black bars) or 1 mM GW5074 (light gray bars) but not 1 mM rapamycin
(dark gray bars) reduced LDH release by PINK1 PD patient neural cells induced by valinomycin (control, white
bars). (B) Treatment with coenzyme Q10 but not rapamycin or GW5074 reduced LDH release from PINK1
Q456X PD patient neural cells induced by concanamycin A (control, white bars). (C) Treatment with co-
enzyme Q10, rapamycin, or GW5074 reduced LDH release by LRRK2 G2019S PD patient neural cells induced
by valinomycin (control, white bars). (D) Treatment with coenzyme Q10 or GW5074 but not rapamycin re-
duced LDH release by LRRK2 G2019S PD patient neural cells induced by concanamycin A (control, white
bars). (E) Treatment with coenzyme Q10, rapamycin, or GW5074 reduced LDH release by neural cells from
individuals carrying the LRRK2 R1441C mutation induced by valinomycin (control, white bars). (F) Treatment
with coenzyme Q10 or GW5074 but not rapamycin reduced LDH release by neural cells from individuals
carrying the LRRK2 R1441C mutation induced by concanamycin A (control, white bars). The relative cell
dysfunction was calculated from LDH release values as a percentage of untreated cells completely lysed
by incubation with Triton X-100. Data are represented as means ± SEM. n = 3. *P < 0.05, ANOVA.
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R1441C PD patient neural cells, consistent with a previous study
showing that GW5074 protected mice against LRRK2-mediated tox-
icity (15).

Our findings raise several interesting points. First, the genotype-
specific phenotypic profiles suggest possible shared cellular disease
pathways for familial forms of PD. The broader range of neural cell
vulnerabilities associated with the loss of PINK1 expression compared
to that of neural cells from individuals with LRRK2 mutations is con-
sistent with an increased genetic risk and an earlier age of onset of PD
in patients carrying the PINK1Q456X mutation compared to either of
the LRRK2 mutations. The shared vulnerability to chemical stressors,
and the similar respiratory and mitochondrial mobility profiles for

both LRRK2 G2019S and R1441C neural cells, suggests that both mu-
tations cause similar downstream dysfunction.

Second, cell type–specific vulnerability, that is, preferential degen-
eration of nigrostriatal DA neurons, is a characteristic of PD. It has
not been clear whether patient-specific iPSCs can provide populations
of neural cells that can robustly model PD disease pathogenesis. Given
that fibroblasts from PD patients carrying PINK1 and LRRK2 muta-
tions exhibit phenotypes (49–52), it seems reasonable to suppose that
iPSC-derived neural cells are a useful human cellular model for dissect-
ing pathogenic events in PD. Our data demonstrate cell type–specific
vulnerability because PD patient–specific neural cells differentiated from
iPSCs were more sensitive to cellular stressors than fibroblasts carrying

Fig. 6. Cell type–specific vulnerability to cellular stressors and oxidative
stress. iPSC-derived neural cells from individuals carrying PINK1 and LRRK2
mutations are more vulnerable to both valinomycin and concanamycin A
than primary fibroblasts taken from the same PD patients. (A) In response
to a range of valinomycin concentrations, PINK1 patient neural cells (white
bars) released more LDH than healthy control neural cells (black bars). (B)
Similarly, PINK1 PD patient fibroblasts (white bars) released more LDH than
fibroblasts from healthy subjects (black bars) in response to valinomycin, al-
beit at greater concentrations of valinomycin than PINK1 PD patient neural
cells. (C) In response to a range of concentrations of concanamycin A, PINK1
PD patient neural cells (white bars) released more LDH than healthy subject
neural cells (black bars). (D) In contrast, PINK1 PD patient (white bars) and
healthy subject (black bars) fibroblasts released similar amounts of LDH in
response to concanamycin A. (E) In response to a range of concentrations
of valinomycin, iPSC-derived neural cells from individuals carrying LRRK2

G2019S (gray bars) and LRRK2 R1441C (black bars) mutations released more
LDH than healthy subject neural cells (white bars). (F) In contrast, LRRK2
G2019S PD patient (gray bars), LRRK2 R1441C PD patient (black bars), and
healthy subject (white bars) fibroblasts released similar levels of LDH
in response to valinomycin. (G) In response to a range of concentrations of
concanamycin A, neural cells from individuals carrying the LRRK2 G2019S mu-
tation (gray bars) and LRRK2 R1441C mutation (black bars) released more
LDH than healthy subject neural cells (white bars). (H) Similarly, LRRK2
G2019S PD patient fibroblasts (gray bars) and LRRK2 R1441C PD patient
fibroblasts (black bars) released more LDH than healthy subject fibroblasts
(white bars) in response to concanamycin A, but the LDH levels were lower
than for iPSC-derived neural cells from the same PD patients. The relative
cell dysfunction was calculated from LDH release values as a percentage of
untreated cells completely lysed by incubation with Triton X-100. Data are
represented as means ± SEM. n = 3. *P < 0.05, ANOVA.
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similar mutations. Our data are consistent with the hypothesis of cell
type–specific vulnerability developed for PD patients, where the
midbrain DA neurons are more vulnerable than neighboring neuronal
subtypes that also express genes associated with familial PD (1, 53, 54).

Third, in terms of using iPSCs to model PD pathogenesis, we think
that the cell stress assays we have used provide an opportunity to in-
vestigate aspects of aging-related pathogenesis and the responses of
individual PD patients to different treatments. For example, the age-
related accumulation of dysfunctional mitochondria (55, 56) can be
mimicked using low doses of mitochondrial stressors, such as valino-
mycin or MPP+, which create controlled, widespread mitochondrial
damage within a cell population.

Cellular reprogramming technology has been proposed as a plat-
form for predicting disease phenotypes and drug efficacy or to classify
drug-responsive cohorts based on genetics (57–59). Even with advances
in genomic sequencing and a better understanding of phenotypic-
genotypic correlations performed on kindreds, the biological basis for
predicting drug responses in familial or sporadic forms of PD is unclear.
Our data from the dose responses of PINK1 and LRRK2 PD patient
neural cells to coenzyme Q10, rapamycin, and GW5074 suggest that cel-
lular reprogramming technology may be able to help define patient co-
horts that are responsive to different pharmacological treatments. For
future clinical impact, it will be essential to determine cellular responses
during the presymptomatic phase of the disease, when neuroprotective
interventions are predicted to be most efficacious.

Our findings provide evidence of differences in responses to cellular
stress for iPSC-derived neural cells from PD individuals carrying genetic
mutations associated with different forms of familial disease. These data
show that iPSC-derived neural cells are sensitive models for measuring
vulnerability to chemical stressors and responses to candidate neuropro-
tective molecules. They may help to identify causes of PD and potential
new drugs and treatments for PD.

MATERIALS AND METHODS

Clinical data for patient-specific iPSC lines
The iPSC lines were generated from seven subjects from three families
with PD under informed consent. Subjects 1 (II:5) and 2 (II:7) were
family members that share homozygous PINK1 Q456X mutations
(family W) (21). Briefly, the age of onset of the PD patients with PINK1
Q456X mutations was 61 and 53 years and they had scores of 2 and
2.5 on the Hoehn and Yahr scale, respectively, indicating bilateral
symptoms. Subjects 3 and 4 were 59-year-old Caucasian twins (sister
and brother) from a family with PD (family D) (9, 60). They each had
a heterozygous LRRK2 R1441C mutation inherited from their father
who had PD. Neither of these subjects was clinically affected, but sub-
ject 3 (brother) showed some resting tremor. Subject 5 was a 78-year-
old Caucasian man (family US1) whose age at onset was 55 years; he
had a score of 3.5 on the Hoehn and Yahr scale, indicating moderate to
severe disability. He carried a homozygous LRRK2 G2019S mutation
and his brother, maternal aunt, and paternal uncle had been diagnosed
with PD [(61) and unpublished data]. His symptoms were responsive to
anti-parkinsonism therapy. Subjects 6 and 7 were 59 and 40 years, re-
spectively, at skin biopsy and were from the same family as subjects 1 and
2 but did not have a known PD-associated mutation and were clinically
unaffected at the time of biopsy. Skin fibroblasts from each of the subjects
were reprogrammed with standard methods (figs. S1 to S3 and table

S1) (27, 62), and the genotype was confirmed for each iPSC clone. The
LRRK2 G2019S genotype was confirmed by polymerase chain reaction–
restriction fragment length polymorphism (PCR-RFLP) with Sfc I using
LRRK2 exon 31 genomic DNA as a template. The PCR product from
homozygous LRRK2 G2019S iPSCs was digested to produce 218– and
40–base pair (bp) fragments. The PCR product from human embryonic
stem (ES) cells incubated with Sfc I produced a 258-bp band, consistent
with nondigested DNA without the mutation. The LRRK2 R1441C
genotype was confirmed by PCR-RFLP with Bst UI using LRRK2 exon
31 genomic DNA template. The 386-bp PCR product from human ES
cells, with Arg at amino acid position 1441, was digested to produce
316- and 70-bp fragments (no mutation). In parallel, PCR products from
LRRK2 R1441C iPSCs were digested to produce bands at 386, 316, and
70 bp, consistent with a heterozygous mutation. In parallel genetic analy-
ses, we confirmed that the patients’ and at-risk individuals’ iPSC lines
did not carry additional major genetic mutations found in the other
families of this study and the healthy subject iPSC lines did not carry
PINK1 Q456X, LRRK2 G2019S, or LRRK2 R1441C mutations.

Cellular reprogramming, validation, and differentiation
All iPSCs were generated with standard retrovirus-based protocols
[(62, 63) and see table S1]. Reverse transcription–PCR was performed
as described (for primer sequences, see table S2). GTL banding of
20 metaphase cells per iPSC line confirmed normal karyotypes (Cell Line
Genetics). Teratoma analyses were performed in nonobese diabetic/severe
combined immunodeficient mice as described (64) (Applied StemCell).
Genomic PCR (for genotyping primer sequences, see table S2) and
direct sequencing of the products confirmed the genotypes of the
iPSC lines with standard methods as described (65). The iPSCs were
differentiated with standard protocols (66) except that recombinant hu-
man SHH-C24II protein was replaced by a small-molecule agonist of
Smoothened (1 mM, Enzo) (67, 68).

Patient fibroblast cell lines for determining cytotoxicity assays
For the fibroblast toxicity assays, we used the following PD patients’
fibroblasts: two patients carrying PINK1mutations [PINK1Q456X homo-
zygote (SC1028) and PINK1D525N/W577R compound (SC1027)], seven
patients carrying LRRK2 G2019S mutations (SC1007, SC1012, Coriell
ID ND30623, ND29492, ND29542, ND29802, and ND30244), and two
patients carrying LRRK2 R1441C mutations (Coriell ID ND32386 PD2
and ND32944 PD3). Fibroblasts from two healthy subjects were used
as controls (Coriell ID AG06010D and AG06959).

In vitro toxicity assays and pharmacological rescue
of vulnerability
To assess the dose ranges for PD-associated toxins by LDH and MTS
assays, we differentiated neural cells from all iPSC lines in parallel weekly
batches (66). At 52 to 53 days in vitro, cells were plated on poly-L-ornithine
(PLO)/laminin–coated 96-well plates at a density of 40,000 cells per
well. Fibroblasts from PD patients or age-matched healthy subjects
were plated on 96-well plates at a density of 5000 cells per well. Two days
later, cells were incubated with valinomycin (0.1 to 100 mM, Sigma),
concanamycinA (0.1 to 100 nM, Sigma), CCCP (0.1 to 100 mM, Sigma), hy-
drogen peroxide (0.01 to 10 mM, Fisher), 6-OHDA (0.1 to 100 mM, Sigma),
MG132 (0.1 to 100 mM; Calbiochem), or MPP+ (0.1 to 100 mM, Sigma)
for 20 hours. Either water or dimethyl sulfoxide (DMSO) was used as
vehicle and control conditions. The LDH and MTS assays were per-
formed as described (69) (Roche). For the pharmacological rescue
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experiments, a range of concentrations of coenzyme Q10 (Sigma),
rapamycin (Sigma), or GW5074 (Tocris) was screened to minimize
drug-mediated toxicity while reducing patient neural cell vulnerability
to cellular stressors. The optimal dose of coenzymeQ10, rapamycin, and
GW5074 was determined to be 1 mM and was administered to the
neural cells 30 min before and during exposure to the cellular stressors.

Determination of PD iPSC-derived neural cell OCRs
T.M.D. lab. Mitochondrial OCR in iPSC-derived neural cell cul-

tures was analyzed in an XF24-3 Extracellular Flux Analyzer (Seahorse
Bioscience). The OCR assay uses probes loaded on a sensor cartridge
for fluorimetric detection of oxygen concentration. On day 53 of dif-
ferentiation, cells were plated on V7 XF 24-well plates (Seahorse
Bioscience) for 5 days. Four wells with no cells were set as background
control for temperature-sensitive fluctuations in OCR analysis. For
OCR measurements, culture medium was replaced with Seahorse
XF medium supplemented with 25 mM glucose. The plates were pre-
incubated in a CO2-free incubator at 37°C for 30 min for equilibration
and thereafter processed in the XF analyzer for OCR analysis. OCR
analysis was initiated with a 20-min equilibration followed by three
times cycles of 2-min mix, 2-min wait, and 2-min measurement time.
All measurement cycles were performed at 37°C as described previ-
ously. Baseline OCR was recorded three times and followed by se-
quential injections of oligomycin (1 mM final concentration, Sigma),
FCCP (3 mM final concentration, Sigma), and rotenone (1 mM final
concentration, Sigma) into each well. The mix-wait-measure cycles were
repeated two times after each drug injection. After the complete mea-
surements of OCR analysis following the third drug injection (rotenone),
the experiment was stopped and the data were transformed to show
point-point mode display of OCR with background correction, using
Seahorse XF software. The data were exported to Excel and normal-
ized to cell number in each well. To determine cell numbers, we col-
lected the medium containing detached cells in each well of XF plates
in 1.5-ml tubes. TrypLE (200 ml) (Invitrogen) was added to each well of
the plate. After incubation of the plate at 37°C for 3 min, the remain-
ing cells from each well were pooled. The cells were centrifuged and the
cell pellet was resuspended in phosphate-buffered saline and mixed with
trypan blue (Invitrogen) for cell counting in an automated Countess
Cell counting analyzer (Invitrogen).

D.K. lab. Mitochondrial OCR was determined by XF24 Extracellular
Flux Analyzer (Seahorse Bioscience). Cells (60,000) were plated per
well of XF24 plates. Four wells were left empty as background con-
trols. On day 55 of differentiation, the OCR measurements were
carried out in N2 medium added fresh on the morning of the exper-
iment. Plates were preincubated in a CO2-free incubator at 37°C for
30 min for equilibration before processing in the XF analyzer. For base-
line measurements, a 20-min equilibration step was followed by five
cycles of 2-min mix, 2-min wait, and 2-min measurement time. For
analysis of drug response, three cycles of 2-min mix, 3-min wait, and
1.6-min measurement were used per condition. After three baseline
measurements were taken, oligomycin (Sigma, 1 mM), CCCP (Sigma,
1 mM), and antimycin (Sigma, 0.1 mM) were added sequentially, with
three measurements per condition. After the experiments, cells were
harvested and DNA content was measured with Quant-iT PicoGreen
(Invitrogen) to normalize for cell number. Data were plotted as ab-
solute values (±SEM) to compare baseline OCR or as percent deviation
from baseline (±SEM) after drug addition to compare the response to
drugs between lines.

Flow cytometric detection of mitochondrial ROS in live
PD iPSC-derived neural cells
For low-dose toxicity assays, neural cells differentiated from control or PD
iPSC lines at 52 to 53 days in vitro were plated on 24-well PLO/laminin-
coated plates at a density of 250,000 cells per well. Two days later, neural
cells were incubated with toxins for 20 hours. mROS were identified by
MitoSox (Invitrogen). Neural cells were dissociated with 0.05% trypsin,
rinsed in Hanks’ balanced salt solution (HBSS), and incubated inMitoSox
working solution (50 mg MitoSox reconstituted in 13 ml of DMSO and
diluted in 5 ml of warm HBSS) at a concentration of 250 ml per well of
24-well plate. The cells were incubated inMitoSox working solution at 37°C
for 10 min in the dark. The cells were twice washed in warm HBSS before
fluorescence-activated cell sorting analysis (FACSAria, BD Biosciences) at
510/580 nm with a live-cell gate and standard methods (70).

Immunocytochemistry and confocal microscopy
For immunocytochemistry, the primary antibodies were raised against
tyrosine hydroxylase (TH) (Pel-Freez), type III b-tubulin (Covance), and
FOXA2 (Santa Cruz Biotechnology). Indirect immunofluorescence
and confocal microscopy were performed as described (66).

Determination of GSH levels
At 52 to 53 days in vitro of differentiation, 40,000 neural cells were plated
per well of PLO/laminin-coated 96-well plates. Two days later, the neural
cells were administered cellular stressors or vehicle for 24 hours and lysed.
Following the manufacturer’s protocol (GSH-Glo, Promega), the cell ly-
sate was incubated with luciferin and glutathione S-transferase and intra-
cellular GSH levels were measured by luminescence with a plate reader.

Live-cell imaging of mitochondrial dynamics
Live imaging experiments were performed in four-well chambered slides
(Lab-Tek, Nunc). A pTurbo-mitoDendra expression vector (a gift from
J. Magrane, Cornell University, New York) was used to visualize the
mitochondria. Green fluorescent protein (GFP) was substituted with the
Dendra coding region at the Age I and Not I sites of the pTurboGFP-
mito (Evrogen). The construct was verified by sequencing. Cells were
seeded (75,000 cells per chamber) onto PLO/laminin-coated surfaces
(3 mg/ml each). Cells were maintained in Neurobasal complete medium,
and only cells with a neuronal-like morphology (that is, multipolar cell
bodies with at least two processes), which likely encompassed both neu-
ronal progenitors and neurons, were selected for further analyses. Cells
were transduced after 6 to 7 days in vitro with a pTurbo-mitoDendra–
encoding lentivirus at various multiplicities of infection. Medium was
changed after 12 hours, and live imaging was performed 72 hours later.
Confocal microscopy was performed with a Nikon A1R MP confocal
microscope (Nikon Instruments). The 488-nm laser was maintained be-
low 0.5 mW to avoid photoconversion of Dendra. A 63× oil immersion
objective and a pinhole measurement of ~2.5 Airy units (optical slice
<2 mm) were used. Images were collected every 5 s for 5 min (61 frames).
Only the proximal segment of the axon was acquired and recorded.
Analyses of axonal and mitochondria lengths were performed as de-
scribed (71). The dynamics of mitochondria along the axonal pro-
cesses were studied with MetaMorph software (Universal Imaging).
Kymographs were generated from each film (position versus time)
and used to examine the fraction of mitochondria that were mobile
with respect to those that were static. A mitochondrion was consid-
ered mobile if it changed its position in at least three consecutive
frames. Within mobile mitochondria, we differentiated two different

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 4 July 2012 Vol 4 Issue 141 141ra90 10



populations: one monotonic (movement in one direction only) and one
nonmonotonic (movement in various directions). Monotonic mitochon-
dria are classified as anterograde and retrograde.

Electrophysiological recordings
Differentiated neural cell cultures were transferred to a recording cham-
ber of an upright microscope equipped with a 40× water-immersion
objective (Eclipse E600FN; Nikon) and perfused with saline containing
125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4,
2 mM CaCl2, 1 mMMgCl2, and 25 mM glucose (34°C; saturated with
95% O2–5% CO2; pH 7.4; 298 mosmol/liter). The saline flow rate was 2
to 3 ml/min running through an in-line heater (SH-27B with TC-324B
controller; Warner Instruments). Neurons were visualized by video mi-
croscopy with a cooled charge-coupled device digital camera (CoolSNAP
ES2, Photometrics, Roper Scientific). Cells selected for electrophysio-
logical recordings had neuron-like shapes showing distinguishable
neurites. Somatic whole-cell patch-clamp recordings in current clamp
configuration were performed with a MultiClamp 700B amplifier
(Molecular Devices). Signals were filtered at 1 to 4 kHz and digitized
at 5 to 20 kHz with a Digidata 1440A (Molecular Devices). Recording
patch electrodes had a resistance of 4 to 6 megohms and were fabri-
cated from filamented borosilicate glass (Sutter Instruments) pulled on
a Flaming-Brown puller (P-97, Sutter Instruments). Patch electrodes
were filled with internal solution containing 135 mM K-MeSO4, 5 mM
KCl, 5 mM Hepes, 0.25 mM EGTA, 10 mM phosphocreatine-di(tris),
2 mM ATP-Mg, and 0.5 mM guanosine triphosphate (GTP)–Na (pH
7.3, osmolarity adjusted to 290 to 300 mosmol/liter). For current-clamp
recordings, the amplifier bridge circuit was adjusted to compensate for
electrode resistance and monitored. Electrode capacitance was also
compensated. If series resistance increased >20% during the recording,
the data were discarded. To study the responsiveness of spontaneous
active cells to current commands, we injected a holding current to hy-
perpolarize the membrane potential about −65 mV, avoiding the spon-
taneous firing. Then, step current commands were injected to elicit
action potentials (1 s, 5 to 10 pA). Spontaneous activity was also re-
corded in current-clamp configuration without holding current.

Automated image acquisition and quantitative analysis
of immunocytochemistry
Quantitative analysis of immunocytochemistry was performed on two
coverslips per experimental condition. Each experimental condition
was performed at least three times. Nine images per coverslip were
acquired with an IN Cell Analyzer 2000 (GE Healthcare) at 20× mag-
nification with autofocus. The exposure times were in the range of
0.02 to 0.03 s for Hoechst and b-tubulin and 0.07 to 0.1 s for TH (be-
low saturation). Images were analyzed in an automatic, unbiased way
with IN Cell Workstation Software (GE Healthcare). The numbers of all
cells, b-tubulin–expressing neurons, and TH/b-tubulin–coexpressing
cells were quantified with a multitarget analysis. Individual cells were
identified as having a Hoechst-stained nuclear area larger than 25 mm2

with top-hat segmentation. b-Tubulin– and TH-expressing cells were
identified on the basis of respective staining in an area extending outside
of the nucleus with a sensitivity setting of 50.

Statistical analysis
One- or two-way ANOVA with post hoc tests or Kolmogorov-Smirnov
test was used to analyze the data (InStat, GraphPad Software Inc.; JMP,
SAS Institute). P < 0.05 was considered significantly different.

SUPPLEMENTARY MATERIALS
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Fig. S1. Cellular reprogramming of fibroblasts from a PD patient with a homozygous LRRK2

G2019S mutation.

Fig. S2. Cellular reprogramming of fibroblasts from a PD patient with a heterozygous LRRK2

R1441C mutation.

Fig. S3. Transgene silencing in iPSC lines.

Fig. S4. Categories of cell types differentiated from iPSC lines used in phenotypic assays.

Fig. S5. The vulnerability profile of PINK1 Q456X homozygote patient-specific neural cells.

Fig. S6. The vulnerability profile of LRRK2 patient-specific neural cells.

Fig. S7. Increased basal respiration and oxygen consumption of PINK1 patient neural cells.

Fig. S8. Treatment with rapamycin or GW5074 reduces mROS levels in PINK1 patient neural

cells caused by a low dose of valinomycin.

Table S1. Patient genotypes and cellular reprogramming methods.

Table S2. PCR primer sequences (5′-3′).

Table S3. Healthy subjects’ and PD patients’ specific neural cell mROS levels in response to

chemical stressors (mean ± SEM of % change in mitochondrial ROS levels).

Table S4. Healthy subjects’ and PD patients’ specific neural cell sensitivity to low concentra-

tions of chemical stressors (mean ± SEM of % change in cell counts from vehicle-administered

cultures).
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