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Mutations in PTEN-induced putative kinase 1 (PINK1) cause a recessive form of Parkinson's disease (PD). PINK1
is associated with mitochondrial quality control and its partial knock-down induces mitochondrial
dysfunction including decreased membrane potential and increased vulnerability against mitochondrial
toxins, but the exact function of PINK1 in mitochondria has not been investigated using cells with null
expression of PINK1. Here, we show that loss of PINK1 caused mitochondrial dysfunction. In PINK1-deficient
(PINK1~/~) mouse embryonic fibroblasts (MEFs), mitochondrial membrane potential and cellular ATP levels
were decreased compared with those in littermate wild-type MEFs. However, mitochondrial proton leak,
which reduces membrane potential in the absence of ATP synthesis, was not altered by loss of PINK1. Instead,
activity of the respiratory chain, which produces the membrane potential by oxidizing substrates using
oxygen, declined. H,0, production rate by PINK1™/~ mitochondria was lower than PINK1*/+ mitochondria
as a consequence of decreased oxygen consumption rate, while the proportion (H,0, production rate per
oxygen consumption rate) was higher. These results suggest that mitochondrial dysfunctions in PD
pathogenesis are caused not by proton leak, but by respiratory chain defects.

© 2010 Elsevier Inc. All rights reserved.
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Introduction

Parkinson's disease (PD) is a neurodegenerative disease character-
ized by loss of dopaminergic neurons in the substantia nigra.
Mitochondrial dysfunction has been proposed as a major factor in the
pathogenesis of sporadic and familial PD (Abou-Sleiman et al., 2006). In
particular, the identification of mutations in PTEN-induced putative
kinase 1 (PINK1) has strongly implicated mitochondrial dysfunction
owing to its loss of function in the pathogenesis of PD (Valente et al.,
2004). PINK1 contains an N-terminal mitochondrial targeting sequence
(MTS) and a serine/threonine kinase domain (Valente et al., 2004).
PINK1 kinase activity is crucial for mitochondrial maintenance via TRAP
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phosphorylation (Pridgeon et al,, 2007). Loss of PINK1 function induces
increased vulnerability to various stresses (Exner et al., 2007; Haque et
al., 2008; Pridgeon et al., 2007; Wood-Kaczmar et al., 2008). However,
silencing of PINK1 has only been partial and only one study has been
performed to assess mitochondrial functions in steady and artificial
states with complete ablation of PINK1 expression (Gautier et al., 2008).

Several studies have shown that PINK1 acts upstream of parkin in
the same genetic pathway (Clark et al., 2006; Park et al., 2006) and co-
overexpressed PINK1 and parkin both co-localized to mitochondria
(Kim et al,, 2008). Overexpression of PINK1 promotes mitochondrial
fission (Yang et al, 2008). Fission followed by selective fusion
segregates dysfunctional mitochondria and permits their removal by
autophagy (Twig et al, 2008). PINK1 loss-of-function decreases
mitochondrial membrane potential (Chu, 2010) and the PINK1-
parkin pathway is associated with mitochondrial elimination in
cultured cells treated with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which causes mitochon-
drial depolarization (Geisler et al, 2010; Kawajiri et al, 2010;
Matsuda et al,, 2010; Narendra et al., 2008, 2010; Vives-Bauza et al.,
2010). However, the exact mechanism underlying the mitochondrial
depolarization induced by PINK1 defects leading to mitochondrial
autophagy has not been examined in detail.

ory chain defects, Neurobiol. Dis. (2010}
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Here, we describe a detailed characterization of mitochondria in
PINK1-deficient cells. We show that PINK1 deficiency causes a
decrease in mitochondrial membrane potential, which is not due to
proton leak, but to respiratory chain defects.

Materials and methods
PINK1 knock-out mouse embryonic fibroblasts (MEFs)

PINK1 knock-out MEFs were prepared and cultured as described
previously (Matsuda et al, 2010). Mouse embryonic fibroblasts
(MEFs) were derived from E12.5 embryos containing littermate 4
mice of each genotype. Embryos were mechanically dispersed by
repeated passage through a P1000 pipette tip and plated with MEF
media containing DME, 10% FCS, 1x nonessential amino acids, 1 mM
L-glutamine, penicillin/streptomycin (invitrogen). The ¢2 cell line, an
ecotropic retrovirus packaging cell line, was maintained in Dulbecco's
modified Eagle medium (DMEM, Sigma) with 5% fetal bovine serum
and 50 pg/ml kanamicin. Transfection of the ¢2 cells with pMESVTS
plasmids containing an SV40 large T antigen was performed by
lipofection method according to the manual provided by the
manufacturer (GIBCO BRL). Five micrograms of the plasmids was
used for each transfection. Transfectants were selected by G418 at the
concentration of 0.5 mg/ml, and 10 clonal cell lines were established.
The highest titer of 5x 10* cfu/ml was obtained for the conditioned
medium of a cell line designated y2SVTS1. 10 MEFs were plated onto
a 10-cm culture dish and kept at 33 °C for 48 hours. Then medium was
replaced with 2 ml supplemented with polybrene-supplemented
medium conditioned by the ¢2SVTS1 cells at confluency for 3 days.
Infection was continued for 3 hours, and the medium was replaced
with a fresh one. The infected MEFs were cultured at 33 °C until
immortalized cells were obtained.

We confirmed that the differences we detected in this study were
due to the PINK1 deficiency, not to artificial effects by immortaliza-
tion, by measuring cellular respiration rates of not immortalized MEFs
from other littermates (Supplemental figure). The respiration rates of
not immortalized MEFs were slightly slower than those of immortal-
ized MEFs, but the differences between PINK1™/*+ and ~/— MEFs were
consistent (Fig. 2A).

Cell growth

Cells were seeded in 12-well plates at density of 3~ 6 x 10 cells/well
and incubated in DMEM high glucose medium (4.5 g/1 glucose and
1 mM sodium pyruvate) supplemented with 10% fetal bovine serum.
After a day, the medijum was replaced with DMEM glucose-free medium
supplemented with 1 g/1 galactose, 1 mM sodium pyruvate and 10%
fetal bovine serum (DMEM galactose medium) at 37 °C in an incubator
with a humidified atmosphere of 5% CO,. Cells were trypsinized and live
cells were assessed by trypan blue dye exclusion.

Mitochondrial morphological changes

Cells were seeded in 6-well plates at 2.0 x 10°/well and incubated
in DMEM high glucose medium (4.5 g/1 glucose and 1 mM sodium
pyruvate) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. After a day, the medium was replaced with
DMEM glucose-free medium supplemented with 1g/l galactose,
1 mM sodium pyruvate and 10% fetal bovine serum (DMEM galactose
medium) at 37 °Cin an incubator with a humidified atmosphere of 5%
CO,. 24 hours later, cells were fixed and immunostained with anti-
Tom?20 antibody to visualize mitochondria according to a protocol as
previously described (Kawajiri et al., 2010). All images were obtained
using an Axioplan 2 imaging microscope (Carl Zeiss, Oberkochen,
Germany).

Cellular ATP levels

Intracellular ATP levels were determined by a cellular ATP assay kit
(TOYO B-Net, Tokyo, Japan) according to the manufacturer's instruc-
tions using a Lumat LB9507 luminometer (Berthold Technology, Bad
Wildbad, Germany).

Membrane potential

Fluorescence images were recorded using a multi-dimensional
imaging workstation (AS MDW, Leica Microsystems, Wetzlar,
Germany) with a climate chamber maintained at 37 °C. Fluorescence
was quantified with a CCD camera (CoolSnap HQ, Roper Scientific,
Princeton, NJ) using a 20x objective. Cells were stained for 1 hour
with a non-quenching concentration (20 nM) of tetramethylrhoda-
mine methyl ester (TMRM) in a 96-well plate. The cell-permeable
cationic dye TMRM accumulates in mitochondria according to the
Nernst equation. Nuclei were stained with 250 nM Hoechst 34580.
Mitochondrial TMRM fluorescence was integrated in a 40-pm
diameter circular area around the nucleus, and the minimum
fluorescence in this area was subtracted as background fluorescence.

Cell respiration

Cell respiration was measured at 37 °C using the Oxygen Meter
Model 781 and the Mitocell MT200 closed respiratory chamber
(Strathkelvin Instruments, North Lanarkshire, United Kingdom). Cells
were cultured in DMEM with 4.5 g/ of glucose supplemented with
10% FBS. Cells were then trypsinized and resuspended in Leibovitz's
L-15 medium (Invitrogen) at density of 8.0x 108 cells/ml. The oxygen
respiration rate was measured under each of the following three
conditions: basal rate (no additions); State 4 (no ATP synthesis) [after
addition of 1 pug/ml oligomycin (Sigma)}, uncoupled [after addition of
3 MM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
Sigma)] using Strathkelvin 949 Oxygen System. After sequential
measurements, the endogenous respiration rate was determined by
adding 1 pM rotenone + 2 uM myxothiazol.

Mitochondrial respiration and membrane potential

Mitochondria were prepared from cultured MEFs as previously
described (Amo and Brand, 2007). Mitochondrial oxygen consump-
tion with 5 mM succinate as a respiratory substrate was measured at
37 °C using a Clark electrode (Rank Brothers, Cambridge, United
Kingdom) calibrated with air-saturated respiration buffer comprising
0.115M KCl, 16 mM KH,PO4, 3 mM HEPES (pH 7.2), 2 mM MgCl,,
1mM EGTA and 0.3% (w/v) defatted BSA, assumed to contain
406 nmol atomic oxygen/ml (Reynafarje et al., 1985). Mitochondrial
membrane potential (Ay) was measured simultaneously with
respiratory activity using an electrode sensitive to the lipophilic
cation TPMP™ (triphenylmethylphosphonium) (Brand, 1995). Mito-
chondria were incubated at 0.5 mg/ml in the presence of 80 ng/ml
nigericin (to collapse the pH gradient so that the proton motive force
was expressed exclusively as Ay} and 2 pM rotenone (to inhibit
complex 1). The TPMP*-sensitive electrode was calibrated with
sequential additions of TPMP™ up to 2 pM, then 5 mM succinate
was added to initiate respiration. Experiments were terminated with
2 UM FCCP, allowing correction for any small baseline drift. Ay was
calculated from the distribution of TPMP™ across the mitochondrial
inner membrane using a binding correction factor of 0.35mg
protein/pl. Respiratory rates with 4 mM pyruvate +1 mM malate as
a substrate in State 3 (with 0.25 mM ADP) and State 4 (with 1 pg/ml
oligomycin) were determined using the Oxygen Meter Model 781 and
the Mitocell MT200 closed respiratory chamber (Strathkelvin
Instruments).




T. Amo et al. / Neurobiology of Disease xxx (2010) xxx-xxx 3

Modular kinetic analysis

To investigate differences in oxidative phosphorylation caused by
PINK1 knock-out, we applied a systems approach, namely modular
kinetic analysis (Amo and Brand, 2007; Brand, 1990). This analyzes the
kinetics of the whole of oxidative phosphorylation divided into three
modules connected by their common substrate or product, Ay The
modules are (i) the reactions that produce Ads, consisting of the substrate
translocases, dehydrogenases and other enzymes and the components of
the respiratory chain, called ‘substrate oxidation’; (ii) the reactions that
consume A and synthesize, export and dephosphorylate ATP, consisting
of ATP synthase, the phosphate and adenine nucleotide translocases and
any ATPases that may be present, called the ‘phosphorylating system’;
and (iii) the reactions that consume Ay without ATP synthesis, called the
‘proton leak’ (Brand, 1990). The analysis reports changes anywhere
within oxidative phosphorylation that are functionally important but is
unresponsive to changes that have no functional consequences.
Comparison of the kinetic responses of each of the three modules to Ay
obtained using mitochondria isolated from PINK1*/* and PINK1~/—
MEFs would reveal any effects of PINK1 on the kinetics of oxidative
phosphorylation. Oxygen consumption and Ay were measured simulta-
neously using mitochondria incubated with 80 ng/ml nigericin and 4 M
rotenone. Respiration was initiated by 5 mM succinate. The kinetic
behavior of a ‘Ay-producer’ can be established by specific modulation of a
Ayr-consumer and the kinetics of a consumer can be established by
specific modulation of a Ay-producer (Brand, 1998). To measure the
kinetic response of proton leak to Ay, the State 4 (non-phosphorylating)
respiration of mitochondria in the presence of oligomycin (0.8 pg/ml; to
prevent any residual ATP synthesis), which was used solely to drive the
proton leak, was titrated with malonate (up to 8 mM). In a similar way,
State 4 respiration was titrated by FCCP (up to 1 M) for measurement of
the kinetic response of substrate oxidation to Av. State 3 (maximal rate of
ATP synthesis) was obtained by addition of excess ADP (1 mM). Titration
of State 3 respiration with malonate (up to 1.1 mM) allowed measure-
ment of the kinetics of the Ay-consumers (the sum of the phosphory-
lating system and proton leak). The coupling efficiencies of oxidative
phosphorylation were calculated from the kinetic curves as the
percentage of mitochondrial respiration rate at a given Ay that was
used for ATP synthesis and was therefore inhibited by oligomycin. Note
that any slip reactions will appear as proton leak in this analysis (Brand et
al., 1994).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of H,0, generation rate, determined fluorometrically by measure-
ment of oxidation of Amplex Red to fluorescent resorufin coupled to
the enzymatic reduction of H,0, by horseradish peroxidase using a
spectrofluorometer RE-5300PC (Shimadzu, Kyoto, Japan). The H,0,
generation rate was measured in non-phosphorylating conditions
(= State 4) using either pyruvate/malate or succinate as respiratory
substrates. Mitochondria were incubated at 0.1 mg/ml in respiration
buffer. All incubations also contained 5uM Amplex Red, 2 U/ml
horseradish peroxidase and 8 U/ml superoxide dismutase. The
reaction was initiated by addition of 5mM succinate or 4 mM
pyruvate+1 mM malonate and the increase in fluorescence was
followed at excitation and emission wavelengths of 560 and 590 nm,
respectively. Appropriate correction for background signals and
standard curves generated using known amounts of H,0, were used
to calculate the rate of H,0, production in nmol/min/mg mitochon-
drial protein. The percentage free radical leak, which is a measure of
the number of electrons that produce superoxide (and subsequently
H,0;) compared with the total number of electrons which pass
thorough the respiratory chain, was calculated as the rate of H,0,
production divided by the rate of O, consumption (Barja et al., 1994).

Statistics

Values are presented as means-+ SEM except Fig. 2D, in which
error bars indicate SD. The significance of differences between means
was assessed by the unpaired Student's t-test using Microsoft Excel; P
values<0.05 were taken to be significant.

Results
Cell growth and mitochondrial morphology

In general, cultured cells gain their energy mostly from glycolysis.
Therefore, cells deficient in respiratory function can grow in normal
medium, although possibly at a slower rate, relying predominantly on
glycolysis (Hofhaus et al, 1996). Actually, p° cells, which lack
mitochondrial DNA completely, can grow producing energy exclu-
sively through glycolysis (King and Attardi, 1989). On the other hand,
galactose metabolism via glycolysis is much slower than glucose
metabolism (Reitzer et al., 1979). Therefore, cells in galactose medium
are forced to oxidize pyruvate through the mitochondrial respiratory
chain for energy required for growth. Consequently, cells with defects
in their mitochondrial respiratory chains show growth impairments
in galactose medium. To evaluate this phenomenon is also observed in
our cells, we examined growth retardation by addition of mitochon-
drial complex 1 inhibitor, rotenone (Fig. 1A). In glucose medium,
10 nM rotenone had only a slight effect on the growth of PINK1+/*
MEFs and slower growth was observed even in the presence of
100 nM rotenone. However, in the galactose medium, 10 nM rotenone
significantly inhibited the growth of PINK1™/+ MEFs and 100 nM
roteone completely arrested the growth. Therefore, we could confirm
that the growth impairment of our cells in the galactose medium was
due to mitochondrial respiratory chain defects.

PINK1 acts upstream of parkin, regulating mitochondrial integrity
and function; therefore, loss of PINK1 is considered to affect
mitochondrial functions. To assess the mitochondrial functions of
PINK1~/~ MEFs, growth capability in a medium in which galactose
replaced glucose was examined. As shown in Fig. 1B, PINK1™/~ MEFs
appeared to show clear growth impairments in the galactose medium,
whereas PINK1*/* MEFs grew slightly slower than in the glucose
medium.

No differences of mitochondrial morphology between PINK1+/+
and ~/~ MEFs in the glucose medium were detected (Fig. 1C),
consistent with the previous report (Matsuda et al., 2010). However,
in the galactose medium, mitochondria of the PINK1~/~ MEFs were
more fragmented compared to the PINK*/* MEFs (Fig. 1C). This is
consistent with previous reports, which found mitochondrial mor-
phological changes were more pronounced when PINK1 knock-down
Hela cells were grown in low-glucose medium (Exner et al., 2007)
and human PINK1 homozygous mutant fibroblast in galactose
medium (Griinewald et al, 2009). In these cells, mitochondrial
morphological changes were associated with the mitochondrial
functional impairment.

Assessments of mitochondrial functions at the cellular level

Because PINK1~/~ MEFs showed severe growth impairments in
the galactose medium, the mitochondrial functions of these cells were
assessed at the cellular level. First, cellular respiration rates were
measured (Fig. 2A). The basal respiration rate was significantly
reduced in PINK1™/~ cells compared with that in PINK1*t/* cells
(11.134£0.71 versus 14.3641.01 nmol O/min/10° cells; p<0.05;
n=>5 independent experiments), consistent with previous reports
using partial knock-down of PINK1 expression (Gandhi et al., 2009;
Liu et al., 2009). Oligomycin inhibits ATP synthase, resulting in non-
phosphorylating respiration. FCCP uncouples oxidative phosphoryla-
tion, leading to maximum respiration rates. In both conditions, the




4 T. Amo et al. / Neurobiology of Disease xxx (2010) xxx-xxx

A Glucose medium Galactose medium
(PINK1*"* MEFs) (PINK1*"* MEFs)
rotenone rotenone
103 —@~ onM -O- 100nM 03 @~ onm
=fx- 10M  —&— 1000 nM - 1M
108 -9~ 10nM 10 - 10nM
) o ~0r- 100 nM
8 8
S R
o] s}
5 10° 5 10°
el K
£ [S
z Z
10* 10*
"“O"'O.“O'“O
10° 103 4 r , - "
0 2 4 6
Time (days) Time (days)
B PINK1*"* MEFs PINK1~- MEFs
107 107
-@- glucose -&- glucose
-0~ galactose -0O- galactose
6
@ 10 ©
® ®
(8] (3]
k5] G
5 10° 5 10°
O Ka}
£ E
Z z
10* 10
10°% +

Fig. 1. (A) Growth retardation of PINK1*/* MEFs by mitochondrial complex I inhibitor, rotenone in glucose or galactose medium. Closed circles with solid line, 0 nM rotenone; open
triangles with dashed line, 1 nM rotenone; closed diamonds with solid line, 10 nM rotenone; open circles with dashed line, 100 nM rotenone; closed triangles with solid line,
1000 nM rotenone, Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye exclusion. (B) Growth curves of PINK1+/* and ~/~ MEFs. Closed
symbols (glucose), growth curve for cells grown in DMEM containing 4.5 g/1 glucose and 1 mM sodium pyruvate; open symbols (galactose), growth curve for cells grown in DMEM
lacking glucose and containing instead 1.0 g/1 galactose and 1 mM sodium pyruvate. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye
exclusion. (C) Mitochondrial morphology of PINK1*/+ and =/~ MEFs. After incubating cells with the glucose or galactose medium for 24 hours, cells were fixed and immunostained
with anti-Tom20 antibody to visualize mitochondria. Scale bar, 20 pm,

PINK1~/~ cells respired significantly slower than the PINK1+/+ cells The main function of mitochondria is ATP synthesis via oxidative
(1.76 £0.13 versus 2.9540.27 (p<0.01; n=>5 independent experi- phosphorylation. ATP levels under basal conditions were significantly
ments) and 16.44 4 1.80 versus 23.50+1.18 nmol O/min/10° cells reduced in PINK1™/~ MEFs (Fiz. 2B), as reported previously for
(p<0.05; n=>5 independent experiments), respectively). dissociated PINK1~/~ mouse neurons (Gispert et al., 2009) and PINK1
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Fig. 2. Mitochondrial functions assessed at the cellular level. Open bars, PINK1+/* MEFs; closed bars, PINK1~/~ MEFs. (A) Cell respiration rate of PINK1*/* and ~/~ MEFs. The
oxygen respiration rate was measured at density of 8.0x 10° cells/ml under each of the following three conditions: basal rate (no additions); State 4 (no ATP synthesis) [after
addition of 1 pg/ml oligomycin}, uncoupled [after addition of 3 M FCCP]. After sequential measurements, the endogenous respiration rate was determined by adding 1 M rotenone
+2 pM myxothiazol. Error bars indicate SEM (n=35 independent experiments). (B) Cellular ATP levels. Data were normalized based on cell numbers and expressed as the
percentage of the level in PINK1*/* cells. Error bars indicate SEM (n=4 independent experiments). (C) Live cell images of PINK1*/* and =/~ MEFs with TMRM fluorescence. (D)
Mitochondrial membrane potential evaluated by live cell imaging of TMRM fluorescence. Left panel, the distribution of TMRM fluorescence from 3537 PHNK1*+/* and 2566 PINK1~/~
cells from 12 wells per cell type; right panel, the average value of TMRM fluorescence per cell. Error bars indicate SD. *P<0.05; **P<0.01; ***P<0.001.

siRNA knock-down PC12 cells (Liu et al, 2009). Mitochondrial
membrane potential was also measured by live cell imaging of TMRM
fluorescence. Typical images were shown in Fig. 2C. The histogram
shows the distribution of TMRM fluorescence from 3537 PINK1+/+ cells
and 2566 PINK1~/~ cells from 12 wells per cell type and the bar graph
indicates the mean+SD of TMRM fluorescence per cell (Fig. 2D).
According to the Nernst equation, the ratio of TMRM fluorescence would
translate into, on average, 6.88 mV lower mitochondrial membrane
potential in the PINK1~/~ cells if the plasma membrane potentials were
not different between PINK1*/* and —/~ cells. Mitochondrial mem-
brane potential decrease was also showed previously in PINK1 knock-
down Hela cells (Exner et al,, 2007) and in stable PINK1 knock-down
neuroblastoma cell lines (Sandebring et al., 2009).

Assessments of mitochondrial functions using isolated mitochondria

To further analyze mitochondrial functions, we measured the
kinetics of oxidative phosphorylation using isolated mitochondria
from PINK1*/* and —/~ MEFs. Fig. 3 shows the kinetics of the three
modules of oxidative phosphorylation using succinate as a respira-
tory substrate (complex IlI-linked respiration). Fig. 3A shows the
kinetic response of substrate oxidation to its product, Ay The

substrate oxidation kinetic curve for PINK1~/~ cells was clearly
shifted lower compared with that for PINK17/ cells, indicating that
the loss of PINK1 caused mitochondrial respiratory chain defects.
Fig. 3B shows the kinetic response of proton leak to its driving force,
Ay, and Fig. 3C shows the kinetic response of the ATP phosphory-
lating pathway to its driving force, Ay Both kinetic curves for
PINK1*/* and ~/~ MEFs (open and closed symbols, respectively)
were overlapping, implying that there were no significant differ-
ences in those modules.

We also independently measured the mitochondrial oxygen
consumption rate using pyruvate/malate as a respiratory substrate
instead of succinate to check complex I. Modular kinetic analysis
using pyruvate/malate is technically difficult for the following
reasons: (1) the oxygen consumption rate with pyruvate/malate is
much slower than succinate respiration; and (2) there are no
competitive inhibitors of complex I-linked respiration, such as
malonate for succinate respiration. As shown in Fig. 4A, the
respiration rates in State 3 and 4 with pyruvate/malate of isolated
mitochondria from PINK17/~ cells (closed symbols) were signifi-
cantly slower than those of PINK1™/* cells (open symbols), as in the
case of succinate respiration (Fig. 4B; data derived from the kinetic
curves in Fig. 3).
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Fig. 3. Modular kinetic analysis of oxidative phosphorylation in mitochondria isolated
from PINK1+/* and —/~ MEFs. Modular kinetic analysis of the kinetic responses to
membrane potential, Ay, of respiration driving (A) substrate oxidation (A¢ titrated
with uncoupler, FCCP, starting in State 4), (B) proton leak (Ay titrated with malonate,
starting in State 4) and (C) the phosphorylating system, calculated by subtracting
respiration driving proton leak from respiration driving the Ay-consumers (A titrated
with malonate starting in State 3; not shown) at each A¢.. Open symbols, PINK1+/+
MEFs; closed symbols, PINK1~/~ MEFs. Error bars indicate SEM (n=4 independent
mitochondrial preparations).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of the H,0, generation rate. Mechanisms of mitochondrial ROS
production were well described elsewhere (Fig. 1 of Lambert et al.,
2010). Pyruvate and malate generate NADH, which induced forward
electron transport and generate ROS mainly from complex I and IIL
For pyruvate/malate respiration, the basal H,0, generation rate
(measured in the absence of respiratory chain inhibitors) was not
different between PINK1*/* and ~/~ mitochondria (Fig. 4C). The
addition of antimycin A and further addition of rotenone, which
inhibited forward electron transport at complex Ill and [, respectively,

enhanced H,0, generation. During succinate respiration in the
absence of respiratory chain inhibitors, ROS are generated mainly
from the quinine binding site of complex I due to reverse electron flow
from coenzyme Q to complex I. For succinate respiration, H,0,
generation rate in the absence of reparatory chain inhibitors was
higher in PINK1"™/* mitochondria than in PINK1~/~ mitochondria,
but the difference was not significant (Fig. 4D). The addition of
rotenone, which blocks reverse electron flow from coenzyme Q to
complex |, attenuated H,0, generation.

Figs. 4 C and D show a tendency for PINK1*/* mitochondria to
generate more ROS than PINK1~/~ mitochondria. However, their
respiration rates were remarkably different (Figs. 4A and B).
Therefore, we calculated the percentage free radical leak, which is
the fraction of molecules of O, consumed that give rise to H,0; release
by mitochondria (free radical leak) during either pyruvate/malate or
succinate State 4 respiration (Figs. 4E and F). For pyruvate/malate
respiration, mitochondria isolated from PINK1~/~ cells had higher
proportion of H,0, generation than PINK1*/* mitochondria. During
succinate respiration without respiratory inhibitors, PINK1~/~ mito-
chondria had also higher proportion of free radical leak mainly from
complex I due to reverse electron flow from coenzyme Q to complex 1.
Because the differences disappeared with addition of rotenone, which
inhibit reverse electron flow, ROS generation enhanced by loss of
PINK1 was mostly from complex L.

Discussion

We produced an in vitro model of Parkinson's disease, immortal-
ized PINK1~/~ MEFs. Previously, impairment of mitochondrial
respiration was observed in the brains of PINK1~/~ mice (Gautier
et al., 2008). PINK1™/~ MEFs clearly showed a phenotype of
mitochondrial dysfunctions, which is consistent with PD pathogen-
esis. This phenotype was apparent in a cell growth experiment using
medium containing galactose instead of glucose (Fig. 1B). Mitochon-
drial fragmentation was observed when PINK1~/~ MEFs grew in the
galactose medium (Fig. 1C), which was consistent with previous
reports (Exner et al., 2007; Griinewald et al., 2009). Our results have
unveiled that the PINK1~/~ MEF line could be a potential PD model,
presenting growth retardation due to decreased mitochondrial
respiration activity. Thus, the PINK1~/~ MEFs are a useful tool for
evaluating the role of PINK1 in mitochondrial dysfunction and
relevant to PD.

In PINK1~/~ MEFs, mitochondrial membrane potential was de-
creased compared with that in littermate wild-type MEFs (Figs. 2C and
D), as reported previously for PINK1 knock-down Hela cells (Exner et
al, 2007) and stable PINK1 knock-down neuroblastoma cell lines
(Sandebring et al, 2009). This is a key event during elimination of
mitochondria. Mitochondrial fission followed by selective fusion
segregates damaged mitochondria, which decreases their membrane
potential, and permits their removal by autophagy (Twig et al., 2008).
The PINK1-parkin pathway is thought to have a crucial role in this
mitochondrial elimination mechanism (Geisler et al., 2010; Kawajiri et
al., 2010; Matsuda et al, 2010; Narendra et al,, 2008, 2010; Vives-Bauza
et al, 2010). To clarify what caused the decrease in mitochondrial
membrane potential, we performed a modular kinetic analysis using
isolated mitochondria (Fig. 3). This analyzes the kinetics of the whole of
oxidative phosphorylation divided into three modules connected by
their common substrate or product, mitochondrial membrane potential
(AY). The modules are include one Ay-producer (substrate oxidation)
and two Ay-consumers (phosphorylating system and proton leak)
(Brand, 1990). To decrease Ay, the Ay-producer should be down-
regulated and/or Ag-consumers should be up-regulated. As cellular ATP
levels were decreased compared with those in littermate wild-type
MEFs (Fig. 2B), it is unlikely that the phosphorylating system is
up-regulated. Indeed, the kinetics of the phosphorylation module
were not altered (Fig. 3C). The other Ay¢-consumer, proton leak,
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which partially dissipates the membrane potential without ATP
synthesis, was also not changed (Fig. 3B). Therefore, the decrease in
membrane potential caused by loss of PINK1 is likely to have been
caused only by lower activity of the Ay-producer, substrate oxidation
(Fig. 3A). This is the first report showing that mitochondrial membrane
potential decrease caused by loss of PINK1, which is the key event for the
following mitochondrial elimination, was not due to proton leak, but to
respiratory chain defects. We used only succinate (a complex Il-linked
substrate) as a respiratory substrate in the modular kinetic analysis for
technical reasons. However, complex I-linked respiration (pyruvate/
malate) was also decreased in PINK1~/~ MEFs like succinate respiration
(Fig. 4A).

The mitochondrial respiration rates in State 4 were decreased in
PINK1~/~ MEFs, and consequently, the proportions of free radical
leak were significantly higher in PINK1~/~ MEFs than in PINK1*/+

MEFs (Figs. 4E and F). Because the differences disappeared with
addition of rotenone (complex I inhibitor, which inhibits reverse
electron flow from coenzyme Q to complex I), ROS generation
enhanced by loss of PINK1 was mostly from complex I. These results
are partially consistent with those in previous reports, suggesting
that MPTP and rotenone induce neuronal cell death by inhibiting
complex I activity, leading to a PD-like phenotype (Dauer and
Przedborski, 2003; Jackson-lewis and Przedborski, 2007; Troja-
nowski, 2003).

In this study, we developed an in vitro PD model, the PINK1~/~ MEF
line, and established the experimental conditions for cell growth to
detect mitochondrial dysfunction. This is the first report showing that
complete ablation of PINK1 causes a decrease in mitochondrial
membrane potential, which is not due to proton leak, but to respiratory
chain defects.

not due to proton leak butto
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The cellular abnormalities in Parkinson’s disease (PD) include mitochondrial dysfunction and oxidative damage, which are
probably induced by both genetic predisposition and environmental factors. Mitochondrial dysfunction has long been implicated
in the pathogenesis of PD. The recent discovery of genes associated with the etiology of familial PD has emphasized the
role of mitochondrial dysfunction in PD. The discovery and increasing knowledge of the function of PINK1 and parkin,
which are associated with the mitochondria, have also enhanced the understanding of cellular functions. The PINK1-parkin
pathway is associated with quality control of the mitochondria, as determined in cultured cells treated with the mitochondrial
uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP), which causes mitochondrial depolarization. To date, the use
of mitochondrial toxins, for example, 1-methyl-4-phynyl-tetrahydropyridine (MPTP) and CCCP, has contributed to our
understanding of PD. We review how these toxins and familial PD gene products are associated with and have enhanced our

understanding of the role of mitochondrial dysfunction in PD.

1. Introduction

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder, affecting 1% of the population
above the age of 60. The classical form of the disease is char-
acterized clinically by rigidity, resting tremor, bradykinesia,
and postural instability. In addition to these four cardinal
symptoms, many nonmotor symptoms frequently appear in
PD, such as cognitive impairment, hallucinations, delusion,
behavioral abnormalities, depression, disturbances of sleep
and wakefulness, loss of smell, pain, and autonomic dysfunc-
tions such as constipation, hypotension, urinary frequency,
impotence, and sweating. The pathological hallmarks of PD
are the preferential loss of dopaminergic neurons of the
substantia nigra (SN) pars compacta and formation of Lewy
bodies. Exposure to environmental factors inducing mito-
chondrial toxin likel-methyl-4-phynyl-tetrahydropyridine
(MPTP) produces selective degeneration of dopaminergic
neurons in SN and results in an irreversible Parkinsonism
[1-3]. The active metabolite of MPTP, 1-methyl-4-phen-
ylpyridinium ion (MPP+), is an inhibitor of complex I, and

it accumulates in dopaminergic neurons because it is actively
transported via dopamine transporter (DAT) [4-6]. The
inhibition of the electron transport induces oxidative damage
by increasing the formation of reactive oxygen species
(ROS) and leads to further mitochondrial dysfunction [7].
These findings were supported by evidence of oxidative
damage including an increase in lipid peroxide [8], decrease
in glutathione [9], increase in hydroxynonenal-modified
proteins [10], and increase in 8-hydroxy-deoxy guanine
[11] in SN. ROS impair mitochondrial proteins, further
aggravating mitochondrial function. Ultimate outcomes are
dissipation of mitochondrial membrane potential and the
release of cytochrome c into the cytoplasm and activation
of the apoptotic cascade. A biochemical link between MPTP
toxicity and Parkinsonism was confirmed with the finding
of low levels of complex I in the SN, skeletal muscle, and
platelets in patients with PD [12, 13]. In contrast, it remains
unknown whether this systemic deficiency of complex I
is crucially related to dopaminergic cell loss in PD. Rats
administered rotenone (an inhibitor of complex I) developed
neuronal degeneration and formation of synuclein-positive



inclusions; however, the degree of complex I inhibition
was not severe enough to induce brain mitochondrial
dysfunction [14]. Although inhibition of complex I and
production of free radical result in increased oxidative
stress, it remains unclear whether such dysfunction is a
primary or a secondary process in the pathogenesis of the
disease.

2. Involvement of Two Mitochondrial
Toxic Pathways in Synuclein, DJ-1, and
Parkin Mice Model

Several mutations of the synuclein gene (SNCA) at the
PARKI locus induce autosomal dominant Parkinsonism.
Three missense mutations: A53T [15], A30P [16], and
E46K [17], duplications [18-21], and triplications [22,
23] of SNCA have so far been described. Triplications
are associated with Parkinsonism and dementia, and the
age of onset is younger than the other mutations, and
the neuropathological changes are those of diffuse Lewy
body disease. Regarding the pathogenesis of PARK1-linked
PD, accumulation of normal synuclein is likely to pre-
dispose mnigral neurons for protofibril formation. Toxic-
ity associated with increased synuclein expression is an
important cellular event that enhances the genetic pre-
disposition to sporadic PD. At present, indirect evidence
suggests a relationship between synuclein and oxidative
stress, including protein carbonylation and lipid peroxida-
tion. Furthermore, synuclein-deficient mice were found to
have striking resistance to MPTP-induced degeneration of
dopaminergic neurons, and this resistance appeared to be
related to failure of the toxin itself. Interestingly, there was
dissociation in the resistance between MPTP- and rotenone-
induced cell vulnerability of synuclein-null dopaminergic
neurons [24]. This result suggests that MPTP associates
with synuclein through another pathway independent of
complex I inhibition (mitochondrial dysfunction), to finally
induce dopaminergic cell death. Several mutations of the
DJ-1 gene at the PARK7 locus induce autosomal recessive
Parkinsonism [25]. Clinical phenotype is characterized by
an onset in the midthirties, good levodopa response, and
slow disease progression. Several lines of evidence suggest
that it plays a role in the oxidative stress response [26,
27]. Subcellular localization studies have shown DJ-1 to be
present in the cytosol, mitochondria, and nucleus [26, 28,
29]. Junn et al. [30] showed that in response to oxidative
stress, some of the DJ-1 protein is translocated from its
major cytosolic pool to mitochondria and nucleus. DJ-1
null mice are vulnerable to MPTP [31]. On the other hand,
Thomas et al. [32] reported that the susceptibility of SN to
MPTP in mice is independent of parkin activity. In short, the
absence of parkin does not seem to increase the vulnerability
of dopaminergic neurons to MPTP irtoxication. Another
study also found that oxidative stress, including MPTP,
altered parkin solubility, causing parkin aggregation, thereby
suggesting parkin dysfunction as a pathogenic mechanism of
sporadic PD [33].

Parkinson’s Disease

3. Functional Interplay between PINK1 and
Parkin to Maintain Mitochondrial Integrity

Many mutations of the parkin gene at the PARK2 locus
induce autosomal recessive Parkinsonism [34—38]. The usual
age of onset is between 20 and 40 years. Clinical features con-
sist of dystonia and sleep benefit, which are also characteristic
symptoms. Despite affected patients responding well to
levodopa, they soon develop motor fluctuations. Conversely,
mutations of the PINK1 (PTEN-induced kinase 1) gene at
the PARKS locus induce autosomal recessive Parkinsonism.
The age of onset is slightly delayed relative to PARK2,
that is, from 32 to 48 years [39]. The affected patients
show levodopa-responsive Parkinsonism. PINK1 contains
an N-terminal mitochondrial targeting signal and a highly
conserved serine/threonine kinase domain, and many mis-
sense and nonsense mutations have been reported at the
kinase domain {40-44]. In particular, the identification of
PINK1 mutations has strongly implicated mitochondrial
dysfunction in the pathogenesis of PD [40]. The activity of
PINK1 kinase is crucial for mitochondrial maintenance via
TRAP phosphorylation [45]. The loss of PINKI function
results in increased vulnerability to various stresses [46—
48]. Drosophila models have demonstrated that PINK1 and
parkin ensure stable mitochondrial function. Parkin null
mutants show severe mitochondrial pathology associated
with reduced lifespan, apoptosis, and muscle degeneration
[49]. While the PINKI1 mutant phenotype can be rescued
by parkin gene overexpression [50, 51], the converse does
not occur, suggesting that parkin acts downstream of PINK1
in a common pathway to maintain mitochondrial integrity.
PINK1 loss-of-function results in reduced mitochondrial
membrane potential [52], and the PINKI-parkin pathway
is associated with mitochondrial elimination in cultured
cells treated with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which causes
mitochondrial depolarization [53-58]. The exact mechanism
underlying CCCP-induced mitochondrial depolarization,
leading to mitochondrial autophagy, has been examined
in detail. At steady state, parkin is localized throughout
the cytosol but not in the mitochondria. However, parkin
was rapidly recruited into the mitochondria when Hela
cells were treated with CCCP [55]. Furthermore, PINK1
recruits parkin from the cytoplasm to the low-membrane
potential mitochondria, resulting in the mitochondrial
degradation. Interestingly, the ubiquitin-ligase activity of
parkin is repressed in the cytoplasm at steadystate; however,
PINKI1-dependent mitochondrial localization triggered by
mitochondrial depolarization liberates the potential enzy-
matic activity of parkin. While CCCP is well described,
its mitochondrial toxic effects provide new insights on the
functional interplay between PINK1 and parkin.

4. Accumulation of PINK1 in
Damaged Mitochondria

PINKI is localized in both the mitochondria [40, 59] and the
cytoplasm [55, 60]. Treatment with CCCP results in gradual
accumulation of PINK1 and translocation of the cytoplasmic
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Freure 1: Schematic representation of PINKI1-parkin-mediated mitophagy. In'damaged mitochondria, PINK1 and parkin regulate
mitochondrial elimination by inducing mitophagy. Under steady state, PINK1 is cleaved and degraded rapidly in the mitochondria. This
process may be inhibited by the mitochondrial depolarization, resulting in PINK1 accumulation in the mitochondria. This accumulation is
a crucial signal for parkin recruitment to the mitochondria. Parkin is presumed to ubiquitinate substrate (X), resulting in the induction of

mitophagy.

PINK1 to the mitochondria. The subcellular localization
of PINKI is regulated by the mitochondrial membrane
potential. Such accumulation may be the first trigger of
PINK1-related parkin recruitment. Co-overexpression of
PINKI1 and parkin results in their colocalization in the
mitochondria [61]. Even when these cells were not treated
with CCCP, overexpression of PINK1 was associated with
translocation of parkin to the cells, together with their
mitochondrial aggregation.

Moreover, overexpression of both PINK1 and parkin
in the cells resulted in the complete disappearance of the
mitochondria. These results suggest that both PINK1 and
parkin are indispensable for mitochondrial elimination and
that accumulation of PINK1 in the mitochondria results
in recruitment of parkin to the mitochondria even in the
absence of CCCP [54].

5. PINK1 Kinase Activity Is Essential for
Translocation of Parkin

PINK1 is composed of an atypical N-terminal mitochondrial
targeting signal and transmembrane domain, kinase domain
in the middle, and a conserved C-terminal domain, and dele-
tion of the N-terminal amino acids abolished the mitochon-
drial localization of PINK1 [62]. Among other mutations,
G309D, L347P, and G409V are associated with reduction in
PINKI1-kinase activity, and a C-terminal domain deletion
mutant is associated with PINK1 dysfunction [63, 64].
The G309D/L347P/G409V mutants preserved mitochondrial
localization, though their mitochondrial elimination was
less compared to cells expressing both the wild-type PINK1
and parkin. When introduced into PINK1-deficient cells,
the mutants were unable to complement the localization
of parkin [55]. These results indicate that targeting the
kinase activity and mitochondrial distribution of PINKI
is important for the mitochondrial recruitment of parkin
(Figure 1).

6. PINK1 Deficiency Itself Causes
Respiratory Chain Defects

Impaired mitochondrial respiration was observed in the
brain of PINK1 null mice [65] although the mechanism link-
ing PINK1 to mitochondrial membrane potential remains
to be determined. Amo et al. [66] reported depletion of the
mitochondrial membrane potential and cellular ATP levels
(~80%) in PINKI-deficient mouse embryonic fibroblasts
(MEFs) compared with those in littermate wild-type MEFs.
However, loss of PINK1 did not alter mitochondrial proton
leak, which reduces the membrane potential in the absence of
ATP synthesis. Instead, the authors reported reduced activity
of the respiratory chain, which produces the membrane
potential by oxidizing substrates using oxygen. The H,0,
production rate by PINK1 null mitochondria was lower
due to low oxygen consumption rate, while the proportion
(H,O; production rate per oxygen consumption rate) was
higher. These results suggest that mitochondrial dysfunction
in PD is not caused by proton leak, but by a defective
respiratory chain. Furthermore, rate of free radical leak was
significantly higher in PINK1-deficient MEFs than in wild-
type MEFs. Because the differences disappeared with the
addition of rotenone (inhibitor of complex I, which inhibits
reverse electron flow from coenzyme Q to complex I),
conceivably ROS generation enhanced by loss of PINK1
was mostly from complex I. With regard to PINK1-related
PD, ROS may be an important factor. The above may also
explain why cytoplasmic PINK1 protects neurons against
MPTP [47]. Inhibition of complex I itself is associated with ‘
increased ROS production [67]. These results are at least in
part consistent with those of previous studies, suggesting that
MPTP and rotenone induce neuronal cell death by inhibiting
complex I activity, leading to a PD-like phenotype [68-70]
(Figure 2).

It is not doubtful that ROS generation is harmful to
the cells, but the process of cell death is supposed to be
slow. The crucial point is how inhibition of complex I
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affects mitochondrial dysfunction including mitochondrial
depolarization. Considering that the onset of PARK6 (at
32-48 years) is slightly delayed relative to that of PARK2
[39], some cases of PINK1 mutation might not affect parkin
recruitment and thus maintain at least part of mitochondrial
integrity. This may explain the late onset of PARK6. On the
other hand, parkin did not translocate into the mitochondria
when cells were treated with MPTP (our unpublished data).
This finding means that inhibition of complex I does
not necessarily induce low membrane potential. Further
research is needed to investigate two independent pathogenic
mechanisms related to MPTP and CCCP (Figure 2).

7. Conclusion

Cell death of dopaminergic neurons is due to a combination
of exogenous stress and genetic predisposition. The discovery
of PD genes has provided important insight including
an understanding of PINKI1-parkin mediated mitophagy.
Furthermore, mitochondrial toxins provided crucial clues:
(1) CCCP directly affects mitochondrial dysfunction and
induces mitophagy; (2) MPTP toxicity seems to alter ROS
generation rather than mitochondrial depolarization. The
effects of mitochondrial toxins do not seem to be a one-
way manner. The information is available for understand-
ing the pathogenesis in PD. Here, we touched on the
fringes of molecular mechanisms of PINK1-parkin-mediated
mitophagy. Further research will elucidate how this quality
control system applies to neurons.
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PARK1&4 AD 4921 SNCA EOPD Synucleinopathy
PARK2 AR 8425.2-27 Parkin Juvenile and EQPD
PARK3 - AD 2013 unknown LOPD
PARKS  AD 4p14 UCHLY LOPD
PARKS AR 1p35-36 PINK 1 EOPD
PARK? AR 1p36 D1 EOPD
PARKS8  AD 12p12 LRRK2 LOPD Synucleinopathy/Tauopathy
PARKS AR 1p36 ATP13A2 Kufor-Rakeb syndrome
PARK10 8 1p32 ELAV4 Not clear
PARK 11 AD 2936-q37 GIGYF2 LOPD
PARK12 8 Xag21-g25 unknown Not clear
PARK 13 AD 2p12 OmilHTRAZ Not clear
PARK 14 AR 22¢13.4 PLA2GS Adult onset dystonia-

parkinsonism
PARK 15 AR 22¢12-13 FBXO7 Early onset
parkinsonian-
pyramidal syndrome
SCA2 AD 12924.1 Ataxin2 LOPD Synucleinopathy
FTDP-17  AD 17421-22 MAPT FTDP-17 Tauopathy
Perry AD 2pi2-14 DCTN1 Perry syndrome TDP-43 proteinopathy
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