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PINK1 and Parkin complementarily protect
dopaminergic neurons in vertebrates
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Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by selective dopaminergic
cell loss in the substantia nigra, but its pathogenesis remains unclear. The recessively inherited familial PD
genes PARK2 and PARK®6 have been attributed to mutations in the Parkin and PTEN-induced kinase 1 (PINK1)
genes, respectively. Recent reports suggest that PINK1 works upstream of Parkin in the same pathway to
regulate mitochondrial dynamics and/or conduct autophagic clearance of damaged mitochondria. This phe-
nomenon is preserved from Drosophila to human cell lines but has not been demonstrated in a vertebrate
animal model in vivo. Here, we developed a medaka fish (Oryzias latipes) model that is deficient in Pink1
and Parkin. We found that despite the lack of a conspicuous phenotype in single mutants for Pink1 or
Parkin, medaka that are deficient in both genes developed phenotypes similar to that of human PD: late-
onset locomotor dysfunction, a decrease in dopamine levels and a selective degeneration of dopaminergic
neurons. Further analysis also revealed defects in mitochondrial enzymatic activity as well as cell death.
Consistently, PINK1 and Parkin double-deficient MEF showed a further decrease in mitochondrial membrane
potential and mitochondrial complex | activity as well as apoptosis compared with single-deficient MEF.
Interestingly, these mitochondrial abnormalities in Parkin-deficient MEF were compensated by exogenous
PINK1, but not by disease-related mutants. These results suggest that PINK1 and Parkin work in a comple-
mentary way to protect dopaminergic neurons by maintaining mitochondrial function in vertebrates.

INTRODUCTION genes responsible for familial PD have been identified. Muta-

tions in the genes encoding the E3 ubiqutin ligase Parkin (1)
Parkinson’s disease (PD) is a common neurodegenerative dis- and PTEN-induced kinase 1 (PINK1) (2) are the leading
order that is characterized by late onset of motor symptoms causes of autosomal recessive-familial PD. To gain insights
associated with selective dopaminergic cell loss in the substan-  into the mechanisms of the disease, many PINK1 and Parkin-
tia nigra. Although the majority of cases are sporadic, several related animal models of PD have been created. Studies using
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Drosophila melanogaster show that a loss of PINK1 or Parkin
similarly results in sperm and flight muscle defects with mito-
chondrial dysfunction and muscular degeneration associated
with only a small decrease in dopaminergic neurons. Interest-
ingly, the PINK1-mutant phenotype can be rescued by Parkin,
while the Parkin-mutant phenotype cannot be rescued by PINK1
leading to the hypothesis that PINK 1 and Parkin work in a single
pathway in maintaining mitochondrial homeostasis and function
with PINK1 upstream of Parkin (3—5). On the other hand, mice
lacking PINK1 or Parkin exhibit less conspicuous changes;
alterations in dopamine release without locomotor dysfunction
or dopaminergic cell death (6—13) or even no phenotype (14).
Only several conditional knockout or overexpression mice of
PD-related genes, such as Parkin conditional knockout mice
(15) and a-synuclein conditional transgenic mice (16), show
dopaminergic cell loss.

Recently, teleost fish have gained wide interest in the mod-
eling of PD. Indeed, several genetic models have been devel-
oped using knockdown or transgenic expression of genes that
are related to PD including pinkl or parkin (17-20). We pre-
viously reported that administration of classical (21,22) and
non-classical (22,23) neurotoxins in medaka induces the hall-
mark changes seen in PD: loss of dopaminergic neurons and
locomotor dysfunction. To study the effects of familial PD
genes on medaka, we also created a Pinkl homozygous
mutant medaka (24) that only showed late-onset locomotor
dysfunction and anomalies in the metabolism of dopamine.

In this study, we created two new medaka models: one with
a mutation in Parkin and the other in both Pinkl and Parkin.
Although Parkin single-deficient medaka did not show any
prominent PD-related phenotypes, Pinkl and Parkin double-
deficient medaka showed late-onset selective death of dopa-
mine neurons in the middle diencephalon, a decrease in
dopamine levels and a deterioration of locomotor behavior
which recapitulate cardinal features of human PD. Concomitant
to this, we found a decrease in mitochondrial complex activities
as well as cell death in Pinkl and Parkin double-deficient
medaka. Moreover, we also confirmed these findings using
mouse embryonic fibroblasts (MEFs), in which deficiency in
both PINK1 and Parkin function led to a further deterioration
of mitochondrial dysfunction compared with PINK1 or Parkin
single deficiency. Interestingly, this decrease in mitochondrial
activity in a Parkin-deficient MEF was partially rescued by
PINKI but not by its mutants. Our results suggest that PINK1
and Parkin maintain mitochondrial respiratory function in a
complementary way and that loss of both leads to PD-related
phenotypes in vertebrates.

RESULTS

Parkin-deficient medaka did not develop a pronounced
phenotype

We previously generated several Parkin-mutant medaka lines
by ENU mutagenesis (25). A BLAST search using the
Oryzias latipes EST database showed a single orthologue of
the human Parkin gene that was highly homologous to that
of human, mouse and fly (Supplementary Material,
Fig. S1A). Using in situ hybridization we found that parkin
mRNA was ubiquitously expressed throughout the medaka
brain similarly to humans (Supplementary Material,

Fig. S2A—-D). We selected a strain that has a nonsense muta-
tion resulting in a stop codon at the position Y320X of the
medaka Parkin protein (Supplementary Material, Fig. S1B).
This mutation also caused nonsense-mediated mRNA decay
(Supplementary Material, Fig. S1C) and the mRNA expression
was almost absent in the brain of the homozygous mutant
(Supplementary Material, Fig. S2E—H). Hereafter, this
homozygous-mutant medaka will be referred to as Parkin-
deficient medaka. To assess whether this mutation in Parkin
could lead to PD-related changes in medaka, we first analyzed
their swimming behavior. Despite a slight decrease in body
weight at 12 months (Fig. 1A), there were no changes in swim-
ming distance, duration and velocity in 4- and 12-month-old
Parkin-deficient medaka (Fig. 1B—D). Furthermore, there
was no dopaminergic neuronal loss in this fish (Fig. 2C, D).
These data indicate that Parkin deficiency does not lead to
conspicuous PD-related phenotypic changes in medaka fish
similar to previous results in zebrafish (19).

Pinkl and Parkin double deficiency led to a deterioration
of motor function

Several studies present evidence that PINK1 and Parkin hold
various functions in maintaining mitochondrial homeostasis
including mitochondrial fission/fusion, mitochondrial trans-
port, mitochondrial respiration and quality control (26). These
studies altogether indicate that PINK1 and Parkin have a multi-
tude of functions that are either dependent on or independent
of each other, some of which compensate for the other (27—
29). Because of the lack of striking phenotypic changes in
medaka that were deficient in either Pink1 or Parkin and suspect-
ing that functional loss of both genes would lead to a loss of
compensation, we crossed the Parkin-mutant medaka with Pink1-
mutant medaka (22). From here on, we shall refer to the Pinkl
and Parkin double homozygous-mutant medaka as double-
deficient medaka. Though there were no apparent differences
between wild-type, Pink1-deficient, Parkin-deficient and double-
deficient medaka at 4 months (Fig. 1A-D), 12-month-old
Pink1-deficient medaka showed a decrease in swimming dis-
tance, duration, velocity and body weight (Fig. 1A—D) consistent
with our previous results (22). Moreover, we found that at
the same age, double-deficient medaka showed a worsening of
swimming behavior compared with single mutants (Fig. 1B—
D). Interestingly, though Pinkl or Parkin single-deficient
medaka had a reduction in body weight at 12 months, this
weight loss was further aggravated in the double-deficient
medaka (Fig. 1A). These data suggest that loss of both Pinkl
and Parkin function in medaka causes a deterioration of locomo-
tive behavior compared with single loss in either Pink1 or Parkin.

Pinkl and Parkin double-deficiency in medaka led to a
selective loss of the middle diencephalic dopaminergic
neurons

To understand the mechanisms underlying the locomotor dys-
function seen in 12-month-old Pinkl and Parkin double-
deficient medaka, we examined whether, like in human PD,
the locomotor phenotype is associated with dopaminergic
cell loss. First, we measured the amount of tyrosine hydroxy-
lase (TH), an enzyme specific to catecholaminergic neurons
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Figure 1. Body weight and spontaneous swimming movement of medaka. (A) Body weight (g). (B) Total swimming distance (cm). (C) Duration of swimming
movement (s). (D) Swimming velocity (cm/s). Pinkl+: Pinkl wild-type medaka, Pinkl—: Pinkl-deficient medaka, Parkin+: Parkin wild-type medaka,
Parkin—: Parkin-deficient medaka. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent SEM. n = 12 (A), and n = 15 for each group (B—D).

and used as a marker for dopaminergic and noradrenergic
neurons. In medaka whole brains, we found a reduction in
the amount of TH protein levels in the double-deficient
medaka compared with wild-type or single-deficient medaka
(Fig. 2A, B). To confirm whether the loss of TH protein
levels was associated with dopaminergic neuronal loss, we
performed immunohistochemical analysis of the medaka di-
encephalon. Similar to our previous neurotoxin-treated
medaka PD models (22,23), 12-month-old double-deficient
medaka showed a statistically significant decrease in
TH-positive (TH+) cells in the middle diencephalon com-
pared with other genotypes, with no differences present at 4
months (Fig. 2C and D). No changes were observed among
TH+ neurons in the caudal diencephalon and rostro-ventral
diencephalon (Supplementary Material, Fig. S3A).

In zebrafish, the ventral telencephalon has been shown to be
the equivalent of the human striatum, receiving inputs
from dopaminergic neurons from the diencephalon (18).
To examine whether the loss of middle diencephalic

dopaminergic neurons is associated with a loss of dopamin-
ergic fibers in the ventral telencephalon, we examined TH
immunoreactivity in this region. Indeed, at 12 months, we
observed a decrease in TH staining in the ventral telenceph-
alon of double-deficient medaka (Supplementary Material,
Fig. S4), suggesting a loss of dopaminergic fibers in this
region. Altogether, these results suggest that mutations in
both Pink1 and Parkin lead to an age-related, selective decrease
in dopaminergic neurons in the middle diencephalon associated
with a loss of dopaminergic fibers in the telencephalon. We
further noted that double-deficient medaka also showed a de-
crease in TH+ noradrenergic cells in the medulla oblongata,
while no differences were found in Pinkl- or Parkin-deficient
medaka (Fig. 2D).

To address the effect of Pink1 and Parkin deficiency on non-
catecholaminergic neurons, we measured the amount of tryp-
tophan hydroxylase (TPH), a marker of serotonergic
neurons, and found no difference among the four genotypes
(Fig. 2A and B). In addition, there were no changes in the
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Figure 2. Number of TH+ neurons in the middle diencephalon and medulla oblongata. (A) Western blot analysis of TH and TPH proteins at 12 months.
(B) Ratio of TH/B-actin proteins and TPH/B-actin proteins. (C) Representative photographs of middle diencephalic dopaminergic neurons in Pinkl+/
Parkin+, Pinkl—/Parkin+, Pinkl+/Parkin— and Pinkl—/Parkin—. (D) Number of TH+ neurons in the middle diencephalon at 4 and 12 months (top).
Number of TH+ neurons in the medulla oblongata at 12 months (bottom). *P < 0.05, **P < 0.01, ***: P < 0.001. Error bars represent SEM. n =8 for

each group (B and D).

number of TPH-positive (TPH+) neurons in the raphe (Sup-
plementary Material, Fig. S3B). These results suggest that
Pinkl and Parkin deficiency selectively affects catecholami-
nergic neurons but not serotonergic neurons.

Collectively, these results indicate that though deficiency in
either Pink1 or Parkin did not induce changes in the number of
dopaminergic neurons in the brain, deficiency in both Pinkl
and Parkin led to an age-dependent selective reduction of
dopaminergic neurons.

The amount of dopamine was decreased in Pinkl
and Parkin double-deficient medaka

To further examine the effects of Pinkl and Parkin double de-
ficiency, we measured the amounts of several neurotransmitters
by high-performance liquid chromatography (HPLC). Again
though there were no changes seen at 4 months among the
four groups, we found a significant decrease in dopamine

(Fig. 3A) and noradrenaline (Fig. 3B) levels in 12-month-old
double-deficient medaka reflecting the loss of TH+ neurons
in the middle diencephalon and the medulla oblongata, respect-
ively. We also measured serotonin and found no differences
among all the groups at 4 and 12 months (Fig. 3C), compatible
with the absence of reduction in TPH+ neurons. This offers
further evidence of a selective degeneration of cathecolaminer-
gic neurons in Pinkl and Parkin double-deficient medaka.
These results strongly indicate that in medaka there is an age-
dependent loss of dopaminergic and noradrenergic neurons
associated with a decrease in dopamine and noradrenaline
levels when Pinkl and Parkin are both deficient.

Pink1 and Parkin double-deficient medaka showed
mitochondrial damage

Mitochondrial dysfunction has been classically linked to spor-
adic and familial forms of PD (26). Given the age-dependent
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Figure 3. Dopamine, noradrenaline and serotonin levels in medaka whole
brain. (A) Amount of dopamine. (B) Amount of noradrenaline. (C) Amount
of serotonin. All values are expressed as a percentage of the amount (ng)
per protein weight (mg) for Pinkl4/Parkin+. *: P < 0.05, **: P <0.01,
*#*: P < 0.001. Error bars represent SEM. n = 12 for each group (A-C).

appearance of locomotor dysfunction and dopaminergic cell
loss in double-deficient medaka, we also examined whether
mitochondrial dysfunction is present in these fish. Using mito-
chondria from medaka brains, we found that at 12 months of
age, though Pinkl and Parkin single depletion did not cause
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any defects in mitochondrial complex activities, double-
deficient medaka showed a significant decrease in both
complex I and II activities (Fig. 4A). These results are consist-
ent with previous studies where mitochondrial dysfunction
was found in leukocytes (30) and fibroblasts (31,32) of
PARK?2 and PARKG6 patients.

Electron microscopy of the middle diencephalon of Pinkl
and Parkin double-deficient brains further revealed grossly
enlarged mitochondria with fragmented cristae when com-
pared with normal mitochondria from wild-type medaka
(Fig. 4B). These morphological changes are similar to those
observed in PINKI1- or Parkin-mutant Drosophila (3,4). Inter-
estingly, though the degree of mitochondrial enlargement was
similar between single-deficient medaka and double-deficient
medaka, the number of abnormal mitochondria with disrupted
cristae structure was much higher in double-deficient medaka
than in single-deficient medaka (Fig. 4B). These data suggest
that depletion of both Pink1 and Parkin leads to mitochondrial
respiratory and morphological alterations. Interestingly, we
also found inclusion bodies containing filamentous materials
in the double-deficient medaka (Fig. 4C).

Because of the key role that the mitochondria plays in the
activation of cell death pathway and the roles of PINK1 and
Parkin in the release of the initiator of apoptosis, cytochrome
¢ (27,33,34), we checked whether cell death occurred resulting
in dopaminergic cell loss. TH and TUNEL double-positive
neurons were detected in the middle diencephalon of double-
deficient medaka (Fig. 4D), suggesting that the loss of TH+
neurons could be attributed to cell death. Cell death of TH+
neurons was not detected in the diencephalon of wild-type,
Pinkl- or Parkin single-deficient medaka (data not shown).
These results are consistent with previous studies where
TUNEL-positive dopaminergic cells as well as activated cas-
pases have been found in the substantia nigra of sporadic
PD patients (35-37).

Altogether these data suggest that a loss of normal functions
of both PINKI and Parkin induces mitochondrial respiratory
chain dysfunction, mitochondrial morphological alterations
as well as cell death.

Deficiency in both PINK1- and Parkin-induced
mitochondrial respiratory dysfunction in mouse embryonic
fibroblasts

To further assess the roles of PINK1 and Parkin in mitochon-
drial homeostasis, we performed cell culture studies using
MEF. First, we confirmed the expression of Parkin protein
in MEF immediately after immortalization, and also confirmed
the absence of Parkin protein in Parkin-deficient MEF through
immunoblotting (Supplementary Material, Fig. S5). To illus-
trate that Parkin can work in cooperation with PINK1 in the
maintenance of mitochondrial integrity, we used MEF treated
with the protonophore, carbonyl cyanide m-chlorophenyl hydra-
zone that dissipates the mitochondrial membrane potential
(AY¥,,) and confirmed the finding that Parkin is recruited to
impaired mitochondria in a PINKI-dependent manner (29)
(Supplementary Material, Fig. S6). First, to create an MEF
that are deficient in both Parkin and PINKI1, we have
knocked down PINKI in WT and Parkin-deficient MEF
(Fig. 5A). As in human primary leukocytes and fibroblasts
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Figure 4. Mitochondrial complex -1V activity, transmission electron microscopic images and TUNEL assay of medaka brains. (A) Mitochondrial complex
I-activities. Two micrograms of medaka brain lysate was used for complex I and II assays, and 10 pg for complex III and IV assays. n = 8 for each group.
(B) B1: Elongated mitochondria in single- and double-deficient medaka. B2: Damaged mitochondria in Pink1 —/Parkin— brains with an abnormal cristae struc-
ture. In the left panel, images on the right are magnified from areas indicated on the left. n = 4 (brains) for each group, 10 different regions per brain were used
for the statistics. (C) Inclusion bodies containing filamentous materials in Pink1 —/Parkin— brains. (D) TUNEL assay in Pink1 —/Parkin— brains. White arrows
indicate TH and TUNEL double-positive neurons in the middle diencephalon. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent SEM.

(30,31), we found that Parkin-deficient MEF have a decrease in
mitochondrial complex I activity (Fig. 5A). Furthermore, a
PINK1-deficient MEF derived from PINKI-deficient mouse
or treated with siRNA against Pink/ also showed a decrease
in complex I activity (Fig. 5A) consistent with previous
studies in PINKI-deficient mice (7,38) and PARKG6 patient

fibroblasts (32). Surprisingly, knockdown of PINK1 in Parkin-
deficient MEF led to a further reduction in complex I activity
(Fig. 5B). These results show that though mitochondrial
complex I activity is decreased in PINK1 or Parkin deficiency,
loss of both PINK1 and Parkin leads to a further decrease in this
activity.
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We also measured AV,,, often used as an indicator of mito-
chondrial condition, using tetramethylrhodamine ethyl ester
(TMRE), a mitochondrial potentiometric fluorescent dye
(39). In agreement with our results on mitochondrial
complex I function and with previous findings (31,40,41),
Parkin-deficient MEF and PINKI1-deficient MEF displayed a
decrease in AY,, (Fig. 5C). We also confirmed that PINKI
knockdown led to a decrease in AU'm. As would be expected,
Parkin-deficient MEF treated with Pink/ siRNA showed a
further deterioration of AW, (Fig. 5C). These data suggest
that PINK1 and Parkin function to maintain fundamental mito-
chondrial homeostasis, as measured here by complex I activity
and AV,,, and concomitant absence of PINKI and Parkin
leads to an additive decline in mitochondrial functions.

To confirm whether apoptosis plays a role in cell death in
our MEF and because mitochondrial dysfunction, including
loss of AV, is thought to activate the apoptotic pathway
(37,42), we checked increases in three different markers of
apoptotic cell death: Annexin V staining, cleaved caspase 3
as well as ssDNA staining. Indeed, deficiency in both
PINK1 and Parkin led to an increase in Annexin V staining
(Fig. 5D). Furthermore, we found that though MEF that
were deficient in PINK1 or Parkin showed only a few apoptot-
ic cells, deficiency in both PINK1 and Parkin led to a promin-
ent increase in apoptosis as revealed by the activation of
caspase 3 (Fig. 5E) and the increased number of cells positive
for ssDNA (Fig. 5F). These results indicate that in the defi-
ciency of both PINK1 and Parkin, MEF shows typical signs
of apoptosis.

Altogether, these results suggest that in the absence of
PINK1 or Parkin, there exist some compensational mechan-
isms to maintain mitochondrial function that are lost or per-
turbed in the concomitant absence of both PINKI1 and
Parkin. Illustrating one of these compensational mechanisms,
we found that in a Parkin-deficient MEF, there seemed to be
a transcriptional upregulation of Pink/ mRNA, whereas in
PINK1-deficient MEF Parkin mRNA was upregulated (Sup-
plementary Material, Fig. S7). In medaka fish, however,
pinkl mRNA upregulation was not observed in Parkin-
deficient medaka, although parkin upregulation was conserved
between MEF and medaka fish (Supplementary Material,
Fig. S7).

Mitochondrial function was independently regulated by
PINK1 and Parkin

To further show that PINK1 and Parkin may work in parallel
pathways to protect mitochondria, we overexpressed PINK1 in
Parkin-deficient MEF and assessed mitochondrial activity.
First, we confirmed the expression, in Parkin-deficient MEF,
of exogenous Parkin, PINKI and two PINKI mutants;
L347P PINK1, a disease-related kinase-inactive, and D362A;
D384A PINKI, a kinase-dead mutant containing mutations
in catalytically important residues that have been shown indi-
vidually to inactivate PINK1 kinase function (33) (Fig. 6A).
Overexpression of Parkin in Parkin-deficient MEF rescued
mitochondrial complex I activity and AV, (Fig. 6B, C). Inter-
estingly, PINK1 overexpression rescued the Parkin-deficient
MEF phenotype in both mitochondrial complex I activity
(Fig. 6B) and AY,, (Fig. 6C). Overexpression of PINKI
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mutants could rescue neither mitochondrial complex I activity
nor AV, suggesting the importance of the kinase function of
PINK 1. Furthermore, Parkin overexpression also rescued A ¥,
of the PINK1-knockdowned MEF (Supplementary Material,
Fig. S8). These results further indicate that PINKI1 and
Parkin operate in parallel pathways where they can both inde-
pendently protect mitochondria including mitochondrial mem-
brane potential and complex I activity in vertebrates (Fig. 7).

DISCUSSION

In this study, we have shown that PINK1- or Parkin-deficient
medaka did not show any striking PD-related phenotypes,
while double-deficient medaka developed the hallmark
changes in PD; age-dependent loss of dopaminergic neurons,
locomotor dysfunction, mitochondrial dysfunction and cell
death. Consistent with the medaka data, we observed that
double deficiency in both PINKI1 and Parkin in MEF cells,
compared with single deficiency, caused a further decrease
in mitochondrial function as well as apoptosis. Moreover,
the findings that PINK1 could rescue the mitochondrial pheno-
type of the Parkin-deficient MEF show that PINK1 can main-
tain mitochondrial function, in part, independently of Parkin.

The phenotype of Pinkl- and Parkin-deficient medaka was
quite different from that of Drosophila and mice. In Drosoph-
ila single deficiency in PINK1 or Parkin was enough to cause
severe mitochondrial and muscular phenotypes (3—5), whereas
in mice even double deficiency in PINKI and Parkin did not
cause drastic phenotypical changes (6—8,11—14). In medaka,
only double deficiency, not single deficiency, causes PD-related
phenotypes, suggesting that PINK 1 and Parkin are complemen-
tary to each other in medaka and have redundant functions. We
have also observed this functional redundancy in the mainten-
ance of mitochondrial function in MEF. These results are con-
sistent with the idea that compensational mechanisms may be
responsible for the survival of dopaminergic neurons (15,43—
45). Indeed, the lack of an obvious PD-related phenotype in
mice in vivo suggests the existence of evolutionary, compensa-
tional mechanisms capable of overcoming the deficiency in
PINK1 and Parkin. Consistent with this idea, a recent paper
by Shin et al. (15) showed that only controlled conditional
knockdown of Parkin in adult mice could cause dopaminergic
neuronal loss. We believe that as the authors have speculated
compensational mechanisms are responsible for the lack of ap-
parent phenotypes in other germline deletion mouse models. On
the other hand, in humans, a longer lifespan exposes dopamin-
ergic neurons to environmental factors that may eventually
overcome these compensational mechanisms leading to PD (46).

In what mechanisms can PINK1 and Parkin work comple-
mentarily and at least in some parts independently of each
other to maintain cellular homeostasis? One possible mechan-
ism is the anti-apoptotic effect of these proteins. Indeed, only
double-deficient medaka showed the evidence of cell death.
Similarly, in double-deficient MEF, not in Parkin or PINK1
single-deficient MEF, the number of Annexin V and ssDNA-
positive cells was increased and, moreover, caspase 3 was
also activated, indicating the presence of apoptosis in this
model. It has recently been shown that Parkin regulates the
release of cytochrome ¢, whose release from the mitochondria
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Figure 5. Mitochondrial function and apoptosis in MEFs. (A) RT—PCR showing PINKI knockdown in WT and Parkin ™/~ MEF (left) and mitochondrial
complex I activity (right). (B) Mitochondrial complex I activity in double-deficient MEFs. (C) TMRE fluorescence. (D) Annexin V staining. (E) Caspase 3
and cleaved caspase 3 immunoblotting. (F) Representative photographs of ssDNA staining in MEF (left). Number of ssDNA-positive cells over the total
number of cells (right). More than 160 cells were analyzed per group. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. Error bars represent SD (A—
C) and SEM (D). n =3 for (A and B), n > 5 for (C).
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Figure 6. PINK1 rescue of Parkin-deficient mitochondrial phenotypes. (A) Immunoblotting of overexpressed Parkin, PINK1, L347P PINK1 and D362A; D384A
PINKI1 in Parkin-deficient MEF. (B) Mitochondrial complex I activity. (C) TMRE fluorescence. *P < 0.05. Error bars represent SD. n =3 for (B) and n > 5

for (C).

initiates apoptosis (27), and Parkin also inactivates Bax, a
pro-apoptotic protein of the Bcl-2 family, through ubiquitina-
tion independently of PINKI1 (47). In parallel, PINKI also
inhibits cytochrome ¢ release (33,34) whereas mutations or
loss of PINK1 leads to apoptosis (33,41). These lines of evi-
dence are in line with our results that only double deficiency
in PINK1 and Parkin caused apoptosis accompanied by mito-
chondrial abnormality, and suggest the possible redundant
roles of PINK1 and Parkin against cell death including mito-
chondrial apoptotic cell death.

Recently, PINK1 and Parkin have also been shown to
operate in the degradation of damaged mitochondria through
autophagy (29,48,49). In addition to this, PINK1 and Parkin
also play important roles in the dynamic remodeling of the
mitochondria through fission and fusion (50). This process
allows cells to either fuse dysfunctional mitochondria to
healthier ones to ‘dilute’ the effects of the damaged mitochon-
dria or separate the unhealthy mitochondria through fission to
be later degraded by autophagy. In our study, mitochondria
was enlarged in the absence of either PINK1 or Parkin, con-
sistent with previous studies (50—52). On the other hand, mito-
chondrial function was maintained in the absence of either
PINK1 or Parkin probably due to their compensatory activity,
while loss of both led to mitochondrial functional and morpho-
logical abnormalities.

Finally, we have succeeded in creating a genetic vertebrate
model of PD that recapitulates the main phenotypes of human
PD in an age-dependent manner. The decreased complex I ac-
tivity observed in this model is a common phenomenon
observed in idiopathic as well as PINK1- and Parkin-related
PD (30-32), and could be the key to the selective loss of cate-
cholaminergic neurons. Indeed, mitochondrial quality control
is critical to catecholaminergic neurons which are constantly
exposed to high levels of oxidative stress (43). From this
point of view, our PD medaka model is a reasonable and rele-
vant animal model of human PD, and would be useful in
understanding the pathological mechanisms of PD, as well
as in developing therapies that would target specific processes

in the development of this disease. Though the loss of dopa-
minergic neurons could not account for the behavioral pheno-
type in our study, we believe that the deterioration in
swimming behavior was dependent on PINKI. Indeed,
PINK1 deficiency resulted in a decrease in motor function
and deficiency in both PINK1 and Parkin led to a further de-
crease, at least in swimming distance. Further studies involv-
ing pharmacological treatment with L-dopa or dopamine
agonists should be performed to see whether these motor
defects could be dependent on the dopaminergic loss or not.

In conclusion, we have shown through our medaka model
that Pinkl and Parkin play compensatory functions where
functional deficiency in both leads to an age-dependent loss
of dopaminergic neurons and deterioration of the swimming
behavior. These phenotypes are accompanied by mitochon-
drial dysfunction and cell death in both medaka and MEF
models. Our results suggest that PINK1 and Parkin work not
only in a single pathway but also in independent parallel path-
ways, both of which protect dopaminergic neurons by main-
taining mitochondrial function.

MATERIALS AND METHODS

Generation of Pinkl and Parkin double-deficient medaka

We previously generated Parkin loss-of-function mutants (25)
and Pinkl loss-of-function mutants (22). Heterozygous fish
generated by in vitro fertilization were back-crossed seven
times with Kyoto-Cab, a substrain of Cab. Then Pink! hetero-
zygous mutants and Parkin heterozygous mutants were crossed
and generated Pinkl/Parkin double heterozygous mutants.
After three additional back-crossings with Kyoto-Cab,
Pink1/Parkin double heterozygous mutants were incrossed to
generate a double mutant. Behavioral analysis, in situ hybrid-
ization, immunoblotting, TUNEL staining, transmission elec-
tron microscopy, immunohistochemistry and HPLC were
conducted as previously described (21,22). RT-PCR of
medaka parkin was conducted as previously described (25).
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Figure 7. Proposed roles of Parkin and PINK1 in protecting mitochondrial
function in Drosophila and vertebrates.

Mitochondrial complex I, IT (53), III and IV (18) activity were
measured as previously reported. All the medaka experiments
were conducted also with less-backcrossed lines, and only the
consistent data among the different lines were used for publi-
cation.

Generation of PINK1- and Parkin-deficient MEF

Generation of PINK1-deficient MEF was described elsewhere
(54). MEFs were also generated from wild-type and Parkin-
deficient mice (55). Briefly, E13 embryos were cultured at
37°C (5% CO,) in DMEM (Gibco) containing 10% fetal
bovine serum (Thermo Scientific) supplemented with 1 mg/
ml of Gentamycin and 50 mm of 2-mercaptoethanol (Gibco).
The cells underwent passages every 3 days, and were placed
at 3 x 10* cells/10 cm culture dish at each passage. The
cells were used for experiments after more than 30 passages.
Established immortalized MEFs were cultured in DMEM sup-
plemented with 10% fetal calf serum plus 100 IU/ml penicillin
G, and 100 pg/ml streptomycin (Gibco).

Annexin V staining

Annexin V staining was performed by using the ApoAlert
Annexin V Apoptosis kit (Clontech). Cells were washed and
incubated with Annexin V-FITC for 15 min at room tempera-
ture. Cells were then washed and mounted with ProLong
Gold Antifade Reagent with DAPI (Invitrogen). Cells were
observed using a fluorescence microscope (BZ-9000, Keyence).

Immunostaining of ssDNA

MEFs were fixed using 4% PFA then permeabilized with 0.1%
Triton X-100. Cells were then pre-treated with formamide at
75°C and were incubated with anti-ssDNA antibody (Dako),
followed with Alexa-488 rabbit IgG (Invitrogen). Cells were
mounted with ProLong Gold Antifade Reagent with DAPI
(Invitrogen) and observed using a fluorescence microscope
(BZ-9000, Keyence).

Plasmid transfection

Human flag-tagged Parkin (56) and flag-tagged PINK1 and its
mutants (57) were transfected using Xfect (Clontech) accord-
ing to the manufacturer’s protocol.

siRNA transfection

Stealth siRNAs for mouse PINK1 (mPINK1) were purchased
from Invitrogen. The targeted sequences are as follows: anti-
sense, 5'-CCG CGU GGC UUU GGC UGG AGA GUA
A-3'; sense, 5-AUA CUC UCC AGC CAA AGC CAC
GCG G-3'. Stealth RNAi negative control GC high (Invitro-
gen) was used as a control. siRNA transfection was performed
with RNAiMax (Invitrogen) according to the manufacturer’s
instructions.

Real-time PCR

Total RNA was isolated according to the manufacturer’s
instructions using RNeasy Plus Mini (Qiagen) and first-strand
cDNA was generated using Primescript RT (Takara Bio). For
mRNA quantification, LightCycler 480 SYBR Green I Master
(Roche Applied Bioscience) was used and quantified with
LightCycler 480 System (Roche). The following oligonucleo-
tides were used: mPinkl forward: GCTTTGGCTGGAGAG-
TATGG, mPinkl reverse: TAGTAGTGTGGGGGCAGCAT,
mParkin forward: GAGCTTCCGAATCACCTGAC, mParkin
reverse:. ACTCCCATATGGAGCCCTCT, mGapdh forward:
CGTCCCGTAGACAAAATGGT, mGapdh reverse: GAATTT
GCCGTGAGTGGAGT.

Measurement of complex I activity in MEF

Mitochondrial fractions were first obtained as follows. MEFs
were suspended with suspension buffer (250 mm sucrose,
5mm Tris—HCI pH7.4 and 2 mm EGTA) and homogenized
on ice using a Dounce homogenizer with 40 strokes. The
homogenates were centrifuged at 1000g for 10 min at 4°C,
then supernatants were transferred to new tubes. The superna-
tants were further centrifuged at 10 000g for 10 min at 4°C and
the pellets were resuspended in suspension buffer (10 mm
Tris—HCI pH 7.6) and sonicated, resulting in the mitochon-
drial fraction. The complex I assay was determined by the re-
duction of 2,6-dichloroindophenol (DCIP) (58). Briefly, 2 g
of the mitochondrial fraction was suspended in 200 wl reaction
buffer consisting of 25 mm potassium phosphate, 3.5 g/l BSA
(Nacalai Tesque), 60 pum DCIP, uwm decylubiquinone (Santa
Cruz), 0.2 mm NADH, pH 7.8. DCIP reduction was measured
at 590 nm for 10 min using a microplate reader Multiscan JX
(Thermo Fisher Scientific). Statistical analysis was performed
using three independent samples in duplicate.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was measured using the
Cellomics VTI HCS Reader (Cellomics/Thermo Scientific).
MEFs were seeded at 1 x 10* cells/well in a 96-well plate 1
day prior to analysis and at the day of analysis were incubated
with a non-quenching concentration (10 nM) of TMRE
(Sigma) and 5 pwg/ml Hoechst 33342 (Invitrogen) for 30 min
at 37°C. The values of TMRE fluorescence were normalized
to that measured in WT MEF. Statistical analysis was per-
formed using data from at least five separate wells.
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Immunoblot analysis

Cells were lysed in lysis buffer containing 50 mm Tris—HCI
(pH 8.0), 150 mm NaCl, 1% Triton-X 100 (Nacalai Tesque).
Nuclei and membrane fractions were removed by centrifuga-
tion. Lysates were separated by SDS—PAGE and proteins
were then transferred to a PVDF membrane (Millipore). The
membrane was incubated with the appropriate primary anti-
body (anti-PINK1 antibody, Novus Biologicals; anti-Parkin
antibody, Abcam; anti B-actin antibody, Abcam; anti-caspase
3 and cleaved caspase 3 antibody, Cell Signaling Technology
and anti-flag antibody, Sigma Aldrich), followed by incuba-
tion with a horseradish peroxidise (HRP)-conjugated anti-
rabbit or anti-mouse IgG (Santa Cruz). Immunoreactive
proteins were visualized using the SuperSignal Immunoblotting
detection system (Pierce) and an LAS3000 scanning system (Fuji
Film).

Statistical analysis

Results were statistically evaluated for significance using the
ANOVA test with post-hoc analysis using Bonferroni correc-
tion, if not mentioned. Differences were considered significant
when P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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