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ABSTRACT

Mutations in the PTEN-induced putative kinasel (PINKI) represent the second most frequent cause of autosomal
recessive Parkinson’s disease. The PINKI protein mainly localizes to mitochondria and interacts with a variety of
proteins, including the pro-autophagy protein beclinl and the ubiquitin-ligase parkin. Upon stress conditions, PINK1
is known to recruit parkin at the surface of dysfunctional mitochondria and to activate the mitophagy cascade. Aim of
this study was to use a simple and highly reproducible catecholamine cell model and transmission electron micros-
copy to characterize whether PINKI could affect mitochondrial homeostasis, the recruitment of specific proteins
at mitochondria, mitophagy and apoptosis. Samples were analyzed both in baseline conditions and following treat-
ment with methamphetamine (METH), a neurotoxic compound which strongly activates autophagy and produces
mitochondrial damage. Our data provide robust sub-cellular evidence that the modulation of PINKI levels dramat-
ically affects the morphology and number of mitochondria and the amount of cell death. In particular, especially
upon METH exposure, PINKI is able to increase the total number of mitochondria, concurrently recruit beclinl,
parkin and ubiquitin and enhance the clearance of damaged mitochondria. In the absence of functional PINKI
and upon autophagy stress, we observe a failure of the autophagy system at large, with marked accumulation of
dysfunctional mitochondria and dramatic increase of apoptotic cell death. These findings highlight the strong
neuroprotective role of PINKI as a key protein in the surveillance and regulation of mitochondrial homeostasis.
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Introduction brain nuclei (Gelb et al., 1999; Braak et al., 2004).

The pathological hallmark of PD is the presence of
Parkinson’s disease (PD) is a common neurodegen- cytoplasmic protein aggregates, mainly constituted
erative disorder due to the loss of catecholamine- of alpha-synuclein, ubiquitin, and parkin (Shults,
containing neurons in the substantia nigra and other 2006). Two main mechanisms have been impli-
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cated in the pathogenesis of PD: accumulation of
misfolded proteins and mitochondrial dysfunction
(Hardy, 2010) both of which are critically related
to an impairment of the neuronal autophagy activity
(Cherra et al., 2010; Xilouri and Stefanis, 2011).
Autophagy has been increasingly recognized as a
major neuroprotective mechanism, that is constitu-
tively active in the clearance of misfolded proteins
and in the selective removal of dysfunctional mito-
chondria (mitophagy) (Metcalf et al., 2010; Youle
and Narendra, 2011). Upon stress conditions, neu-
ronal cells often respond with a marked increase of
their autophagy rate, and defective autophagy may
promote neuronal cell death (Isidoro et al., 2009).
Although most cases are sporadic, in a subset of
patients PD is inherited as a mendelian trait due to
mutations in specific genes (Lesage and Brice, 2009).
Among them, PTEN-induced kinase 1 (PINKI1)
encodes for a mitochondrial kinase with multiple
neuroprotective activities, that is especially aimed at
maintaining mitochondrial homeostasis upon stress-
ing conditions (Pogson et al., 2011; Valente et al.,
2004). In particular, PINK1 has been recently shown
to play a pivotal role in promoting selective mitoph-
agy, by recruiting parkin on the surface of dysfunc-
tional mitochondria (Matsuda and Tanaka, 2010;
Narendra and Youle, 2011). In turn, parkin ubiqui-
tinates several proteins of the outer mitochondrial
membrane, promoting their degradation through the
ubiquitin-proteasome pathway and recruiting pro-
autophagy factors necessary for mitophagy to take
place (Geisler et al., 2010a; Chan et al., 2011; Gegg
and Schapira, 2011; Yoshii et al., 2011). Consistent
with this, we found that PINK1 is able to promote
autophagy and directly interacts with beclinl, a pro-
tein that is essential for initiation of the autophagy
process (Michiorri et al., 2010).

Despite this plethora of data, there are contrasting
evidences as to whether PINK1 mutations or silenc-
ing may actually increase or reduce mitophagy
(Geisler et al., 2010b; Narendra et al., 2010; Cui
et al., 2011). Moreover, it is still unclear whether
the effects of PINK1 on the autophagy machinery
are limited to the induction of mitophagy or if they
extend to the autophagy process at large. These
uncertainties may depend on the variety of experi-
mental settings used within different studies, and the
lack of extreme conditions to stress the autophagy/
mitophagy machinery that would better reveal the

critical role of PINK1 function for the fate of mito-
chondria and for cell survival.

To investigate this issue, in the present study
we tested the effects of wild type (wt) or mutant
PINK1 overexpression or PINK1 knock-down in
a simple cell system, the catecholamine—contain-
ing PC12 cells, both in baseline conditions and
following methamphetamine (METH) exposure.
This compound induces neurotoxicity in vivo, and
determines toxicity up to cell death in PC12 cells,
which is associated with a dramatic induction of the
autophagy machinery (Larsen et al., 2002). In this
context, autophagy activation plays a compensatory
role in counteracting METH-induced cell toxicity
(Isidoro et al., 2009; Pasquali et al., 2009); in fact,
upon autophagy impairment, even low METH doses
are able to produce cell death, an effect that is res-
cued by the administration of autophagy inducers
(Castino et al., 2008).

In this cell system, we employed transmission
electron microscopy (TEM) to analyze the effects
of manipulating PINK1 expression levels upon the
total number and the percentage of damaged mito-
chondria, and the mitochondrial localization of key
PINKT interactors such as beclinl and parkin, in
addition to mitophagy signals such as ubiquitin. We
also evaluated the number of plain autophagy vacu-
oles and those positive for the autophagy marker
LC3, along with LC3-stained endomembranous
structures. Finally, we related the association of
these phenomena with the onset of apoptotic cell
death.

Materials and Methods

Cell culture

The rat PC12 cell line was obtained from Sigma
(Sigma-Aldrich, 88022401) and cultured in RPMI
1640 medium with 10% horse serum and 5%
fetal bovine serum at 37°C in 95% humidifier air
and 5% CO,. For all the experiments, cells were
seeded and cultivated for 24 h, and then transfected
using Lipofectamine 2000 (Invitrogen, 11668-019)
according to the manufacturer’s instructions. Cells
were studied both in baseline conditions (vehi-
cle) and following exposure to Methamphetamine
(METH - gently gifted from Prof. Giusiani, Forensic
Medicine, University of Pisa). In particular, 24 hours
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after transfection, cells were treated with METH at
final concentration of 1 uM for 72h. Following
treatment, the cells were further processed for the
electron microscopy analysis.

Eukaryotic expression vectors

The PINKI1 constructs were all tagged at C-terminus
with the HA epitope. Wild type PINK1 and mutant
PINK1%Y#™* were cloned in pcDNA3.1 and have
been previously described (Silvestri et al., 2005). To
analyze PINK1 expression, cells were transfected
with pcDNA3.1 empty vector, PINKIwt-HA or
PINK1%"*7*- HA and harvested in 1% Triton-X lysis
buffer at 48, and 96 hours post transfection. For each
sample 40 pg of proteins were run on a SDS-PAGE
and western blots were probed with rat anti-HA anti-
body (Roche Diagnostics, 11867423001) specific
for the HA epitope tag.

Immunofluorescence analysis was performed as
described previously (Michiorri et al., 2010) using
the anti-HA antibody (Covance, Berkeley, CA) to
detect PINK1 proteins. Primary antibody was visu-
alized using the appropriate secondary antibody con-
jugated with Alexa Fluor 555 (Molecular Probes).
Transfection efficiency was about 50-60% for both
PINKI1-FL and PINKIWY#"% (Supplementary Fig.
1A). Expression levels of both PINKI constructs
remained stable and sustained up to 96 hours post-
transfection, and were not affected by METH treat-
ment (Supplementary Fig. 1B-C).

To knock-down endogenous rat PINK1 expression,
the pSIH1-HI1-copGFP vector carrying a shRNA
(sense strand: GGAGCAGTTACTTACAGAAGA)
against the rat PINK1 was used (gently gifted
from Prof. Masliah, Department of Neurosciences,
University of California San Diego).

To detect the efficiency of PINK1 gene silencing, we
preferred to test the levels of PINK1 RNA by real
time PCR, since anti-PINK1 commercial antibodies
are not able to reliably detect the levels of endogenous
protein by Western Blotting. For real time PCR, the
siPINK1 or the scramble shRNA construct was trans-
fected in PC12 cells and RNA was extracted with
the RNeasy mini spin column kit (Qiagen, 74104)
48, 72 and 96 hours after transfection, according to
the manufacturer’s instructions. One microgram of
RNA was retro-transcribed using the SuperScript®
IT Reverse Transcriptase (Invitrogen, 18064-014).
PINK1 gene expression levels were measured by

quantitative Real-Time PCR using a Power SYBR
Green master mix and an ABI PRISM HT7900
Sequence Detection System (Applied Biosystem,
4402955M). Rat GAPDH gene was amplified as
the housekeeping gene. Primers to amplify both rat
PINK1 (Fw - GCAATGCCGCTGTGTATGAA; Rev
- TGAGACGACATCTGGGCCTT) and rat GAPDH
(Fw - GTTACCAGGGCTGCCTTCTC; Rev -
GGGTTTCCCGTTGATGACC) were designed using
Primer Express software. Relative expression was
calculated using the AACt method. Supplementary
Fig. 1D shows relative expression levels of PINK1 at
96 hours after transfection.

In all experiments performed in this work, we did
not observe any differences between untransfected
cells and cells overexpressing either pcDNA3.1
empty vector (control for PINK1wt and PINK1W+7X
overexpression) or scramble shRNA (control for
shPINK1).

Transmission Electron Microscopy (TEM)

Cells from each experimental group were centri-
fuged at 1.000 g for 5 min. After removal of the
surnatant, each pellet was washed in PBS before
being fixed.

Fixation

In a pilot series of experiments, we combined
different concentrations of paraformaldehyde and
glutaraldehyde in order to obtain the optimal fixing
solution to perform immunoelectron microscopy,
adding up to our previous validation studies (Fornai
et al., 2001). When comparing different methods,
the best fixing procedure for immunocytochemistry
in our experimental setting was carried out with a
solution containing 2.0% paraformaldehyde/0.1%
glutaraldehyde in 0.1 M PBS (pH 7.4). In this
way, the covering of antigen epitopes was minimal
while the morphology of the tissue was preserved,
despite a slight reduction in the electron density of
sub-cellular structures. This method prevents the
occurrence of specific TEM artifacts. In fact, it has
been shown that high aldehydes concentrations in
time determine TEM artifacts resembling autophagy
vacuoles (Bowes and Maser, 1988) which could
impair the detection of authentic autophagosomes
(Fornai et al., 2001). Apart from the fixing solution,
the time interval and temperature of fixation were
carefully established at 1h and 4°C.



ULTRASTRUCTURAL ANALYSIS OF GENETIC MODULATION OF PINK1 197
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Fig. 1. - Representative ultrastructural mitochondrial changes induced by modulation of PINK1 expression.
Micrographs represent the range of mitochondrial abnormalities observed upon PINKT modulation in baseline
conditions (A-D) and upon METH exposure (E-H). In each panel, arrows respectively show: A) well-preserved mito-
chondria with an electrondense matrix and well-arranged cristae; B) normal mitochondria with packed cristae
and electrondense homogeneous maitrix; C) mitochondrial alteratfions consisting of matrix dilution and several
fragmented cristae; D) loss of mitochondria matrix together with disrupted and disarranged cristae; E) alterations
in mitochondria matrix and cristae; F) well-conformed mitochondria; G) multiple cristae fragmentation; H) severe
damage of mitochondrial architecture, in particular loss of matrix and disrupted cristae. pcDNA, PINK1wt and
PINKTWA437X: cells overexpressing pcDNA empty vector, wild type and mutant PINK1WA437X, respectively; shPINKT:
PINK1 silenced cells. Scale bars: 0.5 pm.
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Post-fixation and embedding

The post-fixation was carried out in 1% OsO, for
1h at 4°C and specimens were then dehydrated in
ethanol and embedded in epoxy resin. Ultrathin
sections (40-50 nm) of cultured cells were cut at
the ultramicrotome. Sections were contrasted with
uranyl acetate (saturated solution in methanol) and
lead citrate, and examined using a Jeol JEM SX 100
electron microscope (Jeol). As for the fixation, the
post-fixing and embedding procedures were selected
based on pilot studies and current literature in order
to provide the best conditions for immunogold-based
ultrastructural counting. We did not apply the routine
method, consisting in immediate embedding of fixed
and dehydrated specimens in acrylic resins, since
such a procedure does preserve antigens but impairs
the preservation of the fine morphological trim.
Since the use of only aldehydes does not clearly stain
subcellular structures, we combined the aldehydic
solutions fixation with a second fixing in OsO,.
Osmium enhances the contrasts of cellular compart-
ments through the delineation of phospholipid mem-
branes within the cytoplasm, as clearly stated in a
review describing the gold standard of TEM in study-
ing autophagy (Swanlund et al., 2010). The bind-
ing of osmium to cell membranes also impedes the
formation of membranous artifacts mentioned above.
Post-fixed samples were then embedded using epoxy
resin. In our work, the use of epoxy resin, instead of
acrylic resin such as LR White, was essential to
preserve subcellular structures and to combine an
optimal cell trim with an acceptable integrity of
antigen epitopes (Bendayan and Zollinger, 1983;
D’ Alessandro et al., 2004).

The post-embedding was carried out collecting
ultrathin sections on nickel grids and deosmicating
them in aqueous saturated sodium metaperiodate
(NalO,) for 15-30 minutes at room temperature.
After three washes with PBS pH 7.4, ultrathin sec-
tions were processed for immunocytochemistry.
The NalO, was selected based on its ability as an
oxidizing agent to attack the hydrophobic alkane
side-chains of epoxy resin (Bendayan and Zollinger,
1983; Causton, 1984) making the sections more
hydrophilic and allowing a better contact between
immunogold-conjugated antibodies and the antigens
exposed at the surface of the sections. The solution
facilitates in this way to visualize specific local-
izations of the immunolabeled probe within a net

context of cell integrity, and allows the counting of
molecules within specific cell compartments.

Immunocytochemistry

Grids were treated with cold PBS containing 10%
goat serum and 0.2% saponin to block non-specific
antigenic sites for 20 minutes at room temperature.
Following the blocking step, samples were incubat-
ed in two different conditions: a) with a single pri-
mary antibody, or b) with two primary antibodies in
order to obtain a co-localization (parkin/beclinl and
beclinl/ubiquitin). The different primary antibodies
were: rabbit anti-parkin (Millipore, AB5112) diluted
1:75; mouse anti-beclinl (Santa Cruz Biotechnology
Inc., sc-48341) diluted 1:10; rabbit anti-ubiqui-
tin (Sigma, U5379) diluted 1:10; rabbit anti-LC3
(Santa Cruz Biotechnology Inc., sc-28266) diluted
1:10. Incubations were carried out in ice cold PBS
containing 1% goat serum and 0.2% saponin in a
humidified chamber overnight at 4°C.

Ultrathin sections were washed in cold PBS, incu-
bated with appropriate gold (10 nm or 20 nm)-
conjugated secondary antibody (BB International,
EMGMHL 10 anti mouse, EMGAR 20 anti rabbit)
diluted 1:10 in PBS containing 1% goat serum and
0.2% saponin for 1 hour, at room temperature.
After rising in PBS, grids were incubated with 1% of
glutaraldehyde for 3 min, washed in distilled water,
counterstained as described above and observed
under the electron microscope. Control sections
were obtained by omitting the primary antibody and
incubating with the secondary antibody only.

Assessment of the mitochondrial number
and morphology, aufophagy-like vacu-
oles and apopftotic cells

Mean and SEM values corresponding to graphs in
figures are presented in Supplementary Table.

In our experimental settings we took advantage from
cellular pellets because ultrathin sections contain
cells randomly oriented, which is an appropriate
condition for quantitative calculation (Yla-Anttila et
al., 2009). For ultrastructural morphometry, sections
were examined directly at the electron microscope
at 6.000 x magnification by two unaware observers
of the particular treatment, in order to distinguish
subcellular structures such as mitochondria, autoph-
agy-like vacuoles and apoptotic features (margin-
alization and condensation of chromatin, apoptotic
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bodies). Each grid contained non serial sections, and
for each grid we observed an average of fifty cells.
Several grids were observed in order to obtain a total
number of 1.000 cells for each experimental group.
In plain microscopy we counted: i) the total number
of mitochondria per cell; ii) the number of altered
mitochondria per cell; iii) the total number of
autophagy-like vacuoles per cell; iv) the number of
apoptotic cells.

In order to characterize an altered mitochondrion, we
considered the following parameters: i) matrix dilu-
tion extending from a small mitochondrial area up to
the entire mitochondrial area; ii) the presence of dis-
arranged and/or fragmented cristae. The percentage
of altered mitochondria was determined by counting
the number of abnormal organelles out of the total
number of mitochondria (Fornai et al., 2008).

Both multiple membranes (autophagosomes) con-
taining cytoplasmic material and electrondense
membranous structures were scored as autophagy-
like vacuoles according to previous studies (Fornai
et al., 2004). We counted the number of autophagy-
like vacuoles for each cell, and then we calculated
the mean value per cell. The count of the number of
apoptotic cells in the different groups was performed
evaluating 20 grids (about 50 cells per grid). Data
were analyzed using ANOVA with Sheffe’s post
hoc analysis.

Count of immunogold particles

Measurement of the amount of immunogold par-
ticles (10 nm or 20 nm) was carried out at electron
microscope at 15.000 X magnification by two
unaware observers of the particular treatment. The
count of immunogold particles localized in the
cytosol, mitochondria, and various membranous
compartments (endoplasmic reticulum and autoph-
agy-like vacuoles) was obtained from two plastic
blocks randomly chosen from each experimental
group. These blocks were cut and non-serial ultra-
thin sections (leaving a space of a few micrometers
from each other) were collected. Since biological
structures vary in appearance depending upon posi-
tion and orientation, these considerations can be
overcome by using a cell pellet in which each cell
can be found in every position and orientation. In
this way every orientation of the specimen has an
equal chance of being selected. This allowed us to
observe the structures of interest independently of

their placement in a specific cytoplasmic region.
Despite such remarkable variability in appearance
due to placement and orientation, results obtained
from cell pellets were highly replicable with small
variations and minimal standard error.

The count of immunogold particles was performed
as described (Lucocq et al., 2004). This method
allows counting directly at the TEM by selecting the
minimum magnification (15.000x) at which gold
particles and cell compartments can be clearly iden-
tified. We chose to randomly select a grid square
that contained labeled cells. In particular, starting
at a grid square corner, the whole of the sectioned
pellet within that grid square was scanned continu-
ously in equally spaced parallel sweeps across the
specimens. Random selection ensures that scanning
was done irrespective of the amount of cell or the
intensity of gold labeling. For each group of treat-
ment, we examined 20 grids and counted about 50
cells per grid. For beclinl and parkin, in each cell
we counted the number of anti-beclinl or anti-parkin
immunogold particles localized on mitochondria,
and we expressed the mean value of mitochon-
drial immunogold particles for cell out of 1.000 cell
counted (i.e. total number of immunogold particles
on the total number of mitochondria in a given cell).
For co-localization, we counted the mitochondria
that possessed both immunogold particles (10 nm
for beclinl and 20 nm for parkin).

For ubiquitin assessment, we counted in each cell
the number of immunogold particles localized at
mitochondria, expressed as the mean value of mito-
chondrial immunogold particles for cell out of 1.000
cell counted. When referring to ubiquitin placement
at mitochondria, we intend immunogold particles
placed close-by, at a maximal distance of 20 nm
(corresponding to the diameter of the gold particle).
This was done quite differently compared with the
count of parkin and beclinl, since ubiquitin was
consistently found outside the outer mitochondrial
membrane. Remarkably, the higher was the number
of ubiquitin immunostaining, the closer was the
placement of the gold particles to the mitochondrial
outer membrane (between 0 and 20 nm). LC3 was
counted both on autophagy vacuoles (identified as
reported above, arrows in Fig. 9A-C, D), on endo-
membranous structures which were identified most-
ly as endoplasmic reticulum, and on less defined
single membrane structures (arrowheads in Fig. 9B).
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Results

PINKT affects the percentage of alfered
mitochondria (Figs. 1, 2)

As shown in representative pictures of Fig. 1, modu-
lation of PINK1 expression in PC12 cells produced
dramatic changes in the mitochondrial network.
In baseline conditions, well conformed elongated
mitochondria were observed in control cells as well
as in cells overexpressing PINKIwt, while both
shPINK1 and PINKI1%#7X cells showed the pres-
ence of clearly altered mitochondria (Figs. 1A-D).
The analysis of these experiments by ultrastructural
morphometry counts is reported in Fig. 2. We found
that PINK1wt overexpressing cells, despite possess-
ing a significantly higher number of mitochondria,
did not differ from control cells for the percentage
of altered mitochondria counted in baseline condi-
tions. In contrast, PINK1 silenced cells showed
a marked increase in the proportion of damaged
mitochondria per cell, even with the total number of
mitochondria being similar to controls. The percent-
age of damaged mitochondria was increased also in
PINK1W#7X cells, although to a lesser extent (Figs.
2A, B). These effects were magnified when the cells
were exposed to METH (Figs. 1E-H), which per
se did not affect the total number of mitochondria,
but was able to significantly raise the percentage of
damaged mitochondria in control cells (Figs. 2C, D).
Upon METH exposure, the number of mitochondria
in PINK1wt overexpressing cells was comparable
to that seen in baseline condition, but we failed to
observe the increase of damaged mitochondria seen
in control cells. Conversely, PINK1%#"X and even
more shPINK1 cells possess a markedly higher
percentage of damaged mitochondria, despite their
overall number being comparable to controls (Figs.
2E, F). These results suggest that the modulation of
PINK1 expression levels affects the homeostasis of
mitochondria both in baseline conditions and fol-
lowing METH exposure.

PINKT modulates the mitochondrial
recruitment of beclinl and parkin and
their colocalization at the mitochondrial
level (Figs. 3-6)

Since we had previously shown that PINK1 inter-
acts with beclinl, an essential autophagy-initiating
molecule, we next asked whether beclinl could

also play a role in the activation of mitophagy, and
counted the accumulation of beclinl particles at
mitochondrial level. Representative pictures of the
localization of beclinl immunogold particles in cells
overexpressing PINKI1wt, in basal condition and
upon METH treatment, are shown in Fig. 3. The
immunogold counting in Fig. 4 shows the percent-
age of beclinl-positive mitochondria and the mean
number of immunogold-stained beclinl molecules
at mitochondria level. In PINK1wt cells, a signifi-
cant increase in beclinl-positive mitochondria and
in the number of mitochondrial beclinl particles
was counted compared to control cells in baseline
conditions. In contrast, the mitochondria localiza-
tion of beclinl and the number of beclinl particles
per mitochondrion were significantly reduced in
both shPINK1 and PINK1W¥+7X cells (Figs. 4A, B).
METH administration per se did not affect the per-
centage of beclinl-positive mitochondria in control
cells, but increased about three folds the number of
mitochondrial beclinl immunogold particles (Figs.
4C, D). Upon METH exposure, PINK1wt over-
expression was able to significantly raise both the
amount of beclinl-positive mitochondria and the
mean number of beclinl mitochondrial particles
compared to control cells, while both values were
markedly lower than controls in PINKI1V+"* and
PINK1 silenced cells (Figs. 4E, F).

It has been recently shown that, under mitochondrial
depolarization, PINK1 recruits parkin to dysfunc-
tional mitochondria in order to activate mitophagy
(Narendra and Youle, 2011). To verify this mecha-
nism in our system, we then measured the accumu-
lation of parkin at mitochondria level. In control
cells, the mitochondria localization of parkin was
evident as immunogold particles placed both on
the outer mitochondrial membrane (Fig. 5A) and
mitochondrial cristae (Fig. 5B), and this localization
did not significantly change upon modulation of
PINK1 expression (data not shown). The percent-
age of parkin-positive mitochondria in control cells
markedly increased upon METH exposure (Fig.
5D). Interestingly, PINK1wt overexpression did not
result in any relevant difference in parkin accumula-
tion at the mitochondria compared to control cells;
however, mutant or silenced PINK1 cells possessed
a significantly lower amount of immunogold-stained
parkin at mitochondrial level, both in baseline con-
ditions and following METH exposure (Figs. SC-E).
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Fig. 2. - PINKT expression affects the proportion of altered mitochondria.

Graphs indicate the effect of PINKT modulation upon the total number of mitochondria per cell and the percent-
age of altered mitochondria both in baseline conditions (A, B, respectively) and after METH exposure (E, F, respec-
tively). The effects of METH administration per se in control (untransfected) cells is shown in graphs C and D. * p <
0.001 vs. other groups.
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Fig. 3. - PINKT modulates the recruitment of beclin1 at mitochondrial level.
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Graphs indicate the effect of PINK1T modulation upon the percentage of beclin immunostained mitochondria and
the mean number of immunogold-stained beclinT molecules at mitochondrial level, both in baseline conditions
(A, B) and after METH exposure (E, F). Graphs C, D show the effect of METH administration on both parameters in
untransfected cells. * p < 0.001 vs. other groups; # p < 0.001 vs. pcDNA/shSCR and PINKTwt.
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Fig. 4. - Representative localization of beclin1 in PINKTwt overexpressing cells.

Cells overexpressing PINKTwt in baseline conditions (A, B) and upon METH exposure (C, D). A) Anti-beclin immuno-
gold particles (10 nm, arrows) are localized on endoplasmic reticulum (ER) cisterns and on membranes that tightly
surround a mitochondrion. B) Beclinl immunogold particles (arrows) on a cistern of rough ER close to a mitochon-
drion in which gold particles are localized on the cristae (arrowheads). C) A cluster of anfi-beclinl immunogold
particles, surrounded by a membrane (arrow), and single gold particles on mitochondrial cristae (arrowhead) are
visible; D) anfi-beclin1 gold particles on mitochondrial cristae (arrowhead) and on the inner mitochondrial mem-
brane (arrow). m = mitochondrion. Scale bars: 0.25 pm.
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Since PINK1 is known to interact with both beclinl
and parkin, we hypothesized that these two proteins
could co-localize in presence of PINK1 to promote
mitochondrial removal. To test this hypothesis, we
further counted those mitochondria which were con-
comitantly positive for beclinl and parkin immuno-
gold staining. As shown in representative pictures
(Figs. 6A, B), parkin and beclinl were found to lie
in close proximity both on the outer and inner mito-
chondrial membrane, and this co-localization was
slightly increased upon METH exposure in control
cells (Fig. 6D). No difference in the submitochon-
drial localization of parkin and beclinl was observed
among groups (data not shown). However, we found
that the number of mitochondria positive for both
beclinl and parkin was significantly affected by
PINK1 modulation. In fact, upon PINK1wt overex-
pression, METH exposure significantly increased
the number of parkin/beclinl positive mitochondria
compared with controls. In contrast, the number of
mitochondria immunostained for both parkin and
beclinl markedly dropped in both PINK1%+7X and
shPINK1 cells, both in baseline conditions and after
METH (Figs. 6C, E).

These findings indicate that functional PINK1 deter-
mines the accumulation of parkin and beclinl at the
level of the very same mitochondria, and suggest
that these proteins likely work in concurrence to
trigger the mitophagy process.

PINKT modulates the mitochondrial
clusterization of ubiquitin (Figs. 7, 8)

When recruited to dysfunctional mitochondria, par-
kin is known to ubiquitinate several proteins of the
outer mitochondrial membrane. To assess whether
mitochondrial ubiquitination was affected by manip-
ulation of PINK1 expression, we counted the par-
ticles of immunogold-stained ubiquitin clustered at
mitochondria. We found that the number of ubiqui-
tin particles was markedly influenced by PINK1 lev-
els (Fig. 7). In untreated cells, we observed scarce
mitochondrial ubiquitin clusters that only slightly
increased upon METH treatment (Fig. 8B). In base-
line conditions, the overexpression of PINKIwt
but also, unexpectedly, of PINKIY47X increased
mitochondrial clusteres of ubiquitin. Conversely,
ubiquitin particles significantly decreased in PINK1
silenced cells (Fig. 8A). Upon METH treatment,
the increase of mitochondrial ubiquitin in PINK1wt

overexpressing cells was slightly magnified, while
overexpression of PINKIWY47X produced a para-
doxical reversal effect compared to untreated cells,
resulting in a severe reduction of ubiquitin particles,
that were almost undetectable in PINKI1 silenced
cells (Fig. 8C). Remarkably, mitochondrial ubiqui-
tin was solely detected at the outer mitochondrial
membrane, in sharp contrast with the previously
described placement of beclinl and parkin.

PINKT modulates autophagy-like vacuoles
only upon METH exposure (Figs. 9, 10)

To investigate whether the recruitment of beclinl,
parkin, and ubiquitin by PINK1 to damaged mito-
chondria were related to activation of the mitophagy
cascade, we carried out a sub-subcellular quantifica-
tion of autophagy vacuoles by plain electron micros-
copy. We observed that only some autophagy-like
vacuoles were positive for LC3 staining, despite
their very similar morphology (Fig. 9A). This may
depend on the dynamic state of the autophagy vacu-
oles, but it is also likely that the ultrathin section may
or may not include an area sufficient to stain LC3
particles (see Methods). In some cases, we observed
LC3-positive membranes of the endoplasmic reticu-
lum (endomembranous structures) surrounding an
altered mitochondrion, that are highly suggestive
for mitophagy (Fig. 9B). Representative Figs. 9C,
D show the localization of LC3 on membranes of
autophagy vacuoles at earlier maturation stages than
those presented in Fig. 9A. These figures indicate
how LC3 particles were counted on endomembra-
nous structures and autophagy-like vacuoles.

In untreated cells, PINK1 modulation produced no
significant differences in either the total number of
autophagy-like vacuoles, of those stained for LC3,
or of LC3 immunogold particles on endomem-
branous structures (Figs. 9E and 10A, B). METH
exposure induced per se a significant increase of all
these counts in control cells (Figs. 9F and 10C, D),
that remained unchanged in cells overexpressing
PINK1wt. Conversely, a significant decrease of all
counts was observed in PINK1W47X cells and, even
more, in PINKT silenced cells (Fig. 9G and 10E, F).
These data indicate a similar effect for LC3-positive
and non-stained autophagy-like vacuoles, that is
appreciable only upon stressing conditions in cells
lacking a functional PINKI1 protein.
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Fig. 8. - PINK1T modulates clustering of ubiquitin at mitochondrial level.
A-D are representative pictures of cells treated with METH, showing clusters of ubiquitin immunogold particles

(20nm, arrows) localized near the outer mitochondrial membrane in pcDNA cells (A), PINKTwt (B) and PINKTW437X
(©). while in shPINK1 cells only single ubiquitin molecules are observed near mitochondria (D). In the same pic-
tures, beclinl immunogold particles are also indicated (10 nm, arrowheads). Scale bars: 0.25 um.
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PINKT modulates apoptotic cell death
(Fig. 11)

Transmission electron microscopy represents the
gold standard not only to discern autophagy struc-
tures in the cell, but also to detect apoptosis. We
therefore proceeded to count the number of apop-
totic cells upon PINK1 modulation, both in baseline
conditions and following METH treatment. In fact,
it is firmly established that in PC12 cells, METH
administration induces typical apoptotic cell death
when the autophagy/mitophagy pathway is blocked
or impaired (Castino et al., 2008). Representative
images are shown in Figs. 11A-D. No change was
observed between groups in baseline conditions,
where about 5% of cells underwent spontaneous
apoptosis; only a slight non-significant decrease of
apoptosis was detected in PINK1wt overexpressing
cells (Fig. 11E). Following METH exposure, apop-
tosis increased about two-fold in control cells (Fig.
11F). PINK1wt overexpression resulted in a signifi-
cant reduction of apoptosis, while in PINK1%+% and
PINKT silenced cells there was a severe enhance-
ment of METH-induced apoptotic cell death (Fig.
11G). Thus, in stressing conditions such as METH,
the absence of functional PINK1 causes a dramatic
increase in cell death that parallels the disruptive
effects of autophagy blockade.

Discussion

The present work indicates that the modulation of
PINK1 expression strongly affects mitochondrial
homeostasis, and in particular the number of dam-
aged mitochondria. This associates with the con-
comitant recruitment of beclinl, parkin and ubiqui-
tin at mitochondrial level. This effect, already evi-
dent in baseline conditions, becomes critical when
the autophagy machinery is severely challenged, as
it occurs following METH exposure, when the lack
of functional PINKI1 leads to a marked increase of
apoptotic cell death.

These findings add on published data linking PINK1
and parkin to the activation of mitophagy during
mitochondrial depolarization induced by CCCP
exposure. In this experimental conditions PINKI1
selectively accumulates on the outer membrane of
damaged mitochondria, leading to recruitment of
parkin, ubiquitination of key mitochondrial proteins

and subsequent removal of dysfunctional mito-
chondria through the autophagy and ubiquitin-pro-
teasome pathways (Chan et al., 2011; Choo et al.,
2011; Deas et al., 2011; Narendra and Youle, 2011).
Recently, we demonstrated that PINK1 also interacts
directly with the pro-autophagy protein beclinl and
positively regulates basal and starvation-induced
autophagy (Michiorri et al., 2010). To further assess
the function of PINK1 in modulating the autophagy
pathway, in the present study we chose to expose
catecholamine-containing PC12 cells to metham-
phetamine (METH), a drug of abuse that is known
to produce loss of nigrostriatal dopamine terminals
in a variety of animal species including humans
(Seiden and Sabol, 1996; Moszczynska et al., 2004;
Callaghan et al., 2010) as well as catecholamine
cell loss in vitro (Cubells et al., 1994; Fornai et al.,
2004). METH induces the formation of alpha-synu-
clein-, parkin- and ubiquitin-positive intracellular
vacuoles within nigral dopaminergic cells in vivo
as well as PC12 cells (Larsen et al., 2002; Fornai
et al., 2004). Moreover, METH exposure leads to
mitochondrial damage, with decrease of the mito-
chondrial membrane potential and production of
reactive oxygen species (Wu et al., 2007). As a con-
sequence of protein misfolding and mitochondrial
damage, cells exposed to METH robustly activate
the autophagy pathway to counteract neurotoxicity
(Fornai et al., 2004). In fact, we showed that phar-
macologically- or genetically-induced autophagy
blockade precipitates apoptosis in METH treated
cells (Castino et al., 2008).

In the present study, the use of electron microscopy
was chosen to allow a direct visualization of (i) the
status of mitochondria (both quantitative and quali-
tative); (ii) the site-specific recruitment of autopha-
gy-related proteins such as beclinl, parkin and ubig-
uitin, extending the analysis to the mitochondrial
co-localization of beclinl and parkin; (iii) the pres-
ence of autophagy vacuoles and endomembranous
structures either stained or not stained for LC3; (iv)
the occurrence of apoptotic cell death. As such, the
ultrastructural analysis represents a powerful tool to
implement previous evidence of these phenomena,
that was mainly based on indirect observations.

In baseline conditions, we observed that the most
striking effect of PINK1 overexpression was a
marked increase in the number of total mitochondria
per cell, without affecting the overall percentage of
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Fig. 11. - PINKT expression alters METH-induced apoptosis.

A-D are representative pictures after METH exposure. A and B show pcDNA and PINKTwt overexpressing cells,
respectively, which possess a normal nuclear and cytoplasmic aspect; C and D show PINKTW437X and shPINK1
cells, respectively. It is evident marginalization and condensation of chromatin, and the presence of apoptotic
nuclear body, and vacuolization of cytoplasm. Graphs E-G indicate the effects of PINK1T modulation on the per-
centage of apoptotic cells both in baseline conditions (E) and after METH exposure (G), and the effects of METH
administration per se in control cells (F). * p < 0.001 vs. other groups. Scale bars: 2.0 um.
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damaged mitochondria (about 20%). This finding,
that persisted upon METH exposure, implies a pos-
sible effect of PINK1 on regulation of mitochondria
dynamics. This could be related to a PINK1-induced
potentiation of mitochondrial fission, as shown by
previous evidences in cellular and Drosophila mod-
els (Deng et al., 2008; Yang et al., 2008; Dagda et
al., 2009). Moreover, it is known that PINK 1-related
mitochondrial recruitment of parkin leads to the
ubiquitination of mitofusinl and 2, with consequent
impairment of mitochondria fusion (Gegg et al.,
2010; Poole et al., 2010). This would be in line with
our observation of significantly increased levels of
mitochondrially clustered ubiquitin upon PINKI1
overexpression. Interestingly, we failed to observe
a parallel increase in the proportion of parkin-
positive mitochondria in PINK1 overexpressing
cells versus controls, suggesting that PINK1 could
liaise with other, still unknown ubiquitin-ligase pro-
teins or other parkin-independent molecular path-
ways to bring ubiquitin molecules to mitochondria.
Alternatively, it is possible that the marked increase
of well conformed mitochondria observed upon
PINK1 overexpression could depend on a specific
effect of PINKI1 in regulating mitochondriogenesis.
A recent work based on quantitative methods report-
ed an excess of mitochondrial fission versus fusion
in healthy neuronal processes, demonstrating that
this imbalance is compensated by a specific growth
of the mitochondrial biomass, and that a deficit of
this process may be a critical step of neuronal dys-
function leading to neurodegeneration (Berman et
al., 2009). It could be speculated that PINK1 could
play a role in this process, but this hypothesis should
be specifically addressed with quantitative measure-
ments of mitochondrial biomass in presence of dif-
ferent PINK1 expression levels.

Another original finding of this study was that
PINK1 overexpression increased the proportion of
beclinl-positive mitochondria and raised the num-
ber of beclinl particles clustered at the mitochondri-
al level. This observation fits well with our previous
data showing a direct interaction between PINKI1
and beclinl both in basal conditions and upon
autophagy stimuli such as starvation (Michiorri et
al., 2010) and suggests a novel, intriguing role for
beclinl in regulating mitophagy. In fact, previous
work has focused on the role of beclinl as a key
autophagy-initiating protein promoting the forma-

tion of the autophagosome from the endoplasmic
reticulum (Pattingre et al., 2005; Kang et al., 2011)
while its recruitment and function at the mitochon-
drial level still remains to be elucidated.

Upon METH exposure, PINK1 overexpression pro-
duced a further increase of beclinl and ubiquitin
recruitment at mitochondria, with reduced propor-
tion of damaged mitochondria and decreased apop-
tosis. These findings confirm the robust protective
effect of PINK1 on mitochondrial homeostasis, that
is especially evident in conditions of cellular stress
such as treatment with METH (Tian et al., 2009).
In line with this, in our experimental system PINK1
silencing produced dramatic effects in PC12 cells
even in baseline conditions. In particular, we
observed a significant reduction of beclinl, parkin
and ubiquitin clustered at mitochondrial level and
a subsequent marked increase in the proportion
of abnormal mitochondria. Remarkably, data on
mitochondrial placement of beclinl are similar to
those for parkin, and results remains the same when
beclinl/parkin co-localization is measured. This
strongly suggests that PINKI1 triggers mitochon-
drial recruitment of both beclinl and parkin onto the
same damaged mitochondria. These observations
indicate that, even in basal conditions, the pres-
ence of endogenous PINKI is essential to regulate
the fate of damaged mitochondria, by recruiting
mitophagy proteins and promoting mitochondrial
targeting by autophagy vacuoles. The observed link
between parkin and beclinl at mitochondrial level
is of interest and supports previous observations
in different experimental systems. For instance, it
has been recently shown that K63-ubiquitination
of beclinl is essential to regulate its proautophagy
activity (Shi and Kehrl, 2010) and that parkin is able
to stimulate beclinl-dependent mitophagy of defec-
tive mitochondria in a transgenic mouse model for
Alzheimer’s disease (Khandelwal et al., 2011).

All the effects related to PINK1 silencing were mag-
nified upon exposure to METH, a situation requiring
a full working autophagy pathway for the cell to
avoid irreversible damage. In fact, in METH-treated
PINK1 silenced cells, the mitochondrial recruit-
ment of ubiquitin, parkin and beclinl was minimal
and we observed severe accumulation of damaged
mitochondria and dramatic increase of apoptotic
cell death (up to 40% of cells). This scenario was
reminiscent of what we had previously described in
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METH-treated PC12 cells under pharmacological or
genetic autophagy inhibition, which show accumula-
tion of autophagy substrates, mitochondrial impair-
ment, and stagnant autophagy vacuoles leading to a
massive activation of the apoptotic cascade (Castino
et al., 2008). Thus, a low METH dose producing
only limited apoptosis in control cells is converted
into a frankly cytotoxic dose when administered to
PINK1 silenced cells, confirming the essential neu-
roprotective role of PINKI.

Interestingly, we observed that the PINKIW#"X
mutant protein retained some of its activity, as it
was still able to increase the number of cell mito-
chondria, although to a lesser extent than PINK1wt,
and its expression led to a less severe accumulation
of damaged mitochondria than PINK1 silencing. In
PINKI1W#7X cells, we also observed reduced recruit-
ment of beclinl to mitochondria, in line with our
previous data indicating that this mutant is less able
to interact with beclinl and to induce autophagy
(Michiorri et al., 2010), and a mild increase of mito-
chondrially targeted ubiquitin but not parkin, sup-
porting our hypothesis that other ubiquitin-ligase
proteins may be conveyed by PINKI1 at the mito-
chondrial level.

While PINK1 modulation clearly affected the mito-
chondrial recruitment of mitophagy-initiating pro-
teins such as beclinl and ubiquitin, its effect on
general autophagy markers, such as the number
of autophagy-like vacuoles or the number of clus-
tered LC3 molecules, was much less conspicuous.
It is worth mentioning that LC3-positive mem-
brane structures and non-stained autophagy-like
vacuoles produced overlapping data in our study.
This is inherently consistent with the assumption
that LC3 immunostaining confirms the autophagy
nature of specific organelles (i.e. autophagosomes
at different stages), which can be already identified
by plain electron microscopy. Only upon condi-
tions of enhanced autophagy as induced by METH
exposure, the lack of functional PINK1 resulted in
a significantly lowered number of autophagy-like
vacuoles and LC3-positive membrane structures.
This is in agreement with our previous data show-
ing a significant reduction of autophagy markers in
SH-SYS5Y cells upon PINKI silencing or expres-
sion of mutant PINK1%*7 only in presence of an
autophagy stimulus such as starvation (Michiorri et
al., 2010) and it confirms a role for PINK1 in regu-

lating the process of autophagosome formation upon
increased demand. For instance, upon mitochondrial
depolarization, PINK1-mediated recruitment of par-
kin is known to ubiquitinate various mitochondrial
substrates including specific proteins such as p62.
This protein provides a directly link between ubig-
uitinated mitochondrial proteins and LC3 molecules
clustered on endomembranous membranes, promot-
ing the engulfment of the damaged mitochondrion
within a newly formed autophagosome (Geisler et
al., 2010a; Narendra and Youle, 2011).

In conclusion, this work provides strong evidence
showing the key role of PINK1 in the compensatory
response to counteract mitochondrial damage and
apoptotic cell death. This occurs in combination with
the simultaneous mitochondrial recruitment of spe-
cific proteins, finely tuning the autophagy pathway
and the mitochondrial turnover. The significance of
the present study likely extends beyond PD, since
autophagy is a process which regulates a variety of
physiological phenomena in the cell. Moreover, the
dramatic effects caused by modulation of PINK1
expression on METH toxicity highlight a potential
role of PINK1 in METH abuse.

Finally this work provides robust ultrastructural
evidence showing a key role of PINK1 in the modu-
lating mitochondrial damage and apoptotic cell
death in baseline conditions and, mostly following
methamphetamine.
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