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itochondrial also
known as mitophagy, is an auto-
phagosome-based mitochondrial degra-

autophagy,

dation process that eliminates unwanted
or damaged mitochondria after cell stress.
Most studies dealing with mitophagy rely
on the analysis by fluorescence micros-
copy of mitochondrial-autophagosome
colocalization. However, given the funda-
mental role of mitophagy in the physiol-
ogy and pathology of organisms, there is
an urgent need for novel quantitative
methods with which to study this pro-
cess. Here, we describe a flow cytometry-
based approach to determine mitophagy
by using MitoTracker Deep Red, a
widely  used
probe. Used in combination with selec-
tive inhibitors it may allow for the deter-

mitochondria-selective

mination of mitophagy flux. Here, we
test the validity of the use of this method
in cell lines and in primary cell and tissue
cultures.

Introduction

Selective mitochondrial autophagy, or
mitophagy, is a cell process that specifically
targets mitochondria to autophagosomes
for subsequent degradation in lysosomes.'
Mitophagy is the only known pathway
through which complete, damaged, and
dysfunctional mitochondria are elimi-
nated.” The presence of mitochondria
inside autophagosomes was observed more
than 50 y ago® and has more recently been
demonstrated using fluorescence in vivo
microscopy by Elmore and coworkers, who
coined the term mitophagy.”” Mitophagy

is responsible for the specific elimination of
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mitochondria during the maturation of
erythrocytes, the only mature cells that are
completely devoid of these organelles.6 It
had been proposed that mitophagy is
responsible for the disappearance of pater-
nal mitochondria in the developing
embryo,”® although this idea has been
recently challenged.9

Mitophagy is most commonly induced
in vitro in mammalian cells using the
uncoupler CCCP (carbonyl cyanide m-
chlorophenyl hydrazone), which reduces
mitochondrial ~ membrane  potential
(A¥m)."® Mitochondria are then targeted
for lysosomal degradation, which requires
the interaction of PARK2/PARKIN-
PINK1 proteins. Following mitochondrial
depolarization PINK1 is stabilized at the
mitochondrial membrane where it recruits
PARK2, which in turn ubiquitinates sev-
eral proteins that target the mitochondria
for degraldation.11 Mitophagy can also be
triggered by the activation of specific mito-
chondrial receptors; these are proteins that
harbor a MAPILC3/LC3 (microtubule-
associated protein 1 light chain 3)-interact-
ing region/LIR, which forms a bridge
linking the mitochondria to the autopha-
gosome.'? The most commonly described
receptors are BNIP3,'*!'* BNIP3L/NIX,"
yeast Atg32'® and FUNDC1."” Other pro-
teins implicated in mitophagy include
AMBRA1,'”®  AMFR,”  SMURF1,*
HK1,”! VDAC* and the small GTPase
RHEB.* Lipids also participate in the for-
mation of bridges between mitochondria
and autophagosomes. Cardiolipin, a lipid
of the inner mitochondrial membrane, is
externalized to the outer membrane, where
it acts as an “eat-me” signal, triggering

mitophagy.”* Several drugs have been
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shown to specifically induce mitophagy.
For example, nicotinamide (NAM) pro-
motes mitophagy through a mechanism
dependent upon cyclosporin A (CsA), an
inhibitor of the mitochondrial permeability
transition pore, suggesting that mitochon-
dria with low AW are specifically targeted
autophagic ~ degradation.”> NAM-
induced mitophagy is mediated by an
increase in the NADT/NADH ratio, which
activates SIRT1, a protein that promotes
cell survival and longevity.*® Mitophagy is
also induced by fisetin, another activator of
SIRT1.%

Despite the existence of different signals
by which mitochondria are targeted for
degradation, there is a lack of quantitative
methods for the study of mitophagy. While
mitophagy can be assessed by microscopy
analysis of the LC3B colocalization with
mitochondrial proteins and by western blot
of mitochondrial proteins, these methods

for

do not provide quantitative data. There is
thus a great need for novel techniques for
the accurate and rapid assessment of

mitophagy. Here, we analyze the validity

of a flow-cytometric assay of mitophagy
using of MitoTracker Deep Red in combi-
nation with several of mitophagic and lyso-
somal inhibitors. Furthermore, we describe
a new index for the measurement of
mitophagy flux and analyze the udility of
this index in comparing the activity of
compounds that regulate mitophagy.

Results

Flow cytometry analysis of mitophagy
in cell lines

CCCP is the most commonly used
inducer of mitophagy in mammalian cells
and is thought to exert its effects by reduc-
ing the mitochondrial membrane poten-
tial.'"" We used low doses of CCCP to
induce mitophagy in SH-SY5Y neuroblas-
toma cells, a Park2-expressing cell line.
Mitochondrial population levels were
determined by flow cytometry using
MitoTracker Deep Red (MTDR) dye.
(Fig. 1A) displays a typical histogram
where CCCP induces a 20% decrease of
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Figure 1. Mitophagy induced by amino acid starvation and CCCP treatment in SH-SY5Y cells is
blocked by lysosomal inhibition. SH-SY5Y cells were treated with CCCP (A) or EBSS (B) for the indi-
cated times and also treated with the lysosomal inhibitor HCQ 3 h before analysis to block lyso-
somal degradation. MTDR was used to determine mitochondrial staining by flow cytometry. *
Indicates comparisons between control (Co) and treatments (CCCP and EBSS). * Indicates differen-
ces between presence and absence of HCQ within treatments. * or #P < 0.05, ** or P < 0.01, *** or
##p < 0.001 (C) Western blot analysis for the indicated mitochondrial proteins in SH-SY5Y cells
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MTDR fluorescence levels relative to
untreated cells. Importantly, this decrease
was prevented when the cells were treated
with the lysosomal inhibitor hydroxy-
chloroquine (HCQ, blue) 3 h before flow
cytometry analysis. In cells that were cul-
tured in the absence of amino acids
(EBSS), a classical autophagy-inducing
MTDR  fluorescence
decreased as compared with controls, an
effect that was reversed by HCQ treat-
ment (Fig. 1B). Interestingly this decrease

stimulus, was

in the fluorescence levels after CCCP was
also observed when MTDR was incubated
before the treatments, indicating that the
fluorescence reduction was not due to
reduced loading of the probe after CCCP
treatment (Fig. S1A, B).

These findings were corroborated by
western blot; both CCCP treatment and
amino acid starvation decreased the levels of
several mitochondrial proteins, including
TOMM40 and COX4I1, an effect that was
blocked by HCQ (Fig. 1C). The decrease
in TIMM?23 levels observed in response to
amino acid starvation and CCCP treatment
was not reversed by lysosomal inhibition, in
agreement with autophagy-independent
degradation of TIMM23 that occurs in sev-
eral circumstances.”’

Neither CCCP treatment nor amino
acid starvation induced mitophagy in
HelLa cells; no decreases in MTDR fluo-
rescence levels were observed in response
to either stimulus, meaning no change in
(Fig. 2A, B), although

amino acid starvation induced a classical

mitochondria

autophagy response determined by flow
cytometry in Hela GFP-LC3B cells
(Fig. 2D), while CCCP did not induce
autophagy in these cells (Fig. 2C). Ectopic
expression of PARK2-GFP but not GFP
in HeLa cells resulted in a reduction on
MTDR staining indicating that PARK2
expression was necessary for mitophagy
induction in Hela cells after CCCP (Fig.
S1C). The MTOR inhibitor rapamycin
induced autophagy but not mitophagy in
Hela cells (Fig. S2A, B), while in SH-
SY5Y cells, rapamycin had no effect on
mitochondrial levels and failed to induce
autophagy, despite inhibiting MTOR
(Fig. $2C and D).

Together these data demonstrate that
MTDR fluorescence determination by
flow cytometry is an easy and reliable
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Figure 2. Neither amino acid starvation nor CCCP induce mitophagy in Hela cells. HeLa-GFP-LC3
cells were incubated with CCCP (A, C) or EBSS (B, D) for the indicated times. EBSS cells were treated
with HCQ 3 h before analysis to block lysosomal degradation. Flow cytometry was used to deter-
mine MTDR staining (A, B) and to assess autophagy (with GFP quenching; C, D). * Indicates compar-
isons between control (Co) and treatments (CCCP and EBSS). * Indicates differences between
presence and absence of HCQ within treatments. * or *P < 0.05, ** or #P < 0.01, *** or **P < 0.001

approach to determining MTDR fluores-
cence, and when used in conjunction with
lysosomal inhibitors, constitutes a rapid
method for measuring mitophagy.

Nicotinamide and fisetin induce
mitophagy in a lysosomal-dependent
manner

Although CCCP is the most widely
used experimental inducer of mitophagy,
other compounds such as nicotinamide,
fisetin  (FIS) and 1,10-phenanthroline
(PHEN) have been also described as
mitophagy inducers.>*>* We thus con-
ducted mitophagy assays in SH-SY5Y cells
treated with these inducers for 6 h (Fig. 3)
and 24 h (Fig. S3). Both NAM and FIS
reduced MTDR fluorescence, while PHEN
had no effect (Fig. 3A). Importantly, the
decrease in MTDR fluorescence levels
induced by NAM and FIS was reversed by
HCQ treatment, indicating that this effect

www.tandfonline.com

is dependent on lysosomal activity
(Fig. 3A; Fig. S3A). Moreover the decrease
in MTDR fluorescence induced by CCCP,
NAM, and FIS was attenuated by treat-
ment with the vacuolar ATPase inhibitor
bafilomycin A; and by incubation with a
combination of ammonium chloride and
leupeptine after 24 h incubation (Fig. 3B,
C; Fig. $3B, C). Interestingly all of these
treatments also induced mitochondrial
colocalization with autophagosomes, as
detected by confocal microscopy and
assessed by TOMM20 and LC3B profile
analysis in confocal z planes (Fig. S4).
Thus a plethora of different lysosomal
inhibitors block mitochondrial mass reduc-
tion in the basal state and after mitophagy
induction. Taken together, these findings
indicate that NAM and FIS also induce
mitophagy in a lysosomal-dependent man-
ner and that these effects can be quantified
by flow cytometry using MTDR.

Autophagy

Mitophagy is blocked by pharmaco-
logical and genetic downregulation of
autophagy

To further demonstrate that the
observed decreases in MTDR fluorescence
were indeed autophagy-dependent, we
used transformed A#g5-KO mouse embry-
onic fibroblasts (MEFs) for our assay. As
is shown in Figure 4A, EBSS and CCCP
reduced the levels of MTDR in wild-type
(WT) cells but not in Azg5-KO cells.
Interestingly ectopic overexpression of
Atg5-GFP restored mitophagy in Atg5-
KO MEFs (Fig. S1D). Moreover, our
assay was also useful to detect basal
mitophagy, since Azg5-KO MEFs as well
as cells treated for 48 h with wortmannin
(WM) manifested increased MTDR levels
(Fig. 4A and B). CCCP-induced reduc-
tion in MTDR fluorescence was also
attenuated by WM and short-time 3-
methyladenine (3MA) treatment (Fig.
S1E), in agreement with the time-depen-
dent effect of 3MA on type III PtdIns3K
activity.?®

The
cyclophilin D, which is involved in the
control of mitochondrial permeability
transition and transmembrane potential,

mitochondrial matrix protein

also appears to modulate mitophagy, as
inhibition of this protein with CsA blocks
mitophagy in hepatocytes, cardiac cells,
and human fibroblasts.“?>?730  As
expected, we found that CsA blocked the
decrease in MTDR levels induced by
CCCP and NAM (Fig. 4C, D). Taken
together these data indicate that MTDR
determination by flow cytometry is an
effective, rapid, and reliable method for
the quantitative analysis of mitophagy in
several cell types in response to a range of
mitophagy-inducing stimuli.
Determination in

of mitophagy
primary cells and tissues using flow
cytometry

To validate our approach, we measured
mitophagy in primary cultures of cells and
tissue. In agreement with our findings in
cell lines, treatment of primary cultures of
mouse astrocytes with CCCP resulted in a
decrease in MTDR fluorescence intensity,
an effect that was abolished by the pres-
ence of CsA (Fig. 5A).

The retina is a particularly relevant
model for the study of the central nervous
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Figure 3. Nicotinamide and fisetin induce mitophagy in a lysosomal-dependent manner, an effect
blocked by different lysosomal inhibitors. SH-SY5Y cells were incubated with NAM, FIS, PHEN, or
CCCP for 6 h and mitophagy determined (A) after treatment with the lysosomal inhibitor HCQ 3 h
before analysis, or in the continued presence of (B) bafilomycin A; (BafA1) or (C) ammonium chlori-
de+leupeptin (N+L). * Indicates comparisons between control (Co) and treatments. # Indicates dif-
ferences between presence and absence of HCQ, BafA1 or N+L within treatments. * or *P < 0.05, **
or #P < 0.01, *** or P < 0.001

system as it is readily accessible and can be
maintained in organotypic cultures, in
which cell-cell and cell-matrix interactions
are preserved.’’ We have previously
described the fundamental role of autoph-
agy in proper retinal development.’>??
To test the suitability of our method for
the quantification of mitophagy in mouse
retinas, we cultured embryonic retinas in
the presence of CCCP, EBSS, and rapa-
mycin (Fig. 5B, C) and found a decrease
in the levels of MTDR fluorescence that

was reversed by treatment with the

836

autophagy inhibitor 3MA and the
mitophagy inhibitor CsA (Fig. 5B, C).
These findings show that MTDR determi-
nation by flow cytometry is a useful means
of quantifying mitochondrial levels and
mitophagy that can also be applied to pri-
mary cells and tissue cultures.

Mitochondrial mass is increased in the
retina of a mouse model of retinitis
pigmentosa

Finally, we validated our MTDR assay
in a pathophysiological model. Retinitis

Autophagy

pigmentosa is a retinal dystrophy that
results in the death of retinal photorecep-
tor cells, the light-sensitive cells of this tis-
sue.* Patients with retinitis pigmentosa
eventually become blind, and currently
there is no effective therapy for this devas-
tating condition. Pde6b™'%/Rd10 mice are
used as an animal model of this disease.””
In these mice, photoreceptor death begins
at postnatal day P20, and is accompanied
by molecular alterations in photoreceptor
cells, including increased levels of oxida-

and  massive  calcium
36

tive  stress
accumulation.

To determine whether mitochondrial
levels are altered in these mice, we isolated
retinas from WT and PAe66™° mice on
P20 and P30 and evaluated MTDR fluo-
rescence levels by flow cytometry. MTDR
fluorescence levels were increased at both
time points in Pde6b™” versus WT ani-
mals (Fig. 6A). Western blot revealed
increases in the levels of several mitochon-
drial proteins in Pde6t’™? mice, including
COX411, TOMM20, and TOMMA40,
corroborating the increase in mitochon-
drial mass and suggesting that alterations
in autophagy or mitophagy contribute to
the pathophysiology of retinitis pigmen-
tosa (Fig. 6B).

Determination of mitophagy flux

We defined “mitophagy flux” as the
ratio of MTDR fluorescence in the pres-
ence of mitophagy and lysosomal inhibi-
tors to that in the absence of inhibitors,
normalized to the corresponding value in
control cells. The mitophagy flux for
CCCP, in the presence of different lyso-
somal and mitochondrial inhibitors, is
shown in (Fig. 7A). By
mitophagy flux with autophagy flux we
found that in certain cell lines, such as
Hela, EBSS did not induce mitophagy
(Fig. 7B), although autophagy flux was
observed (Fig. 7C), suggesting that mito-
chondria may be specifically excluded
from the autophagic pathway. This phe-
nomenon was not observed in SH-SY5Y
cells, in which amino acid starvation
induced productive mitophagy. Interest-
ingly, the MTOR inhibitor rapamycin
failed to induce mitophagy flux in either
cell line, despite increasing autophagic

both cell types (Fig. 7C;

comparing

flux in

Fig. S2D).
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Figure 4. Mitophagy is inhibited in Atg5-KO mouse embryonic fibroblasts and in SH-SY5Y cells
treated with WM and cyclosporin A. (A) WT and Atg5-knockout (KO) mouse embryonic fibroblasts
(MEFs) were incubated in the absence or presence of EBSS and CCCP for the indicated times.* Indi-
cates comparisons between control (Co) and treatments (CCCP, EBSS). # Indicates differences
between WT and atg5-KO cells. (B) SH-SY5Y cells were treated for 24 h with 100 nM WM and then
incubated in the absence or presence of CCCP for additional 24 h. * Indicates comparisons between
control (Co) and CCCP. # Indicates differences between presence and absence of WM. * or #P < 0.05,
##p — 0.001. (C, D) SH-SY5Y cells were incubated in the absence or presence of CCCP or NAM for
6 h (C) and 24 h (D) and with the mitophagy blocker CsA and subjected to flow cytometry analysis
of MTDR fluorescence. * Indicates comparisons between control (Co) and treatments, CCCP or
NAM. * Indicates differences between presence and absence of CsA within treatments. * or *P <

Discussion

We describe a new flow cytometry-
based method to assess mitophagy, which
can be combined with protease inhibitors
for rapid, reproducible, and robust quanti-
fication of mitophagic flux in cell lines and
in primary culture of cells and tissues.

www.tandfonline.com

Moreover, we use this approach to dem-
onstrate defects in mitophagy in a mouse
model of retinitis pigmentosa, providing a
proof of concept of this novel method.
Several approaches have been used to
monitor mitophagy in yeast3 7 and in
mammalian cells.*® Fluorescence micros-
copy imaging is the approach most

Autophagy

commonly used for the evaluation of
mitophagy. This method determines
colocalization of mitochondria-specific
dyes with the autophagosomal marker
GFP-LC3 in living or fixed cells in combi-
nation with immunofluorescence for
mitochondrial, autophagosomal, and lyso-
somal antibodies.”® However, unless
lysosomal degradation is blocked, mito-
chondrial turnover occurs very rapidly,
and colocalization events are rare.*’ These
approaches thus need to be combined
with sophisticated image analysis in order
to detect a sufficient number of mitochon-
dria/autophagosome colocalization events.
Moreover, the aforementioned methods
do not provide a measure of effective
mitophagy because defects in lysosomal
degradation also increase colocalization.
Similarly, the determination of autophagic
activity from LC3 levels requires compari-
son with the levels found in the same cells
when treated with protease inhibitors.*! A
recent study describes the assessment of
mitochondrial turnover using the fluores-
cent timer MitoTimer,*”> however this
method needs efficient transfection, as
well as treatment of the cells with doxicy-
clin to induce the expression of the probe.
Electron microscopy can also be used to
study mitochondrial ultrastructure and
the engulfment of mitochondria by auto-
phagosomes. However, quantification
often involves tedious and time-consum-
ing morphometric analyses of large num-
bers of cells in order to obtain statistically
relevant numbers. The development of a
simple, quantitative method thus repre-
sents a major advance in the field of
mitophagy research.

MitoTracker probes are lipophilic cati-
ons that include a chloromethyl group
and a fluorescent moiety. They concen-
trate in mitochondria due to their negative
charge and react with the reduced thiols
present in mitochondrial matrix proteins.
After this reaction the probe can be fixed
and remains in the mitochondria indepen-
dent of altered mitochondrial function or
mitochondrial membrane potential. >4
Our flow cytometry-based method deter-
mines mitophagy using the membrane
mitochondrial dye MTDR by comparing
the fluorescence levels per cell in the pres-
ence and absence of lysosomal inhibitors.

We

demonstrate that incubation with
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CsA (C), and were then dissociated and incubated
ates comparisons between control (Co) and treat-

several mitophagy inducers results in a
decrease the fluorescence that is
reversed in the presence of lysosomal

in

inhibitors. Furthermore we also show that
the decrease observed in fluorescence also
occurs when the probe is preloaded into
the cells before the experimental manipu-
and  thus real

lations reflecting
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mitochondrial population levels and not
merely changes in mitochondrial mem-
brane potential.

Our method also reveals that only
mitophagy-competent cells show some
degree of basal mitophagy, as they increase
the MTDR fluorescence levels in the pres-
ence of HCQ, bafilomycin A;, and N+L
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although to different extents, probably
due to the particular mechanisms of action
of each inhibitor. In addition we show
that autophagy inhibition with wortman-
nin increases MTDR fluorescence levels
indicating that SHSY-5Y cells have some
degree of basal autophagy. However,
autophagy inhibition with 3MA did not
increase MTDR staining due probably to
the short incubation time that has to be
used with this particular inhibitor in order
to block and not to induce autophagy.”®
In agreement with this, we only observed
the effect of WM in basal autophagy
when cells were treated for more than
24 h with the inhibitor, suggesting low
levels of basal autophagy in SHSY-5Y
cells. Basal autophagy was also observed
after Atg5-deficiency, thus indicating that
a robust and chronic autophagy block is
needed to observe basal mitophagy.

Our approach provides several advan-
tages over currently used methods: it can
rapidly analyze large numbers of cells, and
by combining dyes with differential spec-
tral properties, it can be used to simulta-
neously analyze multiple parameters. For
example it can be combined with selective
probes to assess levels of free radicals, cell
viability or mitochondrial membrane
potential. Combination of several mito-
chondrial probes has also been done in the
initial mitophagy assessment by the group
of Lemasters, where they use MitoTracker
Green quenching by the membrane
potential dependent die TMRM,* and
evaluate CsA dependent mitochondria
depolarization and how mitochondria are
located into LysoTracker-positive vesicles,
however as this is evaluated by fluores-
cence microscopy it lacks the robustness
and quantitation of our flow cytometry
analysis. Moreover, in our method com-
parison of mitochondrial levels in the
absence and presence of protease inhibi-
tors allows the determination of mitopha-
gic flux. As no transfection is necessary,
this approach can be easily applied to tis-
sues and cells that are difficult to transfect,
such as primary cultures, and avoids the
side effects of
autophagy induction after transfection or
viral transduction.”’  Additionally, this
method dispenses with the need for image

commonly observed

analysis, which requires sophisticated and
expensive software. In order to exploit the
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maximum benefits of this assay and to
decrease variability among treatments we
suggest either to wash the probe after
incubation or to minimize the time differ-
ences between samples. Furthermore,
when testing new compounds and to
avoid alterations on MitoTracker loading,
we also recommend validating the results
by performing experiments adding the
probe before the treatments. Finally, the
combination with autophagy and lyso-
somal inhibitors is necessary to confirm
that indeed mitochondria are degraded by
autophagy.

This method has pitfalls inherent to the
chemical properties of the MitoTracker
dyes. First, the electrophilic properties of
the chloromethyl group allow its covalent
reaction with nucleophilic amino acids
(i.e. the cysteine residues of proteins).*>*
Thus MTDR staining can bind to and
modify the activity of cysteine containing
proteins in mitochondria. This issue can
be partially resolved by performing the
staining after treatments. Second, since
the probe reacts with the thiols present in
selected proteins such as HSPDI1/
Hsp60,%® changes that could affect the
levels of those proteins or their redox sta-
tus should be taken into account. The use
of various combinations of lysosomal and
mitophagy inhibitors could help minimiz-
ing this issue. Lastly, mitochondrial bio-
genesis can mask mitophagy assessment
by MTDR, so this technique should
be used for short periods of time, when
there is mitophagy but not enough
time for compensation by mitochondrial
biogenesis.

We validated this approach using a
variety of inducers of mitophagy, in addi-
tion to the commonly used but rather
nonphysiological ~ mitophagy  inducer
CCCP. We first demonstrated that NAM
induces mitophagy even at short incuba-
tion times, in agreement with previously
findings in long-term cultures of human
primary fibroblasts.”® However, these
effects may be cell type-dependent, as
NAM did not induce mitophagic flux at
longer incubation times, nor in embryonic
mouse retinas (data not shown). We also
tested the effects of phenanthroline, which
has been proposed to induce mitophagy
in a fission-dependent manner but failed
to induce productive mitophagy in our
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experimental conditions.”” The MTDR-
based mitophagy assay is reproducible in
more physiological settings, such as astro-
cyte primary cultures, in which CCCP-
induced mitophagy was blocked by CsA
treatment. By contrast, NAM did not
induce mitophagy in astrocytes under our
experimental conditions (data not shown).
Further studies will be necessary to eluci-
date the mitophagic pathways associated
with individual inducers of this process.
While specific mitochondrial elimina-
tion by autophagy has been described dur-
ing erythrocyte maturation® it remains
unknown whether or how mitophagy par-
ticipates in other developmental processes,
in which complete mitochondrial elimina-
tion is not observed. While our findings
suggest that mitophagy participates in reti-
nal development, further studies will be
required to elucidate this putative role.
Mutations in PINKI and PARK2 are
associated with familial Parkinson disease,
suggesting a possible role of mitophagy in
this disease.*® Moreover, deregulation of
mitochondrial quality control is the prin-
cipal suspect in PARK2- and PINKI-
related autosomal recessive Parkinson dis-
ease. Several other neurodegenerative con-
ditions have been also linked to alterations
in mitochondria and mitochondrial func-
tion, although it remains to be determined
whether these changes are due to deregula-

% We observed an

tion of mitophagy.*
increase in the levels of several mitochon-
drial proteins in retinal extracts from
Pde66™° mice during the degenerative
phase. In these mice retinal photorecep-
tors (the light-sensitive cells in the retina)
begin to die around P15, leading first to
night vision loss and later photopic vision
loss due to cone death. While increased
oxidative stress has been reported in
Pde66™°  mice®® further studies are
required to determine whether this is asso-
ciated with defective mitophagy. It has
been proposed that alterations in calcium
homeostasis are linked to mitophagy sig-
naling; as calcium overload is one of the
manifestations in retinitis pigmentosa,
this finding further suggests a link between
altered mitophagy and the pathophysiol-
ogy of this disease.”’!

We tested the ability of 2 classic
inducers of autophagy (amino acid starva-
tion and CCCP) to increase mitophagic
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flux using our approach. We found that
amino acid starvation induced mitophagic
flux in SH-SY5Y but not Hela cells,
despite increasing autophagic flux in both
cell lines. In this sense, HeLa cells appear
to be similar to MCEF-7 cells, in which
mitochondria are specifically excluded
during early (up to 30 h) starvation; a pre-
vious study using a proteomic approach
has found no mitochondrial proteins
inside autophagosomes before that time
point.’ and it has been suggested that
mitochondrial elongation may participate
in this mitochondrial exclusion of “bulk”
autophagy during starvation.”® We have
shown that PARK2 overexpression in
HeLa cells can restore CCCP-mediated
mitophagy.
found that rapamycin failed to induce
mitophagy even in PARK2-competent
(SH-SY5Y) cells, despite robustly induc-
ing autophagy. This indicates that not all

Interestingly however, we

autophagy inducers can promote mitoph-
agy, suggesting the existence of specific
processes and pathways that mediate this
process.

In summary, we have developed and
validated a highly reproducible method to
determine mitophagy using MitoTracker
Deep Red. When used in combination
with inhibitors of autophagy and mitoph-
agy, this method allows for the determina-
tion of mitophagy flux. This index allows
for the direct comparison of different
inducers and inhibitors in the quantitative
evaluation of mitophagy. Moreover, this
approach is effective in primary culture of
cells and tissues, and in the mouse model
of retinitis pigmentosa, in which we also
observe increased mitochondrial levels,
suggesting that mitophagy is impaired in
this neurodegenerative condition.

Materials and Methods

Cell culture, reagents, and transfection

Human neuroblastoma SH-SY5Y cells
were obtained from the American Type
Culture Collection (CRL 2266, CCL
—2). Hela cells, stably transfected with
GFP-LC3B  (HelLa-GFP-LC3),  were
kindly provided by Aviva Tolkovsky
(John van Geest Center for Brain Repair,
Cambridge, UK).>* MEFs, both wild type
(WT) and atg5-KO, were kindly provided
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by Noboru Mizushima (Tokyo Dental
and Medical University, Tokyo, Japan).
Cells were cultured in DMEM, 10% fetal
bovine serum (FBS), 1% penicillin/strep-
tomycin, and 1% glutamine and incu-
bated at 5% CO,. Cultures were tested to
ensure the absence of mycoplasma con-
tamination. The PARK2-GFP plasmid
was provided by Ted Dawson (Johns
Hopkins University School of Medicine,
Baltimore, USA) and the pEGFP-C1-
Arg5 plasmid was from Xuejun Jiang
(Memorial Sloan Kettering Cancer Cen-
ter, New York, USA) and described previ-
ously.”> Cells were transfected with
lipofectamine 2000 (Life Techonologies,
11668027) following the manufacturer’s
instructions and the GFP-positive popula-
tion was analyzed 24 h after transfection.
Cells were incubated with CCCP (C2759;
10 uM or 25 pM as indicated), EBSS
(E2888), fisetin (F4043, 10 wM), nico-
tinamide (F4043, 5 mM), 3MA (M9281,
10 mM), WM (Calbiochem 681675,
100 nM), bafilomycin A; (B1793; 20nM,
50 nM), CsA (30024, 5 uM), NH,CI
(A9434, 10 mM) and PHEN (P131377,
50 uM) all from Sigma, rapamycin
(200 nM; Calbiochem, 553210), hydroxi-
chloroquine (Dolquine, 30 wM; Rubié
Laboratories, 06680A) or leupeptin
(100 wM; Fisher Scientific, BP-2662-25).
For flow cytometry 7.5 x 10° SH-SYSY
cells and 7.5 x 10° HeLa-GFP-LC3 cells
were seeded per well in 24-well plates. For
western blot 20 x 10° cells were seeded in
6-well plates.

Animal procedures

All procedures were approved by the
respective local ethics committees for ani-
mal experimentation, and all experiments
were carried out in accordance with Euro-
pean Union guidelines and the ARVO
Statement for the Use of Animals in Oph-
thalmic and Vision Research. WT
C57BL/6], CD1 and Balb/c mice were
obtained from The Jackson Laboratory
(Bar Harbor, ME) and used as controls.
The Pde6b™° mouse model of retinal
degeneration, raised on a C57BL/6] back-
ground, was kindly provided by Bo Chang
(The Jackson Laboratory). All PdeGlb™°
mice used were homozygous for the
Pde66™° mutation. Mice were main-
tained on a 12/12 hour light/darkness
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cycle at 20°C with ad libitum access to
food and water. Embryos on a CD1 back-
ground were collected on E13.5. All ani-
mals were sacrificed by cervical dislocation
and embryos were removed by caesarean
section. The embryos were then placed in
phosphate-buffered saline (PBS; Sigma,
P4417) in a Petri dish and, under a micro-
scope, the eyes were isolated and the neu-
roctinas dissected, separating the pigment
epithelium, crystalline, vitreous, vessels,
and other tissue, as previously described.*®

Organotypic  cultures of mouse
embryonic retinas

Neuroretinas were cultured in N2
defined medium DMEM:HAM/F12
(Gibco, 42400) supplemented with
10 mM sodium bicarbonate (S7561),
1.1 mg/L pyruvate (P2256), 100 mg/L
(T2252), 0.02 mg/mL
(§5261), 0.32 mg/L
putrescin (P5780), 0.2 mg/L progesterone
(P8783), all from Sigma, and 0.05 g/L
gentamicin (Gibco, 15710), and adjusted
to pH 7.14. At the time of the culture was
supplemented with 2 mM glutamine
(Gibco, 25030) and 10 nM recombinant
human INS/insulin (Sigma, 12643).

apotransferrin
sodium selenite

Astrocyte primary cultures

Primary cultures of astrocytes were pre-
pared from 1-d-old Balb/c mouse cortex,
as previously described.”” Animals were
decapitated, the brain cortex was removed
and the meninges carefully stripped off,
and the cortex washed in ice-cold PBS and
mechanically disrupted. Single-cell sus-
pensions were plated in T-flasks (4 hemi-
spheres/75 cm?) in Dulbecco’s minimum
essential medium supplemented with
20% (v/v) FBS (heat-inactivated), 1% (v/
v) 100 U/mL  penicillin/streptomycin
solution and glucose (at a final concentra-
tion of 10 mM). Astrocytes were main-
tained in a humidified atmosphere (7%
CO,) at 37°C. After 8 d, the phase dark
cells growing on the astrocytic cell layer
were separated by vigorous shaking and
removed, and the medium was replaced
with 15% (v/v) FBS. The remaining astro-
cytes were detached by mild trypsinization
using trypsin/EDTA (0.25% w/v) and
subcultured in T-flasks for another wk,
and the medium was again replaced with

www.tandfonline.com

10% (v/v) FBS. The growth medium was
changed twice every wk. For flow cytometry,
astrocytes were plated at a concentration of
35 x 10* cells/well in 24-well plates.

MTDR  determination
cytometry

After treatments adherent cells were
trypsinized for 5 min at 37°C and resus-
pended in complete medium with 10 nM
MitoTracker Deep Red (Invitrogen,
M22426) and 1 pg/mL propidium iodide
(Sigma, P4864) and then incubated for
15 min at 37°C. For selected experiments,
cells were preloaded with 10 nM  of
MTDR, incubated for 15 min at 37°C,
washed and the treated with the different
compounds. Using an FC500 flow cytom-
eter (Beckman Coulter, L'Hospitalet de
Llobregat, Barcelona), 10,000 cells were
acquired in the FL3 and FL4 channels.
For organotypic retinal cultures retinas
were cultured for 6 h and then incubated
with trypsin  (Gibco, 25300054) for
5 min at 37°C, and then dissociated by
gentle pipetting. Trypsin-mediated diges-
tion was arrested by the addition of com-

by flow

plete medium and cells were centrifuged
at 300 g and resuspended in HBSS with
MTDR and PI for 15 min at 37°C. Next,
10,000 cells were acquired in the FL3 and
FL4 channels of the FC500 flow cytome-
ter (Beckman Coulter). Mean fluorescence
in the FL4 channel in the viable cell
(PrdIns-negative) population was plotted
and normalized against that of untreated
cells.

Western blot

After treatments, cells were washed in
cold PBS and proteins were extracted in
150 pL lysis buffer, which consisted of
50 mM Tris-HCI, pH 6.8, 10% glycerol
(vIv), 2% SDS (w/v; BioRad, 160-0301),
protease inhibitor (P8783) and phospha-
tase inhibitor (1 mM sodium orthovana-
date (S6508), 1 mM sodium fluoride
(201154), and 5 mM sodium pyrophos-
phate (221368), all from Sigma. Next, the
samples were heated for 10 min at 99°C
and stored at —20°C. Protein concentra-
tion was determined using the Pierce BCA
Protein Assay Kit (Pierce/Thermo Fisher
Scientific, 23227) and was measured at
540 nm. Total protein extract (15 ug)
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was mixed with 10 mM DTT and bromo-
phenol blue, loaded into Criterion TGX
Precast Gels (Bio-Rad, 567-1124) and
transferred onto PVDF membranes (Bio-
Rad, 170-4157) for 14 min at 14 V using
a Trans-Blot Turbo Transfer System (Bio-
Rad). After transfer, membranes were acti-
vated with 100% methanol for 2 min and
were blocked with 5% nonfat milk in
PBS-T (PBS 1X, 0.5% Tween 20 [v/v;
Sigma, 27434-8]) for 1 h at room tem-
perature. The membranes were subse-
quently  incubated  with  primary
antibodies in 3% BSA in PBS-T for 12—
16 h at 4°C in an orbital shaker, followed
by incubation with secondary antibodies
(1:2000-1:5000; DAKO, P0448, P0447,
P0450) in PBS-T for 1 h at room temper-
ature in an orbital shaker. The membranes
were developed with Pierce ECL Western
Blotting Substrate (Thermo Scientific,
32106) using RP2 Plus Curix films
(ENKMYV, Afga) and Amersham Hyper-
film (GE Healthcare, 28-9068-36). Anti-
bodies against the following proteins were
used: TOMM40 (sc-11414), TOMM?20
(sc-17764), and TUBA/a-tubulin (sc-
8035), from Santa Cruz Biotechnology;
COX4I1 (459600, Invitrogen), RPS6/
ribosomal protein S6 total (2317) and p-
RPS6 (4856), from Cell Signaling Tech-
nology; TIMM23 (BD Bio, 611222);
MAPILC3B/LC3B (Sigma, L7543); and
GAPDH (Abcam, ab8245).

Inmunoflourescence and  confocal
analysis

After treatments, cells were fixed for
30 min with 4% paraformaldehyde in
PBS, washed and permeabilized with
0.1% SDS for 30 min and incubated for
16 h with the anti-LC3B (Nanotools,
clone 5F10) and TOMM20 (Santa Cruz
Biotechnology, sc-17764).  Secondary
antibodies were coupled to Alexa Fluor
488 and 568 (Invitrogen, ab150077,
ab15013, ab175473, ab 175471). Nuclei
were labeled with DAPI and cells were
mounted with Fluoromount (Southern
Biotech, 0100-01). Confocal analysis was
performed with an SP5 Leica Confocal
microscope (Alcobendas, Spain). Images
were taken every 0.2 pm and the profile
analyses were performed in confocal
planes using the Leica LAS AF software.

841



Statistical analyses
Data shown in the figures represent the

average of at least 3 experiments per-

formed in triplicate and are presented as

the

mean (or median, as indicated) = the

standard error of the mean. Differences

between treatments were analyzed using

the
of

nonparametric

Student ¢ test, ANOVA, or in the case
non-normally distributed data, the
Mann-Whitney — U-test

(SPSS 17.0). Statistical significance was

set

at P < 0.05.
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