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A B S T R A C T

Dysfunction in mitochondrial oxidative phosphorylation (OXPHOS) underlies a wide spectrum of human ail-
ments known as mitochondrial diseases. Deficiencies in complex I of the electron transport chain (ETC) con-
tribute to 30–40% of all cases of mitochondrial diseases, and leads to eye disease including optic nerve atrophy
and retinal degeneration. The mechanisms responsible for organ damage in mitochondrial defects may include
energy deficit, oxidative stress, and an increase in the NADH/NAD+ redox ratio due to decreased NAD+ re-
generation. Currently, there is no effective treatment to alleviate human disease induced by complex I defect.

Photoreceptor cells have the highest energy demand and dependence on OXPHOS for survival, and the lowest
reserve capacity indicating that they are sensitive to OXPHOS defects. We investigated the effect of mitochon-
drial OXPHOS deficiency on retinal photoreceptors in a model of mitochondrial complex I defect (apoptosis
inducing factor, AIF-deficient mice, Harlequin mice), and tested the protective effect of a mitochondrial redox
compound (methylene blue, MB) on mitochondrial and photoreceptor integrity. MB prevented the reduction in
the retinal thickness and protein markers for photoreceptor outer segments, Muller and ganglion cells, and
altered mitochondrial integrity and function induced by AIF deficiency. In rotenone-induced complex I deficient
661W cells (an immortalized mouse photoreceptor cell line) MB decreased the NADH/NAD+ ratio and oxidative
stress without correcting the energy deficit, and improved cell survival. MB deactivated the mitochondrial stress
response pathways, the unfolding protein response and mitophagy. In conclusion, preserving mitochondrial
structure and function alleviates retinal photoreceptor degeneration in mitochondrial complex I defect.

1. Introduction

The energy necessary for retinal function originates mostly from
mitochondrial oxidative phosphorylation (OXPHOS) in which the
transport of electrons from respiratory substrates through the electron
transport chain (ETC) complexes is coupled with the generation of the
inner membrane proton motive force used to generate ATP. As it
transfers electrons from NADH to ubiquinone, complex I is the major
NADH consumer and NAD+ generator. Inherited OXPHOS deficiencies
cause a large spectrum of human primary mitochondrial diseases of
which 30–40% are caused by a complex I defect [1]. An ocular phe-
notype occurs in approximately 50% of OXPHOS defects in human
subjects [2,3]. While missense mutations of mtDNA complex I genes
cause retinal ganglion cell death in Leber hereditary optic neuropathy,
a disease of the inner retina [4–6], the damage of the outer retina
caused by mitochondrial defects has been reported as a rare condition
[6]. However, mitochondria are present at the highest density in all

outer retinal layers including retinal pigment, photoreceptor [7,8], and
Muller glial cells [8], raising the possibility that a decrease in oxidative
metabolism is a major pathogenic factor for outer retinal disorders [6].

The Harlequin (Hq) mouse is a model of neuronal degeneration [9]
induced by an ecotropic proviral insertion in the intron 1 of the gene
encoding Apoptosis Inducing Factor (AIF) leading to decreased AIF
protein expression. AIF is a mitochondrial intermembrane space protein
[10] that is loosely associated with the inner membrane [11], which
promotes apoptosis when translocated to the nucleus [10]. AIF also has
cellular functions that are independent from its role in the execution of
apoptosis [12–14]. Interestingly, AIF deficiency decreases mitochon-
drial oxidative phosphorylation (OXPHOS) rates due to a reduced
amount of fully assembled complex I [15]. AIF maintains the integrity
and mitochondrial import of CHCHD4.1 (Coiled-coil-helix-coiled-coil-
helix domain containing 4.1, the human equivalent of the yeast mi-
tochondrial intermembrane space import and assembly protein 40,
Mia40/Tim40) that catalyzes oxidative folding and import of OXPHOS
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protein subunits [16]. Therefore, AIF deficiency causes a posttransla-
tional downregulation of OXPHOS complexes including complex I [1,
16–19]. Mice with either a systemic hypomorphic AIF mutation (Hq
mice) [9] or tissue-specific AIF knockout [17,18] develop a neuro-
muscular and retinal mitochondrial cytopathy. In humans, AIF muta-
tions also manifest as familial X-linked mitochondriopathies [20–22].
While retinal ganglion neurons are reported sensitive to the AIF-in-
duced complex I defect [9], its impact on retinal photoreceptors has not
been studied.

There is currently no proven treatment to prevent or reverse the
retinal degeneration induced by mitochondrial complex I defects.
Although oxidative stress is considered a key pathogenic factor for
organ damage, antioxidants have shown only modest protective effects
in vivo [23,24]. Parallel pathways for electron transport may be in-
duced in mitochondria, and are reported to rescue mitochondrial
function in diseases induced by OXPHOS deficiencies. For example,
treatment with the coenzyme Q10 derivative idebenone, that shuttles
electrons from complex I to complex III, demonstrated promising results
in human subjects [25]. A natural homolog of vitamin K rescued pink1
deficient mitochondria—a model of Parkinson's disease—due to its
ability to shuttle electrons from complexes I and II to III [26]. The redox
compound methylene blue (MB) is reduced by flavin-dependent en-
zymes (i.e., complex I) to MBH2 whereas cytochrome c is reported to
reoxidize MBH2 to MB [27]. Its low redox potential (11mV) would
allow MB to receive electrons from either FMN or Fe-S centers in
complex I, and facilitate NADH oxidation. MB is a FDA-approved
pharmacological drug that has been used to treat various ailments for
more than a century. Chronic administration of low-dose MB enhances
memory [28], is neuroprotective against retinal optic neuropathy in-
duced by rotenone-induced complex I inhibition [29], and alleviates
cardiac arrest-induced brain damage [30] and neuron loss [31]. It is
reported that MB is neuroprotective by normalizing ATP production
and decreasing ROS generation [27].

The goals of our study were to establish the value of the Hq mouse
in studying complex I-induced degeneration of the outer retina, and
determine the therapeutic benefit of a mitochondrial redox compound
in protecting the integrity of mitochondria and outer retinal photo-
receptor cells. We found that MB prevented the reduction in retinal
thickness and the decrease in protein markers for photoreceptor outer
segments, Muller and ganglion cells, and preserved mitochondrial in-
tegrity and function. In rotenone-induced complex I deficient 661W
cells (immortalized mouse photoreceptor cell line) MB improved cell
survival, normalized the NAD+/NADH ratio and decreased oxidative
stress without correcting the energy deficit. MB deactivated the mi-
tochondrial stress response pathways, unfolding protein response and
mitophagy.

2. Material and methods

2.1. Animals

Animal experiments were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 2011),
and approved by Central Michigan University Institutional Animal Care
and Use Committees. Hemizygous (Hq/Y) males were obtained by
mating Hq/X female with Hq/Y males. These mice and their appro-
priate wild-type controls were obtained from Jackson Laboratory. Mice
were housed with a 12-h light-dark cycle, and have free access to food
and water. Baldness was assessed as the percentage of the body surface
area without hair, and considered a hallmark of the Hq phenotype. To
confirm, male mice were genotyped on tail samples as described [1],
and phenotyped by determining the AIF protein in retinal homogenates
by western blot analyses.

MB shows opposite effects at low versus high doses [32]. Low MB
concentrations favor reduction, whereas at higher concentrations MB

may “re-route” electrons away from the electron transport chain thus
acting as a mitochondrial uncoupler and disrupting the redox balance
[33]. For this study MB was administered in drinking water after
weaning. Water intake was monitored weekly in order to adjust the MB
concentration in drinking water and provide a concentration of MB of
10mg/kg/day. Our dose selection was based on the reported dose of
1–10mg/kg in acute intraperitoneal administration that improved
memory in mice [34,35]. In our hands, the oral dose of 10mg/kg im-
proved heart function in a murine model of diabetes [36].

Mice were sacrificed at 11 months of age, and retina were harvested
for either immediate or future use (frozen at −80 °C).

2.2. Retinal thickness

Retinas were harvested, fixed and sectioned at 12 µm on a cryostat
as described [37]. Formalin-fixed paraffin retinal sections were stained
with toluidine blue, and visualized with light microscopy for morpho-
metric studies [38]. Multiple images were taken from the mid-retina
and four additional locations (both sides of the optic nerve) at 4×, and
the thickness (from the top of the inner nuclear layer to the external
side of the pigmental layer) was assessed using a Retiga camera at-
tached to a Nikon Biophot light microscope with Qcapture software
(QImaging, Burbay, BC, Canada). Retinal thickness was measured using
OpenLab software (Improvision, Lexington, MA). Representative
images are shown from the same region, and the average of the five
measurements was used for comparison between individual animals.

2.3. Confocal microscopy

Retina cryosections were fixed with pre-cooled acetone, air dried at
room temperature, rinsed with 10mM phosphate buffer, blocked in PBS
with 10% FBS, and incubated with primary antibody (dilution 1:500 in
PBS with 0.5% BSA) overnight at 4 °C. Retinal sections were probed
with fluorescent secondary antibodies (Thermo Fisher) (dilution 10 µg/
mL). After washing, slides were air dried, mounted with DAPI (Vector),
and examined with a fluorescent microscope. The thickness of the ret-
inal nuclear layers was assessed by measuring the corrected total cell
fluorescence (CTCF) as described [39] using Image J (http://rsbweb.
nih.gov/ij/download.html).

2.4. Electron microscopy

Posterior eyecups were harvested directly into triple aldehyde-
DMSO, sequentially exposed to ferrocyanide-reduced osmium tetroxide
and acidified uranyl acetate, dehydrated in ascending concentrations of
ethanol, and passed through propylene oxide before being embedded in
Poly/Bed resin (Polysciences Inc., 21844-1). Acidified uranyl acetate
was used to stain thin sections before examination using a JEOL
1200EX electron microscope. All EM images were independently ana-
lyzed, and observed in a blind fashion at the Electron Microscopy Core
Facility, Case Western Reserve University. Quantification of the outer
segment thickness and damaged mitochondria was performed on EM
photographs.

2.5. Cell culture

The photoreceptor-like cells (661W) were generously provided by
Dr. Al-Ubaidi Muayyad from University of Houston, and suspended in
growth media conditions as described [40]. Depending upon the ex-
periment, cells were grown in either 35-or 100-mm cell culture dishes,
or 96-well culture plates. On attaining confluence, these cells were di-
vided into three experimental groups; control cells, cells treated with
rotenone (20 µM), and cells incubated with both rotenone and methy-
lene blue (0-30μM) for 24 h. Cells are harvested and used in various
experiments discussed below.
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2.6. Western blot analyses

Denatured proteins from either mouse retinal samples or 661W
cells were separated by SDS- polyacrylamide gels (4–12% Tricine gels)
and electroblotted onto PVDF membranes. The membranes were
blocked with 5% non-fat dry milk in TBS with 0.1% Tween 20, in-
cubated overnight with primary antibodies (dilution 1:1000), probed
with near-Infrared Fluorescent Secondary Antibodies (LI-COR) (dilution
1:10000), and visualized with an Odyssey imaging system (LI-COR).
The band intensities were quantified, and protein expression levels
were calculated relative to either actin or GAPDH from the same
membrane after stripping.

2.6.1. NADH and NAD quantitation
NAD+ and NADH were extracted and quantified from cell lysates

using a specific kit (Abcam, ab65348) following the manufacturer's
instructions that exclude interaction with NADP and NADPH.

2.7. Separation of mitochondria rich-fraction from retina

We used a procedure adapted from that for adrenal cortical

mitochondria separation [41] to isolate mitochondria rich-fraction
from retinal tissue [42]. Briefly, each individual experiment used three
pairs of mice retinas from the same experimental group. Retinas were
suspended in ice-cold MSM-EDTA medium (220mM mannitol, 70mM
sucrose, 10mM MOPS, 2mM EDTA, pH 7.4), and hand homogenized in
Eppendorf tubes. The homogenate was centrifuged at 800 g for 10min,
and the remaining supernatant was centrifuged at 14,000 for 10min.
The resultant pellet was washed twice in the isolation buffer. The final
pellet was re-suspended in isolation buffer.

2.8. Activities of mitochondrial electron chain complexes (ETC) complexes

ETC complex activities were measured as specific donor-acceptor
oxidoreductase activities as described [43,44]. Briefly, NADH dehy-
drogenase of complex I was measured as the consumption of NADH at
340 nm in the presence of ferricyanide as an electron acceptor. The
NADH-cytochrome c oxidoreductase was assessed as the rotenone-
sensitive reduction of oxidized cytochrome c at 550 nm.

WT WT + MB

AIF AIF+MB
BM + TWTW

AIF AIF+MB

*

*

*

Fig. 1. AIF deficiency causes retinal thinning that is alleviated by methylene blue treatment. A. Light photomicrographs of retinal cryosections (12 µm) stained
with toluidine blue from wild type mice (WT), wild type mice treated with methylene blue (WT+MB), AIF deficient mice (AIF), and AIF-deficient mice treated with
methylene blue (AIF+MB). The thickness of the retinas was measured, and compared between the groups (lower panel). The numbers represent the retina layers: 1-
ganglion; 2-inner plexiform; 3-inner nuclear; 4-outer plexiform; 5-outer nuclear; 6-rod and cone photoreceptor; 7-pigmented epithelium. B. Confocal images de-
picting the retinal cryosection stained with DAPI to show the retinal nuclear layers. The integrity of the ganglion [1], inner nuclear [3] and outer nuclear [5] layers
was assessed by measuring the corrected total cell fluorescence (CTCF) on DAPI-stained retinal cryosections as described in the Method section. C. Western blot
analyses for retinal layer markers. GFAP-Glial fibrillar acidic protein; Brn3A-Brain-specific homeobox/POU domain protein 3A; GAPDH-Glyceraldehyde 3-phosphate
dehydrogenase. Densitometric analyses are shown in the lower panel. N= 3–4 mice from each group. *P < 0.05 as compared with WT and #P < 0.05 as compared
with AIF deficient mice.
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2.9. Cell survival

Photoreceptor-like 661W cells were seeded at 10,000 cells per well
in a 96-well plate, grown to 80% confluence, and incubated with var-
ious concentrations of rotenone (0–20 μM) and methylene blue (0-
30μM) for 24 h. Following treatment, cell survival was assessed through
an MTT assay according to the manufacturer's protocol.

ATP level was determined in 661W cells incubated with rotenone
and MB using a Luminescent ATP Detection Assay kit (ab113849) ac-
cording to the manufacture's instructions.

Mitochondrial reactive oxygen species (ROS) generation was
measured with MitoSox red superoxide indicator as described [45].

Mitochondrial membrane potential was measured on cells grown
to 80% confluence on 96-well plates with JC-1, a cationic dye that
exhibits potential-dependent mitochondrial accumulation, according to
the manufacturer's instruction. Briefly, we recorded the fluorescence
emission at red (590 nm) and green (525 nm) indicating the con-
centration-dependent formation and dissipation, respectively, of red
fluorescent J aggregates within the mitochondria. The shift from red to
green fluorescence indicates mitochondrial depolarization.

2.9.1. Statistical analysis
Data were evaluated for statistical differences amongst groups using

student's 2 tailed-t-test and a two-way ANOVA followed by Bonferroni's
multiple comparison test. Data are reported as mean± SEM with data
representing n=3–7 per group. Significance was established at
#p < 0.05

3. Results

3.1. AIF deficiency causes retinal thinning that is alleviated by methylene
blue (MB) treatment

AIF deficiency causes a significant decrease in the retinal thickness
that is observed in all retinal layers. The administration of MB inhibited
the decrease in retinal thickness in the Hq mice (Fig. 1A). Confocal
microscopy of the DAPI-stained retinal sections similarly show the
rarefaction of nuclei in all retinal layers, which was prevented by the
MB treatment (Fig. 1B). We further performed western blot analysis of
retinal layer marker proteins in order to delineate the effect of AIF-
deficiency and MB therapy. We confirmed that mitochondrial complex I
defect causes damage of the inner retinal ganglion cells [15] as the
retinal ganglion cell marker, Brn3A, was significantly decreased by the
AIF deficiency; its expression was preserved by the MB treatment
(Fig. 1C). The expression level of glial fibrillary acidic protein (GFAP),
normally present in retinal astrocytes, Muller cells and optic nerve
oligodendrocytes, also was mildly decreased by AIF deficiency sug-
gesting a rarefaction of those retinal cells, and was improved by the MB
treatment.

3.2. AIF deficiency damages the retinal photoreceptors that were preserved
by the MB treatment

Due to the observed damaging effect of the AIF deficiency on all
retinal layers including the outer nuclear retinal layer and the protec-
tive effect of MB treatment, we further focused our study on photo-
receptors, which are the retinal cells supporting this nuclear layer.
Photoreceptors are light sensitive neurons, and occur as cones and rods,
with the latter being predominant in mice. The most specific features of
photoreceptors are their outer segments, which are cylindrical struc-
tures containing stacks of membranous discs filled with light-sensitive
proteins called opsin and rhodopsin, respectively. We assessed the in-
tegrity of photoreceptors by electron microscopy, confocal microscopy
and western blot analysis.

Electron microscopy was used to evaluate the ultrastructure of the
photoreceptor outer segments (Fig. 2A). In wild-type mice, the outer

segments appear as straight parallel cylinders comprising long arrays of
stacked membranous discs oriented perpendicular to the long axis.
Retinal pigment epithelial cells send slender membranous processes
extending to the adjacent photoreceptor cells. Photoreceptor outer
segments were abnormal in the AIF deficient mice. While the discs
maintained their perpendicular orientation and diameters, their num-
bers were significantly decreased. The nascent discs were still aligned
along the axoneme at the base of the outer segment suggesting that AIF
deficiency did not alter the formation of the outer segments, and that
the shortening of the outer segments is not induced by a defect in the
initiation of morphogenesis. The integrity and thickness of the retinal
outer segments were completely preserved by the MB treatment
(Fig. 2A).

The observed decrease in photoreceptor outer membranous discs
was confirmed by confocal microscopy (Fig. 2B) that showed a dra-
matic decrease in the expression of the light-sensitive marker pigment,
rhodopsin, in mice with AIF deficiency. This method also showed the
protective effect of the MB treatment. Western blot analyses confirmed
the decrease in the expression of both rhodopsin (marker of rod pho-
toreceptors) and red/green opsin (marker of cone photoreceptors)
amounts in the AIF-deficient retinas, and that these levels of expression
were preserved by the MB treatment (Fig. 2C).

3.3. MB treatment preserves mitochondrial density in the retinal
photoreceptors by preserving mitochondrial integrity and decreasing
mitophagy

Mitochondria are packed in the inner segments of photoreceptor
cells, just underneath the outer segments. Mitochondrial density in the
whole retina was determined by assessing the expression levels of mi-
tochondrial marker proteins (Fig. 3A). We found that the complex I
subunit NDUFB8, cytochrome c and citrate synthase were decreased in
the AIF-deficient retinas, and their expression was improved by MB,
consistent with MB treatment preventing the decrease in mitochondrial
density induced by AIF deficiency.

We questioned if this change in retinal mitochondrial density is
induced either by alterations in mitochondrial formation via biogenesis
pathway or by elimination via mitophagy. Mitochondrial biogenesis
signal was not changed by either AIF deficiency or MB treatment as
shown by the unaffected expression of the master regulator of this
process, PGC1α (Fig. 3B). In contrast, we observed that AIF deficiency
increased the number of mitochondria with damaged/absent cristae in
the inner segments of photoreceptor cells (Fig. 3C). We also observed
double membrane-autophagic vesicles in the photoreceptor layers of
AIF-deficient retinas. Mitochondrial structure and cristae integrity was
preserved by MB treatment (Fig. 3C).

We then questioned if the observed increased mitochondrial da-
mage leads to enhanced mitochondrial elimination by mitochondrial-
induced autophagy (mitophagy flux). Markers of autophagy (LC3B-II
and beclin I) were increased by AIF deficiency. PINK1 protein level was
also increased by AIF deficiency indicating a decreased degradation of
PINK1 by damaged or depolarized mitochondria. MB treatment cor-
rected these abnormalities indicating a normalization of the mitophagic
flux (Fig. 3D).

3.4. MB normalizes complex I activity in the AIF-deficient retina

In order to understand if MB prevents retinal damage by improving
the electron flow within the mitochondrial electron transport chain, we
assessed the NADH oxidation (electron input) and cytochrome c re-
duction (electron output) by retinal mitochondrial-rich fraction (Fig. 4).
NADH consumption was measured spectrophotometrically at 340 nm in
the presence of the electron acceptor, ferricyanide (NADH ferricyanide
reductase, NFR). AIF deficient mitochondria had a lower ability to
oxidize NADH, a deficiency that was corrected by the addition of 30 μM
MB to the mitochondrial suspension, indicating that MB as an electron
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acceptor complements complex I in oxidizing NADH.
The reduction of exogenously added oxidized cytochrome c was

measured spectrophotometrically at 550 nm in the presence of NADH as
electron donor and cytochrome c as electron acceptor (NADH-cyto-
chrome c oxidoreductase, NCR). The reaction measures the activities of
complex I and III linked by coenzyme Q. Because rotenone limits the
conventional complex I-to-complex III electron transport by inhibiting
the complex I-Q binding site, the rotenone-sensitive rates show the
specific CI-III activities. As expected, the ability of AIF-deficient mi-
tochondria to transfer electrons from NADH to cytochrome c is de-
creased. This function is rotenone-sensitive (Rs) indicating that the
limit is at the level of complex I. The rotenone-sensitive NADH-cyto-
chrome c electron transport was improved by MB, indicating that MB
mediates the transfer of electron from NADH to cytochrome c through
complex I. MB is also able to increase the rotenone-insensitive NADH-
cytochrome c oxidoreductase rates (Ri); the insensitivity to rotenone
(Ri) indicates that MB also provides an alternative pathway for electron
transfer (in addition to the canonical electron transfer through complex
I).

3.5. MB protects the integrity of complex I defective 661W cells, improves
mitochondrial metabolism and redox state, and inactivates the
mitochondrial stress pathways UPRmt and mitophagy

The negative impact of complex I deficiency on photoreceptor cell
survival observed in vivo may be mediated by either a drop in mi-
tochondrial membrane potential and ATP generation, an increase in the
NADH/NAD+ redox ratio or an increase in oxidative stress. In order to
unfold the mechanisms of MB protective effect we used an in vitro
photoreceptor-like cell system, the 661W cells. Complex I defect was
induced by treating the 661W cells with rotenone. We found that

rotenone decreases cell survival in a dose-dependent manner (Fig. 5A).
Methylene blue (30 μM) added during the rotenone incubation nor-
malized the cell survival rates.

We further focused on the impact of mitochondrial complex I defect
on bioenergetics in photoreceptor-like cells, and the effect of MB. We
found that the rotenone-induced complex I defect caused a decrease in
ATP generation, which was not prevented by MB at concentrations that
were observed to promote cells survival (Fig. 5B). In contrast, MB
treatment prevented mitochondrial depolarization (Fig. 5C) and the
increase in ROS generation (Fig. 5D), and normalized the NADH/NAD+

ratio (Fig. 5E). These effects were achieved by lower (15 μM) MB
concentrations compared to those necessary to prevent cell death
(30 μM), indicating that the MB-induced decrease in oxidative and
redox stress rather than preventing energy deprivation were upstream
phenomena that promoted the photoreceptor-like cell survival.

We further explored if a defect in mitochondrial complex I triggered
a mitochondrial stress response pathways by examining mitochondrial-
induced autophagy and the unfolded protein response (UPRmt) (Fig. 6).
We found that the lipidated form of the microtubule-associated protein
1 light chain 3B (LC3B-II), a hallmark of autophagy, was increased in
rotenone-treated photoreceptor-like cells. Beclin 1, the mammalian
orthologue of yeast Atg6 with a central role in autophagy, had similar
changes. The activation of the mitochondrial unfolded protein response
(UPRmt), a mitochondrial-specific response to proteotoxic stress, was
investigated by assessing the level of the mitochondrial chaperone and
quality control protein, heat shock protein 60 (HSP60). The rotenone-
induced complex I defects caused an increased HSP60 level. Mi-
tochondrial stress response pathways were normalized by the addition
of MB.

Fig. 2. MB treatment preserves the retinal photoreceptor cells and their outer segments that were damaged by AIF deficiency. A. Electron microscopic
images of the outer retinas from wild type mice (WT), wild type mice treated with methylene blue (WT+MB), AIF deficient mice (AIF), and AIF-deficient mice
treated with methylene blue (AIF+MB). The numbers represent the outer retina layers: 1-outer segments, 2-inner segments, 3-outer nuclear layer. The thickness of
the outer segment layer [1] is presented in the lower panel. B. Confocal images depicting the green fluorescent rhodopsin distribution in the retinal outer layers of
wild type mice (WT), wild type mice treated with methylene blue (WT+MB), AIF deficient mice (AIF), and AIF-deficient mice treated with methylene blue (AIF
+MB). The amount of rhodopsin in the outer [1] and inner [2] segment layers is presented in the lower panel as corrected total cellular fluorescence (CTCF). C.
Western blot analyses for rhodopsin (marker of rod photoreceptor cells) and red/green opsin (R/G opsin, marker of cone photoreceptor cells). GAPDH-Glycer-
aldehyde 3-phosphate dehydrogenase. Densitometric analyses are shown in the lower panel. N= 3–4 mice from each group were used for statistical analyses.
*P < 0.05 as compared with WT and #P < 0.05 as compared with AIF deficient mice.
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4. Discussion

Diseases of the inner retina, in particular death and rarefaction of
the ganglion layer neurons leading to optic nerve atrophy and blind-
ness, have been reported as clinical features of mitochondrial complex I
defect [5]. AIF deficiency in Harlequin mice also affects the inner retina
[9]. However, the largest number of mitochondria is located in the
outer retina, which includes retinal photoreceptor and pigmental cells.
Retinal photoreceptors, the light-sensitive neurons critical for vision,
have the highest density of mitochondria packed in their inner seg-
ments [7,8], highest immunoreactivity for OXPHOS enzymes [46], rates
of OXPHOS [47], energy demand and dependence on OXPHOS
(90–95%) for ATP generation [48,49], and are responsible for retinal
oxidative damage in chronic diabetic conditions [37]. In contrast with
the inner retinal neurons, mouse photoreceptors perform at their
maximal respiratory capacity in basal conditions with a very limited
reserve [50], suggesting that small reductions in OXPHOS could have a
severe impact on their survival. Mitochondrial-induced cellular damage
is associated with a large number of photoreceptor dystrophies [6].
Despite these data, the effect of OXPHOS defects on photoreceptor

integrity and bioenergetics has not been studied. Our study revealed
that retinal photoreceptor cells are sensitive to a mitochondrial com-
plex I defect.

While the highest density of mitochondria is packed in the inner
segments of photoreceptors, the outer segments have also been reported
to express electron transfer chain complexes, and conduct oxidative
ATP production necessary for the phototransduction cascade [51].
Photoreceptor outer segments are specialized sensory cilia with hun-
dreds of membrane discs containing photo-transduction proteins, and
are renewed by opposing processes of disk morphogenesis and shed-
ding. Disk renewal requires protein and lipid synthesis in the inner
segment of photoreceptors, a substructure located beneath the outer
segment. Approximately 10% of the rod photoreceptor outer segment is
daily engulfed in phagosomes of the retinal pigment cells, and the
protein and lipid cargo degraded [52]. The synthesis and polarized
transport of lipids and proteins is energetically demanding [53]. Rho-
dopsin, a seven-transmembrane helix receptor superfamily [54], re-
presents 90% of total protein content in the rod outer segments, and
serves both functional and structural roles as rhodopsin knockout mice
are unable to elaborate outer segments [55]. While other retinal layers

Fig. 3. MB preserves mitochondrial density in the retinal photoreceptors by preserving mitochondrial integrity and decreasing mitophagy. A. Western
blot analyses of mitochondrial marker proteins. Densitometric analyses are shown in the lower panel. B. Western blot analyses of the master regulator of
mitochondrial biogenesis, the peroxisome proliferator activated receptor γ c-activator α (PGC1α). Densitometric analyses are shown in the lower panel. C. Electron
microscopic images of the inner segments of retinas from wild type mice (WT), wild type mice treated with methylene blue (WT+MB), AIF deficient mice (AIF), and
AIF-deficient mice treated with methylene blue (AIF+MB). The black arrow shows an area in a photoreceptor cell that is damaged and devoid of mitochondria. The
gray arrow shows a mega-mitochondria, while the dotted arrow shows mitochondria devoid of cristae. Double-membrane autophagic vesicles are indicated by white
arrow. Damaged mitochondria (mitochondria with areas devoid of cristae) were counted on EM photographs, and expressed per 100 counted mitochondria. D.
Western blot analyses of mitochondrial-induced autophagy markers. PINK1-PTEN-induced putative kinase 1, LC3B-II-Light Chain 3B-II, GAPDH-Glyceraldehyde 3-
phosphate dehydrogenase. Densitometric analyses are shown in the lower panel. N=3–4 mice from each group were used for statistical analyses. *P < 0.05 as
compared with WT and #P < 0.05 as compared with AIF deficient mice.

Fig. 4. MB improves complex I activity in the AIF-deficient retina. NADH dehydrogenase was measured as the consumption of NADH at 340 nm in the presence
of ferricyanide as an electron acceptor (NADH ferricyanide reductase, NFR). The NADH-cytochrome c oxidoreductase (NCR) was assessed as the rotenone-sensitive
reduction of oxidized cytochrome c at 550 nm. The assays were performed in mitochondrial enriched fractions from wild type (WT) and AIF-deficient (AIF) retinas.
The results are expressed in μmol/min/mg mitochondrial protein. Methylene blue (MB, 30 μM) was added in the reaction mixture. The lower panel shows a proposed
redox cycle for MB in retinal mitochondria. N=3 retinas from each group were used for statistical analyses. *P < 0.05 as compared with WT and #P < 0.05 as
compared with AIF deficient mice. MOM=mitochondrial outer membrane, IMS=intermembrane space, MIM=mitochondrial inner membrane, R=Rotenone, Cyt
c=Cytochrome c, Ox=Oxidized, Red=Reduced.
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are also affected, the effect of mitochondrial complex I defect on de-
creasing the photoreceptors and their outer segments is significant. We
show that the nascent discs still maintained their alignment along the
axoneme, perpendicular orientation and diameters suggesting that AIF-
deficient photoreceptor cells retained an intact ability to build outer
segments, and that the decrease in discs number is not induced by a
defect in morphogenesis. Both the number of discs and their protein
markers were corrected to normal levels by improving the complex I-
induced disruption in the mitochondrial electron flow with a redox

compound, methylene blue (MB). Our results stress the importance of
mitochondrial integrity in maintaining the photoreceptors and their
outer segment discs.

Electrons derived from NADH are normally accepted by FMN during
NADH oxidation by mitochondrial complex I. Methylene blue (MB) is a
substrate for NADH dehydrogenase, which reduces MB to MBH2, the
latter donating electrons further to cytochrome c [56]. Therefore, the
alternative electron transport provided by MB bypasses defects in either
complexes I or III. We observed that MB facilitates NADH oxidation

* *

*

Fig. 5. MB protects the integrity of complex I defective 661W cells and improves mitochondrial metabolism and redox state. A. Photoreceptor-like 661W
cells were grown to 80% confluence under the conditions described, and treated for 24 h with Rotenone with/without methylene blue (MB). Cell survival during
these experimental conditions is expressed as a ratio compared to cells maintained in basal conditions. B. ATP level was measured by a colorimetric assay, and the
results expressed as a ratio compared to cells maintained in basal conditions. C.Mitochondrial membrane potential is expressed as the Red/Green/fluorescence of the
cationic JC1 compound. D. Mitochondrial ROS generation was measured as superoxide, and the results expressed as a ratio compared to cells maintained in basal
conditions. E. The reduced (NADH) and oxidized (NAD+) forms of NAD were extracted and quantified as described. The data are the results of two independent
experiments. *P < 0.05 as compared with control and #P < 0.05 as compared with rotenone treated photoreceptor cells.
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while recovering NAD+ in photoreceptor-like cells (Fig. 4) and en-
ergized cardiac mitochondria [57]. Therefore, electrons derived from
NADH may be shared between an alternative redox loop supported by
MB and the classical in-chain pathway via FMN through a linear series
of Fe-S centers to the acceptor, ubiquinone. As NADH does not donate
electrons directly to MB, the redox potential would allow either FMN or
Fe-S center to be the electron donors to MB that has a low redox po-
tential of 11mV. In order to identify the electron donor to MB we added
an additional electron acceptor, ferricyanide, which is a direct electron
acceptor from FMN. The increase in NADH oxidation indicates that
FMN rather than the Fe-S centers is the electron donor to MB. An in-
teresting finding was that MB facilitates both the rotenone insensitive
and sensitive NADH cytochrome c reductase in retinal mitochondria.
The increase in cytochrome c reduction by MB confirms that the elec-
tron acceptor is cytochrome c. As rotenone inhibits complex I at the Q-
binding site, the improvement of rotenone-sensitive cytochrome c re-
duction upon MB addition indicates that Q binding site is part of the MB
redox loop.

Mitochondrial alterations trigger a quality control system re-
presented by the unfolded protein response (UPRmt) and mitophagy.
Misfolded/unfolded proteins and failed-imported proteins are degraded
by the mitochondrial proteolytic system. As a response to mitochondrial
damage, the mitochondrial phosphatase and tensin homolog (PTEN)-
induced kinase 1 (PINK1) is stabilized on the outer mitochondrial
membrane, and recruits the cytosolic E3 ubiquitin ligase Parkin that
initiates mitophagy [58]. PINK1 functions as a mitochondrial stress
sensor [59,60]. The LC3 protein is a ubiquitin-like protein that is con-
jugated to phosphatidylethanolamine being converted to LC3-II that is a
marker for mitophagy. Complex I defect may create a mitochondrial
protein misfolding environment and activate multiple mitochondrial
stress responses. For example, increased oxidative stress causes protein
oxidative modifications leading to protein misfolding, thus potentially
activating UPRmt. The decrease in mitochondrial membrane potential
triggers PINK1-mediated mitophagy [58]. A pharmacological inhibition
of complex I led to mitochondrial transition pore opening and depo-
larization, increased mitochondrial oxidative stress, and triggered mi-
tophagy and cell death [61] while increasing oxidative stress activated
both UPRmt and mitophagy [62]. In agreement with this concept, we
found that complex I defect activates both UPRmt and mitophagy in
retina and photoreceptor-like cells, and that both mitochondrial stress

response pathways were inhibited by MB.
From all retinal cells, photoreceptors are the most susceptible to

depletion of the total cellular NAD pool [63]. In comparison with the
cytosolic and nuclear NAD pool, the mitochondrial NAD pool is finely-
balanced and relatively high matching the critical role of NAD in mi-
tochondrial function [64]. The decrease in cellular total NAD pool se-
verely compromises primarily mitochondrial metabolism particularly
NAD+-dependent TCA enzymes and mitochondrial lysine deacetylases,
sirtuins, causing photoreceptor death [63]. The reduction in the total
cellular NAD pool also blunts the adaptive UPRmt pathway [65],
leading to proteotoxic stress, and accumulation of damaged depolarized
mitochondria [66]. NAD occurs as either oxidized (NAH+) or reduced
(NADH) forms. While NADH is the result of substrate oxidation the
NAD+ is an important cofactor for mitochondrial enzymes. Therefore,
the NADH/NAD+ ratio reflects the overall status of mitochondrial
metabolism. While the amount of NADH production and NAD+ con-
sumption are tightly linked to fuel oxidation, mitochondrial NAD re-
cycling (NADH consumption and NAD+ production) is decreased by
ETC defects. For example, complex I defect causes an increased mi-
tochondrial NADH content causing a highly-reduced redox environ-
ment within mitochondria, and decreases the available NAD+ [67]. An
approach to correcting mitochondrial ETC defects is increasing NAD+

content [68].
In human skin fibroblasts, a decrease in complex I activity is posi-

tively correlated with increased oxidative stress and altered mi-
tochondrial morphology [69]. We have confirmed these results, and
showed that MB treatment corrected these abnormalities. Un-
expectedly, a cardiac complex I defect did not result in basal ATP de-
pletion or increased ROS production [67] but rather increased the mi-
tochondrial NADH/NAD+ redox ratio and opening probability of the
mitochondrial permeability pore [67] with an increased risk of cardi-
omyocyte apoptosis. Similar to cardiac mitochondria, we found that
complex I deficient retinal mitochondria do not exhibit an energy def-
icit but showed a similar NAD+ deficit, increased NADH/ NAD+ redox
ratio and mitochondrial depolarization. In contrast with cardiac com-
plex I defect, the decrease in complex I activity in the retina leads to
increased oxidative stress suggesting that the interruption of electron
flow in complex I favors reactive oxygen species generation. In agree-
ment to our findings, the Leber hereditary optic neuropathy mouse
model revealed that optic nerve atrophy is induced by the complex I

Fig. 6. MB treatment deactivates mi-
tochondrial stress pathways, UPRmt and
mitophagy, in the complex I deficient
661W photoreceptor like cells. Western blot
analyses of mitochondrial-induced autophagy
markers. LC3B-II: Light Chain 3B, HSP60: Heat
Shock Protein 60, GAPDH: Glyceraldehyde 3-
phosphate dehydrogenase. Densitometric ana-
lyses are shown in the right panel. The data are
the results of at least two independent experi-
ments. *P < 0.05 as compared with control
and #P < 0.05 as compared with rotenone
treated photoreceptor cells.
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deficiency induced-oxidative stress rather than energy deficit [5]. The
univalent reduction of oxygen to form superoxide occurs with increased
electron pressure at specific ETC sites caused by interruption of the
electron flow in ETC defects thus creating a mitochondrial reductive
redox stress. Due to its redox potential MB cannot accept electrons di-
rectly from superoxide and be a canonical superoxide scavenger. An
alternative and plausible explanation is that MB relieves the reductive
redox stress by complementing complex I in oxidizing NADH and re-
generating NAD+.

5. Conclusion

We report that preserving the mitochondrial integrity is critical for
the maintenance of the photoreceptors and their outer segments. MB or
other compounds with similar mechanism of action may be therapeutic
options for the retinal disease induced by mitochondrial complex I
deficiency.
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