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Retinal pigment epithelial (RPE) cell dysfunction plays a central role in various retinal degenerative diseases, 
but knowledge is limited regarding the pathways responsible for adult RPE stress responses in vivo. RPE 
mitochondrial dysfunction has been implicated in the pathogenesis of several forms of retinal degeneration. 
Here we have shown that postnatal ablation of RPE mitochondrial oxidative phosphorylation in mice triggers 
gradual epithelium dedifferentiation, typified by reduction of RPE-characteristic proteins and cellular hyper-
trophy. The electrical response of the retina to light decreased and photoreceptors eventually degenerated. 
Abnormal RPE cell behavior was associated with increased glycolysis and activation of, and dependence upon, 
the hepatocyte growth factor/met proto-oncogene pathway. RPE dedifferentiation and hypertrophy arose 
through stimulation of the AKT/mammalian target of rapamycin (AKT/mTOR) pathway. Administration of 
an oxidant to wild-type mice also caused RPE dedifferentiation and mTOR activation. Importantly, treatment 
with the mTOR inhibitor rapamycin blunted key aspects of dedifferentiation and preserved photoreceptor 
function for both insults. These results reveal an in vivo response of the mature RPE to diverse stressors that 
prolongs RPE cell survival at the expense of epithelial attributes and photoreceptor function. Our findings 
provide a rationale for mTOR pathway inhibition as a therapeutic strategy for retinal degenerative diseases 
involving RPE stress.

Introduction
The retinal pigment epithelium (RPE) is a polarized, cuboidal epi-
thelial cell layer situated in the outer retina between the photore-
ceptors and choroidal vasculature. The RPE supplies an estimated 
60% of the glucose consumed by the neural retina (1) and performs 
a variety of other functions crucial for retinal homeostasis, includ-
ing delivery of amino acids and docosahexaenoic acid for photo-
receptor protein and membrane synthesis; transport, storage, and 
enzymatic conversion of retinoids essential for phototransduction; 
regulation of fluid and ion balance in the subretinal space; mainte-
nance of the blood retinal barrier; secretion of growth factors; and 
phagocytosis of shed photoreceptor outer segment membranes 
(2). The RPE is a postmitotic tissue, so RPE cells must carry out 
these functions for the life of an individual.

The retinal degenerative consequences of mutations in RPE-
expressed genes illustrate the importance of the RPE for photo-
receptor viability in humans. Mutations that impair production 
of the chromophore 11-cis retinal cause Leber congenital amau-
rosis, retinitis pigmentosa (RP), and allied disorders (3). Disrup-
tion of RPE phagocytosis causes RP and rod/cone dystrophy  
(4, 5). Mutations that affect ion channel function cause disease of 
the specialized retinal region necessary for high-acuity vision (the 
macula) (6) as well as RP (7), while mutations in genes encoding 
the RPE-secreted proteins TIMP3 (8) and EFEMP1 (9) cause later-
onset macular disease.

In addition to these specific RPE defects, histological evidence 
suggests that general RPE dysfunction and death play a primary, 
causative role in the pathogenesis of age-related macular degenera-
tion (AMD) (10, 11). The atrophic form of AMD is characterized 
by subepithelial deposits, termed drusen, together with RPE and 
photoreceptor degeneration that involve the macula and that can 
extend into large areas of the posterior retina (12). A frequently 
proposed mechanism of RPE dysfunction in AMD posits accu-
mulation of oxidative damage to RPE cell components, a conse-
quent reduction in RPE mitochondrial function (13, 14), build up 
of subepithelial deposits, and inflammation at the RPE/choroid 
interface (15). The RPE resides in an oxygen-rich environment 
(16), and RPE mitochondrial DNA (mtDNA) is particularly prone 
to oxidative damage (13). The daily phagocytosis of photoreceptor 
outer segments by the RPE leads to the accumulation of the pho-
totoxin N-retinyl-N-retinylidene ethanolamine (A2E) and other 
compounds that can inhibit mitochondrial function (13, 14, 17), 
possibly through oxidative damage (18). mtDNA isolated from 
macular RPE of individuals with AMD exhibits significantly more 
damage than that from age-matched controls (19). Genetic studies 
implicate several mtDNA haplotypes (20, 21) and a nuclear gene 
encoding a mitochondria-associated protein (22) as AMD risk fac-
tors. Moreover, the RPE appears to be the initial site of pathogen-
esis in retinopathies associated with inherited mtDNA mutations 
(23), which can preferentially affect the macula (24, 25). Together, 
histological, biochemical, and genetic evidence suggests that dam-
age to RPE mitochondrial function plays an important role in 
human retinal degenerative diseases.
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The cellular consequences of diminished mitochondrial func-
tion can be profound. Mitochondria integrate cellular stress 
responses that can lead to programmed cell death. Treatment of 
cultured RPE cells with A2E (17, 18) or oxidants (26, 27) causes 
mitochondrial membrane depolarization and release of proapop-
totic mitochondrial proteins, such as cytochrome c and apopto-
sis-inducing factor (AIF). Mitochondria also serve a vital role in 
energy metabolism. They house the cellular machinery for the tri-
carboxylic acid cycle and oxidative phosphorylation (OXPHOS), 
which together effectively convert glycolytic pyruvate to ATP and 
the by-products carbon dioxide and water. In the presence of oxy-
gen, most differentiated cells primarily rely on mitochondrial 
OXPHOS to metabolize glucose, rather than aerobic glycolysis, 
an alternative cytoplasmic pathway used by proliferating cells to 
convert glucose to lactate, with a much lower molar yield of ATP 
(28). The RPE contains abundant mitochondria, consistent with a 
metabolically active tissue that performs a variety of energy inten-
sive tasks (14), and RPE cells in culture exhibit a high degree of 
oxygen consumption (29). However, cultured RPE cells are adept 
at aerobic glycolysis (30) and are resistant to cell death in the face 
of OXPHOS inhibition, provided glucose is plentiful and glycoly-
sis is not substantially compromised (31). Thus, the in vivo conse-
quences of compromised RPE mitochondrial function leading to 
diminished OXPHOS are not obvious.

Despite the central role of the RPE in numerous retinal degen-
erative diseases, little is known about adult RPE stress responses 
in vivo. Many studies have described the responses of cultured pri-
mary or immortalized human RPE cells to a wide variety of per-
turbations, including growth factors, cytokines, hypoxia, and the 
aforementioned oxidative stress (32). However, cell culture stud-
ies do not model RPE tissue interactions with Bruch’s membrane 
and fenestrated choroidal endothelium on the basal side and the 
intimate association of RPE microvilli and photoreceptor outer 
segments on the apical side. While more than 15 murine genetic 
models of AMD have been created, characterization has largely con-
sisted of a description of morphological changes and comparison 
with those seen in humans with the disease (33). Few studies have 
assessed the molecular consequences of RPE stress in vivo (34, 35).

To characterize the in vivo response of the RPE to a reduction in 
OXPHOS, we generated mice with an RPE-selective postnatal loss of 
mtDNA transcription and replication. We reasoned that complete 
postnatal loss of RPE mitochondrial OXPHOS in the comparatively 
short-lived mouse might mimic changes caused by prolonged dam-
age to RPE mtDNA and proteins in humans. Intriguingly, we found 
that RPE cells lacking OXPHOS are long lived in vivo and, over a 
period of months, undergo a series of morphological changes, many 
of which are reminiscent of those documented in human retinal 
degenerative disease. The mammalian target of rapamycin (mTOR) 
pathway is activated early in the process and drives dedifferentiation 
of the RPE through reduction in expression of RPE-characteristic 
proteins. Activation of mTOR and RPE dedifferentiation also occurs 
in response to a qualitatively different insult, chemical oxidative 
damage, suggesting a more general RPE stress response. Inhibiting 
this stress response by blocking mTOR activation has remarkable 
beneficial effects on the RPE and photoreceptors.

Results
Generation of RPEΔMT mice. To generate mice with RPE-selective 
postnatal loss of OXPHOS (referred to herein as RPEΔMT mice), 
we combined a conditional (floxed) allele of the nuclear-encod-

ed gene for mitochondrial transcription factor A, Tfam, which 
is essential for mtDNA transcription and replication (36), with 
a cre transgene controlled by a fragment of the human BEST1 
promoter known to drive RPE-specific expression in the eye (37). 
The BEST1-cre transgene drives ocular cre expression that begins 
postnatally, that is restricted to the RPE (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI44303DS1), and that does not cause cre toxicity in 
controls (Supplemental Figure 1, B and C). In both pigmented and 
albino RPEΔMT mice (Tfamloxp/loxp; +/Tg[BEST1-cre]), cre expression 
begins around P10 and rapidly increases to include more than 90% 
of all RPE cells by 9 weeks of age, with cre-mediated recombination 
detected only in the RPE and testis (38), as expected (6).

Diminished OXPHOS capacity and mitochondrial enlargement in 
RPEΔMT RPE. Knockout of Tfam in cardiomyocytes (39), pan-
creatic β cells (40), and cortico-hippocampal neurons (41) leads 
to loss of mtDNA and OXPHOS capacity, with kinetics that vary 
among the tissues. We found a conspicuous reduction in the 
level of mitochondrial-encoded cytochrome c oxidase I (Cox1) 
mRNA in the RPE of 5-week-old RPEΔMT mice (Figure 1, A–D) 
and reduced levels of several other mitochondrial-encoded RNAs 
and Tfam mRNA in RPE cells isolated from 14-week-old RPEΔMT 
mice (Figure 1E). We evaluated electron transport chain function 
in RPEΔMT mice by enzyme histochemical costaining for succi-
nate dehydrogenase (SDH) and cytochrome c oxidase (COX, com-
plex IV), only the latter of which contains mitochondrial-encoded 
catalytic subunits, and found COX enzymatic activity specifically 
diminished in a majority of RPE cells at 6 weeks of age (Figure 1, G 
and I). Consistent with findings in other TFAM-deficient tissues 
(36, 39, 40, 42), RPEΔMT RPE cells develop enlarged mitochondria 
with tubular cristae (Figure 1K), which can occupy as much as 70% 
of the cellular area in cross section (Figure 1L). The morphological 
changes in RPE mitochondria are accompanied by increases in the 
nuclear-encoded mitochondrial electron transport chain proteins, 
AIF, and cytochrome c oxidase subunit IV (COX4) (Supplemental 
Figure 2, A and C), consistent with a futile compensatory response 
of increased mitochondrial biogenesis to diminished OXPHOS 
(43). These results demonstrate that postnatal loss of Tfam func-
tion in RPEΔMT RPE cells causes a rapid, severe OXPHOS deficit 
and subsequent mitochondrial enlargement.

Minimal RPE cell death, autophagy, and senescence in RPEΔMT mice. 
Accumulation of mtDNA mutations induces apoptosis (44), and 
increased cell death/loss is a prominent feature of other TFAM-
deficient tissues (41, 42, 45). Surprisingly, we found no evidence 
of caspase-3, -7, or -9 activation above control levels in RPEΔMT 
mice at any age tested and as old as 1 year (data not shown). We 
also found little evidence of nuclear condensation or DNA frag-
mentation (Supplemental Figure 2E), and TUNEL, which detects 
both apoptotic and necrotic cells, revealed minimal RPE cell death 
in RPEΔMT mice at all times tested (data not shown). Moreover, 
nuclear translocation of AIF, which is required for its proapoptotic 
role in caspase-independent apoptosis (46), was not remarkable in 
the RPE of RPEΔMT mice at any age tested, although the level of 
cytoplasmic AIF was substantially increased (Supplemental Figure 
2E). We found no noticeable changes in macroautophagy markers 
(ATG12-ATG5 and LC3B), chaperone-mediated autophagy mark-
ers (LAMP-1 and -2), or senescence-associated β-galactosidase activ-
ity (47) in RPEΔMT mice at any age tested (data not shown). Thus, 
RPE cells in vivo appear largely resistant to cell death, autophagy, 
and senescence under conditions of severe OXPHOS deficiency.
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OXPHOS deficiency induces RPE dedifferentiation and hypertrophy. 
The long-term viability of RPE cells in RPEΔMT mice allowed us 
to characterize their morphological and molecular changes and 
assess similarities to human retinal degenerative diseases. RPE flat 
mounts (x,y plane) at 16 weeks revealed a loss of regular cuboidal 
appearance and an increase in heterogeneity of size and shape of 
cre-expressing cells (Figure 2B) compared with those of controls 
(Figure 2A). On cross section (z plane), thickened (>5 μm) RPE cells 
are frequently seen as early as 12–14 weeks (Figure 2D), and these 
cells express cre (Supplemental Figure 3, B and D). By 26 weeks, a 
majority of RPE cells were uniformly thickened (Figure 2E), indi-
cating a similar morphological change in all cre-expressing RPE 
cells, which account for approximately 85% of the total at this time. 
Maximum RPE thickness in RPEΔMT mice increased to 15 ± 3.3 
μm by 35 weeks, 3 times that of controls (Figure 2, F and G). Thick-

ened cells also had nuclear abnormalities, 
such as apical placement (Figure 2, E and F, 
and Supplemental Figure 3, B and D) and 
vertical alignment, in the case of binucleate 
cells (Supplemental Figure 3, B, D, and F). 
In cre-expressing RPE cells from pigmented 
mice, melanosomes were abnormally dis-
tributed after 14 weeks (Supplemental Fig-
ure 3, B and D), leading later to frequent 
areas of hypopigmentation and, occasion-
ally, hyperpigmentation (Supplemental 
Figure 3J), which are attributes of human 
retinal degenerative disease (48). We did 
not observe by electron microscopy any 
examples of melanosome extrusion from 
RPE cells, although such profiles are admit-
tedly rare in retinal degenerations.

The RPE hypertrophy and other abnor-
malities were accompanied by signs of RPE 
dedifferentiation. Ultrastructural analysis 
of RPEΔMT mice at 22 weeks revealed loss 
of apical microvilli and basal infoldings 
(Figure 2, I and K, and Supplemental Fig-
ure 3L), key morphological indicators of 
RPE polarity. The abnormal localization 
of the RPE apical marker, ezrin (Supple-
mental Figure 3H), confirmed depolariza-
tion of cre-expressing RPE cells. Moreover, 
the levels of 5 out of 6 RPE-characteristic 
proteins tested were significantly reduced 
at 14 weeks of age and more so by 22 weeks 
(Figure 2, L and M). mRNA levels for these 
markers were also reduced (Supplemental 
Figure 3Q). RPE65, a marker of mature 
RPE, exhibited the greatest reduction at 
any age tested (Figure 2M), and diminished 
levels of Rpe65 mRNA and protein were evi-
dent as early as 6 and 10 weeks of age (Sup-
plemental Figure 3, N and P), closely track-
ing depletion of mtRNA. Significantly, of 
the 6 RPE-characteristic markers tested, 
only MITF, a transcription factor associ-
ated with determination of RPE cell fate 
during development (49), was increased in 
expression (Figure 2, L and M).

Cellular proliferation can accompany dedifferentiation of 
otherwise postmitotic tissues, including RPE (50). We therefore 
assessed RPE proliferation by BrdU labeling at various ages. 
Although the numbers were not large, BrdU-reactive RPE cells in 
RPEΔMT mice at 18 and 26 weeks of age were significantly more 
numerous than in controls (Figure 2N) and included both cre-
expressing and cre-negative cells (Figure 2, P and Q). At 3 months 
after injection (PI), cells with multiple BrdU-reactive nuclei were 
still present (Figure 2, P and Q), indicating that some proliferat-
ing cells were unable to accomplish cytokinesis, a feature also seen 
in human RPE surrounding drusen (51). Despite this pathological 
proliferation, RPEΔMT mice exhibited a gradual loss of RPE cells 
over time (Figure 2O). Together, the morphological abnormali-
ties, the loss of markers of mature RPE, and the increase in expres-
sion of an RPE cell fate determinant in RPEΔMT mice indicate a 

Figure 1
Reduced RPE mtDNA gene expression and diminished OXPHOS capacity in RPEΔMT mice. 
(A–D) In situ hybridization demonstrates reduced Cox1 mRNA expression in most RPE cells of 
a 5-week-old albino RPEΔMT mouse (B and D) compared with that of a control (A and C), which 
refers to littermates with genotype of Tfamloxp/loxp hereafter, unless otherwise stated. (A and B) 
original magnification, ×200. (C and D) Original magnification, ×400. (E) Relative mRNA levels 
of Tfam and 3 mitochondrial-encoded genes were measured by Q-PCR in pigmented RPEΔMT 
RPE cells. Error bars represent the average deviation from 2 independent experiments. RPE 
cells from 6 RPEΔMT mice were pooled for each experiment. (F–I) Enzyme histochemical 
costaining for SDH and COX at 6 weeks shows diminished COX enzymatic activity specifically 
in a majority of albino RPEΔMT RPE cells (G and I) compared with that of a control (F and H). 
Cells with normal COX and SDH activity appear brown, whereas COX-adeficient cells appear 
blue. (F and G), original magnification, ×50. (H and I) Original magnification, ×400. (J and K) 
Enlarged mitochondria with tubular cristae (K, circled) are evident by electron microscopy in  
35-week-old pigmented RPEΔMT RPE. (L) Quantification of maximal area of mitochondria 
(mito) in 35-week-old RPEΔMT mice (n = 3) and controls (n = 3). Scale bar: 2 μm. #P < 0.001.
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Figure 2
RPE dedifferentiation and hypertrophy in RPEΔMT mice. (A and B) RPE flat mounts stained for cre (red) and phalloidin (green) show (B) loss 
of cuboidal appearance in cre-reactive cells in RPEΔMT mice at 16 weeks of age. (C–F) Light microscopy reveals thickened RPE cells (D) in 
a 14-week-old RPEΔMT mouse. (E and F) Numerous RPE cells of RPEΔMT mice have progressively increased thickness and apical loca-
tion of nuclei (arrows). (G) At 35 weeks of age, both maximum and minimum RPE thickness are significantly different between RPEΔMT mice 
and controls. (H–K) Electron microscopy in 22-week-old RPEΔMT mice (I and K) shows a thickened RPE cell, with apical location of nucleus,  
(I, arrow denotes nucleus, OS stands for outer segments) loss of microvilli (MV), (H) arrows denote MV, and (K) absent basal infoldings (BI). (L) 
Loss of a series of RPE-characteristic markers, with the exception of MITF, in RPE cells from RPEΔMT mice (R) versus control (C) is detected by 
immunoblot, and (M) confirmed by quantification of protein. (N) The percentage of BrdU reactive RPE cells at 2 days PI is significantly increased 
in RPEΔMT mice at 18 weeks and older. (O) However, RPEΔMT mice have a gradual loss of RPE cells over time. (P and Q) BrdU staining shows 
cre-expressing (P, arrows denote; insets are pictures of the same cell with higher magnification) and cre-negative RPE cells (Q, arrows) that 
have multiple BrdU-reactive nuclei within 1 cell boundary (denoted by ZO1) at 3 months PI. Original magnification, ×400. Error bars in G, M, N, 
and O represent SD from triplicates. Scale bars: 25 μm (A–F); 2 μm (H–K). *P < 0.05; §P < 0.01; #P < 0.001.
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process of RPE dedifferentiation that is an early consequence of 
mitochondrial dysfunction.

Decreased RPE junctional integrity and increased cell migration cause 
widespread atrophy. We investigated the mechanism underlying 

the gradual loss of RPE cells in RPEΔMT mice by assessing adhe-
rens and tight junctions as measures of epithelial integrity. By 18 
weeks of age, N-cadherin, the dominant cadherin isoform in the 
RPE adherens complex (32), was markedly increased (Figure 3, A 

Figure 3
Decreased junctional integrity and increased migration of RPE cells in RPEΔMT mice. (A) Immunoblot of RPE cells from pigmented RPEΔMT 
mice shows increased N-cadherin and reduced β-catenin. (B–I) Immunostaining of RPE flat mounts from RPEΔMT mice (C, E, G, and I) shows 
N-cadherin (green) substantially increased in RPE cytoplasm but diminished at cell junctions (C, arrows denote cell junctions). β-Catenin stain-
ing (green) is obscured at cre-expressing cell (red) boundaries, with a cytoplasmic redistribution (E, arrows), which is confirmed by co-labeling 
of β-catenin (green) and phalloidin (red) (G, arrows). (I) A stacked Z-series confocal image (15-μm thickness) shows diminished ZO1 staining 
(red) at RPE cell junctions. Original magnification, ×400. (J–N) Light microscopy of albino (J and K) and pigmented (L–N) RPEΔMT mice dem-
onstrates gaps between RPE cells (J, arrows), RPE vacuoles (J–L), multilayered RPE cells (K, arrows), and numerous cells in the subretinal 
space (arrowheads in J–N), which leads to an uneven RPE appearance at late stages as well as RPE atrophy (boxed area in M). (N) Asterisks 
mark drusen-like material. (O and P) Cre-expressing RPE cells (red) are present in the subretinal space (arrowheads), whereas F4-80 reactivity 
(green), indicative of macrophages/microglia, is restricted to less than 2% of the RPE layer at 26 weeks. (J–P) Original magnification, ×630. (Q) 
An electron micrograph from an RPEΔMT mouse shows 2 pigmented cells of similar appearance (a and b), 1 of which a has migrated to the 
subretinal space. Original magnification, ×5000. (R) Loss of OXPHOS causes a sequence of morphological and molecular changes, beginning 
with a process of RPE dedifferentiation. Up and down arrows denote increased and decreased expression, repectively.
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and C), but in most cre-expressing cells the protein was primarily 
cytoplasmic rather than at cell membranes (Figure 3C and Sup-
plemental Figure 4B). Similar to N-cadherin, β-catenin exhibited 
increased cytoplasmic (Figure 3E and Supplemental Figure 4D) 
and decreased cell boundary (Figure 3G) localization in cre-express-
ing cells. Despite a reduction in total β-catenin levels at 22 weeks 
(Figure 3A), phosphorylation of β-catenin at Y654 and Y489, which 
triggers disassembly of the N-cadherin/β-catenin adherens complex 
(52), increased in RPEΔMT mice with age (Supplemental Figure 
4I). Consistent with disruption of adherens junctions, nuclear and 
cytoplasmic PY489-β-catenin increased in RPEΔMT RPE (Supple-
mental Figure 4, K and M) relative to a control (Supplemental Fig-
ure 4, J and L). We also observed disruption of RPE tight junctions 
in RPEΔMT mice as early as 26 weeks of age, as evidenced by dimin-
ished ZO-1 abundance at many cell boundaries (Figure 3I).

Disruption of adherens and tight junctional complexes in 
RPEΔMT mice caused changes similar to those seen in some 
human retinal degenerative diseases, such as AMD. By 32 weeks 
of age, gaps between RPE cells were evident (Figure 3J) and numer-
ous cells were present in the subretinal space (Figure 3, J–L). In 
pigmented RPEΔMT mice, most subretinal cells contained mela-
nosomes (Figure 3, L–N and Q), suggesting that they are either 
displaced RPE cells or macrophages that have ingested pigment. 
The presence of cre (Figure 3O), but not a macrophage/microglia 
marker (Figure 3P), in the subretinal cells conclusively established 
their RPE origin. RPE cell migration, which may explain the grad-
ual RPE cell loss we observed (Figure 2O), eventually results in 
extraordinary variation in thickness of the epithelium, from mul-
tilayered to highly attenuated (Figure 3, J–M). Some thickened 
cells contained prominent vacuoles (Figure 3, J–L), and drusen-like 
material was present in mice older than 1 year (Figure 3N). Taken 
together, loss of junctional integrity and increased cell migration 
indicate the beginning of an epithelial-to-mesenchymal transi-
tion (EMT) in RPEΔMT RPE. Indeed, the changes in cadherin and 
β-catenin that we described are hallmarks of EMT (32) and are 
consistent with an observed increase in the mesenchymal mark-
ers smooth muscle actin and vimentin at 26 weeks (Supplemental 
Figure 4, E–H). Thus, ablation of RPE mitochondrial OXPHOS 
initiated a sequence of molecular and morphological changes that 
result in early dedifferentiation and hypertrophy and, later, EMT-
like changes and widespread atrophy (Figure 3R).

Progressive photoreceptor degeneration in RPEΔMT mice. In the 
atrophic form of advanced AMD, photoreceptors are thought to 
degenerate as a consequence of RPE cell dysfunction and death. 
We monitored the response of the neural retina to RPE dediffer-
entiation in RPEΔMT mice by histological and electrophysiologi-
cal methods. Regions of photoreceptor loss adjacent to hypertro-
phic RPE were evident histologically as early as 14–16 weeks of 
age (e.g., Figure 4A and Supplemental Figure 5A), whereas a global 
deficit in photoreceptors was not apparent prior to 26 weeks. By 
36 weeks of age, albino RPEΔMT mice lost approximately 18% 
of all photoreceptors (Figure 4, B and C) and, by 56 weeks of age 
and older, pigmented mice lost approximately 34% of photore-
ceptors (Supplemental Figure 5, B and C). At 40 weeks, but not 
at 20 weeks, numerous macrophages/microglia had invaded the 
subretinal space (Supplemental Figure 4N), as is commonly seen 
in later stages of photoreceptor degenerations in mice. As early as 
22 weeks of age, cones exhibited severely shortened morphology 
and lower density (Figure 4, E and G), particularly in the poste-
rior ventral retina and always in association with abnormal RPE. 

Notably, the number of RPE cells was not severely decreased at 
this age (Figure 2O). Global quantification by light microscopy 
revealed that only approximately 49% of total cones (~55% dor-
sal, ~43% ventral) remained at 36 weeks, an age at which approxi-
mately 82% of total photoreceptors, 97% of which are rods, were 
still present (Figure 4C). While cone morphology and survival are 
preferentially affected by RPE dedifferentiation, both scotopic 
and photopic electroretinographic (ERG) responses were reduced 
(Figure 4H and Supplemental Figure 5D). These effects correlated 
with the striking reduction in RPE65 that is an early consequence 
of loss of OXPHOS (e.g., Figure 4E). Thus, RPE dedifferentiation 
degrades both rod and cone function relatively rapidly and results 
in an early, preferential, and regional loss of cones.

RPEΔMT RPE cell survival via enhanced glycolytic flux and HGF/ 
c-Met pathway activation. To understand the mechanisms under-
lying the morphological and behavioral changes of RPE cells 
induced by loss of OXPHOS, we evaluated selected metabolic 
and signal transduction pathways. RPE cells in culture exhibit a 
large “Pasteur effect,” meaning that they can efficiently metabo-
lize glucose to lactate via aerobic glycolysis when mitochondrial 
OXPHOS is blocked (31). We therefore assessed glycolytic flux in 
RPEΔMT mice. We measured lactate secretion and intracellular 
glycerol 3-phosphate (G3P) and NAD levels as metabolic readouts 
of glycolytic flux and found that levels in RPEΔMT RPE cells of all  
3 metabolites are significantly increased, several hundred-fold for 
G3P and NAD (Supplemental Figure 6, A and B). Also, consistent 
with a metabolic shift to aerobic glycolysis, GLUT1 was increased 
in RPEΔMT RPE cells (Supplemental Figure 6, D–F). Importantly, 
ATP levels remained similar between RPEΔMT and control RPE 
cells (Supplemental Figure 6C), indicating that increased glyco-
lytic flux can largely compensate for OXPHOS deficiency, at least 
with respect to ATP generation. This compensatory metabolic 
shift in the RPE is similar to the Warburg effect in cancer cells: a 
switch from OXPHOS to aerobic glycolysis to increase the rate of 
ATP and biomass production (53).

Increased aerobic glycolysis in normal cells requires protein 
factors that also promote cell growth (28) and, often, EMT-like 
changes (54). We therefore evaluated a series of growth factors 
and/or pathways in RPEΔMT RPE cells as detailed in Supplemen-
tal Tables 1 and 2. Among them, we found a substantial elevation 
in hepatocyte growth factor (HGF) at both the mRNA and pro-
tein levels (Figure 5A and Supplemental Figure 7, A–D). We also 
detected activation of the HGF receptor, c-Met, as evidenced by 
phosphorylation at Y1234/1235 (Figure 5A), which is required for 
tyrosine kinase activity (55). Immunostaining of retinal sections 
confirmed activation of HGF/c-Met in the RPE (Figure 5, C and 
E), particularly in cre-expressing cells (Supplemental Figure 7, D 
and F), supporting an autocrine mechanism.

HGF has an important role in activating glycolysis (56) and 
blocking apoptosis (26, 27). We reasoned that HGF/c-Met activa-
tion may also be required for RPE cell survival in RPEΔMT mice. 
To test this hypothesis, we treated RPEΔMT mice (~26 weeks old) 
for 6 days with a selective c-Met inhibitor, PHA-665752 (55), or 
vehicle (n = 6 for each group). Control mice were also adminis-
trated PHA-665752 or vehicle to assess the effect of the inhibitor 
on normal RPE. At 2 days PI, PHA-665752 remarkably reduced 
phosphorylation of c-MetY1234/1235 in RPEΔMT RPE cells (Figure 
5F). Inhibition of c-Met did not affect the RPE of controls (Supple-
mental Figure 7, G and H). However, RPEΔMT mice treated with 
PHA-665752 but not vehicle had numerous caspase-9–positive 
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apoptotic RPE cells with reduced cre expression and a shrunken 
appearance at PI 2 day (Figure 5I). Furthermore, stacked confocal 
images of flat mounts from PHA-665752–treated RPEΔMT mice 
showed large areas with faint or absent phalloidin staining and few 
to no cre-expressing RPE cells (Figure 5K), indicating that many 
apoptotic cells were rapidly lost by PI 2 day. Similarly, retinal sec-
tions from PHA-665752–treated RPEΔMT mice reveal substantial 
segments of Bruch’s membrane that appeared largely denuded of 
RPE cells (Figure 5M). As a result of these changes, which were 
completely absent in either vehicle-treated or untreated RPEΔMT 
mice (Figure 5, H, J, and L), the number of remaining RPE cells was 
significantly decreased in RPEΔMT mice treated with PHA-665752 
(Figure 5G). Thus, activation of the HGF/c-Met pathway is crucial 
for survival of RPE cells deprived of OXPHOS.

Activation of PI3K/AKT/mTOR pathway and biomass accumulation 
explains RPEΔMT RPE hypertrophy. The PI3K/AKT/mTOR path-
way is frequently engaged in cells responding to growth factors, 
including HGF. We detected increased phosphorylation of PI3K 
(p85Tyr458) and AKTSer473 in RPEΔMT eyecups at 9 weeks (Supple-
mental Figure 8A) as well as in RPE cells isolated at 14 weeks (Fig-
ure 6A). Phosphorylation of glycogen synthase kinase-3β (GSK-3β) 
at Ser9, a site known to be regulated by AKT, was also increased 
in RPEΔMT mice (Figure 6A), implying decreased GSK-3β activity 
(57). This is consistent with the observed increase in cytoplasmic 
and nuclear PY489-β-catenin (Supplemental Figure 4, K and M), 
because GSK-3β is an important trigger for β-catenin ubiquitina-
tion and subsequent degradation (58). PI3K/AKT pathway activa-
tion and decreased GSK-3β activity can also enhance glycolytic flux 

Figure 4
Photoreceptor degeneration correlates with RPE dedifferentiation in albino RPEΔMT mice. (A) Light micrographs of the posterior retina show a 
progressive regional loss of photoreceptors reflected by outer nuclear layer (ONL) thickness (black box) and correlating with RPE dedifferentia-
tion (red boxes). Original magnification, ×630. (B) Global assessment of outer nuclear layer thickness in 36-week-old RPEΔMT mice (n = 3) and 
controls (n = 3). Sup., superior retina; ONH, optic nerve head; Inf., inferior retina. (C) Quantification of mean outer nuclear layer thickness and 
cones shows a significant loss of rod and cone photoreceptors in 36-week-old RPEΔMT mice (n = 3) compared with that in controls (n = 3, mean 
value of controls is defined as 100%). (D–G) Immunostaining images from the posterior ventral retinas of 22-week-old mice. Original magnification, 
×200. (D and E) Costaining for lectin-PNA (green) and RPE65 (red) demonstrates (E) a striking loss of cones in RPEΔMT mice, which correlates 
with diminished RPE65 protein. (F and G) Immunostaining for M-opsin (green) and cre (red) shows abnormalities of red/green opsin-expressing 
cones, which correlate with cre-expresssing cells (G). (H) Electroretinograph demonstrates significantly reduced rod responses (scotopic a-wave 
and b-wave) and cone responses (photopic b-wave) in 36-week-old RPEΔMT mice (n = 3), compared with those in controls (n = 5). Verticle bars 
clarify the 2 groups of values used for statistical comparison. Data in H represent mean ± SEM. *P < 0.05; §P < 0.01; #P < 0.001.
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(28), which, together with increased phosphorylation of BADSer136 
(Supplemental Figure 8A), provide evidence for a PI3K/AKT-regu-
lated cell survival mechanism in RPEΔMT RPE (59). mTOR com-
plex 1 (mTORC1) can be activated directly by AKT (60) or indirectly 
through inactivation of tuberous sclerosis complex-2 (TSC2) (61). 
mTORC1 in turn promotes cell growth by activating the ribosomal 
protein S6 kinase, 70 kDa/S6 ribosomal protein (P70S6K/S6) path-
way (61). In RPEΔMT RPE cells, we detected augmented phosphor-
ylation of mTORSer2448, TSC2Thr1462 (Figure 6, B and C), and the S6K 
substrates P70SK6Thr389 and S6Ser235/236 (Figure 6D and Supplemen-
tal Figure 8B), indicating enhanced activity of the mTORC1/S6K 
pathway. Immunostaining of frozen sections and/or flat mounts 
confirmed elevated phosphorylation of AKTSer473, mTORSer2448, and 
S6Ser235/236 in RPEΔMT RPE, demonstrating pathway activation 
specifically within cre-expressing cells (Figure 6, F, H, J, and L, and 
Supplemental Figure 8, D, F, and H). Consistent with the known 
ability of the mTOR/S6K pathway to boost protein synthesis (61), 
protein content per RPE cell in RPEΔMT mice was significantly 
increased at 14 weeks of age as well as later (Figure 6M).

PI3K/AKT/mTORC1 activation can stimulate lipogenesis in 
a variety of cell types (62), including immortalized RPE (63), and 
lipid accounts for 40% of drusen by weight (64). We detected a strik-
ing increase in the amount of neutral lipids in RPEΔMT mice at 14 
weeks of age (Figure 6O). At 16 weeks, autofluorescent deposits were 
visible over a broad range of excitation wavelengths but bleached 
rapidly at 350 nm (Figure 6P). A Z-stack of the flat mount images 
in Figure 6P shows that the deposits had a lipid-like appearance 
and were clearly located within RPE cells (Figure 6Q). RPE lipid-like 
deposits were also evident by electron microscopy of retinal sec-
tions (Figure 6R). By 18 weeks and later, the fundi of RPEΔMT mice 
exhibited prominent white spots (Figure 6S), likely a macroscopic 
manifestation of lipid buildup. Thus, activation of the PI3K/AKT/
mTOR pathway in RPEΔMT RPE cells precedes most of the mor-
phological changes that we observed (Figure 3R). Activation of this 
pathway provides a plausible mechanism for increased glycolytic 
flux, growth factor–dependent survival, and cellular accumulation 
of protein and lipid. The early onset of pathway activation indicates 
an initial response of the RPE to metabolic stress.

Figure 5
Activation of the HGF/c-Met pathway in 
RPEΔMT mice is critical for RPE cell survival. 
(A) Immunoblot detects increased HGF and 
phosphorylated c-Met (Y1234/1235) in RPE 
cells from pigmented RPEΔMT mice at 14 
weeks, compared with that in control. (B–E) 
Original magnification, ×400. Immunostaining 
of retinal sections shows increased reactivity 
of HGF (C) and p-c-Met (Y1234/1235) (E) in  
22-week-old albino RPEΔMT mice. (F) Immuno-
blot shows diminished p-c-Met (Y1234/1235) 
reactivity in 26-week-old albino RPEΔMT mice 
at 2 days PI of PHA-665752, a selective c-Met 
inhibitor. (G) Quantification of total remaining 
RPE cells at 2 days PI (normalized by the num-
ber of cells in vehicle-injected Tfamloxp/loxp con-
trol mice) reveals a significant loss of RPE cells 
in RPEΔMT mice treated with PHA-665752 
(PHA) (n = 3) versus RPEΔMT mice treated 
with vehicle (Veh) (n = 3). §P < 0.01. (H and I)  
Immunostaining detects activated caspase-9– 
reactive RPE cells (green) in PHA-665752–
injected RPEΔMT mice (I, arrows; inset is 
higher magnification image from another area).  
(J and K) Staining for phalloidin and cre on RPE 
flat mounts. (K) Z-scanning images (20-μm  
stack) show large areas of atrophic RPE with 
attenuated phalloidin staining and few, con-
densed cre-expressing RPE cells (arrows) in 
PHA-665752–treated RPEΔMT mice. (J) No 
effect is observed in vehicle-treated RPEΔMT 
mice. (H–K) Original magnification, ×200.  
(L and M) Light microscopy shows a denuded 
Bruch’s membrane and tiny pyknotic RPE cells 
(arrows) in PHA-665752–treated RPEΔMT 
mice (M), whereas RPE remains thickened and 
intact in vehicle-treated RPEΔMT mice (L). Dot-
ted red lines in L and M denote the approximate 
edge of the outer segment layer. Original mag-
nification, ×630.
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Rapamycin preserves RPE differentiation features and photoreceptors in 
RPEΔMT mice. In order to determine which of the RPE morpho-
logical and molecular changes derive from mTORC1 activation, 
we treated RPEΔMT mice daily with the mTORC1 inhibitor, rapa-

mycin (n = 15), or vehicle (n = 15), beginning at 4 weeks of age. Lit-
termate controls also received rapamycin (n = 14) or vehicle (n = 20)  
to assess the effect on normal RPE and photoreceptors. Rapamy-
cin treatment attenuated phosphorylation of P70S6KThr389 and 

Figure 6
Activation of the PI3K/AKT/mTOR pathway and increased biomass in RPEΔMT RPE. (A–D) Immunoblot detects elevated phosphorylation of 
(A) PI3K (p85Tyr458), AKTSer473, and GSK-3βSer9; (B) TSC2Thr1462; (C) mTORSer2448; and (D) P70SK6Thr389 and S6Ser235/236 in pooled RPE cells from 
pigmented RPEΔMT mice at 14 weeks, compared with that in controls. (E–H) Original magnification, ×200. (E–L) Immunostaining of retinal 
sections (E–H, K, and L) and RPE flat mounts (I and J) shows increased reactivity of phosphorylated AKTSer473 (F, green), mTORSer2448 (H and 
J, green), and S6Ser235/236 (L, green) in cre-expressing RPE cells (red/purple) in albino RPEΔMT mice. Phalloidin staining of RPE flat mounts  
(I and J, white) outlines cell boundaries. Original magnification, ×630. (K and L) Original magnification, ×200. (M) Protein content is increased in 
RPE cells of RPEΔMT mice (triplicate assays). §P < 0.01; #P < 0.001. (N and O) Oil red O staining detects a remarkable accumulation of neutral 
lipid in 14-week-old RPEΔMT RPE (O, purple), compared with that of a control (N). (P) Confocal microscopy of an RPEΔMT flat mount reveals 
autofluorescent deposits (arrows) visible over a broad spectrum of excitation wavelengths (e.g., 350, 488, and 633 nm). The deposits are initially 
visible at 350 nm but bleach rapidly, leading to their orange appearance in the merged picture (arrows). The flat mount was stained with anti– 
β-catenin (green), which highlights RPE cell boundaries at 488 nm. (Q) A higher magnification Z-stack image of the red boxed area in P. Note 
that autofluorescent deposits are below β-catenin (green) and therefore inside RPE cells. (P and Q) Original magnification, ×200. (R) Electron 
micrographs of RPEΔMT RPE reveal abundant structures consistent with lipid-containing granules (arrows). Original magnification, ×5000.  
(S) Funduscopy shows white deposits in a pigmented RPEΔMT mouse. Original magnification, ×50.
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S6Ser235/236 in all RPEΔMT and control 
mice tested at 10 weeks of age or older 
(Figure 7A), reduced S6Ser235/236 phos-
phorylation specifically in cre-express-
ing cells (Figure 7C), and normalized 
RPEΔMT RPE cellular protein content 
(Figure 7D). While rapamycin did not 
alter RPE morphology in controls 
(Supplemental Figure 9, C and D), 
rapamycin-mediated attenuation of 
S6 phosphorylation in RPEΔMT cre-
expressing cells correlated with a pre-
served RPE phenotype at 15 weeks of 
age with respect to melanosome distri-
bution, nuclear alignment, and unifor-
mity of RPE thickness (Supplemental 
Figure 9, A and B). At 22 weeks, when 
normal RPE cells were not seen in 
vehicle-treated RPEΔMT mice (Supple-
mental Figure 9E), rapamycin-treated 
RPEΔMT mice had both normal and 
abnormal appearing RPE cells (Supple-
mental Figure 9, F and G). Specifically, 
the percentage of RPE across the retina 
with normal thickness (2.5–5 μm) was 
significantly increased by rapamycin in 
RPEΔMT mice (Figure 7E).

Rapamycin treatment of RPEΔMT 
mice also preserved the expression 
levels at 16 weeks of several RPE-char-
acteristic proteins, including RPE65, 
RLBP1, LRAT, and keratin 18 (Figure 
7, F and I), and increased RPE65 reac-
tivity was present in retinal sections of 
all rapamycin-treated RPEΔMT mice 
tested (e.g., Figure 7H). Interestingly, 
the level of AIF protein in RPEΔMT 
mice decreased in response to rapa-
mycin, as did the RPE cell fate deter-
minant MITF (Figure 7F). Consistent 
with the preserved RPE differentiated 
phenotype and protein expression, 
rapamycin-treated RPEΔMT mice 
have increased numbers of cones and 
an improved retinal scotopic ERG 
response at 22 weeks of age (Figure 
7, J and K). The beneficial effects of 
rapamycin treatment did not extend 
to maintenance of RPE integrity and 
inhibition of EMT-like changes in 
RPEΔMT mice at 24 weeks of age 
(Supplemental Figure 9, H–W). These 
changes probably result from activa-
tion of the HGF/c-Met pathway (65), 
and neither HGF nor phosphorylated 
c-Met levels in RPEΔMT RPE were 
altered by rapamycin treatment (data 
not shown). Thus, inhibition of 
mTORC1 counteracts several of the 
initial pathological consequences of 

Figure 7
Rapamycin treatment attenuates loss of RPE-characteristic markers, RPE cell growth, and pho-
toreceptor dysfunction in RPEΔMT mice. (A) An immunoblot shows reduced phosphorylation of 
P70SK6Thr389 and S6Ser235/236 in both control and RPEΔMT mice after rapamycin treatment. (B and 
C) Immunostaining for p-S6Ser235/236 (green) and cre (red) shows reduced reactivity of p-S6Ser235/236 
in cre-expressing RPE cells in rapamycin-treated (C) versus vehicle-treated (B) RPEΔMT mice. 
Rapa, rapamycin. Original magnification, ×400. (D) Rapamycin treatment normalizes cellular protein 
content in RPEΔMT mice (R + rapa) at 16 weeks of age (triplicates). (E) The percentage of RPE 
with normal thickness (2.5–5 μm) is significantly increased in rapamycin-treated RPEΔMT mice at 
22 weeks (n = 5), compared with that in vehicle-treated RPEΔMT mice (n = 3). (F) An immunoblot 
demonstrates the normalizing effect of rapamycin on the levels of RPE characteristic proteins and 
AIF in RPE cells from 16-week-old RPEΔMT mice. (G and H) RPE65 reactivity (red) is preserved in 
RPEΔMT mice by rapamycin treatment (H). Original magnification, ×200. (I) Quantification of pro-
teins (triplicates) detected by immunoblot (e.g., F) shows rapamycin-induced increases in several 
RPE-characteristic markers in RPEΔMT RPE cells (normalized to vehicle-treated control mice). (J) 
Rapamycin treatment of RPEΔMT mice (n = 6) preserves cone density at 22 weeks, compared with 
that of vehicle-treated RPEΔMT mice (n = 3). (K) Electroretinography demonstrates significantly 
increased scotopic responses in 22-week-old RPEΔMT mice treated with rapamycin (n = 5), com-
pared with those of vehicle-treated RPEΔMT mice (n = 4). Verticle bars clarify the 2 groups of values 
used for statistical comparison. Data represent mean ± SEM. *P < 0.05; §P < 0.01.
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OXPHOS deficiency in the RPE as well as subsequent photorecep-
tor deficits, at least up to 22 weeks of age.

mTOR/S6K/S6 pathway activation causes RPE dedifferentiation and 
photoreceptor degeneration in response to oxidative stress. Sodium iodate 
(NaIO3) is a toxin known to induce selective RPE degeneration, 
presumably by oxidative stress, and secondary retinal degenera-
tion (34, 66). While C57BL/6 (B6) mice treated with 50 mg/kg 
NaIO3 experience massive RPE cell loss within 7 days, a lower dose 
(30–35 mg/kg) does not cause swift RPE degeneration (66) but 
does induce rapid activation of AKT and reduction of RPE65 (34). 
Moreover, Hgf mRNA expression in the RPE increases acutely after 
NaIO3 injection (67). Although we found no evidence of increased 
oxidative damage to nucleic acids in RPEΔMT mice as old as  
8 months (data not shown), the similarities in AKT activation, 
Hgf induction, and RPE65 loss suggested that upregulation of the 
mTOR/S6K/S6 pathway might also play an important role in the 
RPE response to oxidative stress.

We injected B6 mice with NaIO3 at 2 doses, 15 mg/kg and 30 mg/
kg, or with PBS for controls. NaIO3-injected mice were subgrouped 
for daily rapamycin or vehicle treatment. We found that NaIO3 does 

indeed result in RPE oxidative damage (Supplemental Figure 10, 
B–D), which we believe has not been shown previously for any dose. 
Activities of 2 key OXPHOS enzymes (COX/SDH) were not dimin-
ished in the RPE 5 days PI (Supplemental Figure 10, F and G), indi-
cating that NaIO3 treatment is an oxidative and qualitatively differ-
ent stress than OXPHOS deficiency. Despite this difference, NaIO3, 
like OXPHOS deficiency, induced phosphorylation of P70SK6Thr389 
and S6Ser235/236, evident at 2 days PI (Figure 8A) and 5 days PI (Figure 
8B), and treatment with rapamycin blunted these changes (Figure 8, 
A and B). Both doses of NaIO3 induced a rapid reduction in the levels 
of RPE65 and several other RPE-characteristic proteins (Figure 8A), 
similar to the early changes in RPEΔMT mice (Figure 2L). As it did 
for OXPHOS deficiency (Figure 7F), rapamycin counteracted loss of 
these markers (Figure 8, B and C). There are also parallels between 
the 2 stresses in longer-term consequences. At 17 days PI, NaIO3 (15 
mg/kg) caused widespread RPE histological abnormalities and pho-
toreceptor degeneration (Supplemental Figure 10, I–K), with RPE 
cell thickening and multilayers (Supplemental Figure 10J) or, more 
often, rounded cells protruding into the subretinal space (Supple-
mental Figure 10I), features similar to those seen in older RPEΔMT 

Figure 8
Rapamycin inhibits mTOR/S6K-mediated 
RPE dedifferentiation and subsequent reti-
nal degeneration induced by NaIO3 in B6 
mice. (A) Immunoblot of proteins from eye-
cups shows elevated phosphorylation of 
P70SK6Thr389 and S6Ser235/236 and loss of RPE 
markers 2 days PI of NaIO3 (2 middle lanes). 
(B) At day 5 PI, an immunoblot detects persis-
tent activation of P70SK6Thr389 and S6Ser235/236 
and diminished RPE markers in isolated RPE 
cells (middle lane). The effects are inhibited 
by rapamycin treatment (A, 2 right lanes; B, 
right lane). (C) Quantification of RPE proteins 
5 days PI of NaIO3 (triplicates) shows pres-
ervation of several RPE markers after rapa-
mycin treatment (red bars) (normalized to 
PBS and vehicle-treated controls). (D and E) 
Quantification of the length of normal retina 
(RPE and neural retina) at PI days 17 and 
20 (D), and outer nuclear layer thickness and 
cone density at PI day 17 (E). Rapamycin 
treatment (red bars, n = 6) results in a striking 
preservation of retinal morphology relative to 
that of vehicle treatment (green bars, n = 6) 
in NaIO3-injected mice. In E, the mean value 
of outer nuclear layer and cones of vehicle-
treated mice was defined as 1. Data represent 
the relative fold increase of the correspond-
ing value obtained from rapamycin-treated, 
NaIO3-injected mice. (F) Electroretinography 
demonstrates significantly increased scotopic 
and photopic responses at PI day 17 in NaIO3-
injected B6 mice treated with rapamycin (red, 
n = 5), compared with those in vehicle-treated 
NaIO3-injected controls (green, n = 6). The 
dashed curve represents control mice (PBS 
+ vehicle, n = 7). Verticle bars clarify the 2 
groups of values used for statistical compari-
son. Data represent mean ± SEM. *P < 0.05; 
§P < 0.01; #P < 0.001.
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mice (e.g., 52 weeks, Supplemental Figure 5A). Rapamycin signifi-
cantly increased the length of histologically normal RPE and neural 
retina (Figure 8D and Supplemental Figure 10, K–M) as well as the 
number of all photoreceptors (Figure 8E and Supplemental Figure 
10K) and, particularly, the number of cones (Figure 8E). Consistent 
with our histological assessment, NaIO3-treated mice (15 mg/kg) 
had severely diminished ERG responses at 17 days PI, and this func-
tional impairment was also significantly ameliorated by rapamycin 
(Figure 8F). Thus, mTOR activation plays a crucial role in the initial 
response of the RPE to both metabolic and oxidative stresses. Inhibi-
tion of this stress response has beneficial consequences for the RPE 
and photoreceptors, highlighting mTOR as a potential therapeutic 
target for retinal degenerations that primarily involve RPE stress.

Discussion
We have identified a common response of the adult murine RPE to 
diverse stressors. The stress response arises from activation of the 
PI3/AKT/mTOR signaling pathway. A crucial consequence of the 
response is enhanced RPE cell survival. We found scant evidence of 
RPE cell death under conditions of chronic OXPHOS deficiency or 
acute chemical oxidative damage. Activation of AKT is a well-known 
mechanism for engaging cell survival pathways (59, 62). AKT-medi-
ated phosphorylation of BAD, which we detected in RPEΔMT RPE, 
directly inhibits apoptosis (59). In the case of chronic OXPHOS 
deficiency, AKT is presumably activated via the HGF/c-Met path-
way, which we demonstrated is essential for RPE cell viability. For 
acute chemical oxidative stress, AKT activation may occur by direct 
oxidation of PTEN (34), a negative regulator of PI3K activity. While 
we found no evidence supporting a role for PTEN in AKT activa-
tion in RPEΔMT mice, probably due to a lack of oxidative stress, we 
and others (67) do detect HGF induction in NaIO3-treated mice. 
Regardless of the mechanism of AKT activation, our results high-
light the durable nature of RPE cells in vivo and suggest an alterna-
tive to a prevailing tenet of AMD pathogenesis that emphasizes the 
role of RPE apoptosis in disease etiology (10, 13).

RPE dedifferentiation and hypertrophy are also cardinal features 
of the stress response. The AKT/mTOR axis regulates biosynthetic 
programs during cell proliferation (61, 62, 68). AKT-mediated activa-
tion of mTOR leads to a general increase in protein and lipid synthe-
sis through S6K-mediated phosphorylation of ribosomal protein S6 
and SREBP-mediated stimulation of lipogenesis (63), respectively. 
The RPE stress response entails minimal cell division, and the result 
is an increase in cellular biomass and a thickened RPE. In contrast to 
the increase in total cellular protein, mTOR activation paradoxically 
results in diminished expression of a number of RPE-characteristic 
proteins, including several necessary for specialized RPE functions 
such as enzymatic conversion of all-trans-retinal to 11-cis-retinal 
(RPE65, LRAT, and RLBP1) and phagocytosis of photoreceptor 
outer segment tips (MERTK). The rapidity of the loss of these pro-
teins after NaIO3 treatment is consistent with an effect on protein 
stability or translation, but for OXPHOS deficiency, we also found 
diminished steady-state transcript levels (Supplemental Figure 3Q), 
suggesting a partial reprogramming of the RPE cell from a fully dif-
ferentiated, quiescent epithelial phenotype, to a less differentiated 
growth mode. mTOR-mediated tissue dedifferentiation has also 
been described for vascular (69) and bladder (70) smooth muscle. 
RPEΔMT RPE eventually exhibits a number of features characteris-
tic of an EMT, a likely cause of which is activation of the HGF/c-Met 
pathway (65). Thus, RPE cell survival in the context of the stress 
response comes at the expense of epithelial attributes.

RPE cell survival also comes at a cost to photoreceptors. In both 
stress models, RPE dedifferentiation and hypertrophy correlated 
with death of adjacent photoreceptors. Given the manifold func-
tions performed by the RPE, the factors contributing to neuronal 
cell death are likely complex. In RPEΔMT mice, RPE hypertro-
phy, loss of cell polarization, and increased RPE glycolytic flux 
probably result in diminished delivery to the outer neural retina 
of nutrients in general and glucose in particular (Supplemental 
Figure 6F). Glucose deprivation has been implicated as a cause 
of cone degeneration in murine models of RP arising from muta-
tion of rod-specific genes (71). A clue to another possible cause of 
photoreceptor degeneration in RPEΔMT mice is the regional loss 
of cones and relative preservation of rods. Whereas both rod and 
cone opsins require 11-cis-retinal to initiate phototransduction, 
lack of the chromophore in mice leads to a rapid degeneration of 
central and ventral cones due to the failure of opsins and other 
membrane-associated cone signaling proteins to traffic appropri-
ately to outer segments (72). One of the earliest consequences of 
RPE dedifferentiation in both stress models is a striking reduction 
in the amount of RPE65, a protein required for the production 
in the RPE of 11-cis-retinal. This, along with reductions in other 
visual cycle proteins, such as LRAT and RLBP1, should cause a 
significant decline in the level of the chromophore in areas affect-
ed by the stress response, resulting in abnormal cone morphogen-
esis. In addition to regional cone deficits, low 11-cis-retinal levels 
may contribute to the diminished scotopic and photopic ERG 
responses in both models. Moreover, both RPEΔMT mice and B6 
(73) NaIO3-treated mice express only the RPE65-MET450 allele, 
the steady-state level of which is substantially lower than that of 
the LEU450 variant (73), which may accentuate the 11-cis-retinal 
deficit and exacerbate the deleterious effects of RPE dedifferentia-
tion on photoreceptor morphology and function. Our findings 
suggest that stress-induced failure of RPE cell functions, well in 
advance of overt RPE cell loss, may contribute to the pathogenesis 
of human retinal degeneration.

A variety of perturbations seem to trigger the stress response in 
the adult murine RPE in vivo. Injection of oligomeric amyloid β 
peptide into the subretinal space of B6 mice causes RPE hypertro-
phy and hypopigmentation (but not apoptosis) and diminished 
expression of RLBP1, RPE65, and tight junction proteins (74). 
Mice homozygous for a null mutation in the hemochromatosis-
associated gene, Hfe, exhibit late-onset (18 months) RPE hypertro-
phy and hyperplasia, presumably as a result of iron accumulation 
(75). Similarly, iron buildup in the RPE of ceruloplasmin/hephaes-
tin double-knockout mice leads to RPE hyperplasia and hypertro-
phy, with increased autofluorescent deposits in 7- to 9-month-old 
animals (76). In vivo ribozyme-mediated knockdown of murine 
manganese superoxide dismutase, which is encoded by the nuclear 
gene Sod2 and which localizes to the mitochondrial matrix, causes 
“distended” RPE with vacuoles and autofluorescent aggregates 
(77). A common theme among these models is increased oxidative 
damage in the RPE, which may explain similarities to RPE pathol-
ogy in NaIO3-injected mice. However, similarities to RPEΔMT 
mice, in which the RPE undergoes metabolic rather than oxidative 
stress, indicate the response is more general.

Evidence suggests that the AKT/mTOR stress response is rele-
vant to human retinal degenerative diseases. RPEΔMT mice exhib-
it a number of features evocative of those seen in human disorders. 
These include RPE hypertrophy with vacuoles; loss of cell polar-
ization, adhesion, and normal hexagonal morphology; abnormal 
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proliferation and apical migration, leading to the appearance of 
hyperplasia; increased autofluorescence consistent with A2E-con-
taining lipofuscin; pigmentation abnormalities; attenuation and 
atrophy; and diminished photoreceptor function with subsequent 
degeneration. A clinicopathological study of adult vitelliform mac-
ular degeneration lesions in eyes also affected with AMD describes 
a sequence of changes in the macular RPE as “first undergoing 
hypertrophy and then disruption and attenuation” (78). While 
mice do not have maculae, this description is remarkably similar 
to the progression we have documented in RPEΔMT mice (Figure 
3R). In some cases of adult vitelliform macular degeneration, RPE 
microvilli were absent and foveal cones were lost or “reduced to 
stumps” (78), suggesting a process of RPE dedifferentiation and 
cone dysmorphogenesis. An analysis of postmortem eyes from an 
individual with retinopathy due to Kearns-Sayre syndrome, which 
is caused by mtDNA mutations, reported a marked decrease in 
the number of apical microvilli and basal infoldings, along with a 
predominance of irregular polygonal RPE cells and hypopigmen-
tation with disruption of the normal polarity of apical melanin 
(23). RPE hypertrophy has also been described in advanced AMD 
(48) and may be more common at earlier stages of the disease or 
in particular cellular environments. For example, the proangio-
genic effect of interferon γ on VEGF secretion by human RPE cells 
in culture is mediated by mTOR (79), and RPE hypertrophy and 
hyperplasia have been described near disciform scars in AMD eyes 
(80). Thus, the AKT/mTOR stress response is likely a characteristic 
of both the adult murine and human RPE.

The positive effects of mTORC1 inhibition on the RPE and pho-
toreceptors, for both chronic metabolic stress and acute oxidative 
stress, are quite remarkable. Daily rapamycin treatment of RPEΔMT 
mice, beginning at 4 weeks, normalized RPE protein expression  
3 months later in terms of both total cellular protein and specific 
proteins; markers of mature RPE increased in abundance, whereas 
MITF and proteins upregulated in response to OXPHOS deficiency 
(e.g., AIF and COX4) decreased in abundance, approaching levels in 
cre-negative controls. Rapamycin-induced protein normalization 
indicates a retardation of RPE dedifferentiation, which manifested 
as reduced RPE hypertrophy with improved morphological appear-
ance, preservation of cones, and enhanced scotopic and photopic 
ERG responses. Similarly, rapamycin treatment of NaIO3-injected 
mice normalized protein expression, preserved photoreceptor 
numbers, augmented scotopic and photopic ERG responses at  
17 days PI, and more than tripled the length of histologically normal 
retina at 17 and 20 days PI. Rapamycin is approved in the United 
States for renal transplantation and as a treatment for renal cancer 
and is currently being evaluated in a clinical trial (NCT00766649) 
for the treatment of the geographic atrophy form of dry AMD, the 
stated rationale for which is the antiinflammatory properties of 
the drug. While it is possible that the antiinflammatory effects of 
rapamycin contribute to the beneficial responses we observed, we 
believe that any such contribution is likely to be, at most, small. 
We saw no obvious increase in retinal macrophages/microglia in 
RPEΔMT mice during RPE dedifferentiation, the stage at which 
rapamycin was administered (e.g., Supplemental Figure 4N). More-
over, the RPE was the only site of increased mTOR signaling that 
we detected. Our results thus provide an alternative rationale for 
the trial of rapamycin in geographic atrophy and a similar trial for 
the treatment of neovascular AMD (NCT00712491). Inhibition of 
mTOR is a plausible therapeutic strategy for human retinal degen-
erative diseases that involve RPE stress.

Although rapamycin significantly slows dedifferentiation and 
growth while maintaining RPE viability, the drug does not completely  
reverse the negative effects of RPE metabolic or oxidative stress. This 
may result from processes not affected by mTORC1 inhibition. In 
fact, rapamycin treatment can actually enhance activation of AKT 
through loss of feedback inhibition (61) as well as cause activation 
of the MAP kinase, ERK (81). A multimodal approach, analogous 
to the type pursued in oncology, in which several key pathways are 
inhibited simultaneously (82), may prove more effective. However, 
as the consequences of c-Met inhibition starkly illustrate, activation 
of critical cell survival pathways must remain intact.

In summary, we have characterized a general in vivo stress 
response of the RPE, in which cells prolong their survival but lose 
important specialized and general epithelial attributes, with devas-
tating consequences for neighboring photoreceptors. Recognition 
of the response provides insight into human retinal degenerative 
diseases involving RPE stress, while the beneficial effects of early 
inhibition of the mTORC1 arm of the response suggest a new 
rationale for therapy of these disorders.

Methods
Animals. BEST1-cre transgenic mice, in which cre recombinase is controlled 

by a fragment of the human BEST1 promoter (–585 to +38), were gener-

ated on a B6 background. Pigmented and albino mice with a loxP-flanked 

Tfam allele (Tfamloxp/loxp) on a mixed B6/129 background were provided by 

Nils-Göran Larsson (Karolinska Institute, Stockholm, Sweden) and have 

been described previously (36, 83). Both pigmented and albino mice with 

the genotype (Tfamloxp/loxp; +/Tg[BEST1-cre]) (RPEΔMT mice) were generated 

by breeding female BEST1-cre transgenic mice with pigmented and albino 

Tfamloxp/loxp mice, respectively. Both RPEΔMT lines were studied for almost 

all experiments, and cre-negative littermates served as controls, unless oth-

erwise stated. B6 mice were purchased from The Jackson Laboratory and 

Charles River Laboratories. All the mice in this study were homozygous 

for the Rpe65M450 allele. All procedures were in compliance with the Associa-

tion for Research in Vision and Ophthalmology Statement for the use of Animals in 

Ophthalmic and Visual Research and were approved by Stanford University 

Administrative Panel on Laboratory Animal Care.

Reagents, antibodies, and oligonucleotides. All reagents were purchased from 

Sigma-Aldrich, unless otherwise stated. Antibodies and oligonucleotides 

are detailed in Supplemental Tables 1 and 2.

Tissue preparation. For preparation of eyecups, eyes were enucleated and 

rinsed with 1X PBS (Mediatech). After trimming connective tissues, the 

anterior portion was removed, and the neural retina was carefully separated 

from the posterior eyecup. RPE cells were isolated as previously described 

(34, 84). Briefly, eyecups (with neural retina) were treated with hyaluroni-

dase (3.2 U/ml) and collagenase (195 μg/ml), or dispase (200 U/ml), in 1X 

HBSS at 37°C for 30 minutes. Following an HBSS wash, the neural retina 

was removed, and RPE cells were carefully isolated in 1X HBSS containing 

protease inhibitors. For cell counting, cells were further dissociated with 

0.25% trypsin-EDTA for 5 minutes and counted with a hemocytometer.

Quantitative RT-PCR and in situ hybridization. RNA extraction and RT-PCR 

were done as described previously (85). Quantitative PCR (Q-PCR) was per-

formed with addition of SYBR Green I (Bio-Rad) intercalating dye, and data 

were collected using the iCycler (Bio-Rad). Relative expression analysis was 

performed as described previously (86). In situ hybridization with digoxy-

genin-labeled probes for Cox1 and Rpe65 was carried out on cryosections as 

described previously (87). Oligonucleotide primers for Q-PCR and probe pro-

duction are detailed in Supplemental Table 1 and Supplemental Methods.

Immunofluorescence microscopy. Cryosections and RPE flat mounts were 

prepared as described previously (88, 89) and then blocked with 5% normal 
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goat serum/0.1% Triton X-100/1X PBS at room temperature for 1 hour. 

Primary antibodies were incubated overnight at 4°C followed by appro-

priate secondary antibodies (Supplemental Table 2). Slides were mounted 

with mounting medium containing DAPI (Vector Laboratories). RPE flat 

mounts were counterstained by Hoechst 33342 and mounted by regular 

Vectashield mounting medium (Vector Laboratories). FITC-palloidin and 

FITC-PNA staining (both from Invitrogen) were used in an antibody stain-

ing procedure, according to the manufacturer’s instructions. General fluo-

rescent microscopy was performed as described previously (88). Confocal 

microscopy was carried out on Lecia SP2 microscope (Leica Microsystems). 

Images from Z-series were taken in a Z-projection and merged by Volocity 

imaging software (PerkinElmer), which also generated Z-stack images.

Animal treatments. For BrdU labeling, RPEΔMT mice were selected (n = 3  

for each group) with equal numbers of littermate controls. BrdU (EMD Inc.) 

was diluted to 5 mg/ml in 1X PBS. Mice received intraperitoneal injections of 

BrdU (50 mg/kg) for 6 consecutive days. Albino RPEΔMT mice were selected 

for treatment with PHA-665752 (Tocris Bioscience), a selective c-Met inhibi-

tor, or vehicle (n = 6 for each group). Littermate controls were also adminis-

trated with PHA-665752 (n = 3) or vehicle (n = 3). Preparation and injection 

of active PHA-665752 (3.3 mg/ml and approximately 150 μl/mouse/d) were 

done as previously described (55). Mice were injected with active PHA-665752 

(20 mg/kg) or vehicle (10% polyethyleneglycol 400 and L-lactate at pH 3.5) 

via tail vein for 6 consecutive days. For rapamycin treatment, 4-week-old 

pigmented RPEΔMT mice were intraperitoneally injected daily with rapa-

mycin (3 mg/kg) (n = 15) or vehicle (4% ethanol, 5% Tween 80, and 5% poly-

ethyleneglycol 400) (n = 15) until sacrifice. Littermate controls also received 

rapamycin (n = 14) or vehicle (n = 20). Rapamycin was prepared as described 

elsewhere (90). For NaIO3 and rapamycin studies, B6 mice were intravenously 

injected once via tail vein with 1X PBS or NaIO3 (diluted to 5 mg/ml in 1X 

PBS). Rapamycin or vehicle treatment was done as described above, beginning  

12 hours prior to NaIO3 injection, because the effect of intravenous NaIO3 

is rapid (34), whereas the effect of intraperitoneally injected rapamycin only 

accumulates over time. Mice were grouped for biochemical studies as PBS 

with vehicle (group A, n = 6), NaIO3 (15 mg/kg, ~75 μl/mouse) with vehicle 

(group B, n = 6), NaIO3 (15 mg/kg) with rapamycin (group C, n = 6), NaIO3  

(30 mg/kg, ~150 μl/mouse) with vehicle (group D, n = 4), and NaIO3 (30 mg/

kg) with rapamycin (group E, n = 4). Animals for ERG and histological studies 

were assigned as PBS with vehicle (group a, n = 8) and NaIO3 (15 mg/kg) with 

vehicle (group b, n = 12) or with rapamycin (group c, n = 12).

Statistics. An unpaired 2-tailed Student’s t test was performed. P < 0.05 was 

considered significant. Data in figures represent mean ± SD unless otherwise 

stated. The average deviation is equal to the sum of the absolute values of the 

individual deviations divided by the number of deviations and represents the 

average of the absolute deviations of data points from their mean.
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