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Mice deficient in the Vici syndrome gene Epg5 exhibit features of retinitis pigmentosa
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ABSTRACT
Autophagy helps to maintain cellular homeostasis by removing misfolded proteins and damaged
organelles, and generally acts as a cytoprotective mechanism for neuronal survival. Here we showed that
mice deficient in the Vici syndrome gene Epg5, which is required for autophagosome maturation, show
accumulation of ubiquitin-positive inclusions and SQSTM1 aggregates in various retinal cell types. In
epg5¡/¡ retinas, photoreceptor function is greatly impaired, and degenerative features including
progressively reduced numbers of photoreceptor cells and increased numbers of apoptotic cells in the
outer nuclear layer are observed, while the morphology of other parts of the retina is not severely
affected. Downstream targets of the unfolded protein response (UPR), including the death inducer DDIT3/
CHOP, and also levels of cleaved CASP3 (caspase 3), are elevated in epg5¡/¡ retinas. Thus, apoptotic
photoreceptor cell death in epg5¡/¡ retinas may result from the elevated UPR. Our results reveal that
Epg5-deficient mice recapitulate key characteristics of retinitis pigmentosa and thus may provide a
valuable model for investigating the molecular mechanism of photoreceptor degeneration.
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Introduction

Autophagy is a lysosome-mediated degradation process, involv-
ing the engulfment of cytosolic contents in a double-membrane
autophagosome, maturation of the autophagosome by fusion
with endocytic vesicles, and eventual fusion of the autophago-
some with lysosomes for degradation.1-3 Constitutive basal auto-
phagy acts as a quality control system by removing misfolded
or aggregation-prone proteins and damaged organelles to main-
tain cellular homeostasis.4,5 Mice with neural-specific deficiency
in genes essential for autophagosome formation, including Atg5,
Atg7 and Ei24, exhibit accumulation of ubiquitin-positive inclu-
sions and SQSTM1 aggregates in neurons and also massive neu-
ronal death.6-8 However, these knockout mice fail to exhibit the
selective vulnerability of a certain population of neurons which
is associated with neurodegenerative diseases.

The mammalian retina is composed of the outer retina,
which includes the photoreceptors and the adjacent retinal
pigment epithelium (RPE), and the inner retina, which includes
different neuronal types and glial cells. The rod and cone
photoreceptors are responsible for night and daylight vision,
respectively. Retinitis pigmentosa (RP) is a collection of retinal
diseases characterized by loss of function and progressive
degeneration of photoreceptors, leading to visual loss and
eventually to blindness.9,10 Photoreceptor loss in RP may result
from apoptotic cell death induced by disruption of protein
homeostasis.10,11 For example, the majority of autosomal
dominant RP (adRP)-linked rhodopsin mutations, such as
Pro23His (P23H) and Thr17Met (T17M), cause misfolding

and aggregation of rhodopsin, which activates the unfolded
protein response (UPR) to promote apoptotic cell death.10,12,13

Autophagy has diverse functions in different types of retinal
cell. It is involved in maintenance of normal homeostasis in the
RPE.14,15 Inactivation of the essential autophagy gene Rb1cc1/
Fip200 causes age-dependent degeneration of the RPE and a
secondary loss of photoreceptors.14 A subset of autophagy
proteins, including ATG5 and BECN1/Beclin 1, act in LC3-asso-
ciated phagocytosis in the RPE to digest photoreceptor outer
segments, which further contributes to the retinoid supply for
the photoreceptors.16 Autophagy has a cytoprotective role in ret-
inal ganglion cells (RGCs) after optic nerve axotomy,17,18 while
autophagy has a detrimental effect on crush-induced acute axo-
nal degeneration of the optic nerve.19 The role of autophagy in
maintaining photoreceptors remains largely unknown. Mice
with neuron-specific Atg5-deficiency exhibit apoptotic cell death
in the photoreceptor layer.20 Deleting Atg5 specifically in rods
(Atg5DRod) leads to progressive degeneration of rod photorecep-
tors.21 The phototransduction protein transducin-a accumulates
in Atg5DRod retinas.21 However, depletion of Atg7 in rods causes
no abnormality in retinal architecture, but leads to increased
susceptibility to light-induced retinal degeneration.22 Atg5 and
Atg7 also act in autophagy-independent processes, which may
contribute to their function in maintaining photoreceptor
homeostasis. In a mouse RP model caused by a missense
mutation in the Pde6b gene, lysosomal function is impaired and
photoreceptor cell death is exacerbated by autophagy stimula-
tion and ameliorated by autophagy downregulation.23
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The Vici syndrome gene Epg5 is required for maturation of
autophagosomes into degradative autolysosomes.24,25 Although
autophagy activity is systemically impaired in Epg5-deficient
mice and SQSTM1 aggregates accumulate in many regions of
the brain and spinal cord, these animals exhibit selective
damage of cortical layer 5 pyramidal neurons and spinal cord
motor neurons.25 Here we demonstrated that epg5 knockout
mice also exhibit visual loss and display progressive photore-
ceptor degeneration, recapitulating key features of RP.

Results

epg5¡/¡ mice show progressive photoreceptor
degeneration

To investigate retinal development in epg5 knockout (KO)
mice, we performed histological analysis of retinal sections
from epg5¡/¡ mice and age-matched littermate controls by
hematoxylin and eosin (H&E) staining. A »25% reduction in
the thickness of the outer nuclear layer (ONL) and a »30%
reduction in the thickness of the inner segment (IS) and outer
segment (OS) were detected in epg5¡/¡ mice at the age of 6 mo
(Fig. 1A and B). The ONL consists of photoreceptor nuclei,
and the IS and OS contain the inner segments and outer
segments of photoreceptors, respectively. At 10 mo, the thick-
ness of the ONL and IS decreased to »50% of that observed in
heterozygote mice, and the thickness of the OS was reduced by
»75% compared with control mice. The OS and IS were barely
detected at 15 mo in KO mice. The number of RPE cells was
not obviously reduced in 10-mo-old epg5¡/¡ mice compared
with controls (Fig. S1A). These results show that epg5 KO mice
exhibit progressive photoreceptor loss.

epg5¡/¡ mice display impaired retinal function

We next examined the visual function in epg5¡/¡ mice. We per-
formed full-field electroretinogram (ERG) recordings to measure
retinal function in epg5¡/¡ mice at the age of 6 mo, when the
photoreceptor degeneration becomes evident by histological
analysis. The b-wave amplitudes of scotopic ERGs measure the
rod response. The dark-adapted mixed a-wave and mixed b-
wave amplitudes measure combined rod and cone function,
while the photopic b-wave and the photopic flicker at 30 Hz
performed against a light background measure cone responses
only. The amplitude of the ERG response was lower in epg5¡/¡

mice than Epg5C/¡ mice in the scotopic b-wave test and the
mixed a-wave and mixed b-wave tests, revealing impairments in
rod function and in mixed rod and cone function, respectively
(Fig. 1C). The epg5¡/¡ mice also showed a reduced response in
the photopic tests (photopic b-wave and 30 Hz flicker), indicat-
ing that cone function is impaired (Fig. 1C). Therefore, epg5
KO mice show severely impaired retinal function.

The retinas of epg5¡/¡ mice exhibit defective autophagic
flux

We examined the autophagic flux in epg5¡/¡ retinas by deter-
mining the level and distribution of SQSTM1 and ubiquitin, 2
well-characterized autophagy substrates that are elevated after

autophagy inhibition.26 Compared to control littermates,
extracts of epg5¡/¡ retinas from 6-mo-old animals showed dra-
matic accumulation of SQSTM1 (Fig. 2A). At 3 mo, no cyto-
plasmic SQSTM1 aggregates were present in control retinas,
while epg5¡/¡ retinas had numerous SQSTM1 aggregates in
GCL, INL and a few in the ONL (Fig. 2B and C), even though
histological analysis showed no evident retinal change (Fig. 1A).
At the age of 6 mo, many SQSTM1 aggregates and ubiquitin-
positive inclusions accumulated in GCL, IPL, INL, OPL, ONL
and RPE in epg5 KO mice (Fig. 2C and D). Depletion of Epg5
causes accumulation of nondegradative autophagic vacuoles in
worm and mammalian cells and thus an increase in levels of
LC3-II, a lipidated form of LC3 associated with autophagic
structures.24,25 Levels of LC3-II were also dramatically increased
in epg5¡/¡ retinas (Fig. 2A). SQSTM1 aggregates became more
abundant with age and were detected in all layers of the epg5¡/¡

retina by 15 mo compared with age-matched Epg5C/¡ controls
(Figs. 2B, C, D, S1B and S1C). These results indicate that
autophagy flux is impaired throughout the epg5¡/¡ retina.

Photoreceptors in epg5¡/¡retinas undergo apoptotic
cell death

The expression of GFAP (glial fibrillary acidic protein), which
is indicative of reactive astrogliosis, was increased throughout
the retinas of epg5¡/¡ mice, including the ONL, INL, OPL, IPL
and GCL (Fig. 3A). Therefore, although only the ONL exhib-
ited degeneration, other neurons may be also damaged. To
determine whether the photoreceptor loss was apoptotic, we
performed the terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay. The number of
TUNEL-positive nuclei localized in ONL was dramatically
increased in 5-mo-old epg5¡/¡ retinas compared to controls
(Fig. 3B, C and D). The TUNEL-positive nuclei were mainly
located in anti-RHO/Rhodopsin-stained rod photoreceptors,
and also in anti-Cone ARR/Arrestin-stained cone photorecep-
tors (Fig. 3B and 3C). Most of the ONL cells are rods (97% of
photoreceptors are rods in the mouse retina);27 therefore, the
much thinner ONL in epg5¡/¡ retinas indicates massive degen-
eration of rods. The number of cones was reduced by 15% in
epg5¡/¡ retinas (Fig. 3E). Caspase activity was also assessed.
Levels of cleaved CASP3 were dramatically increased, while lev-
els of full-length CASP3 were reduced in epg5¡/¡ retinas com-
pared with controls (Fig. 3F). The TUNEL-positive nuclei and
increased levels of cleaved CASP3 indicate that apoptotic cell
death leads to loss of photoreceptors in epg5¡/¡ mice.

UPR is activated in epg5¡/¡retinas

Disruption of protein homeostasis in photoreceptors activates
UPR, which induces apoptotic cell death.11-13 We next examined
the expression of genes involved in ER-stress in the retinas of
6-mo-old epg5¡/¡ mice. Expression of genes downstream of the
ER stress pathway, including spliced Xbp1 (Xbp1s), Ddit3 and
Dnajb9/Erdj4, were significantly higher in epg5¡/¡ retinas than in
controls (Fig. 3G).Ddit3, a keymediator of ER stress-induced apo-
ptosis,28 was most significantly elevated. Immunoblotting assays
also revealed that p-EIF2S1/p-eIF2a and DDIT3 protein levels
were increased in the epg5¡/¡ retina (Fig. 3H and I). Interestingly,
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HSPA5/BIP protein levels were reduced (Fig. 3J), which is proba-
bly due to attenuation of cytoprotective UPR by prolonged ER-
stress.11,29 Together, these results indicate that elevated production
of the apoptotic transcriptional regulator DDIT3 may contribute
to apoptotic photoreceptor cell death in the epg5¡/¡ retina.

Discussion

We showed here that Epg5-deficient mice exhibit characteristic
features of retinitis pigmentosa. In the retina of epg5 knockout

mice, the thickness of the outer nuclear layer, consisting of rod
and cone photoreceptor nuclei, is greatly decreased, and the
amplitudes of the rod and cone ERG responses are reduced,
whereas the morphology of other retinal layers, including RPE,
the inner nuclear layer (composed of amacrine cells, bipolar
cells and horizontal cells) and the ganglion cell layer, are largely
preserved. Autophagy flux, however, is impaired throughout
the epg5 knockout retina and SQSTM1 aggregates accumulate
in various cell types, suggesting that photoreceptors are more
sensitive to Epg5 loss.

Figure 1. Retinal degeneration in epg5 knockout mice. (A) Histological analysis of retinas from epg5¡/¡ and Epg5C/¡ mice at the age of 3, 6, 10 and 15 mo. All sections
were stained with hematoxylin-eosin and photographed from the first dorsal location (»0.18 mm from the optic nerve head) at the same magnification (200 £). Scale
bars: 50 mm. RPE, retinal pigment epithelium; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; IS, inner segments; OS, outer segments. As a result of embedding, the RPE layer occasionally separates from the photoreceptor segments. (B) Temporal changes in
retinal degeneration, presented as thickness of ONL, IS and OS normalized to INL thickness to correct for sectioning artifacts, in epg5¡/¡ and Epg5C/¡ mice at the age of
3, 6, 10, 12 and 15 mo. Progressive decrease in the thickness of ONL, IS and OS is observed in epg5¡/¡ retinas from 6 mo onwards. At 15 mo, the IS and OS are barely
detected in epg5¡/¡ mice. �P < 0.05, ��P < 0.01, ���P < 0.001. Statistical comparisons were performed with 2-tailed, unpaired Student t tests. (C) The amplitudes of sco-
topic (dark-adapted) b-wave, mixed a-wave and mixed b-wave, and photopic (light-adapted) b-wave and flicker responses from epg5¡/¡ and Epg5C/¡ mice at 6 mo (n D
6). �P < 0.05, ��P < 0.01. Data were compared with 2-tailed, unpaired Student t tests.
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Accumulation of SQSTM1 and ubiquitin aggregates, an
indicator of impaired autophagy, shows no correlation with
neuronal loss. In epg5 knockout mice, autophagy activity is
systemically impaired and SQSTM1 aggregates accumulate in

many regions of the brain and spinal cord, while specific
subsets of neurons, such as spinal cord motor neurons, are
lost.25 Loss of motor neurons in epg5 KO mice appears not to
result from impaired autophagic flux.25 Impairment of the

Figure 2. Accumulation of LC3-II, SQSTM1 aggregates and ubiquitin-positive inclusions in the retinas of epg5 knockout mice. (A) Immunoblot of LC3 and SQSTM1 in
retinal extracts from epg5¡/¡ and Epg5C/¡ mice aged 6 mo. (B) SQSTM1 aggregates dramatically accumulate in the GCL, OPL and INL of 3-mo-old epg5¡/¡ mice, but not
littermate controls. (C) Quantification of the number of cytoplasmic SQSTM1 and ubiquitin-positive aggregates in the retinas of epg5¡/¡ and Epg5C/¡ mice aged 3 and
6 mo. Means § SEM of 4 mice are shown. �P < 0.05, ��P < 0.01. Statistical comparisons were performed with 2-tailed, unpaired Student t tests. (D) SQSTM1 aggregates
and ubiquitin-positive inclusions dramatically accumulate and are colocalized in Epg5C/¡ retinas aged 6 mo. Scale bars in ((B)and D): 20 mm.
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ubiquitin-proteasome system results in motor neuron loss in
mice, while motor neuron-specific knockout of Atg7 causes no
motor dysfunction despite accumulation of ubiquitin and
SQSTM1.30 Mice deficient in Wdr45/Wipi4 have abnormal
accumulation of SQSTM1 aggregates in various brain regions,
but fail to show evident neuronal loss.31 Thus, different cell

types may exhibit differential sensitivity to autophagy
impairment. Autophagy genes also function in autophagy-
independent processes, such as Atg5 and Atg7 in unconven-
tional secretion, Epg5 in endocytic trafficking and Ulk1/ATG1
in axon structure and guidance and in coatomer protein com-
plex-II (COPII) vesicle transport.32,33 Neurodegeneration

Figure 3. Photoreceptors undergo apoptosis and ER stress is activated in epg5¡/¡ retinas. (A) Immunostaining analysis of cytoplasmic SQSTM1 and GFAP in the retinas of
epg5¡/¡ and Epg5C/¡ mice aged 6 mo. Few GFAP-stained structures are detected in Epg5C/¡ retinas, while many GFAP-stained tubular structures are observed through-
out the retinas of epg5¡/¡ mice. Scale bars: 20 mm. (B and C) TUNEL staining of 5-mo-old epg5¡/¡ and Epg5C/¡ retinas that are costained with anti-RHO (rhodopsin) or
anti-cone ARR/Arrestin antibodies. Scale bars: 20 mm. Enlargements of the boxed areas were shown on the bottom for each panel. Scale bars in enlargements: 60 mm.
(D) Quantification of TUNEL-positive cells in retinas of epg5¡/¡ and Epg5C/¡ mice. Means§ SEM of 6 paired mice at the age of 5 mo are shown. ��P < 0.01. Statistical sig-
nificance was determined by a 2-tailed, unpaired Student t test. (E) Quantification of anti-cone ARR-positive cones in epg5¡/¡ and Epg5C/¡ mice at the age of 10 mo is
shown in (E). Means § SEM of 6 paired mice are shown. ��P < 0.01. Statistical significance was determined by a 2-tailed, unpaired Student t test. Scale bars: 20 mm.
(F) Immunoblotting analysis of full-length CASP3 and cleaved-CASP3 in retinas of epg5¡/¡ and Epg5C/¡ mice at the age of 6 mo. Levels of cleaved CASP3 are dramatically
increased in epg5¡/¡ retinas compared with Epg5C/¡ retinas. (G) Transcriptional levels of genes involved in the UPR, including spliced Xbp1 (Xbp1s), Ddit3 and Eidj4, are
significantly increased in epg5¡/¡ retinas compared to controls at the age of 6 mo. �P < 0.05, ���P < 0.001. Data were compared with 2-tailed, unpaired Student t tests.
(H, (I)and J) In epg5¡/¡ retinas, DDIT3 and p-EIF2S1 protein levels are elevated, while the protein level of HSPA5, a downstream marker of the ATF6 pathway, is reduced.
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previously attributed to dysfunction of autophagy may instead
be linked to autophagy-independent functions of autophagy
proteins.

Photoreceptor apoptotic cell death in RP results from the
sustained UPR due to disruption of protein homeostasis.11 In
transgenic animals, the P23H and T17M rhodopsin mutations
activate the UPR, which is followed by elevated expression of
the proapoptotic protein DDIT3.12 In epg5¡/¡ retinas, the pho-
toreceptor loss is also apoptotic and levels of cleaved CASP3
are dramatically increased. UPR genes including Ddit3 are also
upregulated in epg5¡/¡ retina. Therefore, apoptotic photore-
ceptor cell death in epg5¡/¡ retinas may result from the ele-
vated UPR. In Epg5-deficient mice, accumulation of
nondegradative autophagic vacuoles, together with defective
endocytic trafficking,25 may activate UPR and lead to degenera-
tion of certain neuronal populations.

Human genetic studies showed that recessive mutations in
EPG5 cause Vici syndrome, a multisystem disorder
characterized by agenesis of the corpus callosum, cataracts,
hypopigmentation, cardiomyopathy and combined immuno-
deficiency.34-37 Epg5-deficient mice display some phenotypic
similarities with Vici syndrome patients, including
autophagy defects, corpus callosum changes and myopathy.38

Nearly all Vici syndrome patients suffer recurrent infections
and show combined immunodeficiency.35-37 Epg5-deficient
mice, however, exhibit elevated basal lung inflammation and
influenza resistance.39 Cataract is another common trait of
Vici syndrome that is not obviously detected in Epg5-defi-
cient mice. Vici syndrome patients also show retinal changes
and a defect in neurophysiological visual function.40

However, many Vici syndrome patients may not survive to
the age when RP develops. Approximately 20% to 30% of RP
patients suffer from one of more than 30 different
syndromes in which retinal degeneration is associated with
nonocular phenotypes.9 Nevertheless, Epg5-deficient mice
provide a model of retinitis pigmentosa, which may help to
unravel the mechanism of photoreceptor degeneration and
to evaluate the efficacy of therapeutic interventions.

Materials and methods

Animals

epg5¡/¡ mice were generated as previously described.25

Briefly, we constructed the Epg5 targeting vector by substi-
tuting exons 18 and 19 of Epg5 genomic DNA with a neomy-
cin cassette, then the targeting vector was transfected into
129 R1 embryonic stem cells. And heterozygous Epg5C/¡

embryonic stem cell clones were microinjected into C57BL/
6N blastocysts. Heterozygotes from this chimeric offspring
mated with wild-type C57BL/6N mice were mated to obtain
homozygous mutant mice. All mice were kept under specific
pathogen-free conditions in the animal facility at the Insti-
tute of Biophysics, Chinese Academy of Sciences, Beijing. All
animal experiments were approved by the institutional com-
mittee of the institute. epg5¡/¡ mice start to die at 10 mo,
but a few can survive longer. Three pairs of mice aged 15
mo and 3 pairs of mice aged 12 mo were used for histologi-
cal analysis of retinal sections.

Antibodies

The following antibodies were used in this study: rabbit anti-
SQSTM1 (MBL International, PM045), mouse anti-SQSTM1
(Abcam, ab56416), mouse anti-ubiquitin (Cell Signaling Tech-
nology, 3936S), rabbit anti-GFAP (Abcam, ab48050), rabbit
anti-LC3 (Cell Signaling Technology, 2775S), rabbit anti-
CASP3 (Cell Signaling Technology, 9662S), rabbit anti-Cone
ARR (Millipore, AB15282), mouse anti-RHO (Millipore, clone
4D2, MABN15), mouse anti-DDIT3 (Cell Signaling Technol-
ogy, 2895S), rabbit anti-HSPA5 (Cell Signaling Technology,
3177S), rabbit anti-EIF2S1/eIF2a (Cell Signaling Technology,
9722S), rabbit anti-p-EIF2S1/p-eIF2a (Cell Signaling Technol-
ogy, 3597S) and mouse anti-ACTB (Protein Tech, 60008–1-Ig).

Histology and immunohistochemistry

epg5¡/¡ mice and control mice were euthanized, then eyes were
isolated, fixed and embedded in paraffin. For histological analy-
sis, 5-mm sections were stained with hematoxylin-eosin and
examined by light microscopy (Imager A1, Carl Zeiss, Jena,
Germany) with a 40£/0.75 NA objective lens (Plan-Neofluar,
Carl Zeiss, Jena, Germany) and a camera (AxioCamMRc 5,
Carl Zeiss, Jena, Germany). Images were processed and viewed
with AxioVision 40 (v4.6.3.0, Carl Zeiss, Jena, Germany) soft-
ware. TUNEL staining was performed using the DeadEndTM

Fluorometric TUNEL System (Promega, G3250) according to
the manufacturer’s instructions. For immunostaining, sections
were deparaffinized and rehydrated, and antigens were
retrieved by microwaving in 0.01 M citrate buffer for 10 min.
After blocking with 5% goat serum (ZSGB, ZLI-9056) for
60 min at room temperature, sections were incubated with
primary antibodies overnight followed by 1-h incubation with
FITC- or rhodamine-labeled secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc.) and counterstained with
DAPI (Vector Laboratories). Slides were viewed under a
confocal microscope (LSM 710 Meta plus Axiovert zoom, Carl
Zeiss, Jena, Germany) with a 63£/1.40 NA oil immersion
objective lens (PlanApochromat, Carl Zeiss) and a camera
(AxioCamHRm, Carl Zeiss, Jena, Germany) at RT.

Protein extraction and western blotting

After removal of the eyes, neuro-retinas were dissected free of
other tissues and lysed with radioimmunoprecipitation assay
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
0.1% SDS, 1% NP-40(Amresco, E109) supplemented with
1 mM PMSF and protease inhibitor cocktail (Roche,
04693116001). Thirty to 40 mg of protein was used for
immunoblotting with the indicated antibodies. Results are
representative of at least 3 experiments.

Electroretinograms (ERGs)

Mice were dark-adapted overnight, and all subsequent proce-
dures were performed under dim red light. Before the record-
ing, mice were anesthetized and the eyes were dilated with a
combination of 1% cyclopentolate hydrochloride and 2.5%
phenylephrine hydrochloride. Then mice were placed prostrate
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onto the ERG platform, which was kept at 37�C. ERGs were
recorded simultaneously from the right eye of each animal
using a Burian-Allen bipolar electrode (Hansen Laboratories,
Coralville, IA) on the cornea of the right eye and a needle
ground electrode placed in the tail. ERGs were recorded and
analyzed with the Espion Visual Electrophysiology System
from Diagnosis, LLC (Littleton, MA, USA). Full-field stimula-
tion was produced with a Ganzfeld-stimulator (Roland Consult,
Brandenburg, Germany). Dark-adapted (scotopic) ERGs were
recorded first. Four to 64 consecutive stimuli were averaged
with an interval between light flashes in scotopic conditions of
10 s for dim flashes and of up to 60 s for the highest intensity.
Stimulus intensities of ¡2 cd¢s¢m¡2 and 1.5 log cd¢s¢m¡2 were
used to record the rod response and mixed response, respec-
tively. Light-adapted (photopic) ERGs were then recorded with
light flashes of 2 log cd¢s¢m¡2 on a rod-saturating background
of 30 cd¢m¡2. Baseline removal and auto-zeroing were auto-
matically performed with software provided by the manufac-
turer (Espion).

Quantitative RT-PCR

Total RNA was extracted from neuro-retinas using TRIzol
(Invitrogen, 15596018) and cDNA was synthesized using a
Super Script� III First-Strand kit (Invitrogen, 11752050).
Quantitative PCR was carried out on a Step One PlusTM Real-
Time PCR system (Applied Biosystems, Foster city, USA) using
SYBR� Premix Ex TaqTM (TaKaRa, RR820A). Data were nor-
malized to the actin level. Results are representative of at least 3
experiments. The following primers were used:

F-Ddit3, 50-CTGCCTTTCACCTTGGAGAC-30;
R-Ddit3, 50-CGTTTCCTGGGGATGAGATA-30;
F-Hspa5, 50-GGTGCAGCAGGACATCAAGTT-30;
R-Hspa5, 50-CCCACCTCCAATATCAACTTGA-30;
F-Xbp1s (spliced Xbp1), 50-GAGTCCGCAGCAGGTG-30;
R-Xbp1s (spliced Xbp1), 50-GTGTCAGAGTCCATG

GGA-30;
F-Dnajb9, 50-TGAATTTGCAGAGGTTTCACTG-30;
R-Dnajb9, 50-CAAACTCAGCCCGACACATA-30;
F-Actb/b-actin, 50-TGGCTCCTAGCACCATGAAGAT-3;
R-Actb, 50-GGTGGACAGTGAGGCCAGGAT-3.

Statistical analysis

Results are expressed as mean § SEM. Data from at least 3
pairs of samples were used for statistical analysis. Statistical
-significance was determined by a 2-tailed, unpaired Student
t test. �P < 0.05, ��P < 0.01, ���P < 0.001.

Abbreviations

ACTB/b-actin actin, b
Atg autophagy-related
CNS central nervous system
epg ectopic P granule
ERG electroretinogram
GCL ganglion cell layer
GFAP glial fibrillary acidic protein
H&E hematoxylin and eosin

INL inner nuclear layer
IPL inner plexiform layer
IS inner segment
KO knockout
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3
ONL outer nuclear layer
OPL outer plexiform layer
OS outer segment
RP retinitis pigmentosa
RPE retinal pigment epithelium
TUNEL terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling
UPR unfolded protein response
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