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Abstract  

Rod-derived Cone Viability Factor (RdCVF) is a trophic factor of the thioredoxins family that 

promotes the survival of cone photoreceptors. It is encoded by the nucleoredoxin-like gene 1 

Nxnl1 which also encodes by alternative splicing a long form of RdCVF (RdCVFL), a 

thioredoxin enzyme that interacts with TAU. The known role of thioredoxins in the defense 

mechanism against oxidative damage led us to examine the retinal phenotype of the Nxnl1-/- 

mice exposed to photo-oxidative stress. Here we found that, in contrast to wild-type mice, the 

rod photoreceptors of Nxnl1-/- mice are more sensitive to light after exposure to 1,700 or 2,500 

lx. The delivery of RdCVF by AAV to mice deficient of Nxnl1-/- protects rods photoreceptors 

from light damage. Interestingly, the RdCVF2L protein, encoded by the paralog gene Nxnl2, is 

able to reduce TAU phosphorylation, as does RdCVFL, but does not protect the rod from light 

damage. Our result shows that the Nxnl1 gene, through the thioredoxin RdCVFL, is part of an 

endogenous defense mechanism against photo-oxidative stress that is likely of great importance 

for human vision. 
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Introduction 

 The rate of oxygen metabolism is inversely correlated to life-span 
1,2

. During the life 

of aerobic organisms, reactive oxygen species (ROS), which are formed in situ in response to 

oxygen metabolism, can cause various forms of tissue damage. In order to reduce the damaging 

effect of ROS on cellular macromolecules, the redox potential of the cell is carefully regulated. 

Contributing to such homeostasis, aerobic organisms have developed a number of antioxidant 

systems, and among these are those mediated by superoxide dismutase, catalase and the 

thioredoxin proteins 
3
. Thioredoxin 1 (TXN), the founder of the thioredoxin family of proteins, 

is a 12 kDa protein with a redox active disulfide/dithiol group within its conserved active-site 

sequence CGPC. Reduced TXN catalyses the reduction of disulfide bounds in many target 

proteins, and oxidized TXN is reversibly reduced by the action of thioredoxin reductase and 

NADPH 
4
.  

Retinal photoreceptor (PR) cells are particularly prone to oxidative damage because of 

their high consumption of oxygen, their high proportion of polyunsaturated fatty acids, and the 

capture of energetic photons from visible light by opsin molecules encased in their outer 

segment (OS): rhodopsin in rods and cone-opsins in cones 
5
. TXNs have been implicated in 

promoting PR health and function in this highly oxidizing environment. Transgenic over-

expression of TXN protects PRs against photo-oxidative damage 
6
 and up-regulation of TXN 

via the nuclear factor erythroid 2-related factor 2 (NRF2)-antioxidant response elicits an 

endogenous neuro-protective mechanism 
7
. TXN plays an important role in maintaining a 

reducing environment in living cells and prevents apoptosis by sequestering the MAP kinase 

ASK1 under normoxic conditions 
8,9

. 

 Nxnl1 was identified in a high content screen for secreted factors promoting cone 

survival 
10

. Nxnl1 encodes two protein products by alternative splicing 
11

. One, rod-derived 

cone viability factor (RdCVF) which results from intron retention, is a truncated thioredoxin 



 4

protein that lacks thioredoxin enzymatic activity. RdCVF slows down secondary cone 

degeneration in two genetically distinct rodent models of the inherited retinal degeneration 

retinitis pigmentosa (RP) 
12,13

. The other, RdCVFL, generated by splicing of intron 1, exhibits 

thioredoxin enzymatic activity 
14

. The retina of the Nxnl1-/- mice displays evidence of 

increased oxidative damage in normoxic conditions, and cone function is altered when the 

animals are raised in 75% oxygen 
15

. As demonstrated for its paralogue Nxnl2, Nxnl1 is 

probably bifunctional, with one product being a trophic factor and the second, a thioredoxin 

protein that increases the length of photoreceptor outer segments of the Nxnl2-/- mouse 
16

. In 

vitro, RdCVFL protects cones against UV-damage, 
17,18

. We found that RdCVFL interacts with 

the microtubule-associated protein TAU and protects it from oxidative damage 
19

. The 

aggregation of TAU in the Nxnl1-/- retina is most likely linked to the progressive rod 

degeneration in that model 
15

.  

 In the retina, ROS are produced by light exposure and their concentration is 

increased in conditions of elevated blood oxygen 
20,21

. Light-induced damage primarily affects 

rods 
22

. These neurons discern dim light (scotopic vision) and are very sensitive to light within 

the maximum absorption spectra of their visual pigment, rhodopsin 
23

. Rod degeneration in the 

first phase of RP is triggered by mutations in more than 50 different genes 
24

 and results in an 

increase in oxygen tension, which in turn affects the cones 
25,26

. Taken together, these results 

suggest that RdCVFL is involved in the defense mechanism against light-induced oxidative 

injury on photoreceptors, rods and cones, while RdCVF protects cones.  

 We show here that the rods of the Nxnl1-/- mouse are more susceptible to photo-

oxidative damage. We also demonstrate that virally mediated re-expression of thioredoxin 

RdCVFL in the Nxnl1 null mouse protects rods against light induced damage. 
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Materials and Methods 

Animals 

All procedures adhered to the ARVO statement for the use of animals in ophthalmic and vision 

research and have been approval by the Darwin ethic committee (Ce5/2010/008). Animals, 

males and females in equal proportion, were raised under 12 h, 50 lux (lx) / 12 h, dark cycle 

and given ad-libitum access to food and water. Mice used were 11-16 weeks of age. Nxnl1-/- 

and Nxnl2-/- mice were generated on a pure BALB/c background 
15,16

. 

Light Illumination 

Mice were first dark adapted 16 h prior to light exposure. They were exposed to a regulated 

amount of light, generated by cool, white fluorescent lamps, with animals placed in aluminum 

foil-wrapped polycarbonate cages (one mouse per cage) for 1 hr. The mice then recovered for 

24 h in the dark. The temperature was monitored not to be above 25°C. 0 lx corresponds to 

animals left in the dark whilst their littermates were exposed. Beyond 24 h, mice were returned 

to 12 h light/dark cycles of 50 lx. 

Outer nuclear layer measurement 

Animals were anesthetized 10 d after exposure with ketamine (160 mg/kg)-/-xylazine (32 

mg/kg) and immediately perfused with 2.5 % glutharaldehyde and 2 % formaldehyde in 

phosphate buffered saline (PBS). Eyes were enucleated and incubated in fixative overnight. 

Lenses were removed and eyecups washed 5 times in 5 % sucrose, fixed for 1 h in 2 % osmium 

tetroxide and embedded in epoxy resin. Sections of 1 µm thick were made along the sagittal 

axis at the optic nerve level and stained with 1 % toluidine blue. Measurements of the outer 

nuclear layer (ONL) thickness were made on one section from each mouse as described 
27

. 

Briefly, in each of the dorsal (superior) and ventral (inferior) hemispheres, ONL thickness was 

measured in nine sets of three measurements each (27 measurements for each hemisphere). The 

first sets were, centered 250 µm from the optic nerve head (ONH) and subsequent sets were 
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located more peripherally. Within each 250 µm position, three measurements were made 

equidistant each other by 50 µm. Those 54 measurements cover the entire retinal surface. Data 

were plotted as spidergrams from 6 animals for each condition. 

Quantitative RT-PCR 

QRT-PCR was performed according to Léveillard et al. 
10

. RdCVF forward 5'-

ATGGCATCTCTCTTCTCTGGACG-3' and reverse 3’-CCTCACCTCCTCAGTTCATC 

ATGG-5’; RdCVFL   forward 5'-GCAACAGGACCTCTTCCTCA-3' and reverse 3’-

CCAGACGCTGGATCTCCTC-5’;  Rps6 forward 5’-AAGCTCCGCACCTTCTATA-

3’ and reverse 3’-ACTCTGCCATGGGTCAGAAC-5’. The expression of Rps6 (ribosomal 

protein S6) was used for normalization. 

Production and delivery of the AAV constructs to the Nxnl1-/- mouse retina  

The adeno-associated viral vector (AAV)2/8-RdCVFL, AAV2/8-RdCVF2L and AAV2/8-GFP 

were generated as described in Jaillard et al. 
16

. Animals were anesthetized, and sub-retinal 

injections were performed with 1 µl of AAV2/8-RdCVFL, AAV2/8-RdCVF2L or AAV2/8-

GFP at 3.10
12

 genome copies (gc/ml) into the right eye at 2 months old. 

Optical coherence tomography (OCT)  

Treated mice at the age of 3 months were anesthetized and pupils were dilated as described 

above. Eye dehydration was prevented by regular instillation of sodium chloride drops. OCT 

images were recorded for both eyes using a spectral domain ophthalmic imaging system 

(Spectral domain Optical coherence tomography, OCT, Bioptigen 840nm HHP, Bioptigen, 

North Carolina USA). We performed rectangular scans consisting of a 1.4 mm by 1.4 mm 

perimeter with 1000 A-scans per B-scan with a total B-scan amount of 100. Scans were 

obtained first while centered on the optic nerve, and then with the nerve displaced 

superiorly/inferiorly. OCT scans were exported from InVivoVue as AVI files. These files were 

loaded into ImageJ (version 1.47, National Institutes of Health, Bethesda, MD) where they 
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were registered using the Stackreg plug-in. Outer nuclear layer thickness was measured using 

in the whole eye area every 100 �m and the thicknes of each point was averaged for each 

treated, AAV2/8-GFP, AAV2/8-RdCVFL and AAV2/8-RdCVF2L (n = 6). 

Transmission Electron Microscopy 

Animals were sacrificed 24 h after light exposure. The eye cups were fixed in 2.5 % 

glutharaldehyde at room temperature for 2 h, washed overnight and post-fixed in osmium 

tetraoxide 1 % for 1 h at room temperature. Samples were washed in Ringer-Krebs buffer (140 

mM NaCl; 4.5 mM KCl, 2.2 mM CaCl2, 12 mM MgSO4, 12 mM NaHCO3, 0.44 mM KH2PO4, 

5.55 mM Glucose, pH 7.4) followed by dehydration in graded ethanol and acetone. Samples 

were embedded in epoxy resin and ultrathin sections (~500 nm) were cut and stained with 

uranyl acetate and Pb-citrate and observed using electron microscopy (Met Zeiss 912, at 80 

kV). 

TUNEL Assay 

Mice were sacrificed 24 h after irradiation, enucleated and the centre of the cornea was 

removed for the penetration of fixative solution (4 % paraformaldehyde in PBS) overnight at 

4°C. The tissues were incubated successively in 10 %, 20 % and 30 % sucrose at 4°C and 

embedded in optimal cutting temperature (OCT, Sakura Finetek) medium. Terminal 

deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling (TUNEL) was 

performed using the in situ cell death detection kit (Roche) on 10 µm sections. 

Cell death quantification 

Mice were sacrificed 6-72 h after irradiation. Apoptosis was quantified with a cell death 

detection ELISA assay (Roche) which quantifies the soluble mono- and oligo-nucleosomes 

released in the cell lysate as a function of apoptosis 
28

. 6 to 72 h after exposure, pairs of retinas 

were homogenized with a polytron tissue grinder in 400 µl of the manufacturer’s lysis buffer 
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(Roche). The lysate was centrifuged at 200 g for 10 min at room temperature and 20 µl of a 1/5 

dilution of the supernatant were used per assay. 

Western blotting 

Western blotting method is described in Fridlich et al. 
19

. For RdCVF, novel antibodies raised 

against the epitope peptide IRNNSDQDEVETEAELSRRLEN corresponding to RdCVF-N in 

Léveillard et al. 
10

 was used. Briefly, Nxnl1+/+ and Nxnl1-/- mice were sacrificed, enucleated 

and the neural retinas were dissected, sonicated twice 10 s on ice in RIPA buffer  in the 

presence of a cocktail of proteinase inhibitors (P2714, Sigma). After 30 min on ice, the extracts 

were centrifuged 5 min at 12,000 rpm at 4°C and 30 µg of the supernatant, the whole cell 

extracted were loaded on a Laemmli gel and transferred to a 0.22 µm nitrocellulose (Biorad). 

After saturation, the membranes were incubated with rabbit polyclonal anti-RdCVF-N 

(1/5,000), mouse monoclonal anti-phospho-TAU (AT8 Innogenetics, 1/500) and anti-ATB (C4 

Millipore, 1/10,000) ON at 4°C. The western blots were revealed with anti-rabbit IgG coupled 

to peroxidase (Jackson Immunoresearch, 1/15,000).”    

RNA purification 

Animals were sacrificed by cervical dislocation. The neural retina was dissected free of RPE 

and RNAs were purified using  RNeasy purification kit (Qiagen). 

Statistics 

Statistical analyses were performed using one-way ANOVA followed by Bonferroni 

correction. For two sample comparisons, a Student’s t-test assuming unequal variances and 

combined with a Bayes shrinkage approach was applied to reduce the number of false positives 

at low intra-replicate variance. Data were expressed as the mean +/- the standard error of the 

mean (SEM). In the figures, significances are indicated by * if p < 0.05, ** < 0.01 and *** < 

0.001. 



 9

Results 

The Nxnl1-/- retina is more sensitive to photo-oxidative damage. 

 We examined the susceptibility of the Nxnl1 knockout mouse retina to photo-oxidative 

damage. As a first assessment, three month-old Nxnl1-/- and Nxnl1+/+ control mice (isogenic 

on BALB/c background) were exposed to either 1,700, 2,500 or 5,000 lx for 1 hour (h), 

sacrificed 10 days (d) later, and then their outer nuclear layer (ONL) thickness was measured. 

The ONL thickness is a good surrogate marker for the relative number of rods as rods 

constitute 97% of the cells in the mouse ONL 
29,30

. The ONL, measured over the dorso-ventral 

axis, was found to be thinner in the Nxnl1-/- animals as compared to controls in dark reared 

condition (0 lx, Fig. 1A and 1E), as previously described 
15

. After exposure to 1,700 lx, the 

ONL of the Nxnl1-/- demonstrated thinning compared to control, particularly in the ventral part 

of the retina (Fig. 1B). This is visible on retinal section (Fig. 1F). At this low dose, the thinning 

of the ONL was specific to the Nxnl1-/- mouse. With the higher dose of 2,500 lx, reduction of 

ONL thickness was observed for both genotypes, but the reduction was significantly more 

pronounced for the Nxnl1-/- mouse (Fig. 1C and 1G). At 5,000 lx, both genotypes exhibited 

marked damage to the ONL, suggesting that this dose of light is toxic and too high for study of 

the photoreceptor protective role of Nxnl1 (Fig. 1D and 1H). 

To confirm that the increased susceptibility of Nxnl1-/- mice to phototoxic injury results 

in excess damage to PRs, we analyzed the morphology of the retinas shortly after light 

exposure using transmission electron microscopy (Fig. 2). PRs undergo ultrastructural changes 

24 h after light exposure, including pyknotic nuclei resulting from chromatin condensation 
31

. 

PRs of the Nxnl1-/- mouse look more damaged than those of Nxnl1+/+ mouse, even in the 

absence of light 
15

. After illumination to 2,500 lx, Nxnl1-/- OSs and cell bodies in the ONL are 

swollen, the condensed chromatin is distinctly visible only in the Nxnl1-/- retina. 
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Photoreceptor apoptosis in the Nxnl1-/- mice after light exposure. 

To characterize the apoptosis process, we exposed Nxnl1-/- and Nxnl1+/+ mice to 1,700 and 

2,500 for 1 h and examined internucleosomal DNA cleavage 24 h after. We used two 

independent investigation methods: in situ, using TUNEL assay and a quantitative ELISA 

assay, based on the detection of free nucleosomes in retinal extracts 
32

. An increase in the 

number of TUNEL-positive cells was observed in the ONL with only a few TUNEL-positive 

cells being observed in the inner retina after light exposure (Fig. 3A). No differences between 

the Nxnl1-/- and control mice (Nxnl1+/+) at 1,700 and 2,500 lx could be observed at 24 h even 

though the retina is more damaged 10 days later. This correlated with the number of released 

nucleosomes, suggesting that the extent of apoptosis is similar for both genotypes 24 h after 

exposure (Fig. 3B). In the kinetic analysis at 2,500 lx, DNA fragmentation peaks at 24 h with 

similar amplitude for both genotypes (Fig. 3C). A significant increase of the nucleosome 

enrichment factor was observed for the Nxnl1-/- retinas at 72 h in agreement with its higher 

light susceptibility. This suggests the occurrence of a second wave of apoptosis in the absence 

of Nxnl1. 

 

TAU phosphorylation in response to light. 

The degeneration of rods occurring in an aged-dependant manner in the Nxnl1-/- retina 

is correlated to the aggregation of TAU 
15

. The hyperphosphorylation of TAU and its 

aggregation are hallmarks of Alzheimer’s disease 
33

. We therefore analyzed the effect of light 

on TAU phosphorylation 24 h after exposure. We confirmed that TAU is hyperphosphorylated 

in the retina of the Nxnl1-/- mouse compared to control under normal light conditions (50 lx) 

(Fig. 4A). However, for animals raised in the dark (0 lx, or dark reared), phosphorylation was 

the same of both genotypes suggesting an effect of light on TAU phosphorylation in the retina. 

Light exposure decreases TAU phosphorylation in the Nxnl1+/+ retinas (Fig. 4A and 4B). It 
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was reported that TAU is dephosphorylated prior to apoptosis mediated by UV light by the 

trimeric phosphatase PP2A, through the PPP2R2A regulatory subunit 
34,35

. Here, exposure of 

the Nxnl1-/- mouse to 2,500 lx did not induce TAU dephosphorylation, as observed in control. 

This suggests that the absence of RdCVFL impairs light-induced TAU dephosphorylation. 

 

Light exposure decreases RdCVFL expression.  

Although the consequence of light illumination on photoreceptors can be recorded 24 h 

and 10 days after exposure, the kinetics of photon capture are much faster 
36

. We analyzed the 

expression of Nxnl1 in the retina of Nxnl1+/+ mice immediately after one hour exposure to 

2,500 lx. Groups of three animals were either exposed to 2,500 lx or dark adapted and 

sacrificed immediately afterward. One of the eyes of each mouse was used to measure 

messenger RNA expression and the second eye was used to analyze protein expression. Light 

induces a decrease of both RdCVFL mRNA (Fig. 5A) and protein (Fig. 5B) expression. The 

concomitant increase in expression of the RdCVF mRNA suggests an effect of light on intron 

retention. The absolute values are non-statistically significant (Fig. 5A), but the difference in 

the ratio RdCVFL/RdCVF between the two conditions is significant (result not shown). We 

could not assess RdCVF expression at the protein level because the antibodies available for 

western blotting were unfortunately not sensitive enough to detect endogenous RdCVF protein 

(Fig. 5B). 

 

The administration of RdCVFL by AAV protect Nxnl1-/- mice retina from light.  

In order to validate the role of Nxnl1 in retina protection from light, we utilized an 

adeno-associated recombinant viral AAV2/8 vector, which targets principally photoreceptors 

37
, to restore specifically RdCVFL expression, and separately to over-express RdCVF2L, in 

Nxnl1-/- mice. Two months old mice were treated by subretinal injection of RdCVFL, 
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RdCVF2L or GFP vector, subjected to light exposure 1 month latter, and analyzed 10 days 

later. The injection of AAV2/8-GFP resulted in the presence of fluorescence in the ocular 

fundus of the treated animals (Fig. 6A). Before sacrificing the animals, the thickness of the 

outer retina was measured using optical coherence tomography (OCT) 
38

 (Fig. 6B). We 

observed that the injection of AAV2/8-RdCVFL protects rod photoreceptors from damage 

induced by illumination at 2,500 lx (Fig. 6C). Over all the surface of the retina in a dorso-

ventral optic section the thickness of the ONL is 24-33 µm as compared to 16-25 µm for the 

animals treated with AAV-GFP. The treatment of the Nxnl1-/- mice with RdCVF2L resulted in 

only a partial protection around the optic nerve even in the presence of endogenous Nxnl2 

suggesting a specific role of Nxnl1. After sacrificing the animals, we analyzed the 

phosphorylation au TAU in groups of three animals. A decrease in the phosphorylation of TAU 

of similar amplitude was observed both for animals treated with AAV2/8-RdCVFL and 

AAV2/8-RdCVF2L (Fig. 7). 
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Discussion: 

The present study provides the first evidence that Nxnl1 has an essential role in 

preventing photo-oxidative damage of the retina. The BALB/c eye is not pigmented and 

consequently is particularly susceptible to light damage 
39

. The doses of light used to expose 

those non-pigmented mice for 1 h are within visual experience for diurnal animals: 1,000 lx 

corresponds to an overcast day and 10,000-130,000, to a sunny day 

(http://stjarnhimlen.se/comp/radfaq.html#10). Mice are nocturnal and are usually active at night 

even when raised in a 50 lx environment. Nevertheless, the negative effect of the disruption of 

the Nxnl1 mouse after only 1 h of exposure to moderate intensity suggests that NXNL1 in 

human might have similar protective role against photo-oxidative damage over decades of 

diurnal live. Even brief exposures to bright sunlight can produce a transient decline in visual 

function 
40

. Military personnel exposed to tropical sunlight for several months during the 

second world war had retinal lesions resulting from light damage 
41

. This may be relevant for 

several common retinal pathologies. Increased light exposure, especially to energetic short 

wave light (blue), is a risk factor for age-related macular degeneration (AMD) 
42

. Cumulative 

oxidative damage in the retina can trigger an inflammatory cascade leading to PR degeneration. 

Specific complement factor H (CFH) haplotypes have been identified as major genetic risk 

factors for AMD 
43

. CFH binds to malondialdehyde, a produced by lipid peroxidation, to 

inhibit complement cascade activation 
44

. Interestingly, excessive lipid peroxidation, microglial 

activation, PRs dysfunction and death were also observed in the retina of the Nxnl1-/- mouse 

gene suggesting that it models this aspect of AMD pathophysiology 
15

. 

The PR outer segment is the principal site of photochemical damage from exposure to 

excessive light both in humans and in animal models 
45

. The daily renewal of rod and cone OSs 

has evolved to remove photo-chemically damaged macromolecules 
46

. The first visible 

alteration induced by excessive light is the disruption of the disc membranes of rod OSs 
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associated with lipid peroxidation 
47

. Subretinal injection of RdCVF in a dominant model of RP 

maintains the length of cone OSs 
12

. RdCVF does not protect rods in that model or in a second 

model of recessive RP 
10

, but the causative mutations (Rho or Pde6b) are expressed specifically 

by rods and might be dominant over any protective effect of RdCVF. Light susceptibility of the 

Nxnl1-/- mouse results from the absence of the thioredoxin RdCVFL. Using AAV2/8 vectors 

that targets photoreceptors cells, we have shown that RdCVFL is able to protect rod 

photoreceptors of the Nxnl1-/- mouse against light damage (Fig. 6C). We also show that 

although the administration of AAV2/8-RdCVF2L prevents TAU phosphorylation to the same 

extend as RdCVFL (Fig. 7) it is significantly less effective than RdCVFL in protecting rods of 

the Nxnl1-/- mouse from light damage (Fig. 6C). 

The relative absence of protection from light damage by RdCVF2L is providing insight 

into the mechanism explaining the absence of redundancy between the two genes. The CXXC 

thioredoxin active site of RdCVF2L was changed to a CXXS motif in the placental mammalian 

lineage, so that RdCVF2L is inactive as a thioredoxin 
11

. The serine residue seems to be 

important for RdCVF2L’s non-enzymatic function in placental mammals because it is strictly 

conserved in 21 placental mammalian species (Fig. S1). The absence of an active thioredoxin 

site, and hence thioredoxin activity, is most likely responsible for RdCVF2L’s inability to 

complement for RdCVFL in terms of protecting rods against light damage. The possibility that 

the activity of ectopic RdCVF2L is masked by endogenous RdCVF2L is unlikely since the 

expression of Nxnl2 is reduced in the Nxnl1 retina 
16

. Another indication of non-redundancy 

between the Nxnl1 and Nxnl2 genes in terms of photoreceptor survival is that while the ONL 

thins in an age dependant manner in the Nxnl1-/- mouse, a similar phenomenon was not 

observed in the Nxnl2-/- mouse 
15,16

. We have shown previously that the thioredoxin RdCVFL 

interacts with TAU in vitro and that TAU is phosphorylated and aggregated in the Nxnl1-/- 

retina 
19

. Our finding that RdCVF2L’s ability to inhibit TAU phosphorylation is similar to that 
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of RdCVFL suggests that preventing TAU phosphorylation in and of itself is not sufficient to 

prevent rod loss and that other unidentified targets of the thioredoxin RdCVFL remain to be 

discovered.  
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List of Abbreviations 

AAV  Adeno-associated viral vector 

AMD  Age-related macular degeneration 

ANOVA Analysis of variance 

DAPI  4',6-diamidino-2-phenylindole 

ELISA Enzyme-linked immunosorbent assay 

GO  Gene ontology 

ONH  Optic nerve head 

ONL   Outer nuclear layer 

OS  Outer segments  

PR  Photoreceptor 

RdCVF Rod-derived Cone Viability Factor 

RPE  Retinal pigmented epithelium 

ROS  Reactive oxygen species 

RP   Retinitis pigmentosa  

SEM  Standard error of the mean 

TXN   Thioredoxin 

TUNEL  Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end 

labeling
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Figure Legends 

 
Figure 1: Nxnl-/- mice are more sensitive to light than its Nxnl+/+ controls. Outer nuclear 

layer (ONL) thickness was measured in sagittal sections of the eye of Nxnl1+/+ and Nxnl1-/- 

mice,  10 dafter exposure to 0 lx, or dark reared (A, E), 1,700 lx (B, F), 2,500 lx (C, G), and 

5,000 lx (D, H) for 1 h. The spidergrams (A-D) represent measurements made along the retina. 

Light microscopy images illustrate the area with the most severe photoreceptor loss (E-H). 

Average (n = 5) and ± SEM were plotted; * p<0.05; ** p<0.01. ONH, optic nerve head. Scale 

bar, 25 µm. 

 

Figure 2: Transmission electron microscopy images show that Nxnl1-/- photoreceptors 

are more damaged than those of Nxnl1+/+ by light illumination. Retinas were prepared 24 

h after 1 h exposure to 0 and 2,500. Outer segments (OS) disorganization and cell bodies in 

outer nuclear layer (ONL) present shrunken pyknotic nuclei (arrows). After illumination, 

Nxnl1-/- OS and the cell bodies in the ONL are swollen and condensed chromatin (*) in the 

nuclei is clearly visible. Scale bar, 5 �m. The panels on the left are lower magnifications for 

both genotypes. Scale bar, 10 �m. 

 

Figure 3: Cell death is similarly induced in Nxnl1-/- and Nxnl1+/+ retinas after light 

exposure. Cell death was determined 24 h after light exposure to 0, 1,700 and 2,500 lx using 

TUNEL assays. Representative images of the TUNEL assays (A). DNAse I treated slides were 

used as a positive control (C+). DAPI staining was performed after TUNEL labeling to localize 

the nuclear layers. Quantification of nucleosome release (nucleosome enrichment factor) from 

whole retina using ELISA assays (B). Kinetics of cell death induction after 2,500 lx exposure 

were plotted with data from the nucleosome release assays (C). The results are expressed as the 

mean ± SEM * p<0.05. 
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Figure 4: The phosphorylation of TAU protein is mediated by light. Mice were raised 

under normal conditions (50 lx), dark reared (0 lx) or exposed to 2,500 of light were analyzed 

for TAU phosphorylation in the retina by western blotting using pSer202+pThr205 antibody 

AT8 (A). The quantification was made from four independent experiments (B). The data were 

normalized to the expression of cytoplasmic actin (ACTB). Results are expressed as the mean ± 

SEM, * p<0.05; ** p<0.01 using Dunnett’s test. 

 

Figure 5. Light exposure decreases RdCVFL expression.  The expression of Nxnl1 in the 

Nxnl1+/+ immediately after one hour exposure to 2,500 lx by RT-PCR (A) and western 

blotting (B). One of the eyes of each mouse was used to measure messenger RNA expression 

the second to analyze protein expression. Results are expressed as the mean ± SEM, * p<0.05. 

 

Figure 6: Treatment of the Nxnl1-/- mouse by sub-retinal injection of recombinant AAV-

RdCVFL reduces photoreceptor damage. Animals were injected in the subretinal space at 2 

months of age with AAV2/8-GFP, AAV2/8-RdCVFL or AAV2/8-RdCVF2L. One month later, 

the animals were exposed to 2,500 lx and 10 days after, ONL thickness was measured by OCT. 

Ocular fundus from a GFP-treated animal (A). in red with white light and green with 

fluorescent light. Representative images of OCT sections at 0.5 mm from the optic nerve head. 

The thickness of the ONL is indicated (B). Graphic representation of the results (C). Results 

are expressed as the mean ± SEM, * p<0.05; ** p<0.01. 

 

Figure 7: Treatment of the Nxnl1-/- mouse by sub-retinal injection of recombinant AAV-

RdCVF and AAV-RdCVF2L reduces TAU phosphorylation. Western blotting analysis of 

groups of three treated animals ten days after exposure. P-TAU, antibody AT8 which 
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recognizes phosphorylated TAU. TAU5, total TAU, ACTB, actin (A). Quantitative analysis 

(B). Results are expressed as the mean ± SEM, * p<0.05; ** p<0.01. 

 

Supplementary Figure S1: The thioredoxin active site CXXC of RdCVF2L was changed 

to a CXXS motif in the placental mammal lineage. Phylogenic representation constructed 

with 26 residues of RdCVF2L proteins centered on the thioredoxin active site CXXC using 

Clustal. The two cysteine residues are highlighted in blue and the serine residue in placental 

mammals in red. 1: Q5VZ03, 2: G1R065, 3: F7F4W5, 4: H2PSL7, 5: G3RVI9, 6: H2R6L8, 7: 

F6PZK8, 8: G1TU74, 9: G5C376, 10: D4A212, 11: E1BFN2, 12: L8IKZ1, 13: Q9D531, 14: 

H0WK68, 15: G7NEM5, 16: L5K9M3, 17: H0WB67, 18: M3WW70, 19: L9KL09, 20: 

G1L9B4, 21: M3YB03, 22: Q5PRB4, 23: Q6GQZ1, 24: G3PV59, 25: C1BXM1, 26: 

M4AGR9, 27: I3JL45, 28: H2UJI5, 29: H2LLK4, 30: B5XBV8, 31: Q4SQA3, 32: H3AX05, 

33: G3VUR6, 34: F7DSV4, 35: K7GEY5, 36: R4GHS3, 37: U3KD57, 38: R7VPE3, 39: 

H0YQB7, 40: F6QDL8, 41: G1KSP9, 42: M7C6V9. 
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