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Abstract 

Eyes shut homolog (EYS) encodes a proteoglycan and the human mutation causes retinitis 

pigmentosa type 25 (RP25) with progressive retinal degeneration. RP25 most frequently 

affects autosomal recessive RP patients with many ethnic backgrounds. Although studies 

using RP models have facilitated the development of therapeutic medications, Eys has 

been lost in rodent model animals. Here we examined the roles for Eys in the maintenance 

of photoreceptor structure and function by generating eys-null medaka fish using the 

CRISPR–Cas9 system. Medaka EYS protein was present near the connecting cilium of 

wild-type photoreceptors, while it was absent from the eys-/- retina. The mutant larvae 

exhibited a reduced visual motor response compared with wild-type. In contrast to 

reported eys-deficient zebrafish at the similar stage, no retinal cell death was detected in 

the 8-month post-hatching (8-mph) medaka eys-mutant. Immunohistochemistry showed 

a significant reduction in the length of cone outer segments (OSs), retention of OS 

proteins in the inner segments of photoreceptors, abnormal filamentous actin network at 

the base of cone OSs in the mutant retina by 8 mph. Electron microscopy revealed 

aberrant structure of calyceal processes, numerous vesiculation and lamellar interruptions, 

and autophagosomes in the eys-mutant cone photoreceptors. In situ hybridization showed 

an autophagy component gene, gabarap, was ectopically expressed in the eys-null retina. 

These results suggest eys is required for regeneration of OS, especially of cone 

photoreceptors, and transport of OS proteins by regulating actin filaments. Enhanced 

autophagy may delay the progression of retinal degeneration when lacking EYS in the 

medaka retina. 

 

Keywords  eyes shut homolog ・ eys ・ retinitis pigmentosa ・ RP25 ・ cone 

photoreceptor・autophagy 
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Introduction  

Retinitis pigmentosa (RP) is the most common genetic disease of the retina, having a 

prevalence rate of approximately 1 in 5000 worldwide (Verbakel et al. 2018; O’Neal and 

Luther 2021). The initial symptoms are night blindness and peripheral vison loss, 

followed by gradual deterioration of visual acuity, loss of electroretinogram, and 

pigmentation of the ocular fundus called the bone spicule. More than 80 genes have been 

associated with RP, which can be inherited in an autosomal recessive (ar), autosomal 

dominant, X-linked, digenic, or mitochondrial manner. 

The causal gene for RP type 25 (RP25) was identified by positional cloning (Abd El-

Aziz et al. 2008; Collin et al. 2008) and found to be a human homologous gene for 

Drosophila eye shut/spacemaker, mutants of which lack the interrhabdominal space in 

the retina (Husain et al. 2006; Zelhof et al. 2006). Epidemiological data have shown that 

one of the most frequently encountered genes responsible for arRP is EYS in Japanese 

individuals (Hosono et al. 2012; Iwanami et al. 2012; Arai et al. 2015; Yang et al. 2020; 

Numa et al. 2020), as well as in East Asians and Europeans (Ruiz et al. 1998; Khaliq et 

al. 1999; Audo et al. 2010; Huang et al. 2010; Bandah-Rozenfeld et al. 2010; Di et al. 

2016; Westin et al. 2021). The Eys gene encodes a secreted glycoprotein similar to 

proteoglycans of Agrin, Perlecan (heparan sulphate proteoglycan 2), Crumbs family 

member 1 (CRB1), and CRB2, consisting of a number of EGF-like domains and laminin 

globular domains (Haltom et al. 2014) and functioning as an extracellular matrix (ECM) 

protein (Husain et al. 2006; Zelhof et al. 2006). 

In human and other vertebrate retinas, there are photoreceptor cells called rods and 

cones. The outer segment of photoreceptors is an altered structure of the apical, ciliary 

portion of the cell, forming a stack of disks that are penetrated by opsin photopigments. 

The inner segment of photoreceptors is located between the outer segment and cell 

nucleus and is densely packed with mitochondria. It has been shown that EYS protein is 

localized to the outer segment of photoreceptors and at the boundary region between the 

inner and outer segments in pig, macaque, and human retina (Abd El-Aziz et al. 2008; Yu 

et al. 2016). 

The pathophysiology underlying RP is mostly assumed to be degeneration and ultimate 

cell death of photoreceptor cells due to mutations of the genes encoding molecules 

specifically functioning in the rod/cone photoreceptors, retinal pigment epithelial cells 

(RPE), or Muller glial cells (for review; Newton and Megaw, 2020; Wright et al., 2010). 

Although palliative treatments such as vitamin A-related, neuroprotective, and 

circulation-improving drugs have been widely advocated, there are increasing demands 

for developing novel therapies based on gene- and mutation-specific investigations. No 
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fundamental remedies, however, have been made based on studies on the pathogenesis of 

Eys mutations. 

  Since mice do not have the Eys gene (Abd El-Aziz et al. 2008), we generated a 

homozygous mutant medaka, Oryzias latipes, with a loss of function of the eys gene. The 

medaka fish has been utilized as an experimental model animal (Wittbrodt et al. 2002). 

Medaka is a distantly related teleost to zebrafish, Danio rerio, sharing its last common 

ancestor with zebrafish between 200 and 300 million years ago (Schartl et al. 2013). The 

whole genome was duplicated in the common ancestor, and medaka and zebrafish 

underwent independent evolution of the duplicated genes, resulting in different biology 

due to divergent usage or deletion of duplicated genes.  

We found that the eys-/- medaka fry exhibited a reduced visual motor response (VMR) 

immediately after hatching. The matured eys-/- retina showed retention of outer segment 

(OS) proteins in the inner segments of photoreceptors. The length of cone OSs was 

significantly reduced in the eys-deficient retina, while the thickness of rod OSs was not 

altered. In contrast to the reported zebrafish eys mutants, retinal cell death was not 

detected in the medaka eys mutant examined. Instead, the expression of a 

macroautophagy (autophagy)-related gene was ectopically induced in the outer nuclear 

layer where the nuclei of photoreceptor cells reside. Since retinal regenerative capacities 

are limited in medaka compared with zebrafish (Lust and Wittbrodt 2018), these results 

imply a different mechanism to maintain retinal integrity by escaping retinal cell death in 

medaka retina as a translational potential. 
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Results 

Generation of eys-/- medaka 

Numerous mutations in the human EYS gene have been found, and the pathophysiology 

of each mutation may be different, depending on the domains of the protein affected by 

the mutation and the types of mutations, such as missense and nonsense mutations. To 

examine the role of eys in photoreceptor maintenance, we sought to generate a null 

mutation of medaka eys using the CRISPR–Cas9 system. According to the public 

database (Ensembl), the predicted medaka EYS protein has 3018 amino acids, consisting 

of a signal peptide, 41 EGF domains/calcium binding EGF domains, and 5 laminin G 

domains in the C-terminal region (Fig. 1c). Likewise, the medaka eys gene is considered 

to comprise 51 exons, spanning 206 kb on chromosome 15 (Fig. 1d). In fact, we isolated 

several medaka eys cDNA clones ranging from full-length to shorter isoforms and 

confirmed eys expression in the medaka eye (Fig. 1a, b). Based on the eys genomic 

structure, we selected two target sequences for genome editing with the CRISPR–Cas9 

system: one in intron 1 (target 1), and the other in the coding sequence of exon 2 (target 

2) (Fig. 1e). By injecting a mixture of the two sgRNAs and Cas9 protein, we obtained F0 

medaka larvae containing eys-deleted cells, and the eys mutations were subsequently 

transmitted to the germline. Finally, we established a homozygous 930-bp deletion mutant 

of the eys gene (Fig. 1f, g). We also verified that exon 2 was deleted in the transcripts of 

eys-/- fish (Fig. 1h, i). Exon 2 normally encodes 830 nucleotides, including the initiation 

codon, and skipping this exon by genome editing resulted in no expression of the EYS 

protein (Fig. 3c, Fig. 3b as a control). We could not find obvious differences between WT 

and eys-/- medakas in general appearance including eye morphology, body length, 

swimming behaviour, and feeding behaviour. 

 

Visual motor response (VMR) showed defects in eys-mutant medaka immediately 

after hatching 

To evaluate the visual functions of eys-/- medaka as early as possible, we measured the 

VMR of the fry at one to two days post-hatching (1-2 dph) and compared it with that of 

the wild-type. VMR is an assay that captures the startle response to sudden changes in the 

light environment (dark to light, light-on response; light to dark, light-off response) as 

changes in locomotion and speed (Emran et al. 2008). Individual movements of the fry 

were recorded as images in a 48-well dish, and digitalized data were analysed. In light-

on response experiments, wild-type fry exhibited a slow response at the peak of 15 

seconds after light stimulation, while the response was significantly reduced in the case 

of eys-/- fry (Fig. 2a, Fig. S3a, b). In light-off response experiments, wild-type fry 
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exhibited an immediate response at the onset of dark and a subsequent continued response, 

while the later response was significantly reduced in eys-/- fry (Fig. 2a, Fig. S3b). Tracking 

data for the fry in the light-off response showed obviously decreased locomotion in the 

eys-/- mutant (Supplementary Movies 1, 2). These results suggested that in the absence of 

EYS, the fast startle response to changes in lightening was maintained, but the later slow 

responses were substantially disturbed, which was more obvious in a light to dark 

environment (light-off response). As we hypothesized that developmental delay in the 

retinal photoreceptors might underly defects of VMR in the eys-/- larva, the retina was 

immunostained with anti-visual pigment antibodies after verification by Western blot 

analysis (Fig. S2). We found that all eys-/- retina examined (n = 4) exhibited retention of 

photopigments except for UV opsin, mainly in the ventral region, but most of wild-type 

retina did not (Fig. 2b-s, Fig. S4). In the eys-/- cones which exhibited retention of 

photopigment proteins, formation of the outer segments was delayed (Fig. S4d-f; Fig. 

S4a-c as control).   

 

Localization of EYS protein in medaka retina 

To reveal the localization of EYS, we performed immunostaining using an antibody 

against a portion of human EYS (Fig. S1). We used an anti-EYS antibody that was 

developed against 66 amino acids of human EYS protein for EGF domains (open triangle 

in Fig. 1c; Fig. S1). The amino acid identity/similarity between medaka and human EYS 

was 56.7/68.7%, which might miss detection of a lower amount of medaka EYS in the 

retina (El-Aziz et al., 2008; Lu et al., 2016). EYS immunoreactivity exhibited a punctate 

pattern in wild-type retina, which is similar to that reported for zebrafish (Fig. 3a, b). 

Since these punctate fluorescent signals were not detected in eys-/- retina (Fig. 3c), we 

concluded that this anti-EYS antibody could detect medaka EYS protein. We next 

examined whether EYS protein was present in rods and/or cones. Coimmunostaining with 

the antibody against each photopigment and anti-EYS antibody showed that EYS was 

present at the base of UV-, green-, and red-cone OSs as well as rod OSs (Fig. 3d-g). EYS 

proteins were localized to the basal end of acetylated α-tubulin, a molecular marker for 

the ciliary microtubule axoneme (Fig. 3h, i). Higher magnification confocal microscopy 

images revealed EYS immunoreactivity of two to three short fibre-like, separate 

structures in the connecting cilium (CC) of photoreceptors (Supplementary Movies 3 and 

4). Thus, we concluded that EYS was localized to the basal end of the CC of all types of 

photoreceptors in medaka retina. 

 

No histological evidence of cell death in 8-mph eys-/- retina 
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Zebrafish eys-/- retina was reported to exhibit loss of photoreceptors at 6 months post-

fertilization (6 mpf) (Yu et al. 2016). We therefore examined the histology of medaka eys-

/- retinas at 8 mph with hematoxylin and eosin (HE) staining to observe cell death in the 

eys-mutant retina (Fig. S5a, b). However, at this stage, medaka eys-/- retinas did not show 

obvious morphological differences compared with wild-type retinas at the same stage. 

We next quantified the thickness, number, and average length of the wild-type and eys-

/- photoreceptor outer segments at 8 mph. We identified rod and cone photoreceptors by 

immunolabelling with anti-photopigment antibodies (Fig. S5c-j). We first measured the 

thickness of rod outer segments (ROS) layer in the dorsal and ventral retina from wild-

type and eys-/- medaka (Fig. S5c, d). We found that there was no significant change in the 

thickness of ROS layer between the two genotypes (Fig. 4a). Regarding the cone opsin 

outer segment (COS), we measured the number of each COS per unit area (Fig. S5k-m) 

and the average length of each COS (Fig. 4b-d). The number of COS was not significantly 

different between the two genotypes, while the average length of all types of COS was 

significantly reduced in the eys-/- ventral retina compared with wild-type. The length of 

red COS was also significantly reduced in the eys-/- dorsal retina (Fig. 4d). 

  These data suggested that at 8 mph, there was no significant change in the number of 

photoreceptors between the two genotypes and that cone-dominant reduction in the OSs 

was observed in the eys-deficient retina, more evidently in the ventral retina. Consistent 

with this observation, we could not detect TUNEL-positive cells in eys-/- or wild-type 

retinas at 8 mph, while numerous TUNEL-positive cells were detected in the retina after 

treatment with ouabain, a Na+/K+ ATPase inhibitor used as a cell death inducer (Fimbel 

et al. 2007) (not shown). Immunohistochemistry for cleaved caspase 3 did not reveal any 

positive cells in the 8-mph mutant retina, either (not shown). 

 

Retention of outer segment proteins in eys-/- photoreceptors 

Photoreceptor outer segments (OSs) regenerate daily, and nascent disks are formed at the 

base of OSs through the incorporation of molecules transported from the inner segment 

(Hsu et al. 2015; Barnes et al. 2021). Because medaka EYS was present in the vicinity of 

CC, we sought to examine whether EYS was involved in the transport of proteins to the 

OS. We visualized each medaka opsin as well as peripherin 2 (Prph2) by immunostaining. 

Normally, these proteins are transported to photoreceptor disks for their maintenance. 

Prph2 is a tetraspanning protein localized to the disk rims of all photoreceptors, while 

opsin pigments reside in the ciliary plasma membrane, OS plasma membrane, and OS 

disk lamellar membrane (a review, Goldberg et al., 2016). We found that these OS 

proteins were mislocalized in a subset of cells of the eys-/- retina (8 mph) (Fig. 5). In 
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contrast to wild-type (Fig. 5a, e, i, m), in the mutant retina (Fig. 5b, c, f, g, j, k, n, o), the 

OS proteins remained in the inner segment, cell body, or even in the basal processes, 

synaptic region of photoreceptors (arrowheads in Fig. 5). Most likely due to the difference 

in localization within the disk, retention of photopigments was more evident than that of 

Prph2 (Fig. 5g, k, o). We therefore focused on opsins to quantify the number of cells that 

exhibited their retention in the inner segments or even in the cone pedicle (Fig. 5d, h, l, 

p). In the eys-/- retina, the number of photoreceptors that impaired the transport of these 

photopigments was significantly increased. Thus, we concluded that EYS was required 

for the proper transport of these OS-resident molecules. 

 

Filamentous actin network and calyceal processes are deteriorated in eys-/- cone 

photoreceptors 

Medaka EYS protein is present near the CC, the OS base where the biogenesis of the 

disks is initiated. Recent studies have revealed that the filamentous actin (F-actin) 

network is crucial in this process (Spencer et al. 2019; Corral-Serrano et al. 2020). We 

therefore examined whether the absence of EYS influenced the F-actin structure of this 

region. Since eys-null medaka exhibited cone-dominant defects, as shown, we focused on 

cone photoreceptors. Double staining for phalloidin and cone photopigments revealed a 

transverse line of ciliary stalk F-actin (Schietroma et al. 2017) residing at the base of each 

photoreceptor OS in eys-/- as well as in wild-type (arrowheads in Fig. S6i-l). Thus, F-actin 

seemed to localize at the site of initiation of new disk (lamella) formation even in the 

absence of EYS. In contrast, actin filaments axially oriented in eys-/- cones were scarcer, 

and their arrays were irregular and randomized compared with those of wild-type cones 

(Fig. 6b, S6f, S6h; Fig. 6a, S6e, S6g as controls). This finding appeared to correlate to F-

actin bundles of the calyceal processes, which are axially oriented microvilli protruding 

from the apical region of the inner segment, forming a collar around the base of the OS 

(Brown et al. 1963; Sahly et al. 2012) (Fig. S6a, b). It is known that humans, macaques, 

pigs, Xenopus, and teleosts have this structure, while mouse photoreceptors lack calyceal 

processes (Kusmic et al. 1993; Sahly et al. 2012). We hypothesized that EYS might be 

required for the maintenance of calyceal processes in medaka photoreceptors. To test this, 

we employed scanning electron microscopy (SEM) and found that in wild-type cones, 

microvilli for calyceal processes were regularly aligned, and the distance between the 

microvilli appeared to be constant (Fig. S6c, d; Fig. 6c, d, g-j), whereas those of eys-/- 

cones were deteriorated, and the microvilli were aberrantly aligned (Fig. 6e, f, k-n). Thus, 

we concluded that the absence of EYS protein led to morphological deterioration of the 

calyceal processes and that EYS was required for their maintenance. 
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Ultrastructure of cone outer segments shows regeneration defects in the eys-/- 

We further examined the ultrastructure of cone photoreceptors, especially focusing on the 

CC and its surrounding tissues, and compared them between wild-type and eys-null 

medaka. By transmission electron microscopy (TEM), we first identified ciliary pockets 

in the wild-type medaka cone photoreceptors at 5 mph (Fig. 7a, b). In the eys-mutant, 

there were varying degrees of morphological changes. In almost normal-appearing cones 

(Fig. 7c-g), we identified ciliary pockets (Fig. 7d). Higher magnification TEM images 

showed vesiculation at the base of OS abutting the inner segment (Fig. 7e) or at the disk 

edge of the distal region (Fig. 7g) and an interrupted lamellar membrane (Fig. 7f). These 

small vesicles and the occasional lamellar interruptions in the OS were also found in some 

wild-type cones (Fig. 7a). However, in the eys-mutant, more obvious morphological 

alterations were observed (Fig. 7h): larger vesicles or loops at the disk edges (Fig. 7i) and 

numerous small vesicles in the accessory outer segments (AOS) (Fig. 7j), which were not 

observed in the wild-type AOS (Fig. 7a, b) and in those of normal-appearing cones (Fig. 

7c, d). In the most severely affected cones, numerous small vesicles and loops were 

observed in the OS, and fragmented disk-stacking of OS was observed (Fig. 7k, l). Based 

on these TEM observations, we classified the morphological phenotypes of cone 

photoreceptors in the wild-type and eys-deficient retinas into three categories, finding that 

eys-deficient cone photoreceptors were significantly disrupted compared with wild-type 

photoreceptors (Fig. 7m). These data showed that EYS was indispensable for the 

maintenance of cone photoreceptors, especially for the morphological integrity of their 

OSs. 

 

Decreased expression of photoreceptor-specific/eys-related genes verifies retinal 

defects in the eys-deficient retina 

To support the above morphological changes in the eys-null retina, we examined the 

mRNA expression levels of each photoreceptor-specific phototransduction cascade gene 

(Larhammar et al. 2009), such as gnat, pde6, and grk using the primers listed in Table S3 

(Fig. S7a). Accordingly, the expression levels of grk1a, a rod-specific gene, and pde6c, a 

cone-specific gene, were significantly decreased in the eys-/- retina at 8 mph compared 

with the wild-type retina. These results implied that even without an obvious 

morphological deterioration of rod photoreceptors by 8 mph, a functional decline in G 

protein-coupled receptor kinase activity was emerging in the eys-deficient retina. 

We further examined the mRNA expression levels of known EYS-related molecules 

and EYS-interacting proteins to determine the effects of the absence of eys expression in 
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the retina (Fig. S7b, Table S3). As mentioned, EYS consists of repeated EGF and laminin 

G domains (Fig. 1c). Structurally similar proteins include agrin, heparan sulphate 

proteoglycan 2, and EGF-like fibronectin type III laminin G domains encoded by agrn, 

hspg2, and egflam, respectively. We also examined crumb (crb) homologues, which 

encode a transmembrane protein, partly resembling EYS. qPCR analysis showed that the 

relative mRNA levels of agrn and crb1a were significantly decreased compared with 

those of wild type (Fig. S7b). Regarding EYS-interacting proteins, we examined the 

expression of Prominins, a possible transient interaction partner of EYS. There are three 

prominin homologues, prom1a, prom1b, and prom2 in medaka. None of these prom genes 

exhibited significantly altered expression in the eys-mutant retina compared with the 

wild-type retina, (Fig. S7b). Thus, the gene expression of eys-related genes, encoding 

proteoglycans, was not upregulated to compensate for the absence of EYS; instead, 

decreased expression of grk1a, pde6c, agrn, and crb1a verified a certain degree of defects 

in photoreceptors of eys-/- medaka at 8 mph. 

 

The expression of an autophagy-related gene is ectopically induced in eys-null 

photoreceptors 

Since we could not histologically detect obvious cell death, we tested the mRNA 

expression levels of oxidative stress-responsive genes and apoptosis- or autophagy-

related genes (Fig. S7c, d, Table S3). Excluding a significant downregulation of sod1 

(superoxide dismutase 1), the genes examined showed significant alterations in their 

expression levels in eys-deficient whole retinas at 8 mph compared with wild-type retinas. 

We next determined the mRNA localization of bax (bcl-2-associated x) (proapoptotic), 

bcl2 (b-cell lymphoma 2) (anti-apoptotic), mlkl (mixed lineage kinase domain like) 

(necroptosis), and gabarap (gaba type a receptor-associated protein) (autophagy)(for 

review, Nakamura and Yoshimori, 2017; Schaaf et al., 2016; Yamamoto and Mizushima, 

2021) in the 4 mph retina of eys-/- and wild-type fishes by in situ hybridization (Fig. 8a-

d, S8). Interestingly, we found that a considerable amount of mRNA expression for these 

genes was diffusely observed even in the wild-type retina at this stage, indicating that 

remodelling of retinal cells occurs in the normal medaka (Fig. S8a, b for bax). 

Additionally, the expression of gabarap was ectopically induced in the outer nuclear layer, 

where photoreceptor cell nuclei are localized, only in the eys-mutant medaka (Fig. 8a, b). 

Furthermore, TEM revealed many double-membraned structures and autophagosomes in 

the inner segments of eys-deficient photoreceptors (Fig. 8f, h), while no such organelles 

were detected in wild-type photoreceptors (Fig. 8e, g). These data suggested that the 

autophagy system was likely to be activated in the photoreceptors of eys-deficient retinas.  
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Discussion 

This study shows medaka EYS protein is localized near the connecting cilia (CC) (Fig.  

9). In eys-/- cone photoreceptors, protein transport to the outer segment (OS) is impaired, 

actin filament networks and calyceal processes are disorganized, and ultrastructure of the 

OS is disturbed, leading to reduced expression of phototransduction cascade genes and 

upregulation of autophagy-related genes. By eliminating OS proteins that have 

accumulated due to the protein transport defects, autophagy is thought to alleviate cellular 

stress and prevent cell death.  

To elucidate the pathogenesis of retinal degeneration caused by EYS mutations, we 

used medaka, an experimental model fish that is evolutionally distant from zebrafish. Our 

eys-/- medaka mutant and zebrafish (Yu et al. 2016; Lu et al. 2017; Messchaert et al. 2018) 

exhibit cone dominant phenotypes, while human EYS-mutated patients not often display 

cone-rod dystrophy (Katagiri et al. 2014; Pierrache et al. 2019). There are several 

explanations for this. Immunohistochemistry has shown that EYS localizes to the OSs of 

rods and cones in the primate retina (Abd El-Aziz et al. 2008; Yu et al. 2016), while EYS 

is detected only in the CC region of both photoreceptors in fish. The difference in the 

localization of EYS may reflect functional differences in EYS in mammals and fish. 

Another possibility is that loss-of-function mutations in the EYS gene may primarily 

result in cone dominant phenotypes and that neomorphic mutations in EYS may lead to 

rod dominant phenotypes. Numerous types of human EYS mutations have been reported:  

for example, a hypomorphic variant was recently reported (Garcia-Delgado et al., 2021, 

for a review; Nishiguchi et al., 2021). Thus, the pathogenesis of RP25 seems to be 

multifaceted, including defects in interactions with other extracellular substrates by a 

shortened EYS. Also, since identical genotypes can cause both RP and cone-rod 

dystrophy in the case of human patients, the presence of certain modifier genes has been 

postulated (Katagiri et al. 2014; Pierrache et al. 2019). The eys-null medaka that we have 

developed does not express EYS protein in the retina due to disruption of the start codon. 

This medaka will help to identify interacting molecules of EYS that are crucial to the 

identification of certain medical interventions for eys-associated disease. 

  The Drosophila orthologue of EYS, eyes shut/spacemaker, is an interrhabdomeral 

secreted protein, and also localizes to the cell surface when cotransfected with prominin 

(Prom) (Zelhof et al. 2006; Nie et al. 2012). Thus, Prom is regarded as a possible transient 

interaction partner for EYS. In Xenopus, the Prom1-null mutant exhibits severe 

dysmorphic cone photoreceptors (Carr et al. 2021). Xenopus Prom1 is more 

predominantly localized to cone OS (COS) than rod OS (ROS) (Han et al. 2012). This 

localization pattern of Prom1, if true in fish, may explain why eys-null fish show a cone-
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dominant phenotype. Consistently, in the zebrafish prom1b-null mutant, cones degenerate 

earlier than rods (Lu et al. 2019). Thus, interaction with PROM may also relate to a cone-

dominant role of EYS in fish.  

The visual motor response (VMR) to light-on and light-off stimulations as early as 1 

to 2 dph was significantly impaired in the mutant larva, reflecting its developmental delay 

in the ventral retina. VMR has been used to evaluate visual functions in zebrafish 

exhibiting retinal degeneration (Zhang et al. 2016; for a review, Ganzen et al. 2017). It 

has been reported that a zebrafish eys-mutant exhibits reduced VMR in the light-on 

response (Messchaert et al. 2018). They focused on the light-on response because the 

light-off response in zebrafish is driven not only by retinal photoreceptors but also by 

brain photoreceptors (Fernandes et al. 2012; Ganzen et al. 2017). We showed that the 

transition from dark to light did not induce an immediate response but a slow, transient 

increase in activity over approximately 15 seconds in wild-type medaka. The light-off 

response was more immediate and greater than the light-on response and showed 

sustained activity. These VMR response patterns in medaka differ from those of zebrafish, 

which show a clear activity peak immediately at the time of light-on and -off (Carter et 

al., 2020; Liu et al., 2015; Messchaert et al., 2018). Although these differences should be 

further pursued using the same platform, the VMR is useful to detect and screen visual 

defects for larval medaka.  

We identified finer images of medaka EYS protein showing two to three short fibre-

like, separate structures in the CC resembling transition zone proteins as recently reported 

(Shi et al. 2017). The CC region of PRs includes the machinery for protein transport to 

the outer segment, which is indispensable for the daily renewal of outer segment disks 

(for review, Barnes et al., 2021). Retention of OS proteins in eys-/- medaka retina suggests 

crucial roles for EYS in this system. It is thus reasonable to observe degenerating cone 

OSs as revealed by electron microscopy in this region of eys-deficient retina, leading to 

decreased transcription of PR/eys-related genes. The significant reduction in cone OS 

length in the ventral retina is likely due to a greater level of external light from the 

overhead direction (Zhang et al. 2008). 

It has been shown that calyceal processes control the sizing of rod disks and cone 

lamellae throughout their daily renewal in Xenopus (Schietroma et al. 2017). Our study 

showed that calyceal process F-actin was reduced and misaligned in the absence of EYS. 

Thus, medaka EYS in the CC region likely plays a role in regulating OS daily renewal by 

preserving the integrity of calyceal processes. Since calyceal processes are surrounded by 

ECM and secreted EYS likely occupies their extracellular space, it is conceivable that 

EYS nourishes the calyceal processes. Prom was originally found to be present in 
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microvilli of epithelial cells and plasma membrane protrusions of nonepithelial cells 

(Weigmann et al. 1997). A recent study showed that a component of calyceal processes is 

located in a position external to Prom1 in the macaque retina (Verschueren et al. 2022). 

Thus, medaka EYS may maintain the calyceal processes via Prom1.  

  PR cell death could not be histologically identified in this study at 8 mph. Instead, the 

eys mutant showed upregulation of gabarap in the outer nuclear layer. GABARAP 

belongs to the ATG8 family, autophagy-related ubiquitin-like proteins consisting of 8 

members in medaka. Autophagy (macroautophagy) is an evolutionally conserved 

cytoplasmic degradation system in which cytoplasmic materials are sequestered by 

double-membraned vesicles and autophagosomes, and then fused to lysosomes for 

degradation (for review, Nakamura et al., 2022). The autophagy system is accelerated in 

the photoreceptor cells of eys-/- medaka, as we observed autophagosomes by TEM only 

in the mutant retina. Since ATG8 family proteins remains associated with 

autophagosomes, they have been utilized to monitor the formation of autophagosomes 

(Kabeya et al. 2004). Recent studies have revealed that there are differences in 

localization and functions among each ATG8 family protein, having functions of related 

and unrelated to autophagy (for review, Nakamura et al., 2022; Schaaf et al., 2016). Our 

study showed that all of ATG8 family members were transcribed in the adult medaka 

retina and eye, suggesting their roles in the medaka normal retina and in its pathological 

conditions. 

In the eye, autophagy is involved in light-induced degradation of misfolded proteins, 

which prevents PR cell death in normal retinas (Chen et al. 2013; Wen et al. 2019) and  

regulates the F-actin network (Tang et al. 2013; Yamamoto et al. 2021). The activated 

autophagy system in eys-/- medaka retina may ameliorate PR degeneration and delay PR 

death. Medaka retina displays limited regenerative potential after retinal injury compared 

with zebrafish (Lust and Wittbrodt 2018). Hence, the medaka retina may have a very 

different system to escape or delay retinal cell death, such as augmentation of the 

autophagy system to support photoreceptor survival, which should be examined in detail 

in a subsequent study. 
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Materials and methods 

Animals 

The medaka fish (Oryzias latipes) strain d-rR was maintained and bred at Okayama 

University. The fish were kept under a light/dark cycle of 14/10 h at 26 ± 1 °C. Sexually 

mature fish in the light period, 4–10 h after light-on, were used for histological analysis. 

The light intensity was 2000 lux. The average body lengths of the WT and eys-/- fish used 

were 2.84 ± 0.19 mm (mean ± standard deviation (s.d.), n = 18) and 2.73 ± 0.20 mm 

(mean ± s.d., n = 24), respectively, which were not significantly different (P=0.083, 

unpaired two-tailed Student’s t test). The fish were euthanized using 0.04% tricaine 

methanesulfonate and immediately decapitated thereafter. The use of animals in these 

experiments was in accordance with guidelines established by the Ministry of Education, 

Culture, Sports, Science and Technology of Japan. 

 

Synthesis of single-guide RNA 

Target sites for genome editing were chosen using the web tool CRISPRdirect 

(https://crispr.dbcls.jp/) to minimize the possibility of off-site cleavage (Naito et al. 2015). 

The 12-mer nucleotides in the 3′ region, adjacent to the PAM, of the two chosen target 

sequences were only found at the on-target sites in the medaka genome. Single-guide 

RNAs (sgRNAs) were synthesized as follows. First, PCR was performed using the DNA 

oligo containing the T7 promoter sequence, the 20-base target sequence, and the 5’-edge 

of the sgRNA scaffold and reverse complement primer of the 3’-side of the sgRNA 

scaffold using the DNA oligo of the sgRNA scaffold sequence as a template. The PCR 

product was purified by ethanol precipitation with ammonium acetate. Transcription of 

the sgRNAs was performed using Thermo T7 polymerase (TOYOBO, #TRL-201). The 

synthesized sgRNA was purified by ethanol precipitation with ammonium acetate. The 

precipitated RNA was finally dissolved in nuclease-free duplex buffer (Integrated DNA 

Technologies, #11-01-03-01). The oligo sequences used for sgRNA synthesis are listed 

in Table S2. 

 

Microinjections 

Fertilized medaka eggs were collected after natural spawning. Embryos at the one- or 

two-cell stage were injected with the mixture (21.9 μM of sgRNA for target1, 18.2 μM 

sgRNA for target2, 5.4 μM SpCas9 protein, 0.05% phenol red) using an Eppendorf 

microinjector 5242. The injection volume was adjusted to be comparable to the apparent 

size of the oil droplets. 
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Genotyping and RNA expression analysis 

Genomic DNA was extracted from embryos at 4-6 dpf or caudal fin tissue from adult 

medaka. The egg chorion was broken by the micropipette tip end. The tissue was 

incubated in 50 μl of 50 mM NaOH at 95 °C for 10 minutes and neutralized by the 

addition of Tris-HCl. Then, 0.5 μl of the lysed samples was used as the PCR template. 

One microlitre each of 2 μM forward and reverse primers (see Table S2) and 2.5 μl of 

EmeraldAmp Max PCR Master Mix (Takara, RR320A) were combined. Samples were 

denatured at 95 °C for 3 minutes followed by 35 cycles of amplification consisting of 30 

seconds each at 95, 60 and 72 °C. The samples were separated by agarose gel 

electrophoresis. To examine the edited genomic sequence, PCR products were sequenced 

directly. 

To examine mRNA transcribed from the edited eys genomic locus, total RNA was 

extracted from the eye by NucleoZOL (Macherey-Nagel, # 740404.200) according to the 

manufacturer’s instructions. Genomic DNA was removed using the AccuRT Genomic 

DNA Removal Kit (Applied Biological Materials, #G488). Total RNA was denatured by 

heating at 65 °C for 5 minutes followed by quick cooling on ice in the presence of random 

primer dN15. Reverse transcription was performed at 30 °C for 10 minutes and 42 °C for 

60 minutes with 2 µM random primer dN15, 0.32 µg/µL MMLV RT, 1.6 U/µL RNase 

inhibitor (Takara, #2313A), 1 mM dNTP mix (NEB, #N0447S), 50 mM Tris-HCl (pH 

8.0), 75 mM KCl, 8 mM MgCl2, and 10 mM DTT. After the reaction, MMLV RT was 

denatured by heating at 95 °C for 5 minutes. The RT minus control was prepared as 

described above by omitting MMLV RT from the reaction. A total of 0.5 μl of 10-fold 

diluted reaction mixture was used as the PCR template. One microlitre each of 2 μM 

forward and reverse primers (see Table S2) and 2.5 μl PrimeSTAR Max PCR Master Mix 

(Takara, #R045A) were mixed. Samples were amplified by 35 cycles of 10 seconds at 

98 °C, 5 seconds at 60 °C and 5 seconds at 72 °C. The samples were separated by agarose 

gel electrophoresis. PCR products were ligated into EcoRV-digested pBluescript II KS+ 

(Staratagene). After colony-directed PCR was performed with T7 and T3 primers, the 

PCR product was sequenced. To alleviate off-target defects, backcrossing the G0 mutant 

to WT was once performed. 

 

Identification of the full-length coding region of medaka eys 

The first-strand cDNA was prepared using the same method as that used to examine 

mRNA transcribed from the edited eys genomic locus, except that dT23VN was used as a 

primer and that 10 minutes of incubation at 30 °C was omitted. A total of 1 μl of 10-fold 

diluted RT reaction mixture was used as the PCR template. The PCR mixture contained 
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0.4 U KOD FX Neo polymerase (TOYOBO, #KFX-201), 1x PCR Buffer for KOD FX 

Neo, 0.4 mM (each) dNTP mix, and 0.25 µM each of forward and reverse primers. 

Samples were amplified by a single denaturing step of 2 minutes at 94 °C and 35 cycles 

of 10 seconds at 98 °C and 330 seconds at 68 °C. The samples were separated by agarose 

gel electrophoresis. After gel extraction of the 8-10-kb region, it was used as a template 

for nested PCR. The PCR conditions for nested PCR were the same as those for the 1st 

PCR except for the template and primers. The nested PCR samples were purified by a 

FastGene Gel/PCR Extraction Kit (Nippon genetics, FG-91302), digested with NotI, and 

ligated to the pJAZZ OC NotI vector using the BigEasy v2.0 Linear Cloning System 

(Lucigen, #43024-1). Colonies were picked and cultured in LB medium. Cells were 

collected by centrifugation, and plasmids were extracted using a FastGene Plasmid Mini 

Kit (Nippon gene, FG-90502). The presence or absence of the insert was confirmed by 

electrophoresis of NotI-digested plasmids. The isolated full-length coding region of eys 

cDNA was sequenced using the primers listed in Table S2. 

 

Immunofluorescence 

After the eyes were dissected from adult medaka, they were fixed overnight in 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4 °C. The tissues were 

subsequently immersed in 20% sucrose in PBS overnight for cryoprotection and were 

frozen in OCT compound (Tissue Tek; Sakura Finetek, Tokyo, Japan) in a deep freezer at 

−80 °C. Frozen tissues were sliced into 16-μm sections and attached to glass slides 

(CREST-coated glass slide; Matsunami Glass, Osaka, Japan). These glass slides were 

stored at −20 °C until use. For better visualization of the photoreceptor outer segment 

by bleaching melanin, the sections were irradiated with white light (50000 lux) in 0.3% 

H2O2, 40% methanol, and 60% PBS at RT for 12 hours (Korytowski and Sarna 1990) 

except for the case of phalloidin staining, which is incompatible with this bleaching 

procedure. This procedure also removes endogenous peroxidase activity. The sections 

were blocked with 1% bovine serum albumin (BSA) in PBS containing 0.1% Triton X-

100 (PBSTx) at RT for 30 minutes in a humidified chamber. The following primary 

antibodies were diluted with IMMUNO SHOT immunostaining-Fine (Cosmo Bio) and 

applied to slides overnight at 4 °C. After washing with PBSTx, the slides were incubated 

with the appropriate secondary antibodies diluted with PBSTx containing 1% BSA for 1 

hour at RT in a humidified chamber. F-actin was stained with 1.67 ug/ml TRITC-

phalloidin (Fluka, 77418). For visualization of the nuclei, the sections were 

counterstained with 1 μg/ml Hoechst 33342. After washing with PBSTx three times, the 
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sections were coverslipped with VECTASHIELD Vibrance Antifade mounting medium 

(Vector Laboratories, H-1700) for phalloidin staining or with homemade mounting 

medium containing polyvinyl alcohol and glycerol for others. The antibodies used in this 

study and the dilution factors are summarized in Table S1. 

 

Confocal fluorescence microscopy 

Confocal fluorescence images excluding those shown in Figure 3h and i were collected 

with a Carl Zeiss LSM 780 laser scanning confocal microscope system with 405, 488, 

and 561-nm laser lines. Figure 3h and i were imaged on a Leica Stellaris 8 confocal 

microscope and were processed with Leica LIGHTNING deconvolution software. 

Brightness and contrast adjustments were performed for some images, and image 

manipulation was performed using a ZEN 2012 SP1 black edition or Leica Application 

Suite X 4.2.1.23810. Confocal z-stack images were acquired at 0.660-μm intervals for a 

total depth of 8.58 μm (Fig. 2b, i, k), at 0.660-μm intervals for a total depth of 7.26 μm 

(Fig. 2c), at 0.660-μm intervals for a total depth of 6.60 μm (Fig. 2d, j), at 0.647-μm 

intervals for a total depth of 7.77 μm (Fig. 2e), at 0.540-μm intervals for a total depth of 

9.72 μm (Fig. 2f-h), at 0.647-μm intervals for a total depth of 5.83 μm (Fig. 2l), at 0.540-

μm intervals for a total depth of 8.64 μm (Fig. 2m), at 0.540-μm intervals for a total depth 

of 8.10 μm (Fig. 2n), at 0.554-μm intervals for a total depth of 10.53 μm (Fig. 2o), at 

0.660-μm intervals for a total depth of 5.28 μm (Fig. 3a), at 0.525-μm intervals for a total 

depth of 8.41 μm (Fig. 3b), at 0.525-μm intervals for a total depth of 6.31 μm (Fig. 3c), 

at 0.638-μm intervals for a total depth of 5.74 μm (Fig. 5a), at 0.638-μm intervals for a 

total depth of 7.66 μm (Fig. 5b), at 0.547-μm intervals for a total depth of 10.94 μm (Fig. 

5e), at 0.525-μm intervals for a total depth of 8.93 μm (Fig. 5f), at 0.638-μm intervals for 

a total depth of 7.65 μm (Fig. 5i), at 0.525-μm intervals for a total depth of 6.31 μm (Fig. 

5j), at 0.638-μm intervals for a total depth of 8.29 μm (Fig. 5m), at 0.647-μm intervals 

for a total depth of 11.01 μm (Fig. 5n), at 0.530-μm intervals for a total depth of 11.13 

μm (Fig. 6a), or at 0.530-μm intervals for a total depth of 9.54 μm (Fig. 6b). 

 

Scanning electron microscopy 

For scanning electron microscopy (Hodel et al. 2014), the dissected eyes were fixed 

overnight in 2% PFA and 2% glutaraldehyde (GA) in 0.1 M phosphate buffer (pH 7.4) 

(PB) at 4 °C, washed with PB, and postfixed with 2% osmium tetroxide for 90 minutes 

at RT. After washing with PB, the tissues were dehydrated by a series of ascending ethanol 

solutions (30, 50, 70, 90 and 2 x 100%) for 10, 10, 10, 30, 30 and 30 minutes. Dehydrated 

tissues were immersed in t-butyl alcohol for 30 minutes and freeze-dried with EIKO ID-
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2. The dried samples were cracked with a razor blade to expose the photoreceptor layer 

and mounted on the aluminium sample stage. The sample surface was coated with 

osmium using HPC-1SW (Vacuum device). Then, the samples were analysed with a 

Hitachi S-4800 scanning electron microscope. 

 

Transmission electron microscopy 

For transmission electron microscopy (Habuta et al. 2020), the dissected eyes were fixed 

overnight in 2% PFA and 2% GA in 0.1 M cacodylate buffer at 4 °C, washed, and 

postfixed with 2% osmium tetroxide for 90 minutes at RT. After dehydration in an 

ascending series of ethanol, the samples were embedded in resin. Ultrathin sections (80 

nm) were cut with an ultramicrotome Reichert UltraCut S, stained with 2% uranyl acetate 

and lead solution, and examined with a Hitachi H7650 transmission electron microscope. 

 

Visual motor response of larval fish 

Locomotor activity in response to light-dark conditions, also known as visual motor 

response (VMR), was analysed using the DIY behaviour trace system constructed 

according to Zhou et al. (2014). Collected eggs were incubated in dechlorinated tap water 

supplemented with 0.5 mg/L methylene blue at 27 ± 1 °C. Dead eggs were discarded daily. 

Behavioural tests were carried out at 1 or 2 dph. Larvae were transferred to a 48-well 

plate filled with 300 μl dechlorinated tap water. LED arrays for white light illumination 

and infrared LEDs for video recording were placed below the plate. The images were 

acquired using an industrial monochromatic camera (IDS, UI-3060CP-M-GL Rev.2) 

placed above the plate and ImageJ with the HF_IDS_Cam plugin (Pasqualin et al. 2018). 

Only infrared light was recorded by cutting visible wavelength light through a longpass 

filter (Fujifilm, IR86). The protocol consisted of alternating periods of 30 minutes dark 

and 30 minutes bright light (3500 ± 360 lux) in a total of 5 cycles. Videos were recorded 

for 45 sec before and 90 sec after the change in light conditions. Data analysis was 

performed using ImageJ (Schneider et al. 2012). After subtraction of background and 

binarization of images, locomotion of larvae was tracked by the wrMTrck plugin 

(Nussbaum-Krammer et al. 2015). Statistical analysis of the locomotor activities of 

medaka larva was performed according to the method applied to zebrafish VMR (Liu et 

al. 2015). 

 

In situ hybridization 

In situ hybridization for bcl2, bax, mlkl and gabarap was performed according to the 

protocol described by Sato et al., 2021. 
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Statistical analysis 

Statistical analyses were performed using Igor Pro 9.00 64-bit (WaveMetrics). 
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Figures 

 

Fig. 1 Identification of full-length medaka eys transcript and generation of eys knockout 

medaka. a Amplification and isolation of the full-length coding region of medaka eys 

cDNA. A single DNA band was detected at the expected size (9 kbp) by agarose gel 

electrophoresis after RT–PCR, nested PCR and NotI digestion. b Representative plasmid 

clone with or without insertion of eys cDNA. Plasmids were electrophoresed after 

digestion by NotI. Black arrowheads indicate the size of the digested fragment of the 

pJAZZ OC vector. The magenta arrowhead indicates the position of inserted eys cDNA. 

c Domain structure of medaka EYS protein. Medaka EYS is predicted to consist of the 

N-terminal signal peptide, 41 EGF-like domains and five laminin G domains. The open 

triangle indicates the position of the sequence homologous to the epitope of the anti-EYS 

antibody (EYS/RP25 Antibody, Novus Biologicals #NBP1-90038) (1239-1305 a.a.). 

Among three fully sequenced clones, one corresponds to the full sequence of medaka eys 
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(upper one). The amino acid sequences of the remaining two clones are truncated at 

premature stop codons that appear due to internal deletions or insertions (lower two). d  

Gene structure of medaka eys. Black boxes and black lines between boxes indicate exons 

and introns, respectively. The medaka eys gene comprises 51 exons. The thick black bar 

under the 5’ region indicates the region containing exons 1-4 enlarged in Panel e. e  

Targeted positions by Cas9 guide RNAs. Open and filled boxes indicate untranslated and 

coding regions in exons, respectively. The targeted sequence positions of guide RNAs are 

indicated by scissor symbols. Open and filled triangles indicate the positions of primers 

for genomic PCR shown in Panel C and RT–PCR shown in Panel E, respectively. f 

Representative genomic PCR results of eys-/-, eys+/-, and wild-type (WT) medaka. g 

Sanger sequencing of the genomic region containing a deletion. In the WT sequence, 

nucleotides in introns and exons are lettered in lowercase and uppercase letters, 

respectively. The sequencing result for eys-/- shows deletion of 930 bp over intron 1 and 

exon 2 indicated by grey letters in WT. h Validation of eys transcripts by RT–PCR using 

RNA from eyes of WT and eys-/- medaka. Forward and reverse primers were designed in 

exons 1 and 4, respectively. i Sanger sequencing of the RT–PCR product of eys-/-. In the 

WT sequence, the sequences corresponding to exons 1 and 3 are underlined. The 

sequencing result for the eys-/- transcript shows a deletion of 830 bp in exon 2, indicated 

by grey letters for WT 
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Fig. 2 Abnormalities of photoreceptor organization and response to light in WT and eys-

/- medaka larvae. a Visual motor responses in WT and eys-/- medaka. Light-on and light-

off visual motor response (VMR) of 1 or 2 dph medaka placed in each well of a 48-well 

plate. Their behaviour was tracked by turning a white light (~3500 lux) on and off 5 times 

every 30 minutes. The third record of the light-on and light-off trials is shown as 

representative. The distance of movement per second was plotted against time for 30 

seconds before and 45 seconds after light alteration (t = 0). Solid traces and shadings 
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indicate the mean ± standard error of the mean (s.e.m.) (n = 84 for WT, n = 80 for eys-/-). 

Traces of WT and eys-/- medaka are shown in black and magenta, respectively. P values 

were estimated by Hotelling's T-squared test. b-s Immunofluorescence staining with anti-

visual pigment (green) antibodies of WT (b-h) and eys-/- (i-o) retinas at 1 dph. Panels f-h 

and m-o show enlarged views of the region indicated by rectangles in panels b, d, e, i, k, 

and l. The arrowheads indicate photoreceptor cells exhibiting mislocalized visual 

pigments. All sections were counterstained with Hoechst 33342 (blue). All images in this 

figure are maximum intensity projections of the z-stack. p The thickness of ONL in the 

fundus near the posterior pole. The thickness of ONL was estimated based on the 

fluorescence of Hoechst 33342. q-s The number of photoreceptor cells exhibiting 

mislocalization of rhodopsin (q), green cone pigment (r), or red cone pigment (s) in the 

cell body or synaptic terminal. Data in panels p-s are shown as the means ± standard 

deviation (s.d.) (n = 4). P values were calculated by unpaired two-tailed Student’s t test. 

Red open circles indicate values from individual samples. GCL, ganglion cell layer; INL, 

inner nuclear layer; ONL, outer nuclear layer. Scale bar: 50 μm in b for b-e and i-l; 20 

μm in f for f-h and m-o 
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Fig. 3 Immunofluorescent characterization of EYS protein in medaka retina. a Overall 

view of retinal layer structure of the WT adult medaka stained with anti-EYS (green) and 

anti-rhodopsin (magenta). Dotted lines indicate the rod outer segments (ROS), ellipsoid 

part of rod inner segments (RIS), cone outer segments (COS), and cone inner segments 

(CIS) are present, respectively. b, c Comparative immunostaining of retinas from WT (b) 

and eys-/- (c) medaka at 8 mph with anti-EYS (green) and anti-rhodopsin (magenta) 

antibodies. EYS shows punctate immunoreactivities at the basal region of the rod and 

cone outer segments in WT. Those immunoreactivities are absent in the eys-/- retina. Cell 

nuclei were counterstained with Hoechst 33342 (blue). d-i Double immunofluorescent 

staining with anti-rhodopsin (d), anti-UV cone (e), Rho4D2 antibody (staining medaka 

green cone) (f), anti-red cone (g), and anti-acetylated α-tubulin (h, i) in addition to anti-

EYS. The basal regions of the rod and cone are shown in panels h and i, respectively. 

Retinas from WT 8-mph medaka were stained. Single optical sections are shown in panels 

d-i. White arrowheads indicate the EYS immunoreactivity. Faint green puncta in panel h 

that are not indicated by arrowheads are noise. GCL, ganglion cell layer; IPL, inner 

plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear 

layer; RPE, retinal pigment epithelium. Scale bar: 20 μm in a; b: 10 μm in b for b and c; 

2 μm in d for d-i 
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Fig. 4 Outer segment length in WT and eys-/- medaka retina. a The thickness of the rod 

outer segment (ROS) layer was estimated based on the rhodopsin immunoreactive region 

in the retina (Figure S4). b-d Averaged lengths of outer segments of UV (b), green (c), 

and red (d) cone photoreceptors were measured and estimated based on the cone visual 

pigment immunoreactivities (Fig. S4). All data were obtained from 8-mph medakas. The 

dorsal to central and ventral to central regions were separately analysed. Data are 

indicated as the means ± s.d. (n = 7). Red open circles indicate individual values. P values 

were estimated by the unpaired two-tailed Student’s t test 
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Fig. 5 Mislocalization of outer segment proteins in eys-/- medaka retina. a-c, e-g, i-k, m-

o Double immunofluorescent staining using anti-peripherin2 (green) and anti-visual 

pigment (magenta) antibodies of WT (a, e, i, m) and eys-/- (b, c, f, g, j, k, n, o) retinas at 

8 mph. Panels c, g, k and o show enlarged views of the photoreceptor cell exhibiting 

mislocalized peripherin2 and visual pigments. Peripherin2 only (left panels), visual 

pigment only (centre panels), and the merged view (right panels) are shown. The 

arrowheads indicate the mislocalized immunoreactivities of peripherin2 alone or with 

visual pigments. d, h, l, p The number of photoreceptor cells exhibiting mislocalized 

visual pigment immunoreactivity in the cell body or synaptic terminal. Data are shown as 

the means ± s.d. (n = 7). P values were estimated by unpaired two-tailed Student’s t test. 

Red open circles indicate individual values. Cell counting was performed with anti-

rhodopsin (a-d), anti-UV cone (e-h), Rho4D2 (i-l), and anti-red cone antibodies (m-p). 

All sections were counterstained with Hoechst 33342 (blue). All images in this figure are 

maximum intensity projections of the z-stack. Scale bar: 20 μm in a for a, b, e, f, i, j, m 

and n; 10 μm in c for c, g, k and o   
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Fig. 6 Disruption of the F-actin arrangement in eys-/- medaka retina. a, b Fluorescent 

staining by TRITC-phalloidin (green) and anti-red cone visual pigment antibody 

(magenta) of WT (a) and eys-/- (b) retinas at 8 mph. The left panels show the maximum 

intensity projection of the z-stack. The right panels show the single optical section in the 

blue rectangle with the xz- (in green rectangle) and xy-orthogonal (in red rectangle) 

projection at the level of green and red lines, respectively. Cell nuclei in panels a and b 

were counterstained with Hoechst 33342 (blue). c-f Scanning electron microscopy 

imaging of cone photoreceptors in WT (c, d) and eys-/- (e, f) medaka retinas. IS, inner 

segment; OS, outer segment; RPE, retinal pigment epithelial cell. Scale bar a: 10 μm in 

a for a and b; 5 μm in c for c-f; 1 μm in g for g-n 
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Fig. 7 Ultrastructural analysis of the photoreceptor outer segment in WT and eys-/- medaka 

retinas. a Transmission electron microscopy (TEM) imaging of cone photoreceptors of 

WT medaka. The rectangle indicates the region enlarged in panel b. b Enlarged view of 

the region near the connecting cilia. The arrow indicates the ciliary pocket. c TEM 

imaging of cone photoreceptors of eys-/- medaka. Rectangles indicate the regions enlarged 

in panels d-g. d Enlarged view of the region near the connecting cilia. The arrow indicates 

the ciliary pocket. e Abnormal vesicles in the outer segment of the proximal region 

(arrowheads). f Interrupted lamellar membrane in the outer segment (arrowhead). g 
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Abnormal small vesicles in the outer segment of the distal region (arrowheads). h TEM 

imaging of moderately damaged cone photoreceptors of eys-/- medaka. Rectangles 

indicate the regions enlarged in panels i and j. i Disturbance of the uniform lamellar 

membrane structure by the abnormal vesicles (arrowheads). j Infiltration of the vesicles 

(arrowheads) into the accessary cone. k TEM imaging of severely damaged cone 

photoreceptors of eys-/- medaka. The rectangle indicates the region enlarged in panel l. l 

The outer segment of this cone photoreceptor is nearly completely destroyed by the 

infiltration of abnormal vesicles. Only a small amount of the lamellar structure remains. 

m Based on the region of normal lamellar morphology, photoreceptors were classified 

into three classes: normal morphology (>97% uniform lamellar structure), mildly 

damaged (50-97% uniform lamellar structure), and severely damaged (≦50% uniform 

lamellar structure). Based on the counting of these photoreceptors from four individual 

fish for WT and eys KO, the mean fraction of each class and s.d. were calculated. The P 

value was estimated by Hotelling's T-squared test. Scale bar: 1 μm in a, c, h and k; 200 

nm in b, d, e (for e-g) and l; 400 nm in i for i and j 
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Fig. 8 eys-deficient medaka retina shows signs of autophagy. a-d The distribution of 

mRNAs of gabarap, a regulator gene for autophagy, in WT (a, c) and eys-/- (b, d) medaka 

retinas at 4 mph was observed by in situ hybridization. Retinal sections were hybridized 

with an antisense (a, b) or a sense (c, d) probe of gabarap. The sections in panels a-d 

were counterstained with Nuclear Fast Red. e-h TEM imaging of cone photoreceptors in 

WT (e, g) and eys-/- (f, h) medaka retina. The rectangles indicate the region enlarged in 

panels g and f. g Enlarged view of the inner segment of a normal cone photoreceptor. f 

Enlarged view of the region showing characteristic features of autophagy. Arrows and 

arrowheads indicate multilamellar bodies and autophagic vacuoles, respectively. er, 

endoplasmic reticulum; ga, Golgi apparatus; mit, mitochondrion; nu, nucleus; pm, plasma 

membrane. Scale bar: 20 μm in a for a-d; 2 μm in e (for e and f) and in g (for g and h)  
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Fig. 9 The effect of genetic ablation of eys in medaka photoreceptors is depicted 

schematically. The balloon in the WT panel represents the region where EYS protein is 

localized, near the connecting cilia (CC). In eys-/- cone photoreceptors, protein transport 

to the outer segment (OS) is impaired (circles filled in magenta), actin filament networks 

and calyceal processes (rods in green and aqua blue) are disorganized, and OS 

morphology is disturbed, leading to reduced expression of phototransduction cascade 

genes and upregulation of autophagy-related genes. By eliminating OS proteins that have 

accumulated due to the protein transport defects, autophagy is thought to alleviate cellular 

stress and prevent cell death. Vacuoles and a multilamellar body, the signs of autophagy, 

are represented by hollow circles and a concentric circle, respectively. BB, basal body; 

CP, calyceal process; IS, inner segment.  


