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PURPOSE. Retinal pigment epithelium (RPE) degeneration is a leading cause of blindness
in retinal degenerative diseases, but the mechanism of RPE regional degeneration remains
largely unknown. This study aims to investigate the sensitivity of RPE to sodium iodate
(SI) injury in the dorsal and ventral visual fields in mice and analyze whether overlaying
cone photoreceptors regulate the sensitivity of RPE to SI-induced damage.

METHODS. SI was used to induce RPE degeneration in mice. Hematoxylin-eosin staining,
immunostaining, and TUNEL assay were used to evaluate retinal degeneration along
the dorsal-ventral axis. Flat-mounted and sectional retinal immunostaining were used to
analyze the distribution of cones along the dorsoventral axis in C57BL/6, albino, and 129
mice. Electroretinography was used to examine the retinal function.

RESULTS. Dorsal-central RPE was more sensitive to SI-mediated injury along the dorsal-
ventral axis in C57BL/6 mice. Compared with the ventral RPE, the dorsal-central RPE
was dominantly covered by M cone photoreceptors in these mice. Interestingly, M cone
photoreceptor degeneration was followed by dorsal RPE degeneration under a low dose
of SI. Furthermore, the sensitivity of dorsal RPE to a low dose of SI was reduced in both
albino and 129 mouse strains with dominant mixed cones instead of M cones in the
dorsal visual field.

CONCLUSIONS. These findings suggest that dorsal-central RPE is more sensitive to SI injury
and that SI-induced RPE degeneration could be controlled by modifying the dominant
overlying cone population in the mouse dorsal retina, thereby highlighting a potential
role of M cones in RPE regional degeneration.

Keywords: retinal pigment epithelium, geographic atrophy, retinal degeneration, dorsal-
ventral axis, sodium iodate injury

The retinal pigment epithelium (RPE) is a monolayer
of polarized cobblestone-shaped post-mitotic cells that

play a crucial role in the function and maintenance of the
overlying photoreceptors (rod and cone).1,2 The rods and
cones are highly specialized neurons that serve as the site
of signal transduction where irradiant light is converted into
neuronal signals in the eye.3 The interneurons (horizontal
cells, bipolar cells, and amacrine cells) process and trans-
duce the information to retinal ganglion cells (RGCs), which
finally send the signals to the brain via the optic nerve for
visual formation.4 During the visual processing, RPE has
multiple functions to contribute to photoreceptor function,
such as absorption of excess light, regeneration of vitamin
A–derived chromophores to maintain the visual cycle, and
release of trophic factors.5 Therefore physical disruption or
functional impairment of RPE is thought to result in photore-
ceptor degeneration and eventually vision loss.6

Geographic atrophy (GA) is a typical pathological feature
of dry age-related macular degeneration, showing degener-
ation of RPE and of secondary photoreceptor in the fovea,
which results in loss of central vision. So far, no cure has
been found for this condition.6,7 In the fovea, cones fill the
foveal outer nuclear layer (ONL), whereas rods are absent
from this area.8 Also, RGC density is higher in the fovea
than in the rest of the retina.9 A consequence of this physical
layout is that the fovea drives high spatial acuity vision and is
responsible for bright-light and color vision, while the retinal
periphery has low spatial acuity and is responsible for night-
vision. As a supporting structure for photoreceptors, RPE
also exhibits different features following their topography,
such as high melanosome content in aging foveal RPE.10–12

Regarding gene expression profile, foveal RPE shows higher
expression of chemokine-related genes, whereas periph-
eral RPE shows higher expression of proliferation-related
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genes.13 In addition, foveal RPE is more sensitive to damage
by external stressors than peripheral RPE in age-related
macular degeneration, which is the main cause of blindness
among the elderly people.7 However, although RPE degen-
eration has been reported to be associated with multiple
factors, including oxidative stress, inflammation, autophagy,
lipid accumulation and loss of clearance ability, the mecha-
nism underlying the differential vulnerability of the fovea to
RPE degeneration is still unclear.14–17

Mice are a widely used animal model for studying human
physiology and diseases. Concerning eye structure, mice
have no typical fovea in the retina, but do possess an
acute zone in the dorsal-temporal area of the retina where
RGC density is higher.18 For mice, the perception of the
visual field differs above and below the skyline.19 The
lower visual field, imaged by the dorsal retina which shares
some features with the human macula,20 often visualizes the
ground. The upper visual field, imaged by the ventral retina,
frequently perceives the sky to avoid predators.21 This retinal
asymmetry is accompanied by a pronounced dorsal-ventral
gradient in opsin (short [S] and middle [M] wavelength-
specific opsin) expression across their cone photorecep-
tors.22 Indeed, whereas M opsin is dominant in the dorsal
retina, which is involved in perceiving the ground, S opsin
is dominant in the ventral retina, involved in detecting short-
wavelength light from the sky.23 Moreover, the encoding
of RGCs also differs between these two regions.20 Consis-
tent with the asymmetric distribution of cones, the RPE
should also shows varying features along the retina dorsal-
ventral axis. Recently, it has been reported that the cell size
and orientation show some differences between central and
peripheral RPE.24 Additionally, differential expression of cell
cycle 25 and adhesion related genes26 was also observed
between central and peripheral RPE cells. Furthermore, the
central RPE is more prone to be damaged by administration
of sodium iodate (SI),27 a reagent used to induce a GA-like
phenotype in rodents.28 These previous studies suggest that
RPE cells have different features exist between RPE cells of
the central and peripheral retina. However, rodent vision is
functionally divided into dorsal and ventral fields. There-
fore there is an urgent need to learn about the distinctive
characteristics of the RPE at the dorsal and ventral retina,
to better understand the pathological mechanisms mediat-
ing the differences in RPE degeneration between these two
regions.

In the present study, we analyzed the unique features
between the RPE of the dorsal and ventral retina of C57BL/6
mice upon different doses of SI. Our results show that dorsal-
central RPE was more sensitive to SI-induced injury than
the rest of the RPE in C57BL6 mice and suggest that this
differential sensitivity is mediated by the overlying M cones
at the dorsal retina.

MATERIALS AND METHODS

Experimental Animals

Two-month-old adult C57BL/6 mice, 129 mice, and BALB/c
(Tyrc/Tyrc) albino mice were purchased from Vital River
Laboratory in Beijing, China. The mice were raised in the
Wenzhou Medical University animal facility under standard
12-hour light/12-hour dark conditions (light period: 7 AM to
7 PM) and provided standard diet and tap water. All experi-
ments were performed in accordance with the ARVO (Asso-
ciation for Research in Vision and Ophthalmology) state-

ment for the Use of Animals and the approved guidelines
of the Wenzhou Medical University Institutional Animal Care
and Use Committee (permit number: WZMCOPT- 090316).

Systemic SI Injection

SI (NalO3, S4007; Sigma-Aldrich Corp., St. Louis, MO, USA)
was freshly dissolved in sterile saline and injected through
the tail vein to generate a GA-like experimental model in
mice. For tail vein injection, high (25 mg/kg) and low (15
mg/kg) doses of SI were used to generate severe retinal
degeneration and selectively dorsal retinal degeneration,
respectively. For intravitreal injection, 0.5 μL of SI (5 mg/mL)
was injected into the eye of two-month-old C57BL/6 mice.

Hematoxylin-Eosin Staining

Hematoxylin-eosin (H&E) staining has been described previ-
ously.29 Briefly, a mark was made at a 12 o’clock position of
the cornea, and the extracted eyeballs were incubated in a
mixed fixing solution (formaldehyde, ethanol, H2O glacial
acetic acid; 1:4:4:1) for at least one day at room tempera-
ture. Paraffin retinal sections (5 μm) were stained by a stan-
dard program. The thickness of the outer nuclear layer was
measured at a distance between 100 μm and 1000 μm from
the optic nerve head to the peripheral retina.

Quantitative RT-PCR

RPE patches were isolated as previously described.30 Briefly,
retinas were dissected in DMEM and divided in dorsal
and ventral parts, which were separately digested by
hyaluronidase (Sigma-Aldrich; 1 mg/mL) incubation at 37°C
for 40 minutes and then transfer to Hanks solution on ice for
30 minutes. The neural retinas were isolated and removed
while immersed in the Hanks solution. The RPE patches
were harvested by shaking the dorsal or ventral RPE and
spun in a centrifuge at 2000 rpm for 10 minutes. RPE mRNA
was extracted by Trizol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. Quantita-
tive real time PCR was performed on a 7500 Real-Time PCR
Detection System (Applied Biosystems) with Power SYBR
Green PCR Master Mix as previously described.29 All primer
sequences used for real-time PCR are listed in the supple-
mentary data (Supplementary Table S1).

Western Blot Analysis

RPE sheets isolated from two-month-old C57BL/6 mice
were lysed in a solution containing RIPA buffer (Beyotime
Institute of Biotechnology, Jiangsu, China) and protease
inhibitors (Beyotime Institute of Biotechnology). After soni-
cation, protein samples were separated by 10% SDS-
PAGE and transferred to PVDF membranes (Bio-Rad Life
Science, Hercules, CA, USA) as described previously.31

The membranes were blocked for two hours in a block-
ing buffer containing 5% non-fat milk in PBS at room
temperature and incubated overnight with primary anti-
bodies at 4°C. Primary antibodies were anti-MITF (1:1000,
ab12039; Abcam, Cambridge, MA, USA) and anti-GAPDH
(KC-5GC, 1:5000; Aksomics, Shanghai, China). After wash-
ing with Tris-buffered saline solution containing Tween 20,
the membranes were incubated with fluorescein-conjugated
secondary antibodies (LI-COR Biosciences, Lincoln, NE,
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USA) at room temperature for two hours and analyzed by
the Odyssey CLx System (LI-COR Biosciences).

Electroretinography

Electroretinography was performed as previously
described.32 Mice were dark-adapted overnight (≥12
hours) and anesthetized under dim red light. After five
minutes of dilation, mice were stimulated by green (511
nm) or ultraviolet (UV, 363 nm) light-emitting diodes for
detecting M- and S-cone–mediated responses, respectively.
The optimal strength of green light was set at 0.75 candle-
power sec/m2 and that of UV at 3 mW-s/m2. For the rod
response, mice were stimulated by flash light at the intensity
of 0.01 scotopic candlepower sec/m2 in a Ganzfeld dome
(Roland Q400, Wiesbaden, Germany).

Immunostaining and TUNEL Analysis

Eyes were dissected in DMEM, and a mark was made at the
12 o’clock position. For sectional immunostaining, the ante-
rior segment of the eyeball was removed, and the rest of the
eyeball was fixed in 4% paraformaldehyde (Sigma-Aldrich) at
4°C for two hours and then dehydrated in 30% sucrose at 4°C
overnight. Cryostat sections (12 μm) were blocked using 3%
BSA at room temperature for 30 minutes. For the flat-mount
RPE immunostaining, the neural retinas were removed, and
the rest of eye cups were fixed in methanol solution at 4°C
for 10 minutes. For the flat-mount neural retina immunos-
taining, whole neural retinas were isolated in ice-cold DMEM
solutions and fixed in 4% paraformaldehyde (Sigma-Aldrich)
at 4°C for two hours. The flat mount RPE or neural retinas
were blocked by a blocking buffer containing 3% bovine
serum albumin (ST025; Beyotime Institute of Biotechnology)
and 0.5% Triton X-100 (T8787; Sigma-Aldrich). Primary anti-
bodies were used: anti-Rhodopsin (1:300, MAB5316; Milli-
pore, Burlington, MA, USA), anti-M-Opsin (1:300, AB5745;
Millipore), anti-S-opsin (1:200, sc-14363; Santa Cruz Biotech-
nology, Dallas, TX, USA) anti-OTX2 (1:300, AF1979; R&D
Systems, Minneapolis, MN, USA), anti-ZO-1(1:100, 339100;
Thermo Fisher Scientific, Waltham, MA, USA). The secondary
antibodies (Alexa Fluor 488–or Alexa Fluor 594–conjugated
donkey anti-rabbit or mouse immunoglobulin) were used
at room temperature for two hours. DAPI (1:1000, C1002;
Beyotime Institute of Biotechnology) was used to label the
cell nuclei.

TUNEL staining was performed as previously described.29

Briefly, the paraffin retinal sections were dewaxed by xylene
and boiled in sodium citrate (0.01 M; Beyotime Institute of
Biotechnology) for two minutes. Then, sections were incu-
bated with the TUNEL reaction Kit (Roche, 11684795910)
according to the manufacturer’s protocol.

Transmission Electron Microscopy

The protocol for transmission electron microscopy (TEM)
has been performed as previously described.33 Briefly, a
mark was made at the 12 o’clock position of the cornea
before the eyeball was dissected. The retinas were divided
into dorsal and ventral parts, and the central dorsal and
ventral patches (about 2 mm × 2 mm) were fixed in 2.5%
glutaraldehyde for three hours at room temperature and
then post-fixed in 1% osmium tetroxide for one hour at 37°C.
After washing with PBS, the retinas were treated with 1%
phosphotungstic acid and 1% sodium uranyl acetate for one

hour at 37°C, dehydrated through acetone series and epoxy
resin-acetone mixture at 37°C, and then embedded in epoxy
resin at 45°C. Semi-thin sections were cut and stained with
methylene blue (Sigma-Aldrich) to localize the RPE layer.
Ultrathin sections were cut and mounted on grids, and the
specimens were examined and photographed with a Hitachi
H-7500 transmission electron microscope (Hitachi, Tokyo,
Japan).

Melanin Content Analysis

Melanin levels in RPE cells were measured as described
previously.33 Briefly, dorsal and ventral eye cups were
dissected in DMEM solution, and the neural retinas were
removed. The rest of the eye cups were lysed with RIPA on
ice for 10 minutes using a Micro Tissue Grinder and spun in
a centrifuge at 10,000g for 10 minutes. The supernatant was
used to measure protein concentration as an internal refer-
ence, and the pigmented precipitate was solubilized in 60
μL of 1 M NaOH and 10% dimethyl sulfoxide for two hours
at 80°C. Solubilized melanin was assessed by absorbance at
405 nm.

Intravitreal Injection

Mice were anesthetized by ketamine and xylazine, and the
pupils were dilated by the 1% atropine eye drops. Approxi-
mately 0.5 μL SI (5 mg/mL) was introduced into the intrav-
itreal center, which is just over the optic nerve head. After
three days of SI injection, mice were subjected to retinal
degeneration analysis.

Statistical Analysis

Each experiment was repeated at least four times. Results
are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism 8 (GraphPad, San Diego,
CA, USA) with Student’s t-test for comparing two groups, and
one-way ANOVA with Bonferroni post-hoc test for compar-
ing more than two groups. P < 0.05 was considered signifi-
cant.

RESULTS

Dorsal-Central RPE Is More Sensitive to SI Injury

We first aimed to analyze whether and to what extent the
dorsal or ventral RPE are prone to damage, considering
the functional and morphological retinal asymmetry of the
mouse.19 SI is widely used to induce a GA-like phenotype by
causing RPE and secondary photoreceptor degeneration,34,35

thus mimicking the regional RPE degeneration in humans.
Thus we used a low dose of SI (15 mg /kg) to induce
RPE degeneration in adult C57BL/6 mice (Fig. 1A). Inter-
estingly, H&E staining showed that the dorsal-central RPE
was severely damaged by a low dose of SI, including signs
of depigmentation and the release of melanin apically to the
photoreceptor outer segment, whereas the ventral RPE still
maintained a relatively integrated single layer at seven days
after SI injection (Fig. 1B). In addition, TEM images further
showed abnormal distribution of melanin granules in the
dorsal outer segment (OS) and severe disruption of tight
connections between adjacent dorsal RPE cells (Supplemen-
tary Fig. S1A). These data suggest that the dorsal central RPE
is selectively damaged by the low dose of SI. It is well estab-
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FIGURE 1. The dorsal retina exhibits severe damage in C57BL6/J mice treated with a low dose of SI. (A) Schematic representation of the
experimental procedure of SI injury. A two-month-old C57BL/6 mouse was injected with a low dose of SI (15 mg/kg) via the tail vein, and
retinal degeneration analysis was performed on day 7 after the single injection. (B) Histological structure of retinas from mice after seven
days of low-dose SI or saline solution injection. The solid black arrow indicates RPE swelling and abnormal release of melanin granules
apically into the photoreceptor outer segment. Scale bar, 200 μm (upper panel), 50 μm (middle panel), and 20 μm (lower panel). (C)
Quantification of the thickness of the outer nuclear layer from the mice injected with a low dose of SI or saline solution. n = 6. (D) TUNEL
assay of the retinas from the C57BL/6 mice in control and experimental groups. Scale bar, 200 μm (upper panel) and 50 μm (lower panel).
(E) Quantification of the number of TUNEL-positive cells per field in the retina in the control and experimental group. n = 6. *P < 0.05, **P
< 0.01, ***P < 0.001. Data are presented as the mean ± standard error of the mean and were compared using a Student t-test or one-way
ANOVA when appropriate. GCL, ganglion cell layer; INL, inner nuclear layer; IS, photoreceptor inner segment; NC, Normal control; ONH,
optic nerve head; ERG, electroretinography.



Dorsal-Central RPE is More Sensitive to SI Injury IOVS | August 2022 | Vol. 63 | No. 9 | Article 29 | 5

FIGURE 2. M cone degeneration was severe in C57BL6/J mice treated with a low dose of SI. (A) Immunostaining of anti-ZO1 (a), anti-
Rhodopsin and Opsin (b) in the retinas treated with SI at day 0, day 4 or day 7. The solid white arrows indicate the incorrect localization of
Rhodopsin or Opsin in the damaged dorsal retinas. ERG traces of the (B) M-cone and (C) S-cone responses from C57BL/6 mice injected with
saline or low dose SI were elicited by green light with strength of 0.75 cd-s/m2 and UV light with strength of 3.00 mW-s/m2, respectively.
The right bar graph shows the quantification of the amplitude of the b-wave from the (B) M-cone response and (C) S-cone response. n =
5.***P < 0.001. Data are presented as the mean ± standard error of the mean and were compared using a Student t-test. IS, photoreceptor
inner segment; NC, Normal control.

lished that RPE damage often leads to secondary photore-
ceptor degeneration.2 Indeed, the thickness of the ONL over-
lying the dorsal damaged RPE was reduced significantly;
however, the thickness of the ventral ONL was not notably
altered by a low dose of SI (Figs. 1B, 1C). In addition, the
TUNEL positive cells were almost exclusively restricted to
the dorsal ONL (Figs. 1D, 1E). These data suggested that
dorsal-central retinas, particularly the RPE and secondary
photoreceptors, were significantly degenerated on SI treat-
ment at 15 mg/kg.

To further analyze the retinal degeneration and damage
extent of RPE and photoreceptors under low-dose SI treat-
ment, we examined expression of zonula occludens-1 (ZO1),
rhodopsin, and opsin in the SI-treated retinas. Immunos-
tainings showed that hexagonal signal of ZO1 was present

both in the dorsal and ventral RPE at day 4 after SI admin-
istration; however, it was present only in the ventral RPE
at day 7 after SI administration (Fig. 2A, a). Interestingly,
at day 4 after SI injection, an abnormal spot signal of M
opsin was only observed in the dorsal retina, but rhodopsin
was present in the OS of both the dorsal and ventral retinas
(Fig. 2A, b). At day 7 after SI treatment, both rhodopsin and
M opsin were mistrafficked toward the ONL of the dorsal
damaged area instead of the ventral retina (Fig. 2A, b). These
data suggested that RPE and photoreceptors were severely
damaged in the dorsal retina at day 7 after SI treatment and
that M cones were damaged before the RPE and rods. We
further analyzed the cone and rod visual function by elec-
troretinography, which showed that the amplitude of the b
wave in the M cone response was significantly decreased at
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both day 4 and day 7 after SI injection (Supplementary Figs.
S1B, S1C, and Fig 2B), whereas the amplitude of the b wave
in the rod response was slightly decreased at day 4 after
SI administration (Supplementary Figs. S1B, S1C). Further-
more, the amplitude of the b wave in the S cone response
was not significantly different after SI administration, even
seven days afterward (Fig. 1H). These results suggest that M
cones are differentially damaged by a low dose of SI.

To investigate the different responses of dorsal and
ventral RPE to a high dose of SI, we injected 25 mg/kg of
SI (high-dose) into adult C57BL/6 mice and analyzed the
resultant retinal degeneration. After three days of a single SI
injection, histological images showed that both dorsal and
ventral RPE were significantly degenerated, but the dorsal
RPE showed a large area of cell loss and was more markedly
damaged than the ventral RPE, which maintained a rela-
tively complete epithelial layer (Fig. 3A). As expected, the
secondary photoreceptor degeneration was more severe in
the dorsal than in the ventral retina, showing considerable
thinning of the dorsal ONL (Figs. 3A, 3B), as well as a large
number of TUNEL-positive cells (Figs. 3C, 3D). To further
investigate the damage of the RPE, we analyzed RPE degen-
eration at one day after SI injection at a high dose. The
immunohistochemical expression profile of ZO1, a specific
membrane protein of RPE, showed that the hexagonal struc-
ture of dorsal RPE disappeared completely after SI injection,
whereas a larger part of the ventral RPE maintained a normal
structure (Fig. 3Ea). In addition, the expression of OTX2, a
specific marker of RPE, was more markedly decreased in
the dorsal than in the ventral RPE (Figs. 3Eb, 3F). Further-
more, TUNEL data also showed that the number of TUNEL-
positive cells was higher in the dorsal than in the ventral RPE
(Figs. 3Ec, 3G). Together, these data further indicate that the
dorsal RPE is more sensitive to SI injury than the ventral
RPE.

To circumvent the effect of tail vein injection on the sensi-
tivity of dorsal-ventral RPE to SI injury, SI (2.5 μg) was intrav-
itreally injected into the eyes of two-month-old C57BL/6
mice (Supplementary Fig. S2A). At three days after SI injec-
tion, large vacuoles were observed in the dorsal-central
RPE, whereas the ventral RPE still maintained a relatively
intact single layer (Supplementary Fig. S2B). Besides, the
number of OTX2-positive cells was evidently decreased in
the dorsal RPE compared with the ventral RPE after SI treat-
ment (Supplementary Figs. S2C, S2D). These data indicate
that dorsal-central RPE was more severely damaged than the
ventral RPE after SI injury by intravitreal injection, suggest-
ing that dorsal-central RPE is indeed differentially sensitive
to SI injury.

RPE Shows Dorsal-Ventral Gradient in
Pigmentation

The different responses of RPE regions to SI injury prompted
us to investigate the different features between these
regions, the dorsal and ventral RPE. Interestingly, histolog-
ical images showed a difference in density of pigmenta-
tion between dorsal and ventral RPE in normal conditions.
The dorsal RPE was hypopigmented, whereas the ventral
RPE was hyperpigmented (Fig. 4A). Consistently, the number
of melanosomes in the dorsal RPE was lower than in the
ventral RPE (Figs. 4B, 4C), indicating that the RPE bears a
dorsoventral gradient of pigmentation. To further confirm
this, we analyzed RPE pigmentation using whole flat-mount
RPE. However, because of the pigmented melanocytes in the
underlying choroid, it was impossible to directly distinguish

the difference in pigmentation between dorsal and ventral
RPE in the flat-mount RPE. To address this issue, we instead
analyzed the whole flat-mount RPE of neonatal C57BL/6
mice, at postnatal day 2 (P2), when the melanocytes were not
pigmented in the choroid. Here, the melanosomes of RPE
could be clearly observed, as well as the melanin content,
which was lower in the dorsal than in the ventral RPE cells
(Figs. 4D, 4E). Together, these results consistently indicate
that RPE displays a pronounced pigmentation gradient along
the retina dorsal-ventral axis.

Because of the high melanin content of ventral RPE,
we further analyzed whether melanin synthesis-related
genes, including, microphthalmia-associated transcription
factor, (Mitf), Tyrosinase (Tyr) and pre-melanosomal protein
(Pmel17), showed a higher expression in the ventral RPE.
The results obtained by real time qPCR showed that most
of these genes, such as Mitf, a critical regulator of RPE
and melanocyte development,36 were equally expressed
in the dorsal and ventral RPE. However, Pmel17 expres-
sion was higher in the ventral RPE, according to the
qPCR results (Supplementary Fig. S3A) and immunostain-
ing images (Fig. 4F). Concerning MITF protein expression,
Western blot results further showed that levels of MITF were
equivalent in dorsal and ventral RPE (Supplementary Fig.
S3B). Consistent with TEM results, these data further indi-
cate that hyperpigmentation of ventral RPE results from a
higher number of melanized melanosomes.

Photoreceptor Degeneration Instead of RPE
Degeneration Is Prevented in the Albino Mice
Under a High Dose of SI Injury

Given that melanin granules are hypothesized to have an
antioxidant role in RPE,37 we assumed that the higher sensi-
tivity of dorsal RPE to SI should be caused by a lower content
of melanized granules. To address this question, we used
adult albino mice (Tyrc/Tyrc), which showed normal RPE
specification, but a defect in melanin granules in the nonpig-
mented RPE,38 to analyze the role of melanized granules
in the response to SI. At three days after a high-dose SI
(25 mg/kg) injection, histological images showed that the
dorsal RPE appeared fractured, whereas the ventral RPE still
maintained a relatively intact epithelial layer, although with
a slight swelling (Fig. 5A). Furthermore, a fewer number of
nuclei was found in the dorsal RPE than in the ventral RPE
(Fig. 5B). These results indicate that the dorsal RPE is still
more sensitive to SI injury in albino mice under a high dose
of SI.

Next, we analyzed the secondary photoreceptor degen-
eration in albino mice treated with SI. Surprisingly, at three
days after SI injection, the histological images showed that
the thickness of the ONL was reduced to a similar degree
between the dorsal and ventral retinas (Figs. 5A, 5C). In addi-
tion, immunostaining showed that, in albino mice at three
days after SI injection, M opsin was slightly mislocalized in
the ONL of the dorsal and ventral retinas, and Rhodopsin
was primarily present in the OS of the dorsal and ventral
retinas. These data suggest that photoreceptor degeneration
is lower in albino mice than in C57BL/6 mice at three days
after a high dose of SI (Figs. 5A, 5B).

To further confirm the difference in sensitivity between
dorsal and ventral RPE and photoreceptors to SI injury in
albino mice, we analyzed cell death at two timepoints after
SI. As shown in Figures 5E and 5F, at one day after SI,
the number of TUNEL-positive cells in the ventral RPE was
considerably lower than in the dorsal RPE, similar to what
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FIGURE 3. High dose of SI treatment induces severe retinal degeneration in the dorsal visual field of C57BL/6 mice. (A) Histological images
of H&E staining from two-month-old C57BL/6 retinas treated with saline solution (left panels) or high-dose SI (right panels) (25 mg/kg)
after three days. Scale bar: 200 μm (upper panel), 50 μm (lower panel). (B) Quantification of the thickness of the ONL from C57BL/6 retinas
treated with saline solution or a high dose of SI. (C) Images of TUNEL assays from the C57BL/6 retinas three days after intraocular injection
of saline or a high dose of SI and (D) quantitative analysis of the cell death rate of photoreceptor cells. (E) RPE degeneration analysis based
on (a) ZO1 staining, (b) OTX2 staining, and (c) TUNEL detection of C57BL/6 mice one day after treatment with a high dose of SI. (F, G)
Quantification of the number of (D) OTX2 D) and (E) TUNEL positive cells in the RPE. n = 6. *P < 0.05, **P < 0.01, ***P < 0.001. Data
are presented as the mean ± standard error of the mean and were compared using a one-way ANOVA. GCL, ganglion cell layer; INL, inner
nuclear layer; IS, photoreceptor inner segment; NC, Normal control; ONH, optic nerve head.
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FIGURE 4. Different levels of pigmentation between the dorsal and ventral RPE. (A) Representative H&E staining image of sectional retina
from two-month-old C57BL/6 mice kept under normal conditions (n = 8). Scale bars, 200 μm (upper panel) and 50 μm (lower panel). (B)
Melanosomes in the dorsal and ventral RPE cells were revealed by TEM. The black arrows indicated the melanosomes. Scale bars: 2 μm. (C)
Quantification of melanosomes in the RPE cells based on the TEM analysis (n = 6). ***P < 0.001 by Student’s t test. (D, E) Images of the
flat-mounted RPE of the C57BL/6 mice at postnatal day 2 (D) and the quantification of melanin content of the dorsal and ventral RPE (E)
(n = 4). Scale bars: 500 μm (flat-mounted RPE) and 20 μm (right enlarged images). (F) Representative images of immunostaining of dorsal
and ventral RPE from two-month-old C57BL/6 mice detected by anti-PEML17 and anti-MITF antibodies (n = 5). Data are presented as the
mean ± standard error of the mean, and were compared using Student’s t-test. *P < 0.05, ***P < 0.001. INL, inner nuclear layer; D, dorsal;
V, ventral; N, nasal; T, temporal.

observed in C57BL/6 mice (Figs. 3C, 3E). However, at three
days after SI administration, the extent of cell death in dorsal
ONL was similar to that in the ventral ONL in albino mice
(Figs. 4E, 4F). Thus the number of dead cells in the dorsal
ONL of albino mice was significantly lower (Figs. 5E, 5F)
than C57BL/6 mice (Figs. 3C, 3D). These data further showed
that photoreceptor degeneration was lower in albino mice
than in C57BL/6 mice after a high dose of SI.

Collectively, these data indicate that the dorsal RPE
degeneration is still more severe than the ventral RPE in
albino mice on a high dose of SI; however, the sensitivity of
dorsal photoreceptors to SI is lower in albino mice.

RPE Degeneration Is Prevented in Albino Mice
When Treated With a Low Dose of SI

To further analyze the sensitivity of albino RPE to differ-
ent doses of SI injury, we injected them with a low dose of
SI (15 mg/kg). At 7 days after a single SI injection, histo-
logical images showed that the ventral RPE still maintained

an intact layer both in C57BL/6 and albino mice under a
low dose of SI. Surprisingly, the dorsal central RPE main-
tained a relatively integrated layer even though it showed a
slight swelling in the albino mice, while the dorsal central
RPE in C57BL/6 mice showed evident swelling, abnormal
release of melanin granules and sub-RPE deposits as above
mentioned (Fig. 6A). In addition, the hexagonal signal of
ZO1 was conserved in the dorsal and ventral RPE of albino
mice at day 7 after SI treatment (Supplementary Fig. S4A).
These data indicate that the extent of dorsal RPE damage
was lower in albino mice than in C57BL/6 mice after a low
dose of SI, suggesting that dorsal RPE degeneration was
prevented in albino mice in these conditions.

Given that photoreceptors have been reported to be more
sensitive to low doses of SI than RPE39 and that M cones,
dominant in the dorsal retina, are the most sensitive to SI
injury among photoreceptors, we decided to assess the role
of M cones in RPE degeneration induced by a low dose of SI.
It is well known that in mice, cone photoreceptors are clas-
sified in three types according to the expression pattern of
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FIGURE 5. Deficiency of melanin granules does not accelerate SI-induced RPE degeneration. (A) Histological images of H&E staining from
two-month-old albino mice three days after a single injection of saline solution or a high dose of SI (25 mg/kg). Scale bar: 200 μm (upper
panel) and 50 μm (lower panel). (B) Quantification of the nuclei in the RPE and (C) the thickness of ONL from the albino mice under the
indicated conditions. (D) Retinal degeneration analysis of the albino mice injected with high-dose SI by double staining of anti-Rhodopsin
and Opsin. (E) Images of TUNEL assays from the two-month-old albino retinas treated with high-dose SI (25 mg/kg) for one or three days.
Scale bar: 200 μm (upper panel), 50 μm (lower pane). (F) Quantitative analysis of the cell death rate in RPE (left bars) one day after injection
of high dose SI and in the ONL (right bars) three days after injection of high dose SI (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. Data are
presented as the mean ± standard error of the mean and were compared using a one-way ANOVA. NC, normal control; GCL, ganglion cell
layer; INL, inner nuclear layer.

opsin pigment,40 such as M cone (M opsin only), true S cone
(S opsin only), and mixed cone (both M and S opsins).41

Currently, M cones have been reported to be replaced by
mixed cones in the dorsal retinas of albino mice.23 Indeed,
we confirmed these results by analyzing the distribution
of M cones and mixed cones in the dorsal and ventral
retina of albino mice using immunostaining. These data
consistently support previous results showing that mixed
cones are dominant in the albino dorsal retina (Fig. 6B).
However, cone photoreceptors still showed a pronounced
gradient in opsins along the dorsal-ventral axis. In addi-

tion, in albino mice, M opsin was highly expressed in the
dorsal central retina, whereas S opsin was highly expressed
in the ventral retina (Fig. 6B). Furthermore, the amplitude of
the b wave in M cone response and rod response were not
altered in albino mice at day 7 after SI treatment (Supple-
mentary Figs. S4B, S4C). Collectively, these data indicate
that dorsal RPE degeneration is prevented in albino mice
with dominant mixed cones in the dorsal retina, which
suggests that dorsal RPE degeneration in C57BL/6 mice
under a low dose of SI is associated with the overlying
M cones.
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FIGURE 6. RPE degeneration is prevented in the dorsal retina of albino mice under low dose of SI treatment. (A) Histological images of
H&E staining from two-month-old C57BL/6 (left panels) and albino (right panels) mice seven days after a single injection of saline solution
or low dose of SI (15 mg/kg) (n = 6). The black arrows point to the mislocalization of melanin granules in the OS of dorsal retinas from
the C57BL/6 mice. Scale bar: 200 μm (upper panel) and 50 μm (lower panel). (B) Immunostaining images of M and S opsins across the
dorsoventral retinas of the C57BL/6 (left panels) and albino (right panels) mice by retinal sections (n = 6). INL, inner nuclear layer; IS,
photoreceptor inner segment. Scale bar: 200 μm (upper panel) and 50 μm (lower panel).
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FIGURE 7. The dorsal retina is rich in mixed cones instead of M cones in 129 mice. (A, B) Immunodetection of M and S wavelength-sensitive
opsins in (A) dorsal and ventral retinas from two-month-old C57BL/6 (left panels) and 129 (right panels) mice by retinal sections and
(B) flat-mounted retinas. (C) The white square in the retinal scheme shows the analyzed dorsal and ventral regions for detecting M and S
opsins, and the pie graphs show the percentage of cones manually classified as M+S− (green), S+M− (red), and M+S+ (mixed, pink) based
on the opsin expression in the dorsal and ventral retinas from these two strain mice (n = 4). D, dorsal visual field; V, ventral visual field. M,
M-opsin; S, S-opsin.
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FIGURE 8. RPE degeneration in the dorsal region is prevented in 129 mice treated with a low dose of SI treatment. (A) Histological images
of H&E staining from two-month-old C57BL/6 (left panels) and 129 (right panels) mice seven days after a single injection of saline solution
or low dose of SI (15 mg/kg) (n = 6). The black arrows point to the mislocalization of melanin granules in the OS of dorsal retinas from the
C57BL/6 and 129 mice. Scale bar: 200 μm (upper panel) and 50 μm (lower panel). (B) Immunodetection of OTX2 in the RPE of C57BL/6
(left panels) and 129 (right panels) mice under the indicated conditions (n = 6). The white arrows point to the abnormal accumulation of
RPE cells in the dorsal subretinal cavity of C57BL/6 mice under low dose of SI treatment. Scale bar: 200 μm (upper panel) and 50 μm (lower
panel). INL, inner nuclear layer; IS, photoreceptor inner segment.

SI-Induced RPE Degeneration Is Prevented in 129
Mice with Predominant Mixed Cones in the
Dorsal Retina

To further analyze the role of M cones in SI injury, we
attempted to find a mouse model showing deficiency of M
cones in the dorsal central retina. Interestingly, the mice
on the 129 genetic background showed a dominance of
mixed cones in the dorsal retina as well. Immunostain-

ing images in C57BL/6 mice showed that only M opsin
was observed in the dorsal retina, whereas M and S opsin
types were overlapped in the ventral retina, as previously
reported (Fig. 7A).23 However, in the 129 mice, the majority
of the M opsins were overlapped by S opsins in both the
dorsal and ventral retina (Fig. 7A). To confirm this result,
immunostaining of flat-mount retinas was performed. As
shown in Figure 7B, M opsin was extensively overlapped
by S opsin both in the dorsal and ventral retina in 129 mice.
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FIGURE 9. A potential mechanism of selective dorsal RPE degeneration in C57BL/6 mice under low dose SI treatment. The dorsal RPE is
hypopigmented and is predominantly covered by M cones characterized by expression of M opsin, and the ventral RPE is hyperpigmented
and predominantly covered by S cones characterized by expression of S opsin. M opsin is thought to be more unstable than S opsin under a
cyclic light condition, thus M cones are much more sensitive to oxidative stress than S cones, such as that caused by SI injury. Under low dose
SI treatment, M opsin was notably degraded in the dorsal M cones, and the damaged M cones likely induced the dorsal RPE degeneration.

However, in C57BL/6 mice, M opsin was densely distributed
in the dorsal central retina and overlapped by S opsin in the
ventral retina (Fig. 7C). These results consistently indicated
that the dorsal-central dominant M cones were replaced by
mixed cones in 129 mice.

We next analyzed retinal degeneration of 129 mice under
a low dose of SI (15 mg/kg). Histological images showed
that, in normal conditions, RPE of 129 mice showed a
pronounced pigmentation gradient along the dorsal-ventral
axis, similar to C57BL/6 mice (Fig. 8A). However, the
response of dorsal RPE to SI injury differed significantly
between these two strains of mice. As shown in Figure 7A,
at seven days after SI injection, the layer of dorsal-ventral
RPE showed severe degeneration and subretinal pigmented
cell deposits in C57BL/6 mice, whereas it was still intact in
the 129 mice, even though incorrect localization of melanin
granules was observed in the dorsal OS. To analyze whether
the pigmented cells deposited in the subretina of C57BL/6
mice were RPE cells, we examined OTX2 expression in the
retinas of the two mouse strains. As shown in Figure 8B,
OTX2-positive cells were abnormally deposited in the dorsal
subretina of the C57BL/6 mice after SI injury, suggesting that
the pigmented cells were indeed damaged RPE cells in these
mice. On the contrary, OTX2 expression after SI injury was
normal in the ventral RPE of C57BL/6 mice, as well as in

both the ventral and dorsal RPE of 129 mice. Furthermore,
the hexagonal structure of RPE was maintained in the dorsal
and ventral retinas of the 129 mice at day 7 after SI treatment
(Supplementary Fig. S5A). These data indicate that dorsal
RPE degeneration in 129 mice is slighter than in C57BL/6
mice under a low dose of SI. However, the amplitude of the
b wave in M cone response was dramatically decreased in
129 mice at day 7 after SI treatment; however, that of the rod
response was slightly decreased, suggesting that the retinal
function was also disrupted in 129 mice after SI treatment
(Supplementary Figs. S5B, S5C).

Collectively, these data indicate that, under a low dose of
SI, dorsal RPE degeneration is significantly attenuated in 129
mice possessing dominant mixed cones in the dorsal central
retina. This suggests that the overlying M cones contribute
to the observed dorsal RPE degeneration in C57BL/6 mice
on a low dose of SI.

DISCUSSION

RPE has been so far thought to consist of homogeneous cells
supporting the overlying photoreceptors.1 The present study
showed that RPE cells were heterogenous in pigmentation
along the dorsal-ventral axis, showing selectively dorsal RPE
degeneration in a SI-induced retinal degeneration model in
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mice. Unexpectedly, the extent of regional RPE degeneration
could be regulated by the overlaying M cones rather than
melanin granules as schematically illustrated in Figure 9.
Collectively, our findings support a novel concept in which
photoreceptors are not only affected by RPE dysfunction but
also adversely regulate RPE degeneration, suggesting that M
cones could serve as a novel potential target for the treat-
ment of RPE degeneration.

The effect of the RPE on photoreceptor degeneration is
well-established. Conversely, the effect of photoreceptors on
RPE degeneration remains partially understood. It has been
shown that loss of photoreceptors leads to RPE morpholog-
ical remodeling,42 suggesting that photoreceptors do affect
RPE cells under certain conditions. Here, we found that
RPE degeneration was associated with overlying M cones in
the SI-induced retinal damage model. This sensitivity of the
dorsal-central RPE to SI injury could be modified through the
distribution of M cones, as in albino or 129 mice, SI-induced
RPE degeneration was prevented in the dorsal retina, primar-
ily composed of mixed cones. At the molecular level, M
opsin protein in M cones might mediate the higher sensitiv-
ity of dorsal-central RPE to SI injury. It has been shown that
M opsin is an unstable protein, prone to being expressed
in a truncated form or mistrafficked into the ONL under
stress conditions,43 and that M opsin deletion prevents M
cone degeneration in a retinal degenerative disease model.44

Therefore, high levels of M opsin may underlie an increased
risk to M cone and dorsal RPE degeneration in the SI injury
model. Of note, this risk seems to be reduced by expression
of S opsin, because expression of both S and M opsins in
the mixed cones allowed the preservation of the dorsal RPE
in 129 and albino mice upon a low dose of SI. This could be
due to a compensation of M opsin function by S opsin in the
mixed cones in a manner similar to the way M opsin compen-
sates for Rhodopsin to rescue rod function and degeneration
in Rho mutant mice.45 Taken together, our findings provide
a potential regulatory network in which RPE degeneration is
somehow triggered by M cones in SI-induced injury. In this
sense, it will be important to clarify the detailed mechanisms
of how M cones regulate RPE degeneration in the future.

Intriguingly, although RPE degeneration was present in
albino mice, compared with that in C57BL/6 mice, under
low-dose SI treatment, during high-dose SI injury, RPE
degeneration in albino mice was similar to that in the
C57BL/6 mice as previously reported.46 This phenomenon
could be attributed to differences in the action manner of SI
at low and high doses. It is well established that cell death
is typically first observed in the RPE, not in the ONL, on a
high dose of SI.35 Conversely, photoreceptor degeneration
occurs before RPE damage under a low dose of SI,39 partic-
ularly degeneration of M cones, which are the most sensi-
tive to SI injury among the photoreceptor cell types. There-
fore a high dose of SI could directly target RPE to induce
secondary photoreceptor degeneration, whereas a low dose
of SI may directly target photoreceptor cells and induce RPE
degeneration afterward. Thus RPE damage might be inde-
pendent of the overlying M cones under high-dose SI treat-
ment. However, it is still unclear why the RPE damage is
more severe at the dorsal than at the ventral area on a high
dose of SI.

After RPE degeneration, secondary photoreceptor degen-
eration is thought to be caused by the RPE dysfunction, such
as failures in regeneration of visual cycle pigments, support
of trophic factors, and phagocytosis of spent photorecep-
tor outer segments.1 In the present study, we found that

secondary photoreceptor degeneration differed between
C57BL/6 and albino mice under a high dose of SI. There
are two explanations for this difference. On one hand, the
severe photoreceptor damage in dorsal retinas of C57BL/6
mice could be caused by the dominantly M cones, because
M cones are very sensitive to SI injury. In albino mice, dorsal
mixed cones are present instead of M cones, and that confers
a low sensitivity to SI. This results in a considerably lower
photoreceptor damage in the dorsal retinas of albino mice
during SI injury. On the other hand, the abnormal release of
melanin granules by the damaged RPE could also contribute
to photoreceptor degeneration in C57BL/6 mice. Melanized
melanosomes are consistently localized in the apical region
of the RPE47 and usually thought to play antioxidant roles
to avoid photo-oxidative stress.48 However, melanosomes
have also been shown to damage RPE after modification by
lipofuscin.49 We found that melanin granules were abnor-
mally released from SI-damaged RPE and apically toward
OS in the dorsal retinas of C57BL/6 mice. The melanin
granules are supposed to be cleared by macrophages or
Müller glial cells,35 both of which can secrete cytokines to
induce inflammation during retinal degeneration.50 There-
fore melanin granules in the OS probably trigger an inflam-
matory response to accelerate photoreceptor degeneration
during SI injury, and thus the defect of melanin granules
could prevent dorsal photoreceptor degeneration in albino
mice under a high dose of SI.

In addition to the different sensitivities between the
dorsal and ventral RPE to SI injury, we also found hetero-
geneity in RPE cell pigmentation along the dorsal-ventral
axis. Although RPE had been considered as a homogenous
epithelium in mice, the inherent variability of RPE cells has
been gradually revealed. In mature mouse retinas, certain
heterogeneous features are observed between the central
and peripheral RPE, such as cell size and orientation.24

However, according to the visual function, the mouse retina
is divided into dorsal and ventral fields, unlike human retina
with central and peripheral visual fields. Here, we found that
RPE shows a pronounced pigmentation gradient between
dorsal and ventral regions, which is accompanied by the
dorsoventral gradient in opsin expression across the cone
photoreceptors. Intriguingly, the difference of RPE pigmen-
tation along the dorsal-ventral axis could provide optimal
conditions for normal function of cones, such as avoiding
absorption of excessive light. Indeed, the ventral hyperpig-
mented RPE can absorb considerably more excess of UV
light, which appears to be most dangerous to the retina
and is detected by ventral S cones. Therefore ventral RPE
can increase the local photoreceptor tolerance to a stress
induced by excess of UV light when the mice are in the
wild.

In summary, our results provide new evidence that the
dorsal-central RPE is differentially prone to damage, and RPE
degeneration in the dorsal visual field could be controlled
by overlying M cones in mice. Hence, these findings have
implications for a better understanding of the role of M cones
in RPE regional degeneration-related diseases.
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