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Abstract

Purpose To examine the long-term natural course of
retinal degeneration in rd/0 and rdI2 mice using serial
spectral-domain optical coherence tomography (SD-OCT),
electroretinography/electroretinograms (ERGs), and histo-
logical analysis.

Methods Photoreceptor layer thickness and the ability to
visualize photoreceptor ellipsoid zones were analyzed
using SD-OCT images, and these images were compared
with hematoxylin and eosin-stained sections and electron
microscopy images. The a- and b-wave amplitudes of the
ERGs were analyzed.

Results In rd10 mice, the photoreceptor layer thickness
rapidly decreased, and the photoreceptor ellipsoid zone was
visible on SD-OCT images in 89 and 43 % of eyes of 21
and 33-day-old mice, respectively. In rdI2 mice, the pho-
toreceptor layer gradually thinned, and the ellipsoid zone
remained visible in 92 % of eyes at 19 months. Electron
microscopy revealed that photoreceptor degeneration had
occurred on the inner side of the outer nuclear layer in
21-day-old rd10 and 7-month-old rd12 mice, possibly due
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to autophagy mechanisms. Scotopic ERGs of rdl0 mice
showed a diminished response at 21 days; at 33 days, no
response was detectable. In rd12 mice, scotopic ERGs were
undetectable at 28 days (stimulus intensity 3.0 cds/m?).
Photopic ERGs were nearly undetectable in 28-day-old
rd10 mice, but a small b-wave was still recordable in
13-month-old rd12 mice.

Conclusions Our results demonstrate that visual function
deteriorated with photoreceptor degeneration within
1 month in rd10 mice. In rd12 mice, however, the process
of visual function deterioration and photoreceptor degen-
eration was still in progress at 13 months of age.

Keywords rdI0 - rdi2 - Retinal degeneration -
Longitudinal study - Spectral-domain optical coherence
tomography

Introduction

Retinitis pigmentosa is the most common type of retinal
degeneration, with approximately 1.5 million affected
people around the world and an incidence ranging from 1
in 3000 to 1 in 5000 people [1]. To date, no established
therapies exist. Consequently, scientists throughout the
world are working to develop effective potential therapies,
including regenerative medicine [2], gene therapy [3, 4],
and neurotrophic factor therapy [5-7].

Although more than 100 genes are reported to be asso-
ciated with the retinal degeneration observed in patients
with retinitis pigmentosa [8], it is a very heterogeneous
condition, and most genes are responsible for only a small
proportion of the cases [9]. The causative genes for retinitis
pigmentosa and Usher syndrome were studied in a Japa-
nese population by Oishi et al. [10]. These authors reported
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that although EYS and USH2A were the two most common
causative genes, accounting for 28.9 and 9.1 % of causative
genes, respectively, genes involved in the visual cascade,
such as RHO and PDE6B (rod cGMP phosphodiesterase
gene) accounted for a relatively high percentage of cau-
sative genes (5.8 and 5.0 %, respectively) [10]. The PDEG6-
encoded proteins play a role in ¢cGMP hydrolysis and
photoreceptor hyperpolarization. The RPE65 gene (en-
coding retinal pigment epithelium 65 protein) is involved
in the conversion of all-trans retinol to 11-cis retinal during
photoreceptor phototransduction and visual pigment
regeneration. In addition to be associated with retinitis
pigmentosa, mutated forms of RPE65 have been found in
some cases of Leber congenital amaurosis (LCA) [11].
Although Oishi et al. [10] found that RPE65 accounted for
only a small proportion of causative genes, this gene has
been the focus of much attention, and clinical trials with
patients bearing this gene mutation are ongoing [12—-14].

Among spontaneous mouse models of retinal degener-
ation, rd1 and rd10 mice have mutations in the Pde6b gene,
and rdI2 mice have mutations in the Rpe65 gene. rd10
mice have a missense mutation in the Pde6b gene on exon
13 [15]. rd10 has been widely used as a model system for
the study of retinal degeneration because the onset and
progression of retinal degeneration is milder than in the rd!
mouse model, which has a nonsense mutation in the Pde6b
gene [16]. The rd12 mouse has a nonsense mutation in the
Rpe65 gene on exon 3 [17].

In order to understand disease progression mechanisms
and to develop new treatments, it is essential to observe the
precise natural course of hereditary retinal degeneration in
animal models. Several studies have examined this in the
mouse model using a variety of methods, including elec-
troretinography (ERG), ophthalmoscopy, fundus photog-
raphy, and histology [15, 17-19]. The relatively recent
development of optical coherence tomography (OCT) has
greatly increased our ability to assess retinal diseases in
clinical and experimental settings [20, 21]. Spectral domain
OCT (SD-OCT) has enabled researchers to obtain clearer,
more detailed retinal images in vivo [22] and has been used
in experimental rodent models [23-28]. Retinal thickness
measurements by SD-OCT correlate well with histological
measurements [23, 24, 26-28]. Huber et al. [23] and Kim
et al. [24] performed SD-OCT on mice with various retinal
degenerations to monitor longitudinal retinal degeneration.
Wang et al. [28] report a good correlation between SD-
OCT images and ERGs in Rho™'~ mice. Pang et al. [25]
and Pennesi et al. [26] assessed rd/0 mice with SD-OCT,
ERG, and histology. However, only a few studies have
used SD-OCT to examine the long-term histological and
functional courses of rdI0 or rd12 mice.

In the study reported here, we assessed and compared
the long-term longitudinal course of rd10 and rdI2 mice
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Fig. 1 Spectral domain optical coherence tomography (SD-OCT)»
images of rd10, rd12, and wild-type (WT) mice. a An SD-OCT image
of a WT mouse showing the retinal nerve fiber layer (RNFL), the
ganglion cell layer (GCL), the inner plexiform layer (/PL), the inner
nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear
layer (ONL), the external limiting membrane (ELM), the photorecep-
tor ellipsoid zone (Ellipsoid zone), and the retinal pigment epithelium
(RPE). Vertical black bars: 1 Total retinal thickness, 2 photoreceptor
layer thickness (sum of ONL, myoid zone, ellipsoid zone, and
photoreceptor outer segment thickness), 3 photoreceptor outer
segment (OS) layer. b The SD-OCT images from 21- and 29-day-
old rd10 mice. At 21 days (left image), the photoreceptor ellipsoid
zone (black arrow 1) was visible and the ELM (black arrow 2) was
partially visible. Hyper-reflections were seen from the ONL to the OS
layer (white arrowheads). At 29 days (right image), the ONL was not
hyper-reflective and the OS layer was diminished. The ellipsoid zone
was visible (black arrow 1), but the ELM was not. Black bar indicates
the thickness of the photoreceptor layer. ¢ The SD-OCT images of
21-day- and 13-month-old rd12 mice. At 21 days (left image), the
ellipsoid zone (black arrow 1) was visible, but the ELM (black arrow
2) was partially visible. The ONL was weakly and focally hyper-
reflective (white arrowheads). At 13 months (right image), the
ellipsoid zone (black arrow 1) was visible, but the ELM (black
arrow 2) was partially visible. The OS layer was hyper-reflective
(white arrowheads). Black bars indicate the thickness of the
photoreceptor layer. d An SD-OCT image of a 13-month-old WT
mouse. The ellipsoid zone (black arrow I) and ELM (black arrow 2)
were visible and no hyper-reflective layer was seen. Black bar
indicates the thickness of the photoreceptor layer. e An SD-OCT
image of a 25-day-old rdl0 mouse with serous retinal detachment
(white arrows). f An SD-OCT image of 25-day-old rd1/0 mouse with
serous retinal detachment (white arrows); the detachment was no
longer present at 29 days. For a description of the rd/0 and rdi2
mutations see text of Section Introduction

retinas by examining both retinal morphology and function.
Electron microscopy, hematoxylin and eosin (HE) section
staining, SD-OCT, and ERG were performed.

Materials and methods
Experimental animals

This study was conducted in accordance with the Associ-
ation for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research.
All protocols were approved by the Institutional Review
Board of Kyoto University Graduate School of Medicine
(MedKyo13221, 14213). All rd10 mice and rd12 mice
were obtained from the Jackson Laboratory (Bar Harbor,
ME). All mice were maintained in a 14-h light/10-h dark
cycle and were fed ad libitum. Before image or ERG
acquisition, mice were anesthetized with an intramuscular
injection of a ketamine (70 mg/kg)/xylazine (14 mg/kg)
mixture. Pupils were dilated to a diameter of approximately
2 mm with tropicamide (1.67 mg/mL) and phenylephrine
(1.67 mg/mL) eye drops. To prevent anesthesia-induced
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dry eyes, a hydroxyethyl cellulose eye solution (Scopisol;
Senju Pharmaceutical, Osaka, Japan) was applied to the
corneas during examination and eye ointment containing
0.3 % ofloxacin were applied to the corneas after the
examination.

OCT image acquisition

Fundus images were obtained using a custom-made speckle
noise-reduced SD-OCT, with the eye-tracking function
based on Spectralis® HRA + OCT (Multiline OCT; Hei-
delberg Engineering, Heidelberg, Germany). Before
imaging, all eyes were fitted with a polymethyl
methacrylate contact lens that is optimal for the mouse eye
(Nichicon, Osaka, Japan) to prevent anesthesia-induced
cataract progression and drying up of the cornea, as pre-
viously reported [29]. With the PMMA contact lens placed
on the mouse cornea, the total focal length was 2.00 mm
(in air), which is scaled at 16.447 mm (in air) in the human
eye. We multiplied the values (millimeters) of the Spec-
tralis by a factor of 2.00/16.447 = 0.122 to obtain the
lateral values in mouse eye, as previously reported [29]. A
25-diopter adaptor lens was placed on the objective lens of
the Multiline OCT to focus onto the mouse retina. The scan
rate of the SD-OCT is 47,000 A-scans per second, with an
axial resolution of approximately 7 um. A vertical B-scan
through the optic disc was obtained, along with 19 vertical
B-scans evenly spaced over a 30° x 15° area through the
optic nerve head for volume mapping [30]. One hundred
individual B-scans (manufacturer-set maximum) were
averaged to obtain the final vertical B-scan, and 50 indi-
vidual B-scans were averaged for each of the 19 vertical
B-scans used in volume mapping around the optic nerve
head. The rdi0 mice were examined when they were
between 21 and 52 days old, and the rdl2 mice were
examined when they were between 21 days and 19 months
old. Wild-type (WT) mice were also examined for
comparison.

Analyses of OCT images

The photoreceptor ellipsoid zone, commonly referred to as
the inner/outer segment junction, and the external limiting
membrane (ELM) lines on SD-OCT images were charac-
terized as visible, partially visible, or not visible. Some
rd10 mice developed a serous retinal detachment. These
eyes were excluded from SD-OCT assessments of retinal
thickness when the retinal detachment was detected, but
they were not excluded from assessments of the ellipsoid
zone or ELM in order to avoid selection bias because a
relatively large number of eyes developed retinal
detachment.
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We assessed total retinal thickness, evaluated as the
distance between the inner limiting membrane and the
outer side of the Bruch’s membrane (black bar “1” in
Fig. 1a). The thickness of the photoreceptor layer was
evaluated as the sum of outer nuclear layer thickness and
photoreceptor inner/outer segment layer thickness (black
bar “2” in Fig. la). The vitreoretinal interface, outer
plexiform layer/outer nuclear layer (ONL), retinal pigment
epithelium (RPE) anterior border, and Bruch’s membrane
posterior border were manually determined. The built-in
software of the Spectralis® HRA + OCT system was then
used to create a volume map around the optic nerve head
which in turn was used to assess total retinal thickness
within 366 um of the optic nerve head in all directions
(circular area). The circular area within 122 um of the
optic nerve head was excluded from the analyses. Mea-
sured values of the upper, lower, right, and left regions
were averaged [Electronic Supplementary Material (ESM)
Fig. Sla]. The thickness of the photoreceptor layer was
measured 244 um above and below the center of the optic
nerve head using a single vertical scan. These two mea-
surements were then averaged to obtain the final photore-
ceptor layer thickness measurement (ESM Fig. S1b).

Electroretinogram recordings

Following overnight dark adaptation of the mice, scotopic
ERGs were recorded using a gold-loop corneal electrode
with a light-emitting diode (Mayo Corp., Inazawa, Japan).
A reference electrode was placed in the mouth of the
mouse, and a ground electrode was placed in the anus.
Stimuli were produced with a light-emitting diode stimu-
lator (Mayo Corp.). The ERG response signals were
amplified (PowerLab 2/25; AD instruments, Castle Hill,
NSW, Australia). The stimulus intensity was 3.0 and 30.0
cds/mz, and up to four responses (stimulus interval >60 s)
were averaged to obtain the final scotopic ERG waveform.
Scotopic ERGs were recorded from rdlI0 mice aged
between 21 and 33 days and from rdI2 and WT mice at
age 28 days. Photopic ERGs were also recorded, with a
stimulus intensity of 3.0, 10.0, and 30.0 cds/mz, respec-
tively, under a background illumination of 30 cd/m? [31].
The final phototropic ERG waveform was the average of
30-50 responses (stimulus interval 1.0 s). Photopic ERGs
were recorded in rd/0 mice aged between 21 and 49 days
and in rd12 and WT mice aged between 1 and 13 months.
The a- and b-wave amplitudes were analyzed using
Chart & Scope software (AD instruments).

Histological retinal evaluations

Eyeballs were enucleated immediately after the animals
were euthanized with a pentobarbital overdose. A dye was
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placed on the edge of the superior conjunctiva to mark the
superior portion of the retina, following which the eyes
were fixed in 4 % paraformaldehyde for 24 h at 4 °C and
embedded in paraffin. The paraffin-embedded tissue was
then cut into 6-pum-thick sections through the dye mark and
the optic nerve insertion point. Sections that included the
center of the optic nerve head were stained with HE and
photographed under an optical microscope (BZ-9000;
Keyence, Tokyo, Japan). The HE-stained retinal sections
used in analyses were obtained from 21- to 56-day-old
rd10 mice and from 13- to 19-month-old rd/2 mice.

Electron microscopy
Electron microscopy images of the retina were obtained

from a 21-day-old rd10 mouse, a 7-month-old rdI2 mouse,
and a 19-month-old rdI2 mouse. After perfusion fixation

with 4.0 % paraformaldehyde, the enucleated eyes were
immediately postfixed overnight in a mixture of 2.5 %
glutaraldehyde and 10 % formaldehyde. Further fixation
was done by immersing the tissue in 1 % osmium tetroxide
for 90 min. The retinas were then dehydrated [with a
graded series of ethanol (50-100 %) baths], cleared in
propylene oxide, and embedded in epoxy resin. Ultrathin
sections were cut with an ultramicrotome and stained with
uranyl acetate and lead citrate. Stained sections were then
examined with transmission electron microscopy (model
H-7650; Hitachi Co., Tokyo, Japan).

Statistical analyses
Data are presented as mean =+ standard deviation (SD).

One-way analysis of variance repeated measures and the
Bonferroni post hoc test were used to compare parameters.

Table 1 Ellipsoid zones and external limiting membrane lines in rd/0 mice

Ellipsoid zones/external limiting membrane lines Age (days)
21 25 29 33 52

n (eyes/mice) 27/14 26/13 14/7 14/7 13/7
Ellipsoid zone

Visible 12 (44 %) 5 (19 %) 3 (21 %) 2 (14 %) 0

Partially visible 12 (44 %) 17 (65 %) 7 (50 %) 4 (29 %) 0

Not visible 3 (11 %) 4 (15 %) 4 (29 %) 8 (57 %) 13 (100 %)
External limiting membrane

Visible 9 (33 %) 0 0 0 0

Partially visible 2 (7 %) 0 0 0 0

Not visible 16 (59 %) 26 (100 %) 14 (100 %) 14 (100 %) 13 (100 %)
Retinal detachment 0 8 (31 %) 1.(7 %) 1 (7 %) 12 (92 %)

Data are presented as the number of eyes, with the percentage in parenthesis

Table 2 Ellipsoid zone and external limiting membrane lines in rd/2 mice

Ellipsoid zones/external limiting membrane lines Age

21 days 1 month 2 months 4 months 13 months 19 months

n (eyes/mice) 18/10 12/6 12/6 12/6 16/8 13/7
Ellipsoid zone

Visible 17 (94 %) 12 (100 %) 12 (100 %) 12 (100 %) 9 (56 %) 18 %)

Partially visible 1 (6 %) 0 0 0 5 (31 %) 11 (85 %)

Not visible 0 0 0 0 2 (13 %) 18 %)
External limiting membrane

Visible 2 (11 %) 0 5 (42 %) 18 %) 0 18 %)

Partially visible 16 (89 %) 11 (92 %) 7 (58 %) 10 (83 %) 12 (75 %) 6 (46 %)

Not visible 0 18 %) 0 18 %) 4 (25 %) 6 (46 %)
Retinal detachment 0 0 0 0 0 0

Data are presented as the number of eyes, with the percentage in parenthesis
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The unpaired ¢ test was used to compare parameters
between rd10, rd12, and WT mice. Statistical significance
was defined as P < 0.05.

Results

Each retinal layer was clearly observed on SD-OCT images
of WT mice retinas (Fig. 1a). The photoreceptor ellipsoid
zone, also known as the inner/outer segment (IS/OS)
junction line, is known to be correlate with visual function
[32, 33] and was visible in all eyes throughout the obser-
vation period (ESM Table S1). The ELM line, which has
also been correlated with good visual function [34], also
remained visible or partially visible in WT mice at all ages
(ESM Table S1). In 21-day-old rd10 mice, the ellipsoid
zone was visible in 44 % eyes, partially visible in 44 %
eyes, and not visible in 11 % eyes. The percentage of the
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Fig. 2 Total and photoreceptor layer thickness in rd/0 and rdI2
mice. a, b Total retinal (a) and photoreceptor layer thickness (b) of
rd10 mice rapidly decreased during the observational period. c,
d Total retinal (c) and photoreceptor layer thickness (d) of rd/2 mice
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Fig. 3 Hematoxylin and eosin (HE)-stained retinal sections fromp
rdl10, rd12, and WT mice. a HE-stained sections of rd10 mice at 21,
25, 29, 33, and 56 days of age. A stained section from a 56-day-old
WT mouse is shown for comparison. In rd/0 mice, a progressive
thinning of the outer nuclear layer (ONL) thinning is evident, but the
inner retina is preserved. Outer segments (OS) are disorganized at
21 days and have almost disappeared at 29 days. A retinal detach-
ment is seen at 56 days. b The HE-stained sections of rd12 mice at 13
and 19 months. A stained section from a 13-month-old WT mouse is
shown for comparison. In rd/2 mice, ONL thinning and OS
disorganization is evident. Scale bar: 50 pm

eyes with a visible ellipsoid zone decreased with age. At
33 days of age, the zone was visible in only 14 % eyes. At
21 days of age, the ELM was visible or partially visible in
41 % eyes, but just 4 days later (25 days), the line was not
visible in any eye examined (Table 1). In contrast, the
ellipsoid zone was visible in all 4-month-old rdI2 mice,
remaining visible or partially visible in 92 % eyes at
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slowly decreased during the observational period. *P < 0.05;
**P < 0.01; ***P < 0.001 vs. thickness at 21 days, Bonferroni post
hoc test
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19 months. The ELM line was visible or partially visible in
all eyes at 21 days and remained visible or partially visible
in 54 % eyes at 19 months (Table 2).

Analysis of the SD-OCT images revealed that 81 % of
eyes of 21-day-old rd10 mice had a higher reflectivity in
the ONL and OS layer than the eyes of WT mice (Fig. 1b,
d). In contrast, 67 % eyes of 21-day-old rdI2 mice had a
hyper-reflective ONL. Additionally, the hyper-reflectivity
was only found in part of the ONL, and it was weaker than
that seen in rd10 mice (Fig. 1b, c). In later disease stages in
rd10 mice, the ONL hyper-reflection was no longer visible,
and the layer corresponding to the photoreceptor OS was
almost undetectable (Fig. 1b). In rdI2 mice, the ONL
hyper-reflection remained visible until 4 months of age. In
some cases, the photoreceptor OS hyper-reflection was also
observed at later stages, with 33 % of eyes, 25 % of eyes,
and 15 % of eyes having this feature at 4, 13, and
19 months, respectively (Fig. 1c).

Interestingly, a shallow serous retinal detachment was
observed in eight of 26 eyes (31 %) of 25-day-old rd10
mice (Fig. le, f; Table 1). Of these eight eyes with a retinal
detachment, three were continuously examined; the retinal
detachment resolved spontaneously in all eyes within
4 days, but the OS layer was diminished (Fig. 1f). At
52 days of age, retinal detachment was again observed in
92 % of eyes. The SD-OCT images obtained from eyes that
had a retinal detachment were excluded from the retinal
thickness assessments. No retinal detachments were
observed between 21 days and 19 months in rdI2 mice
(Table 2).

Total retinal thickness (bar “1” in Fig. 1a) and pho-
toreceptor layer thickness (bar “2” in Fig. la) were also
assessed (ESM Fig. Sla, b). At 21 days in rd10 mice, total
retinal thickness measured 196.4 £+ 19.5 and photoreceptor
layer thickness measured 62.8 £ 25.3 pm. These values
rapidly decreased over time and were 148.7 + 4.6 and
14.7 &+ 2.9 um, respectively, at 33 days (Fig. 2a, b). In
rdl12 mice, total retinal thickness and photoreceptor
thickness gradually decreased over time (Fig. 2c, d), with
measurements of total retinal thickness and photoreceptor
thickness of 218.3 4+ 8.9 and 87.0 &+ 3.4 pm at 21 days,
206.3 £ 4.8 and 77.2 £3.0 um at 4 months, and
204.0 = 8.0 and 56.8 = 7.1 um at 13 months, respec-
tively. The total thickness of both the retina and photore-
ceptor kept decreasing from 13 to 19 months
(185.6 = 11.4 and 39.5 & 7.6 um, respectively, at
19 months; P = 0.022 and P < 0.0001 compared to
13 months). In WT mice, retinal thickness did not decrease
between 21 days and 13 months.

To confirm our SD-OCT findings, we also performed
histological analyses. The HE-stained sections of rdl0
mice retinas showed a progressive decrease in photore-
ceptor nuclei as well as ONL thinning (Fig. 3a). In the
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Fig. 4 Electron microscopy images of rd10, rdi2, and WT retinas.»
a Image of a 21-day-old rd/0 mouse retina. Degeneration and
disorganization were observed in the outer nuclear layer (ONL) and
outer segment (OS) layer. b, ¢ Images of a 7-month-old mouse rdi2
mouse retina (b) and a 19-month-old rd/2 mouse retina (c). Lipid-like
droplets are visible in the retinal pigment epithelium of the 7-month-
old rd12 mouse retinas (black arrows in b); outer segment disorga-
nization is evident in a 19-month-old 7d/2 mouse retina (c). d Images
of WT mouse retina. e, f Magnified images of the ONL in 21-day-old
rdl10 (e) and 7-month-old (f) rdI2 mouse retinas. Intracellular
vacuoles are seen in photoreceptor cells at the innermost ONL in
21-day-old rdI0 (white arrows in e) and 7-month-old rd/2 mice
retinas (white arrows in b, f). In addition to vacuoles, many
intracellular circular organelles (white arrow heads in b, f) other
than the nucleus were observed in cell bodies of the ONL. IS Inner
segment, RPE retinal pigment epithelium. Scale bars (a—f): 10 pm

retina of 33-day-old rd10 mice, only one to two rows of
photoreceptor nuclei were observed. The OS layer had
already thinned and was disorganized at 21 days. By
29 days, it had almost disappeared. At 56 days, a retinal
detachment was seen, as observed on SD-OCT images. In
comparison to the retinas of WT mice, the HE-stained
sections of rd12 mice retinas showed ONL thinning and OS
disorganization at 13 months (Fig. 3b). By 19 months,
there was further thinning of the ONL in rdIl2 mice, but
five to six rows of photoreceptor nuclei remained present at
this time-point. Electron microscopy images of 21-day-old
rd10 mice eyes showed ONL and OS degeneration and
disorganization (Fig. 4a) compared to WT mice retinas
(Fig. 4d). In 7-month-old rdI2 mice, the ONL, IS, and OS
were only slightly disorganized, while in 19-month-old
rd12 mice, the OSs were severely disorganized (Fig. 4b, c).
Lipid-like droplets appeared in the RPE cytoplasm of
7-month-old rd12 mice retinas (Fig. 4b; black arrows). In
7-month-old rd12 and 21-day-old rd10 mice, photoreceptor
cells in the ONL had intracellular vacuoles surrounded by
membranes (Fig. 4b, e, f; white arrows). Changes pre-
sented at the innermost ONL. In addition, many intracel-
lular circular organelles (white arrowheads) other than the
nucleus were observed in cell bodies of the ONL; this was
rarely observed in WT retinas.

The scotopic ERG was performed to examine retinal
function. In 21-day-old rd10 mice, a-wave (reflects rod
photoreceptor response [35]), b-wave (derived from bipolar
cells [36]), and oscillatory potentials (derived from ama-
crine cells [37]) were all present (a-wave amplitude
175.6 = 130.6 pV; b-wave amplitude 323.8 £ 229.3 uV;
stimulus intensity 3.0 cds/m?). However, compared to WT
mice ERGs [a-wave amplitude 255.1 £ 100.5 pVv
(P =0.036); b-wave amplitude 536.9 £ 194.3 uVvV
(P = 0.002); stimulus intensity 3.0 cds/mz], the amplitudes
of these ERG components of 21-day-old rd/0 mice were
smaller, and the wave peaks were delayed (Fig. Sa). The
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a-wave was almost non-recordable in 25-day-old rd10 mice
(Fig. 5a). The b-wave amplitude rapidly decreased as the
photoreceptor layer thinned and, at 33 days, the b-wave
was almost undetectable (Figs. 2a, b, 5a, c¢). In 28-day-old
rd12 mice, the photoreceptor layer thickness was near
normal, but the scotopic ERG was not recordable at a
stimulus intensity of 3.0 cds/m?; compared to WT mice (a-
wave amplitude 376.2 + 128.6 nV; b-wave amplitude
686.8 = 182.6 uV), only a small and delayed b-wave
(amplitude 80.3 £ 49.0 uV; P < 0.001) was detectable at
a stimulus intensity of 30.0 cds/m? (Figs. 2c, d, 5b).

Photopic ERGs were also recorded to examine pho-
toreceptor function in the light-adapted conditions. The
b-wave amplitude in WT mice slightly diminished with age
(Fig. 6¢). In 21-day-old rd10 mice, the photopic ERG
b-wave was small (b-wave amplitude 20.8 £ 11.6,
38.0 £ 20.9, and 101.1 £ 55.9 pV at stimulus intensities
of 3.0, 10.0, and 30.0 cds/mz, respectively), but oscillatory
potentials were present. By day 28, the b-wave was
diminished and was no longer recordable in many eyes
(Fig. 6a, d; P =0.279, P < 0.0001, and P = 0.001 vs.
b-wave day 21 at stimulus intensities of 3.0, 10.0, and 30.0
cds/m?, respectively). In rd12 mice, the b-wave was pre-
sent at 1 month of age (b-wave amplitude 8.6 £ 2.9,
17.9 + 13.1, and 88.2 & 57.8 uV at stimulus intensities of
3.0, 10.0, and 30.0 cds/m?, respectively), following which
time it’s amplitude rapidly decreased until 3 months of
age. Although small, the b-wave remained detectable at
13 months of age (Fig. 6b, e; b-wave amplitude 9.4 £ 4.5
and 25.4 4+ 19.1 pV at stimulus intensities of 10.0 and 30.0
cds/m?, respectively).

Discussion

In this study, we assessed the histological and functional
natural history of retinal degeneration in rd/0 and rdi2
mice, which are commonly used mouse models of retinitis
pigmentosa and/or LCA. In rdI0 mice, photoreceptor
degeneration, along with ONL and OS thinning, occurred
between 21 and 25 days of age. This anatomical decline
was also accompanied by a rapid reduction in visual
function. In contrast, in rd12 mice, visual function in the
dark was not detectable at 1 month of age, as reported
previously [17, 19], when the photoreceptors and ONL and
OS thickness were better maintained.

Many studies have shown that the photoreceptor ellip-
soid zone (also known as the IS/OS junction line) and the
ELM line on SD-OCT images correlate well with retinal
function [32-34]. We also found that vision declined with
deterioration of the ELM line and ellipsoid zone visibility
in rd10 mice. In contrast, 1-month-old rd12 mice did not
have a detectable dark-adapted ERG, even though the ELM
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Fig. 5 Scotopic electroretinogram (ERG) in rdl0, rdi2, and WTh
mice. a Left Scotopic ERGs (3.0 cds/m?) from an rd10 mouse
showing the median b-wave amplitude at 21, 25, and 33 days. At
21 days, a-wave, b-wave, and oscillatory potentials were detectable,
but they were smaller than those in a 28-day-old WT mouse (right).
At 25 days, a delayed, small b-wave was present, but the a-wave had
almost disappeared. At 33 days, no ERG was detectable. b Left
Scotopic ERGs (3.0, 30.0 cds/m?) from 28-day-old rdI12 mice
showing median b-wave amplitude; a small b-wave was
detectable at 30.0 cds/m> but not detectable at 3.0 cds/m>. Right
Scotopic ERG (30.0 cds/mz) from 28-day-old WT mouse. ¢ Time-
dependent changes in b-wave amplitude of scotopic ERG (3.0 cds/m?)
in rd10 mice. Error bars represent one standard deviation (SD).
**P < 0.01; ***P < 0.001 vs. scoptic ERG at 21 days, Bonferroni
post hoc test

line and ellipsoid zone were visible or partially visible in
most eyes until 13 months of age. These results imply that
the status of neither the ellipsoid zone nor the ELM line is
disrupted simultaneously with the ERG in rdI2 mice.
Jacobson et al. [38] showed that LCA patients with RPE65
mutations had relatively preserved retinal layer thickness
despite their advanced visual loss. It may be that the dif-
ference in the discrepancies between morphology and
visual function are dependent on visual cycle function in
animal models and in human patients. The rd10 mice have
a missense mutation in Pde6b [15] which reduces the
expression of beta-phosphodiesterase (PDE) in rod pho-
toreceptors. Reduced levels of beta-PDE do not hinder the
visual cycle and, therefore, live photoreceptors can respond
to light in 7d10 mice. However, reduced levels of beta-PDE
cause intracellular cGMP accumulation and, consequently,
hyperexcitable photoreceptor cell death [15]. In rd12 mice,
functional RPEG65 protein is not present in the RPE, causing
a shortage of 11-cis retinal in the photoreceptors [17] and
resulting in a dysfunctional visual cycle. Therefore, retinas
of rd12 mice at a relatively early stage, which look mor-
phologically healthy (photoreceptors), are unable to
respond to relatively weak light, unlike normally func-
tioning retina. However, we did detect a small response in
the photopic condition in 13-month-old rd/2 mice, possi-
bly caused by reduced sensitivity of rods, similar to that
reported by Seeliger et al. [39] for Rpe65~'~ mice. Even if
rd12 mice and LCA patients with RPE65 mutations have
poor visual function, relatively preserved retinal structures
may provide us with a longer therapeutic time window.
Using SD-OCT images, we detected hyper-reflectivity
of the layers corresponding to the photoreceptors in
21-day-old rd10 mice. This result is in agreement with
previous findings [26]. Because the hyper-reflectivity dis-
appeared at later stages, we believe that hyper-reflectivity
reflects an acute phase of degeneration. One possible
explanation is that the hyper-reflectivity resulted from the
disorganization of the outer retina that was observed on the
electron microscopy images and HE-stained retinal
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«Fig. 6 Photopic electroretinogram (ERG) from rd10, rd12, and WT
mice. a Left Photopic ERGs (30.0 cds/m?) from 21- and 28-day-old
rd10 mice showing median b-wave amplitude. At 21 days, a small
and delayed b-wave and oscillatory potentials were detected, but the
a-wave was almost undetectable. At 28 days, the photopic ERG was
undetectable. Right Photopic ERG (30.0 cds/m?) from a 1-month-old
WT mouse showing median b-wave amplitude. b Photopic ERG (30.0
cds/m?) from 1- and 13-month-old rd12 mice showing median b-wave
amplitude. The a-wave was undetectable at 1 month. A small b-wave
was still detectable at 13 months. c—e The photopic ERG b-wave
amplitude from WT (c¢), rd10 (d) and rd12 (e) mice recorded with 3.0,
10.0, and 30.0 cds/m? stimuli. Error bars represent one SD.
¢ *P <0.05 vs. ERG at 4 months, Bonferroni post hoc test.
d *P <0.05; **P <0.01; ***P <0.001 vs. ERG at 21 days,
Bonferroni post hoc test. e */ P <0.05 versus 3 months; *2
P < 0.05 vs. ERG at 4 months, Bonferroni post hoc test

sections. In 7d12 mice in an early disease stage (21 days of
age), morphological degeneration was not observed, but a
weak, focal hyper-reflectivity was detected exclusively in
the ONL. At a later disease stage (13 months of age), the
hyper-reflectivity was only detected in the OS layer. The
hyper-reflectivity in the OS layer is thought to be caused by
a slight OS disorganization, which we confirmed to be
present by electron microscopy. Hyper-reflective foci in the
ONL have been reported in human patients with retinitis
pigmentosa [40]. Electron microscopy images of 7-month-
old rdI12 and 21-day-old rd10 mice revealed the presence
of intracellular vacuoles at the innermost ONL; these
vacuoles are considered to be autophagosomes. This is
consistent with recent reports that autophagy may be
related to photoreceptor cell death during retinal degener-
ation [41, 42]. It is these vacuoles which are believed to be
the cause of ONL hyper-reflectivity.

Many eyes in the rdI0 mice developed a retinal
detachment, which has also been reported previously [26].
OCT enabled us to noninvasively observe the retina,
in vivo, in these mice, which in turn allowed us to distin-
guish between true retinal detachments and those
mechanically created during histological analyses. As
observed on our SD-OCT images, many eyes developed
retinal detachments at approximately 25 days of age, the
time-point at which the photoreceptor degeneration was
progressing. Interestingly, the detachment seemed to dis-
appear within a few days, appearing again in later disease
stages. Inflammatory reactions have been observed in
retinitis pigmentosa patients [43, 44] and in rd10 mice [26,
45]. In retinitis pigmentosa patients, macular edema is a
complication that may worsen visual acuity [46]. Although
the cause of macular edema in retinitis pigmentosa patients
is not clearly understood, breakdown of the blood-retinal
barrier associated with chronic inflammation [47-50], as
well as RPE disfunction [51] and vitreous traction [52, 53],
is believed to be a possible mechanism. On the other hand,
macular edema tends to occur where the outer retinal

structure is relatively preserved [46, 53]. We suggest that
possible inflammation and consequent effusion accumula-
tion lead to macular edema in retinitis pigmentosa patients
and exudative retinal detachment in rd/0 mice whose outer
retinal structure substantially decreases during the early
stages (Figs. 1b, 2b; Table 1). We also believe that the
rapid disappearance of photoreceptors likely causes an
impaired attachment between the retina and the retinal
pigmented epithelium, making the retina susceptible to
detachment in rd10 mice.

In conclusion, we have elucidated the precise natural
course of a hereditary retinal degeneration in rd10 and rd12
mice. Retinal thickness substantially decreased in rdI0
mice, but only moderately decreased in rdI2 mice. We
further found that retinal thickness and retinal structure,
including the ellipsoid zone and the ELM, were relatively
preserved in rd12 mice, even at 13 months of age, and kept
deteriorating gradually until 19 months of age. In addition,
the photopic ERG b-wave was still detectable at 13 months
in rd12 mice. The findings of this study will be useful in
improving our understanding of disease progression
mechanisms and in investigating new treatments that may
improve prognosis of retinitis pigmentosa patients, in
particular those with PDE6B or RPE65 mutations.
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