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Abstract

Purpose

To evaluate the correlation between optical coherence tomography (OCT) and the histologi-

cal, ultrastructural and electroretinography (ERG) findings of retinal degeneration in Royal

College of Surgeons (RCS-/-) rats.

Materials and Methods

Using OCT, we qualitatively and quantitatively observed the continual retinal degeneration

in RCS-/- rats, from postnatal (PN) day 17 until PN day 111. These findings were compared

with the corresponding histological, electron microscopic, and ERG findings. We also com-

pared them to OCT findings in wild type RCS+/+ rats, which were used as controls.

Results

After PN day 17, the hyperreflective band at the apical side of the photoreceptor layer

became blurred. The inner segment (IS) ellipsoid zone then became obscured, and the pho-

toreceptor IS and outer segment (OS) layers became diffusely hyperreflective after PN day

21. These changes correlated with histological and electron microscopic findings showing

extracellular lamellar material that accumulated in the photoreceptor OS layer. After PN day

26, the outer nuclear layer became significantly thinner (P < 0.01) and hyperreflective com-

pared with that in the controls; conversely, the photoreceptor IS and OS layers, as well as

the inner retinal layers, became significantly thicker (P < 0.001 and P = 0.05, respectively).

The apical hyperreflective band, as well as the IS ellipsoid zone, gradually disappeared

between PN day 20 and PN day 30; concurrently, the ERG a- and b-wave amplitudes dete-

riorated. In contrast, the thicknesses of the combined retinal pigment epithelium and choroid

did not differ significantly between RCS-/- and RCS+/+ rats.
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Conclusion

Our results suggest that OCT demonstrates histologically validated photoreceptor degener-

ation in RCS rats, and that OCT findings partly correlate with ERG findings. We propose

that OCT is a less invasive and useful method for evaluating photoreceptor degeneration in

animal models of retinitis pigmentosa.

Introduction
Retinitis pigmentosa (RP) is the most common hereditary retinal photoreceptor degenerative
disease; more than 60 mutated genes have been identified that can cause RP (RetNet™, Retinal
Information Network: https://sph.uth.edu/retnet/home.htm). In addition, RP is one of the
main causes of legal blindness, and the overall incidence is 1 in 4,000–5,000 people worldwide.
TheMertk gene, which encodes a receptor tyrosine kinase, causes autosomal recessive RP [1].
Among Japanese cases of RP whose causative gene mutations have been identified, it is esti-
mated that 2.5% are caused by theMertk gene mutations [2]. Interestingly, a mutation in this
gene was originally found in Royal College Surgeons (RCS) rats that demonstrate hereditary
retinal dystrophy [3]. Therefore, dystrophic RCS rats (RCS-/-) can be regarded as an animal
model of the human autosomal recessive form of RP that is associated with theMertk gene
mutations. Specifically, a defectiveMertk gene prevents the retinal pigment epithelium (RPE)
from phagocytizing and shedding the photoreceptor outer segments (OSs). This eventually
leads to photoreceptor degeneration [1, 3]. Relatedly, Dowling and Sidman reported that the
extracellular lamellar material accumulates in the photoreceptor OS layer in RCS-/- rats [4].
This is also likely caused by defective phagocytosis of the OS, which is induced by theMertk
gene mutation. In addition, since theMertk gene is specifically expressed in the RPE, transfer
of the wild typeMertk gene into the RPE can rescue the photoreceptor degeneration [5, 6]. In
fact, trials of gene therapy have already started in patients withMertk-associated RP [7]; for
this reason, this particular type of RP has attracted increasing scientific attention.

Recent advances in optical coherence tomography (OCT) technology have provided previ-
ously unknown morphologic detail—particularly in the central area of the eyeball; this has
allowed improved clinical evaluation of RP [8–21]. Because OCT is non-invasive and can be
repeated several times, it confers a significant advantage to investigators analyzing the morpho-
logical changes that accompany disease progression in animal models of RP. In addition, OCT
provides in vivo images without the potential artifacts that are caused by histological processing
[22]. The technique may also become useful in morphologically evaluating how therapeutic
drugs protect the photoreceptor. Previous investigators have evaluated retinal degeneration
using OCT in P23H heterozygous rhodopsin transgenic rats, in retinal degeneration (rd) 10
and rd12 mice, and in arrestin-1 knock-out mice was reported in detail [22–26]. However, in
RCS-/- rats, OCT has rarely been used to evaluate retinal morphology.

RCS-/- rats are an important animal model of RP; they exhibit unique phenotypic features
and distinct molecular mechanisms. Therefore, a detailed understanding of the morphology of
retinal degeneration in RCS-/- rats—as imaged using OCT—will improve our understanding of
the photoreceptor degeneration associated with theMertk gene mutations. In this study, we
attempted to characterize retinal degeneration in RCS-/- rats through chronological examina-
tion using OCT, and by comparing the OCT findings with the corresponding histological, elec-
tron microscopic, and electroretinography (ERG) findings. In clinical practice, we usually carry
out cross-sectional OCT and ERG in patients with RP; however, it is difficult to ascertain the
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relationship between the OCT and ERG findings, because the patients have heterogeneous
genetic and clinical features. Models of RP, such as the RCS-/- rats, provide chronological infor-
mation on morphology from OCT findings, with corresponding ERG and histological changes
that are associated with a single genotype. We believe that these findings will be useful in evalu-
ating the relationship or correlation between the morphologic and functional changes that
occurMertkmutation-associated retinal degeneration.

Materials and Methods

Experimental Animals
All experimental procedures conformed with the Association for Research in Vision and Oph-
thalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research,
and were approved by the Committee of Ethics in animal experiments of Hirosaki University
Graduate School of Medicine (Approval Number: M11026). RCS-/- rats and control, wild-type
RCS+/+ rats were obtained from Japan Clea (Tokyo, Japan). All the RCS rats had an albino
background. The animals were maintained at the Hirosaki University Graduate School of Med-
icine animal care service facility under a cycle of 12 hours light (50 lx illumination in the cage)
and 12 hours darkness (< 10 lx environmental illumination). Care was taken not to cause
light-induced photoreceptor damage. Food and water were available ad libitum.

OCT Examination
OCT was performed using a Micron1 IV (Phoenix Research Labs, Pleasanton, CA) with a con-
tact lens specifically designed for rat OCT. In the RCS-/- rats, OCT was conducted at 12 time
points between postnatal (PN) day 17 and PN day 111, while in the RCS+/+ rats, OCT was car-
ried out at eight time points between PN day 18 and PN day 67. At each time point, four to
eight rats (eight to 16 eyes) were evaluated. The rats were anesthetized by intraperitoneal injec-
tion of a mixture of medetomidine hydrochloride (0.315mg/kg), midazolam (2.0mg/kg), and
butorphanol tartrate (2.5mg/kg). To alleviate the pain associated with injection, the rats were
pre-anesthetized by inhalation of 80% carbon dioxide and 20% oxygen prior to the intraperito-
neal injection. The researchers monitored the physical conditions of the rats including heart
beat and respiratory pattern, by inspection and gentle palpation every minute during the exper-
iment. The pupils were dilated using eyedrops that contained a mixture of 0.5% tropicamide
and 0.5% phenylephrine hydrochloride. The corneal surface was protected using a 1.5% hydro-
xyethylcellulose solution. The rat ocular fundus was monitored using the fundus camera of the
Micron1 IV, and the position of the retinal OCT image was set horizontally at one disc diame-
ter superior to the optic disc. Fifty images were averaged to eliminate projection artifacts. The
acquired OCT images were quantitatively analyzed using the InSight1 software (Phoenix
Research Labs). Five images from five rats in each genotype group were selected at each time
point on the basis of image sharpness; importantly to avoid selection bias, the pictures were not
selected by thickness or reflectivity. We measured the thicknesses of the inner (A, Fig 1), mid-
dle (B, Fig 1), and outer (C, Fig 1) layers of the neural retina, as well as that of the combined
RPE and choroid (D, Fig 1). The middle layer consists of the combined outer plexiform and
outer nuclear layers, and the outer layer consists of the photoreceptor inner segment (IS) and
OS layers (Fig 1).

Analysis of Retinal Layer Thickness
Using the InSight1 software, the borderlines between the retinal sublayers (A-D) were defined
on the OCT pictures. These borderlines were initially indicated automatically by the InSight1,
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they were then manually corrected by the researchers if necessary. Next, the distance (in μm)
between each borderline was calculated using InSight1 at 10 different points that were evenly
distributed throughout the borderline, and the average of these data was defined as the thick-
ness of the respective sublayer. The overall average retinal layer thickness was presented as
mean ± standard deviation; it was calculated from the values obtained from five different OCT
images of five different eyes in rats of the same age.

ERG Examination
Scotopic full-field ERGs were recorded at 10 time points between PN day 17 and PN day 53 in
the case of RCS-/- and at 6 time points between PN day 15 and PN day 52 in the case of RCS+/+

rats. Rats were dark-adapted for at least 24 hours; they were then anesthetized following the
same method described above. The physical conditions were also monitored using the methods
described above. A reference electrode was placed in the center of the scalp, and a ground

Fig 1. Typical OCT image of a RCS+/+ rat at PN day 33, along with a corresponding histological section of a RCS+/+ rat at PN day 29
(hematoxylin and eosin stained). The retinal pigment epithelium (RPE) was detached. The top yellow line indicates the retinal surface,
the second line indicates the border between the inner nuclear layer and outer plexiform layer, the third line indicates the upper limit of the IS
ellipsoid line, the fourth line indicates the surface of the RPE, and the bottom line indicates the bottom of the choroid. Layer A comprises the
nerve fiber layer, the ganglion cell layer, the inner plexiform layer and the inner nuclear layer. Layer B comprises the outer plexiform layer
and the outer nuclear layer. Layer C comprises the photoreceptor IS and OS layers. Layer D comprises the RPE and the choroid. The black
and white bars represent 100μm length.

doi:10.1371/journal.pone.0162835.g001
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electrode was placed in the proximal portion of the tail skin. During the measurement, the
body temperature was maintained at 37°C using a body warmer. Pupils were dilated using eye-
drops composed of a mixture of 0.5% tropicamide and 0.5% phenylephrine hydrochloride.
After the corneal surface had been anesthetized using 0.4% oxybuprocaine hydrochloride eye-
drops, a contact-lens electrode (Micron1 Ganzfeld ERG, Phoenix Research Labs) was applied
directly to the corneal surface. In accordance with the standards of the International Society for
Clinical Electrophysiology of Vision [27], light stimulus intensities were set at 3.0, 10.0 and
30.0 cd.s/m2. We acquired 20 responses at 3.0 cd.s/m2 (stimulus interval = 10 s) and 10
responses each at 10.0 and 30.0 cd.s/m2 (stimulus interval: 20 s); these responses were then
averaged to create a standard waveform. The amplitudes of both a- and b-waves (n = 3–6 at
each time point) were statistically analyzed.

Histological Examination
Histological examinations were performed using eyes excised from RCS-/- and RCS+/+ rats
between PN day 17 and PN day 53. Immediately after euthanasia by carbon dioxide inhalation,
the eyeballs were enucleated under a microscope and fixed in 4% paraformaldehyde solution
(pH 7.0) for at least 24 hours at 4°C. The eyes were embedded in paraffin and cut into 6-μm
thick sections; this sectioning was carried out horizontally at the level of one disc diameter
superior to the optic disc to ensure the position was identical to that of the OCT measurement.
The excised tissue was stained using hematoxylin and eosin (HE) and was photographed under
a light microscope (DP-71; Olympus, Japan). The histological findings were compared to the
corresponding findings from the OCT images.

Electron Microscopic Examination
Electron microscopic examinations were performed using eyes excised from RCS-/- rats
between PN day 18 and PN day 28. Immediately after enucleation by the methods described
above, the eyes were fixed in a solution of 2.5% glutaraldehyde and 2% paraformaldehyde solu-
tion (pH 7.4) for 24 hours at 4°C. The retina and choroid were excised, post-fixed in phosphate
buffered 1% osmium tetroxide (pH 7.4), dehydrated in an ascending series of ethanol solutions,
and passed through propylene oxide. The blocks were embedded in epoxy resin. Thin sections
were stained using uranyl and lead salt solutions. The sections were photographed using trans-
mission electron microscopy (Filgen1, Nagoya, Japan).

Statistic Examination
All the statistical calculations were performed using the SPSS software version 22 (Statistical
Package for the Social Sciences, Chicago, IL). Data from the two groups were compared using
ANOVA, after normality of distribution had been confirmed using the Shapiro-Wilk test. Post
hoc analyses were performed using Bonferroni’s test. P-values< 0.05 were considered statisti-
cally significant.

Results

OCT Findings in RCS+/+ Rats
Fig 1 shows a typical OCT image of a PN day 32 RCS+/+ rat, as well as the corresponding
image of an HE-stained histology section of an RCS+/+ rat at PN day 29. The OCT images of
the RCS+/+ rats indicated that the structure of the retina was consistent throughout the obser-
vation period (PN days 18–67). On the same note, Fig 2 demonstrates that the OCT and histo-
logical findings on PN days 24–25 were similar to those on PN days 52–53 (original images
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are presented in S1 Fig). In RCS+/+ rats, the following structures were clearly identified in the
OCT images: the ganglion and nerve fiber layers, inner plexiform layer, inner nuclear layer,
outer plexiform layer, outer nuclear layer, photoreceptor IS and OS layers, RPE layer, choroid,
and sclera. In addition, regarding the detailed structure of the photoreceptor IS and OS layers,
two distinct hyperreflective bands—corresponding to the IS ellipsoid zone and the interdigita-
tion zone—were constantly visualized in the RCS+/+ rat OCT images (Fig 1). These zones have
been defined in the human foveal OCT images [28], as well as in previous reports involving
mouse OCT [22, 25]. However, the external limiting membrane was sometimes difficult to
identify. The layers observed in the OCT images were confirmed in the corresponding histo-
logical sections (Figs 1 and 2). The observed discrepancy in retinal thickness between the OCT
and histological images may be partly due to artifacts introduced during tissue fixation and/or
sectioning.

Qualitative Analyses of OCT Findings from RCS-/- Rats
Similarly, we analyzed the OCT findings of RCS-/- rats to identify characteristic changes that
occur during retinal degeneration. Figs 3 and 4 show characteristic OCT images of RCS-/- rats.
During the initial stage of degeneration, at PN days 17 and 19 the inner and outer retinal layers
appear to be similar to those in the wild type retina. For instance, there were two distinct hyper-
reflective bands in the photoreceptor IS and OS layers (Fig 3; original images are presented in

Fig 2. Characterization of typical OCT findings from RCS+/+ rats at PN days 25 and 53, as well as the corresponding histological
sections from RCS+/+ rats at PN days 24 and 52 (hematoxylin and eosin stained, the retinal pigment epitheliumwas detached.).
The black and white bars represent 100μm length.

doi:10.1371/journal.pone.0162835.g002
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Fig 3. Chronological changes in the photoreceptor IS and OS layers during the early stages (PN days 17 to 26) of retinal
degeneration in RCS-/- rat—observed using optical coherent tomography and the corresponding histological sections (PN days
18, 23, and 28). A yellow arrow indicates the apical hyperreflective band and a light green arrow indicates the IS ellipsoid zone. Black
arrows indicate the extracellular lamellar material. Arrowheads indicate the photoreceptor inner segment. The black and white bars
represent 100μm length.

doi:10.1371/journal.pone.0162835.g003

Fig 4. Chronological changes in the retinal layers during the progressive stage (PN days 33 to 47) of RCS-/- rat retinal
degeneration—observed using optical coherent tomography and the corresponding histological sections (PN days 33 and 46).
Dark green arrows indicate the outer nuclear layer. An orange arrow indicates the photoreceptor IS and OS layers. Yellow arrows indicate
the inner retinal layer. White arrows indicate the retinal pigment epithelium and choroid. The black and white bars represent 100μm length.

doi:10.1371/journal.pone.0162835.g004
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S2 Fig). The band at the basal side of the IS and OS layers corresponded to the IS ellipsoid
zone, as determined by comparison with the histological findings. However, although the
hyperreflective band at the apical side of the OS layer appeared similar to the interdigitation
zone in terms of position, it seemed to be slightly broader in RCS-/- rats than in wild type rats
(Figs 1 and 2). Furthermore, when it was compared with the histological and ultrastructural
findings, this band appeared to correspond to the aforementioned extracellular lamellar mate-
rial that accumulates in the OS layer of the RCS-/- rats [4] (Figs 3, 5 and 6). For ease of refer-
ence, we dubbed this hyperreflective band observed at the apical side of the photoreceptor OS
the “apical hyperreflective band”; we presumed that it corresponded to the extracellular lamel-
lar material [4]. Subsequently, at PN day 21, the IS ellipsoid zone became obscure, and the pho-
toreceptor IS and OS layers themselves began to become hyperreflective. At PN day 26, the
apical hyperreflective band was completely unidentifiable, as was the IS ellipsoid zone; instead,
the IS and OS layers were diffusely hyperreflective (Fig 4; original images are presented in S3
Fig). These qualitative changes in the photoreceptor IS and OS layers—observed using OCT—
corresponded to histological findings indicating that the deposition of extracellular lamellar
material had progressed from the apical to the basal side of the photoreceptor OS layer, and
that the IS layer had narrowed (Fig 5) [4]. In electron micrographic findings, the lamellar struc-
ture of semiround-shaped extracellular lamellar material that was deposited at the apical por-
tion of the OS layer at PN days 18 and 23 was demonstrated, as well as the absence of the

Fig 5. Chronological histological changes in the photoreceptor layer during the early stages (PN days 18 to 28; hematoxylin and
eosin stained) of retinal degeneration in RCS-/- rats. Arrows indicate the extracellular lamellar material deposited on the apical surface of
the RPE (PN days 18 and 23) and in the photoreceptor OS layer (PN days 25 and 28). Arrowheads indicate the photoreceptor IS layer (PN
days 18 to 28). The black bar represents 50μm length.

doi:10.1371/journal.pone.0162835.g005
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interdigitation structure that is normally found in the OS layer (Fig 6). In addition, at PN day
28 the degenerated lamellar material was observed even at the basal portion of the OS layer
(Fig 6b). During the following progressive stage, at PN day 33 the outer nuclear layer started to
thin; by PN day 47 it had become extremely thin (Figs 4 and 7). In addition, the photoreceptor
nuclei in the outer nuclear layer had become pycnotic at PN day 33 (Fig 7), and the corre-
sponding OCT images revealed that the outer nuclear layer had become hyperreflective and
thinner than at PN days 21 to 26 (Figs 3 and 4). Conversely, the inner nuclear layer showed
constant hyperreflectivity between PN days 17 and 47; indeed, this finding was used to normal-
ize our data. These changes in the outer nuclear layer progressed rapidly; in contrast, the

Fig 6. Electronmicroscopic findings of the photoreceptor IS and OS layers of RCS-/- rats at PN days 18, 23, & 28. The semiround-
shaped deposits of extracellular lamellar material had accumulated at the apical portion of the OS at PN days 18 and 23 (a). These deposits
gradually increased toward the basal side of the OS until PN day 28 (a). The magnified picture of each yellow box is presented in the lower
level, exhibiting the lamellar structure of the deposited material (b). The black bar represents 10μm, and the white bar represents 2μm
length, respectively.

doi:10.1371/journal.pone.0162835.g006
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thicknesses of the inner retinal layer, the photoreceptor IS and OS layers, and the RPE and cho-
roid were apparently consistent (Figs 3 and 4). Finally, after PN day 54, the outer nuclear layer
had become unidentifiable under OCT (data not shown).

Quantitative (Retinal Thickness) Analyses of OCT Findings
Fig 8 shows the time course of the change in thickness of each retinal layer in both RCS-/- and
RCS+/+ rats. The thickness of the inner retinal layer was significantly greater in the RCS-/- than
in the RCS+/+ rats after PN day 33 (Fig 8a; raw data are presented in S1 and S2 Tables). In con-
trast, the combined outer plexiform layer and outer nuclear layer in RCS-/- rats underwent
rapid thinning from PN day 26 to PN day 54 (P< 0.001); after PN day 54, this layer was no
longer identifiable under OCT (Fig 8b). Meanwhile, the photoreceptor IS and OS layers in
RCS-/- rats were consistently significantly thicker than those in RCS+/+ rats between PN days
17 and 54 days (Fig 8c). The average thickness of the combined RPE and choroid did not differ
significantly between the two groups, although there was a slight variation among animals and
depending on the location of the retina imaged (Fig 8d).

Correspondence of OCT Images and ERG Findings
We confirmed that the amplitudes of both the a- and b-waves increased in a stimulus-depen-
dent manner. For this reason, we employed the ERG data obtained using a light stimulus of 3.0
cd.s/m2 in the following analyses. Fig 9 shows the time courses of both the a- and b-waves in

Fig 7. Chronological histological changes in the photoreceptor layer during the progressive stage (PN days 33 to 53; hematoxylin
and eosin stained) of retinal degeneration. The RPE had detached at PN day 42. The extracellular lamellar material occupied the
photoreceptor IS and OS layers after PN day 33. The nuclei of the outer nuclear layer had become pycnotic. The black bar represents 50μm
length.

doi:10.1371/journal.pone.0162835.g007
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scotopic full-field ERG (3.0 cd.s/m2). At PN day 17 the amplitudes of both the a- and b-waves
in RCS-/- rats were slightly smaller than those of the wild type rats, although there was no statis-
tical significance. Next, after PN day 19 both the a- and b-waves started to deteriorate, and
there was a statistically significant decrease in their amplitudes. Particularly, the deterioration
of the ERG amplitudes progressed rapidly after PN day 23 (Fig 9; raw data are presented in S3–
S5 Tables). These changes appeared to correspond with the blurring and disappearance of the
apical hyperreflective band and IS ellipsoid zone, as well as the hyperreflectivity of the photore-
ceptor IS and OS layers, that were observed during the same period under OCT. These findings
also corresponded to the accumulation of extracellular lamellar material in the photoreceptor
OS layer, which was verified in the histological and ultrastructural findings. Conversely,
throughout the observation period, the amplitudes of the a- and b-waves remained consistent
in RCS+/+ rats (P = 0.559 and 0.202, respectively; ANOVA).

Fig 8. Chronological changes in the thickness of each retinal sublayer (μm), A (a), B (b), C (c), and D (d). Layer A comprises the nerve
fiber layer, the ganglion cell layer, the inner plexiform layer and the inner nuclear layer. Layer B comprises the outer plexiform layer and the
outer nuclear layer. Layer C comprises the photoreceptor inner and outer segments layer. Layer D comprises RPE and the choroid. Closed
squares (a and d) and triangles (b and c) indicate RCS-/- rats and open squares (a and d) and triangles (b and c) indicate RCS+/+ rats. Bars
indicate standard deviation. Statistical significance (with Bonferroni’s post hoc test): * P < 0.05; ** P < 0.01; *** P < 0.001.

doi:10.1371/journal.pone.0162835.g008

OCT Findings in RCS Rat Retinal Degeneration

PLOS ONE | DOI:10.1371/journal.pone.0162835 September 19, 2016 11 / 16



Discussion
The present study provides the first OCT evidence of degenerative processes in the photorecep-
tor IS and OS layers of RCS-/- rats. We analyzed the OCT findings in RCS-/- rats to ascertain
the morphological changes that characterize retinal degeneration in these rats. In addition, we
evaluated the correlation between these OCT findings and the changes observed using ERG.
Using OCT, we found two distinct horizontal hyperreflective bands in the photoreceptor IS
and OS layers at PN day 17 (Fig 3). The apically located band appeared to be similar to the
interdigitation zone observed in the wild type rats (Figs 1 and 2). However, because of its simi-
larity to previously reported histological and ultrastructural findings [4], as well as the absence
of the interdigitation structure in the RCS-/- rats (Fig 6) [4], we concluded that this apical
hyperreflective band was different from the interdigitation zone, and that it corresponded to
the accumulated extracellular lamellar material. In addition, we reasoned that the basally
located band corresponded to the IS ellipsoid zone, because it was similar to the bands observed
in the wild type rats and because it corresponded with histological findings that showed an
intact ellipsoid zone (Fig 3). The earliest change observed in OCT occurred at PN days 17 to
19, when the apical hyperreflective band in the photoreceptor OS layer became blurred and
subsequently disappeared. This was followed by the blurring and disappearance of the IS ellip-
soid zone; the photoreceptor IS and OS layers became diffusely hyperreflective after PN day 21.
The period during which these morphological changes occurred corresponded to the deteriora-
tion of both the a- and b- waves in ERG. In addition, these morphological changes demon-
strated in OCT corresponded to the deposition of extracellular lamellar material, which was
detected in the HE-stained sections and electron microscopic sections (Figs 2, 4 and 6). Because
these changes in the apical hyperreflective band began simultaneously with the deterioration of
the ERG amplitudes at around PN days 19–23, we postulate that the blurring and disappear-
ance of the apical hyperreflective band constitute the first signs of a severe photoreceptor dys-
function. Indeed, it has been hypothesized that the phagosomal ability of the RPE is defective
in RCS-/- rats [3], and that the abnormally degraded OS may interfere with both the structure
and function of the photoreceptor OS and IS. Moreover, as the extracellular lamellar material
accumulates, the intact OS becomes shorter [4]. These experimental results may explain the
association between the changes in the photoreceptor IS and OS layers and the deterioration of

Fig 9. Chronological changes in the amplitudes of the ERG a- (a) and b- (b) waves in RCS rats.Closed circles indicate RCS-/- rats and
open circles indicate RCS+/+ rats. Statistical significance (with Bonferroni’s post hoc test): * P < 0.05; *** P < 0.001.

doi:10.1371/journal.pone.0162835.g009
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the ERG a-wave amplitude. In addition, the thinning of the outer nuclear layer started later
than the deterioration of the ERG amplitudes, as did nuclear pyknosis in that layer. So, OCT
findings may partly predict the functional aspects of retinal photoreceptor degeneration in
RCS rats.

In the present study, we also measured the thickness of the inner and outer retinal layers, as
well as that of the combined RPE and choroid. As retinal degeneration progressed, the total ret-
inal thickness rapidly decreased in the RCS-/- rats after PN day 40, because the outer retinal
layer, particularly the outer nuclear layer, began to thin. Notably, the rapid thinning of the
outer nuclear layer occurred much later than the deterioration of the ERG amplitudes (Figs 7b
and 8), implying that retinal degeneration starts in the photoreceptor OSs in RCS rats, and that
it takes several days for the subsequent photoreceptor cell death to be accelerated. In addition,
it may be that the photoreceptor IS and OS layers in RCS-/- rats are significantly thicker than
those in the RCS+/+ rats because extracellular lamellar material accumulates in the OS layer of
RCS-/- rats (Fig 7c). This accumulation may in turn be caused by molecular defects that stem
from mutations in theMertk gene itself; in any case, they result in disturbed phagocytosis of
the OS by the RPE. Abnormally accumulated material can make the photoreceptor IS and OS
layers relatively thick by PN day 57; after PN day 60, the layers may gradually degrade in paral-
lel with the degeneration of the outer nuclear layer (Fig 7c).

Conversely, the inner retinal layer was preserved in the RCS-/- rats; indeed, it was signifi-
cantly thicker in the RCS-/- rats than in the RCS+/+ rats after PN day 30 (Fig 7a). In a previous
report on preserving the inner retinal layer of human patients with RP [29], the surviving rod
cells sprouted numerous neurites into the inner retinal layer in RP [30]. These abnormal neur-
ites reportedly exhibited a positive immunohistochemical reaction to rhodopsin antibody [30].
Because mutations in theMertk gene are common cause of RP in both RCS-/- rats and humans,
the same phenomenon may occur during the retinal degeneration of RCS-/- rats; consequently,
the inner retinal layer may become slightly thicker in RCS-/- rats than in RCS+/+ rats. To con-
firm this possibility, it will be necessary to carry out an immunohistochemical study to detect
rhodopsin-positive neurites in the inner retinal layer of RCS-/- rats. Another possible explana-
tion for the increased thickness is that retinal degeneration causes edema that originates from
the deep retinal vessels of the inner retina. Furthermore, there was no significant difference in
the thickness of the combined RPE and choroid between RCS-/- and RCS+/+ rats until PN day
61. This implies that the defectiveMertk gene has a negligible effect on the choroid layer.

In the previous OCT studies involving animal models of retinal degeneration, OCT has pro-
vided information regarding ultrastructural changes in the IS and OS layers. Specifically,
changes in light scattering, which can be detected using OCT, start earlier than the thinning of
the outer nuclear layer [25]. In addition, OCT measures the in vivo retinal layer thickness more
precisely than histological sections [23, 24, 31–33]. In the rodent model, it has been reported
that there are two hyperreflective bands in the IS and OS layers [22, 15]. In healthy humans,
these bands represent the IS ellipsoid zone and the interdigitation zone, respectively [28]. We
observed two similar bands in the photoreceptor IS and OS layers at PN days 17 and 19 in
RCS-/- rats. One band was located at the basal portion of the photoreceptor layer; it was clear
that this band corresponded to the IS ellipsoid zone, because the OCT images of the RCS-/- and
RCS+/+ rats also had similar histological findings (Fig 3). The apical band appeared to be simi-
lar to the human interdigitation zone; however, we believe that it corresponds rather to the
extracellular lamellar material that is deposited at the apical side of the photoreceptor OSs
(Figs 3 and 5), as we discussed above. In addition, the changes observed in the OCT images of
the photoreceptor IS and OS layers correlated with the simultaneous deterioration of the ERG
amplitudes (Figs 3, 5 and 8). These results imply that the close correspondence between the
structure and function can partly be analyzed by OCT. The present study also provides a
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standard for OCT features that accompany RCS retinal degeneration. These standard features
may be useful in future experimental trials that use OCT to evaluate the effects of candidate
photoreceptor protective drugs during retinal degeneration in RCS animal models. In addition,
these OCT features could be applied clinically to evaluate the pathological changes that occur
in the retina of patients withMertkmutation-associated RP.
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μV.
(PDF)

S5 Table. Summary of ERGmeasurements of RCS+/+ and RCS-/- rats and statistical analy-
ses. A-wave and B-wave: μV.
(PDF)

Acknowledgments
This study was supported, in part, by the Grant-in-Aids for Scientific Research (15K20246 and
16K11313) from the Japan Society for the Promotion for Science.

Author Contributions

Conceptualization:MNKA.

Data curation:MN.

Formal analysis:MNKA ST.

Funding acquisition:MN KA.

Investigation: KA ST KY NM RT.

Methodology:MNKA ST.

Project administration:MN.

OCT Findings in RCS Rat Retinal Degeneration

PLOS ONE | DOI:10.1371/journal.pone.0162835 September 19, 2016 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162835.s008


Resources:MN.

Software:MNKA ST.

Supervision:MN.

Validation:MN KA ST KY NM RT.

Visualization:MN KA.

Writing – original draft:MN KA ST.

Writing – review & editing:MN KA ST.

References
1. Gal A, Li Y, Thompson DA, Weir j, Orth U, Jacobson SG, et al. Mutations in MERTK, the human ortholo-

gue of the RCS rat retinal dystrophy gene, cause retinitis pigmentosa. Nat Genet. 2000; 26:270–271.
PMID: 11062461

2. Oishi M, Oishi A, Gotoh N, Ogino K, Higasa K, Iida K, et al. Comprehensive molecular diagnosis of a
large cohort of Japanese retinitis pigmentosa and Usher syndrome patients by next-generation sequenc-
ing. Invest Ophthalmol Vis Sci. 2014; 55:7369–7375. doi: 10.1167/iovs.14-15458 PMID: 25324289

3. D’Cruz PM, Yasumura D, Weir J, Matthes MT, Abderrahim H, LaVail MM, et al. Mutation of the receptor
tyrosine kinase gene MERTK in the retinal dystrophic RCS rat. HumMol Genet. 2000; 9:645–651.
PMID: 10699188

4. Dowling JE, Sidman RL. Inherited retinal dystrophy in the rat. J Cell Biol. 1962; 14:73–109. PMID:
13887627

5. Vollrath D, FengW, Duncan JL, Yasumura D, G’Cruz PM, Chappelow A, et al. Correction of the retinal
dystrophy phenotype of the RCS rat by viral gene transfer of Mertk. Proc Natl Acad U S A. 2001; 98:
12584–12589.

6. Smith AJ, Schlichtenbrede FC, Tschemutter M, Bainbridge JW, Thrasher AJ, Ali RR. AAV-mediated
gene transfer slows photoreceptor loss in the RCS rat model of retinitis pigmentosa. Mol Ther. 2003;
8:188–195. PMID: 12907141

7. Ghazi NG, Abboud EB, Nowilaty SR, Alkuraya H, Alhommadi A, Cai H, et al. Treatment of retinitis pig-
mentosa due to MERTKmutations by ocular subretinal injection of adeno-associated virus gene vector:
results of a phase I trial. Hum Genet. 2016; 135: 327–343. doi: 10.1007/s00439-016-1637-y PMID:
26825853

8. Hamada S, Yoshida K. Chihara E. Optical coherence tomography images of retinitis pigmentosa. Oph-
thalmic Surg Lasers. 2000; 31:253–256. PMID: 10847508

9. Schatz P, AbrahamsonM, Eksandh L, Ponjavic V, Andréasson S. Macular appearance by means of
OCT and electrophysiology in members of two families with different mutations in RDS (the peripherin/
RDS gene). Acta Ophthalmol. 2003; 81:500–507.

10. Grover S, Apushkin MA, Fishman GA. Topical dorzolamide for the treatment of cystoid macular edema
in patients with retinitis pigmentosa. Am J Ophthalmol. 2006; 141:850–858. PMID: 16546110

11. Witkin AJ, Ko TH, Fujimoto JG, Chan A, Drexler W, Schuman JS, et al. Ultra-high resolution optical
coherence tomography assessment of photoreceptors in retinitis pigmentosa and related diseases. Am
J Ophthalmol. 2006; 142:945–952. PMID: 17157580

12. Sugita T, Kondo M, Piao CH, Ito Y, Terasaki H. Correlation between macular volume and focal macular
electroretinogram in patients with retinitis pigmentosa. Invest Ophthalmol Vis Sci. 2008; 49:3551–3558.
doi: 10.1167/iovs.08-1954 PMID: 18441311

13. Sandberg MA, Brockhurst RJ, Gaudio AR, Berson EL. Visual acuity is related to parafoveal retinal thick-
ness in patients with retinitis pigmentosa and macular cysts. Invest Ophthalmol Vis Sci. 2008;
49:4568–4572. doi: 10.1167/iovs.08-1992 PMID: 18552390

14. Lim JI, Tan O, Fawzi AA, Hopkins JJ, Gil-Flamer JH, Huang D. A pilot study of fourrier domain optical
coherence tomography of retinal dystrophy patients. Am J Ophthalmol. 2008; 146:417–426. doi: 10.
1016/j.ajo.2008.05.018 PMID: 18635153

15. Hood DC, Lin CE, LazowMA, Locke K, Zhang X, Birch DG. Thickness of receptor and post-receptor
retinal layers in patients with retinitis pigmentosa measured with frequency-domain optical coherence
tomography. Invest Ophthalmol Vis Sci. 2009; 50:2328–2336. doi: 10.1167/iovs.08-2936 PMID:
19011017

OCT Findings in RCS Rat Retinal Degeneration

PLOS ONE | DOI:10.1371/journal.pone.0162835 September 19, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11062461
http://dx.doi.org/10.1167/iovs.14-15458
http://www.ncbi.nlm.nih.gov/pubmed/25324289
http://www.ncbi.nlm.nih.gov/pubmed/10699188
http://www.ncbi.nlm.nih.gov/pubmed/13887627
http://www.ncbi.nlm.nih.gov/pubmed/12907141
http://dx.doi.org/10.1007/s00439-016-1637-y
http://www.ncbi.nlm.nih.gov/pubmed/26825853
http://www.ncbi.nlm.nih.gov/pubmed/10847508
http://www.ncbi.nlm.nih.gov/pubmed/16546110
http://www.ncbi.nlm.nih.gov/pubmed/17157580
http://dx.doi.org/10.1167/iovs.08-1954
http://www.ncbi.nlm.nih.gov/pubmed/18441311
http://dx.doi.org/10.1167/iovs.08-1992
http://www.ncbi.nlm.nih.gov/pubmed/18552390
http://dx.doi.org/10.1016/j.ajo.2008.05.018
http://dx.doi.org/10.1016/j.ajo.2008.05.018
http://www.ncbi.nlm.nih.gov/pubmed/18635153
http://dx.doi.org/10.1167/iovs.08-2936
http://www.ncbi.nlm.nih.gov/pubmed/19011017


16. Jacobson SG, Roman AJ, Aleman TS, Sumaroka A, Herrera W, Windsor EA, et al. Normal central reti-
nal function and structure preserved in retinitis pigmentosa. Invest Ophthalmol Vis Sci. 2010; 51:1079–
1085. doi: 10.1167/iovs.09-4372 PMID: 19797198

17. Lupo S, Grenga PL, Vingolo EM. Fourier-domain optical coherence tomography and microperimetry
findings in retinitis pigmentosa. Am J Ophthalmol. 2011; 151:106–111. doi: 10.1016/j.ajo.2010.07.026
PMID: 21094934

18. Yang Q, Reisman CA, Chan K, Ramachandran R, Raza A, Hood DC. Automated segmentation of outer
retinal layers in macular OCT images of patients with retinitis pigmentosa. Biomed Opt Express. 2011;
2:2493–2503. doi: 10.1364/BOE.2.002493 PMID: 21991543

19. Wen Y, Klein M, Hood DC, Birch DG. Relationship among multifocal electroretinogram amplitude,
visual field sensitivity, and SD-OCT receptor layer thickness in patients with retinitis pigmentosa. Invest
Ophthalmol Vis Sci. 2012; 53:833–840. doi: 10.1167/iovs.11-8410 PMID: 22247460

20. Dhoot DS, Huo S, Yuan A, Xu D, Srivistava S, Ehlers JP, et al. Evaluation of choroidal thickness in reti-
nitis pigmentosa using enhanced depth imaging optical coherence tomography. Br J Ophthalmol.
2013; 97:66–69. doi: 10.1136/bjophthalmol-2012-301917 PMID: 23093617

21. Birch DG, Locke KG, Wen Y, Locke KL, Hoffman DR, Hood DC. Spectral-domain optical coherence
tomography measures of outer segment layer progression in patients with X-linked retinitis pigmentosa.
JAMAOphthalmol. 2013; 131:1143–1150. doi: 10.1001/jamaophthalmol.2013.4160 PMID: 23828615

22. Berger A, Cavallero S, Dominguez E, Barbe P, Simonutti M, Sahel J-A. et al. Spectral-domain optical
coherence tomography of the rodent eye: Highlighting layers of the outer retina using signal averaging
and comparison with histology. PLOS ONE. 2014;May 2, 9(5):e96494. doi: 10.1371/journal.pone.
0096494 PMID: 24788712

23. Cuenca N, Femández-Sánchez L, Sauvé Y, Segura FJ, Martínez-Navarrete G, Tamarit JM, et al. Cor-
relation between SD-OCT, immunocytochemistry and functional findings in an animal model of retinal
degeneration. Front Neuroanat. 2014; 8:151,Collection 2014. PMID: 25565976

24. Ohashi-Ikeda H, Sasaoka N, Koike M, Nakano N, Muraoka Y, Toda Y, et al. Novel VCPmodulators mit-
igate major pathologies of rd10, a mouse model of retinitis pigmentosa. Sci Rep. 2014; 4:5970. doi: 10.
1038/srep05970 PMID: 25096051

25. Orhan E, Dalkara D, Neuillé M, Lechauve C, Michiels C, Picaud S, et al. Genotype and phenotype char-
acterization of P23H line 1 rat model. PLOS ONE. 2015;May 26, 10(5):e0127319. doi: 10.1371/journal.
pone.0127319

26. Levine ES, Zam A, Zhang P, Pechko A, Wang X, FitzGerald P, et al. Rapid light-induced activation of
retinal microglia in mice lacking Arrestin-1. Vis Res. 2014; 201:71–79.

27. Hasegawa T, Ikeda HO, Nakano N, Muraoka Y, Tsuruyama T, Okamoto-Furuta K, et al. Changes in
morphology and visual function over time in mouse models of retinal degeneration: an SD-OCT, histol-
ogy, and electroretinography study. Jpn J Ophthalmol. 2016; 60:111–125. doi: 10.1007/s10384-015-
0422-0 PMID: 26729343

28. Marmor MF, Fulton AB, Holder GE, Miyake Y, Brigell M, Bach M. ISCEV standards for full-field clinical
electroretinography (2008 update). Doc Ophthalmol. 2009; 118:69–77. doi: 10.1007/s10633-008-9155-
4 PMID: 19030905

29. Spaide RF, Curcio CA. Anatomical correlates to the bands seen in the outer retina by optical coherence
tomography: literature review and model. Retina. 2011; 31:1609–1619. doi: 10.1097/IAE.
0b013e3182247535 PMID: 21844839

30. Santos A, Humayun MS, de Juan E Jr, Greenburg RJ, Marsh MJ, Klock IB, Milam AH. Presevation of
the inner retina in retinitis pigmentosa. A morphometric analysis. Arch Ophthalmol. 1997; 115:511–515.
PMID: 9109761

31. Li ZY, Kljavin IJ, Milam AH. Rod photoreceptor neurite sprouting in retinitis pigmentosa. J Neurosci.
1995; 15:5429–5438. PMID: 7643192

32. Fischer MD, Huber G, Beck SC, Tanimoto N, Muehlfriedel R, Fahl E, et al. Nonivasive, in vivo assess-
ment of mouse retinal structure using optical coherence tomography. PLoS One. 2009;Oct 19, 4(10):
e7507. doi: 10.1371/journal.pone.0007507 PMID: 19838301

33. Huber G, Beck SC, Grimm C, Sahaboglu-Tekgoz A, Paquet-Durand F, Wenzel A. et al. Spectral
domain optical coherence tomography in mouse models of retinal degeneration. Invest Ophthalmol Vis
Sci. 2009; 50:5888–5895. doi: 10.1167/iovs.09-3724 PMID: 19661229

OCT Findings in RCS Rat Retinal Degeneration

PLOS ONE | DOI:10.1371/journal.pone.0162835 September 19, 2016 16 / 16

http://dx.doi.org/10.1167/iovs.09-4372
http://www.ncbi.nlm.nih.gov/pubmed/19797198
http://dx.doi.org/10.1016/j.ajo.2010.07.026
http://www.ncbi.nlm.nih.gov/pubmed/21094934
http://dx.doi.org/10.1364/BOE.2.002493
http://www.ncbi.nlm.nih.gov/pubmed/21991543
http://dx.doi.org/10.1167/iovs.11-8410
http://www.ncbi.nlm.nih.gov/pubmed/22247460
http://dx.doi.org/10.1136/bjophthalmol-2012-301917
http://www.ncbi.nlm.nih.gov/pubmed/23093617
http://dx.doi.org/10.1001/jamaophthalmol.2013.4160
http://www.ncbi.nlm.nih.gov/pubmed/23828615
http://dx.doi.org/10.1371/journal.pone.0096494
http://dx.doi.org/10.1371/journal.pone.0096494
http://www.ncbi.nlm.nih.gov/pubmed/24788712
http://www.ncbi.nlm.nih.gov/pubmed/25565976
http://dx.doi.org/10.1038/srep05970
http://dx.doi.org/10.1038/srep05970
http://www.ncbi.nlm.nih.gov/pubmed/25096051
http://dx.doi.org/10.1371/journal.pone.0127319
http://dx.doi.org/10.1371/journal.pone.0127319
http://dx.doi.org/10.1007/s10384-015-0422-0
http://dx.doi.org/10.1007/s10384-015-0422-0
http://www.ncbi.nlm.nih.gov/pubmed/26729343
http://dx.doi.org/10.1007/s10633-008-9155-4
http://dx.doi.org/10.1007/s10633-008-9155-4
http://www.ncbi.nlm.nih.gov/pubmed/19030905
http://dx.doi.org/10.1097/IAE.0b013e3182247535
http://dx.doi.org/10.1097/IAE.0b013e3182247535
http://www.ncbi.nlm.nih.gov/pubmed/21844839
http://www.ncbi.nlm.nih.gov/pubmed/9109761
http://www.ncbi.nlm.nih.gov/pubmed/7643192
http://dx.doi.org/10.1371/journal.pone.0007507
http://www.ncbi.nlm.nih.gov/pubmed/19838301
http://dx.doi.org/10.1167/iovs.09-3724
http://www.ncbi.nlm.nih.gov/pubmed/19661229

