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Retinitis pigmentosa is a family of inherited retinal degenerations associated with gradual
loss of photoreceptors, that ultimately leads to irreversible vision loss. The Royal College
of Surgeon’s (RCS) rat carries a recessive mutation affecting mer proto-oncogene
tyrosine kinase (merTK), that models autosomal recessive disease. The aim of this
study was to understand the glial, microglial, and photoreceptor changes that occur
in different retinal locations with advancing disease. Pigmented RCS rats (RCS-p*/LAV)
and age-matched isogenic control rdy (RCS-rdy Tp™/LAV) rats aged postnatal day 18 to
6 months were evaluated for in vivo retinal structure and function using optical coherence
tomography and electroretinography. Retinal tissues were assessed using high resolution
immunohistochemistry to evaluate changes in photoreceptors, glia and microglia in the
dorsal, and ventral retina. Photoreceptor dysfunction and death occurred from 1 month
of age. There was a striking difference in loss of photoreceptors between the dorsal and
ventral retina, with a greater number of photoreceptors surviving in the dorsal retina,
despite being adjacent a layer of photoreceptor debris within the subretinal space.
Loss of photoreceptors in the ventral retina was associated with fragmentation of the
outer limiting memibrane, extension of glial processes into the subretinal space that was
accompanied by possible adhesion and migration of mononuclear phagocytes in the
subretinal space. Overall, these findings highlight that breakdown of the outer limiting
membrane could play an important role in exacerbating photoreceptor loss in the ventral
retina. Our results also highlight the value of using the RCS rat to model sectorial retinitis
pigmentosa, a disease known to predominantly effect the inferior retina.

Keywords: retina, photoreceptor, retinitis pigmentosa, Miiller cell, microglia, outer limiting membrane

INTRODUCTION

Retinitis pigmentosa (RP) refers to a family of inherited disorders characterized by gradual loss
of rod, followed by cone photoreceptors (Hartong et al., 2006). Over 150 causative mutations
have been identified affecting the expression of a range of rod-specific proteins or proteins
important for retinal pigment epithelial function. The mer proto-oncogene receptor tyrosine kinase
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Greferath et al. Retinal Changes in the RCS With Age

FIGURE 5 | Differences in thickness of the outer retina in the dorsal and ventral retina. (A) Tile scan of a vertical cryostat section of RCS retina (2 months) stained with
the nuclear stain bisbenzimide H in blue. Insets, displaying the dorsal and ventral retina at higher power in the regions indicated, show that the ventral outer nuclear
(Continued)
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FIGURE 5 | layer (ONL) is thinner than the dorsal ONL. (B-E) Vertical cryostat sections of the dorsal (B,D) and ventral retina (C,E) stained for microglia (Ibat, green),
the outer limiting membrane (ZO-1, red) and cell nuclei (BisBenzimide H, blue). (B) In the dorsal retina aged 2 months the outer limiting membrane (OLM, arrows, red)
is continuous, whereas the ventral OLM is disrupted and fragmented (arrows, C) and progressively becomes more disrupted with increasing age (E). However, regions
of intact OLM are visible in the dorsal retina even at 12 months (D; arrows). The distribution of microglia cells differs between dorsal (B) and ventral (C) retina and with
age, with the ventral retina showing a large number of microglia extending into the subretinal space even at 2 months of age (C). (F) Graph showing mean + SEM
thickness of the outer nuclear layer in the dorsal, mid and ventral retina of a 2 month old RCS rats. The dorsal retina was significantly thicker than the ventral or area
close to the optic nerve (mid) (One way ANOVA, *p < 0.001). (G) Graph showing the correlation between the thickness of the outer nuclear layer and thickness of the
layer of debris within the subretinal space. In areas showing thicker debris, there were more surviving photoreceptors (Pearson’s correlation, r2 = 0.518, p < 0.001).
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar: 20 pm.
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FIGURE 6 | Assessment of photoreceptor outer segments in the rdy and RCS retina with age. Vertical cryostat sections of the ventral (A-C) and the dorsal retina (D)
of 2, 4, 6, and 12m old RCS retina, stained for cone outer segments (red/green opsin, green) and rod outer segments (rhodopsin, magenta). Outer segments of rod
and cone outer segments are present at 2 and 4 months (A,B), however, the morphology is disturbed due to the debris build-up. At 6 months (D) and 12 months (E),
outer segments have entirely disappeared. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer.

One of the key findings in this study was the observed  (Adachi et al., 2016; Ryals et al., 2017). It is possible that those
differences in photoreceptor death between the dorsal and  studies methods used to quantify individual retinal layers, and
ventral retina. The differences noted were clearly shown using  especially the outer retina, were not sensitive enough to detect
immunohistochemical evaluation of vertical retinal sections that  the variations in extent of debris and photoreceptors in the
included all retinal eccentricities. However, differences between  different locations.
the superior and inferior retina were also evident in OCT Preferential loss of photoreceptors in the inferior retina
scans. Differences in the photoreceptor integrity between the is a feature of many forms of sectorial retinitis pigmentosa,
dorsal and ventral retina has been implied previously in studies  as well as retinal degeneration caused by toxic ablation
examining the inner retinal vascular pathology in the RCS  of the RPE such as by sodium iodate. We considered
rat. Although not quantified, both Shen et al. (2014) and  whether the differences in photoreceptor loss in the dorsal
Zambarakji et al. (2006) show images where vascular anomalies ~ and ventral retina could be explained by the differential
were more prevalent in the inferior retina than the superior  effects of light exposure. Indeed, Zhao et al. suggested that
retina of the RCS rat. In addition, the rate of loss in density ~ photoreceptor death in mertk™/~ mice could be explained by
of cone inner segments has been shown to be greater in the light induced toxicity mediated by bisretinoids (Zhao et al.,
inferior retina than superior retina (Huang et al,, 2011). Two  2018), which would be more highly concentrated in areas
recent studies using OCT imaging, failed to report variation  with greater levels of outer segment debris. However, light
in outer retinal thickness in the dorsal and ventral retina  induced oxidative stress is known to cause rapid loss of
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FIGURE 7 | Regional differences in the morphology of microglia and Mdiller cells dorsal and ventral RCS retina. Vertical cryostat sections of the dorsal (A,B,B’) and the
ventral retina (C,D,D’) of a 2m RCS rat stained for microglia (Ibai, green), Mdller cells (GS, red), and cell nuclei (BisBenzimide H, blue). The morphology and
(Continued)
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FIGURE 7 | distribution of the microglia cells (green) is distinct between dorsal and ventral retina. Microglia in dorsal retina are distributed subretinally, scattered
throughout the layer of debris away from Mdiller cells and have a rounded appearance. In the ventral retina Mller cells stratify into the subretinal debris area. Here,
microglia cells are closely associated with the Miller cell processes and have a more ramified appearance (C-D’,H). (E,E’,F,G) vertical cryostat sections through the
ventral region of the RCS retina stained for T cell markers CD3 (E,E’) and CD8 (F), and the chemokine receptor CCR2 (G). Apart from monocytes in the choroid
(arrows) and cells in blood vessels none of the antibodies stained Iba1-positive microglia or the subretinal debris region. (H,H’) Confocal z-stacks of the ventral,
subretinal area of the 2m RCS retina stained for microglia (Iba1, green), Mdller cells (GS, red) were scanned, processed with Imaris software and represented as 3D
images. Microglia cells (green) tightly co-stratify with Mller cells (red). (I) Graph showing a significant negative correlation between thickness of debris and amount of
glia present in the subretinal space (Person’s correlation; r2 = 0.7018, p < 0.0001). ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer.

photoreceptors in the dorsal retina, rather than the ventral
retina-the opposite to that was observed in this study (Tanito
et al., 2008).

The mechanism(s) of photoreceptor death in the RCS
rat retina are not well-understood. Previous studies have
suggested that photoreceptor death occurs in the RCS rat as
a consequence of the build-up of debris within the subretinal
space (Dowling and Sidman, 1962). The debris, which is rich
in spent photoreceptor outer segments, especially bisretinoids,
may either exert a toxic effect on photoreceptors (Zhao et al,
2018), or alternatively, act as a barrier to the diffusion of
vitamins, especially retinoids, and other vital nutrients to and
from the choroidal vasculature. However, our observation that
the level of debris was strikingly different in the dorsal and
ventral retina contradicts this notion. Notably, we observed
a greater level of debris in the dorsal retina, a region that
coincided with a greater number of surviving photoreceptors.
With a higher number of surviving photoreceptors in the
dorsal retina, the level of debris in the dorsal retina may be
a reflection of the number of photoreceptors requiring outer
segment turnover.

A striking difference in the structure of the dorsal retina
compared to the ventral retina was the integrity of the outer
limiting membrane and also the number and location of
innate immune cells, including microglia. Importantly, the outer
limiting membrane was intact in the dorsal retina and showed
very few mononuclear phagocytes within the subretinal space,
whereas the converse was observed in the ventral retinal. This
observation may be explained in two different ways. The most
obvious explanation, for the difference in the OLM in the dorsal
and ventral retina is a difference in rate of degeneration in the
two regions. Indeed, Hippert et al. (2015) showed disruption
of the OLM late in the course of degeneration in a Rho-/-
mouse model of retinal degeneration. Alternatively, there may
be changes in expression of proteins critical for maintaining
the OLM that subsequently lead to or exacerbate photoreceptor
degeneration. The outer limiting membrane contains a range
of adhesion proteins, that form a complex allowing adhesion
between Miiller cells and the inner segment of photoreceptors
(Mehalow et al., 2003). Localized loss of photoreceptor polarity
and subsequent degeneration occurs, when one or more of
these outer limiting membrane protein are disrupted, as is
seen in the Crb1™8/748 model of retinal degeneration (van de
Pavert et al., 2004; Hippert et al., 2015). In addition, the outer
limiting membrane of the rdI mouse model is known to be
disrupted across both the superior and inferior retina from
an early stage of degeneration (Hippert et al., 2015). In this

study, the OLM remained intact in the dorsal RCS retina until
an advanced age. Indeed, pockets of surviving photoreceptor
were present in the dorsal retina in regions where the OLM
remained intact, suggesting that changes in OLM integrity
could contribute to photoreceptor loss in the ventral retina.
An additional implication of the localized breakdown of the
OLM is the migration of RPE cells and associated pigment
that is known to be a feature of end stage retinitis pigmentosa.
More work is needed to establish the role of outer limiting
membrane integrity in exacerbation of photoreceptor death
during retinal degeneration.

A similar argument could be made for the difference in
microglia morphology and interaction with Miiller processes
that was observed in the ventral retina. With more advanced
disease, and greater levels of photoreceptor death, more microglia
would be expected to accumulate within the subretinal space.
Indeed, several studies have shown increasing numbers of Ibal
positive cells (likely microglia or subretinal macrophages) in
the subretinal space from postnatal 14 (He et al,, 2019; Lew
et al., 2020). However, comparison of dorsal and ventral retinae
with equivalent levels of surviving photoreceptors (i.e., 12
month old dorsal retina compared with 2 month old ventral
retina), shows that the ventral retina has a disproportionate
number of microglia for the equivalent photoreceptor death.
In addition, the increase in VCAM expression by Miiller cell
processes, suggests a potential mechanism by which microglia
or other mononuclear phagocytes could adhere to Miiller cell
processes within the subretinal space. Extension of Miiller
cell processes into the subretinal space has been previously
shown (Lassiale et al., 2016). What has not been considered
previously is whether there is an association between these
processes and microglia that potentially migrate into the
subretinal space in response to photoreceptor death. Microglia
and other mononuclear phagocytes are known to release a
range of inflammatory cytokines, and their sheer number
could exert cytotoxic effects on neighboring photoreceptors.
Indeed, a recent study showed increased expression of the
chemokine Ccl5 from postnatal 14 in the RCS rat retina and
suppression of microglia activity with tamoxifen or the liposome
clodronate reduced photoreceptor death (Lew et al, 2020).
Moreover, there is some evidence that microglia migrate into
the subretinal space of the RCS or mertk-/- mouse in response
to photoreceptor death (Kohno et al., 2015; Lew et al., 2020).
When taken together, we propose that breakdown in the outer
limiting membrane in the ventral retina is critical for the
extension of glial processes and migration of microglia into
the subretinal space, that ultimately exacerbates photoreceptor
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intermediate

FIGURE 8 | Characterization of sprouting Miller glia in intermediate region of the RCS retina. (A) Tile scan of a vertical cryostat section of RCS retina (2 months)
stained for the intermediate filament Glial fibrillary acidic protein (GFAP, red), which labels gliotic Miller cells, glutamine synthetase, (GS, green), which labels all Muller
cells and cell nuclei (BisBenzimide H, blue). Insets display area of the intermediate region of the retinal section at higher power, where two GS-GFAP positive Mdller
cells sprout within the subretinal space. At more ventral locations, more Mller cells processes extending into the subretinal space are apparent. (B,C) Vertical cryostat
sections of 2 months old RCS (B,C) stained for Nestin and GFAP (green and red, B); GS and the cell cycle marker cyclin D, (green and red, C). At this stage of
degeneration, many Mulller cells appear gliotic with processes extending into the subretinal space and label for the proliferation marker, Cyclin D1. ONL, outer nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

death via release of cytokines (e.g., Ccl5) in this region of  dorsal retina. Importantly, the level of debris was lower in the
the retina. ventral retina, the number of photoreceptors reduced, whilst

In conclusion, this study shows that retinal degeneration  mononuclear phagocytes and penetrating gliotic Miiller cell
occurs in a non-uniform fashion across the retina of the RCS  processes were more abundant. These findings are significant
rat, with the ventral retina more profoundly affected than the  for several reasons. First, studies evaluating the efficacy of
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FIGURE 9 | Muller cell labeling for vesicular cell adhesion molecule. (A) Tile scan of a vertical cryostat section of RCS retina (2 months) stained for the vesicular cell
adhesion molecule (VCAM, Please note that some variability in vVCAM staining is due to antigen retrieval, by which areas of the sclera/choroid detached and cover part
of the retinal section). Vertical section of RCS (B,B’) and rdy (C,D) rat retinae aged 2 months immunolabelled for vVCAM (red) and glutamine synthetase (green). In
contrast to control rdy retinae, Muller cells in the intermediate region express vesicular cell adhesion molecule. ONL, outer nuclear layer; IPL, inner plexiform layer;

GCL, ganglion cell layer.

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 January 2021 | Volume 14 | Article 553708


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Greferath et al.

Retinal Changes in the RCS With Age

treatments need to be controlled carefully for retinal location,
so as to take into account the differences in photoreceptor
integrity in the dorsal and ventral retina. Secondly, these results
highlight the value of using the RCS rat model as a model
to examine sectorial RP. Finally, further work is needed to
explore the potential contributing role that breakdown of
the outer limiting membrane, protrusion of Miiller cells and
migration of microglia and other mononuclear phagocytes
have in exacerbating photoreceptor death in this and other
retinal degenerations.
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