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To study the course of photoreceptor cell death and macro and microglial reactivity
in two rat models of retinal degeneration with different etiologies. Retinas from
P23H-1 (rhodopsin mutation) and Royal College of Surgeon (RCS, pigment epithelium
malfunction) rats and age-matched control animals (Sprague-Dawley and Pievald Viro
Glaxo, respectively) were cross-sectioned at different postnatal ages (from P10 to P60)
and rhodopsin, L/M- and S-opsin, ionized calcium-binding adapter molecule 1 (Ibat),
glial fibrillary acid protein (GFAP), and proliferating cell nuclear antigen (PCNA) proteins
were immunodetected. Photoreceptor nuclei rows and microglial cells in the different
retinal layers were quantified. Photoreceptor degeneration starts earlier and progresses
quicker in P23H-1 than in RCS rats. In both models, microglial cell activation occurs
simultaneously with the initiation of photoreceptor death while GFAP over-expression
starts later. As degeneration progresses, the numbers of microglial cells increase in the
retina, but decreasing in the inner retina and increasing in the outer retina, more markedly
in RCS rats. Interestingly, and in contrast with healthy animals, microglial cells reach the
outer nuclei and outer segment layers. The higher number of microglial cells in dystrophic
retinas cannot be fully accounted by intraretinal migration and PCNA immunodetection
revealed microglial proliferation in both models but more importantly in RCS rats. The
etiology of retinal degeneration determines the initiation and pattern of photoreceptor
cell death and simultaneously there is microglial activation and migration, while the
macroglial response is delayed. The actions of microglial cells in the degeneration cannot
be explained only in the basis of photoreceptor death because they participate more
actively in the RCS model. Thus, the retinal degeneration caused by pigment epithelium
malfunction is more inflammatory and would probably respond better to interventions by
inhibiting microglial cells.

Keywords: retina, inherited retinal degeneration, Royal College of Surgeons, P23H-1, microglia, glial fibrillary
acidic protein, Miiller cells, rat
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100 pm.

FIGURE 3 | Microglial cells and GFAP expression in control SD and PVG rats. Photomicrographs from the mid-dorsal retina of representative cross sections
immunoreacted with antibodies against Iba1 (first and third row) or GFAP and DAPI counterstaining (second and fourth row) showing microglial cells (Ilba1t, green,
A-D,E-H), astrocytes (GFAPT, red, A-D’,E’-H’) and DAPI-labeled nuclei (blue, A-D’,E’-H’). Microglial cell appear in different retinal layers while GFAP expression is
limited to astrocytes situated in the innermost retinal layers. The thickness of the ONL in varies between 8 and 12 rows of nuclei and is similar at all ages. Scale bar =

between P45 and P60 there was a significant decrease, suggesting
that between these two time points microglial activation was
declining (Figure 5B, Table 2).

As observed in the P23H retina, the numbers of microglial
cells in the outer retinal layers (OPL, ONL, and OS) increased
significantly during the progression of the disease, reaching in
the RCS rat their maximum: in the OPL at P33, in the ONL at
P45 and in the OS layer at the oldest age studied: P60 (Figures 4,
6, 7; Table 2). At the same time, the numbers of microglial cells
decreased in the inner retinal layers indicating, as in P23H-1 rats,
migration of microglial cells from the inner to the outer retinal
layers (Figures 4, 7). Microglial cells migrate to the OS layer to
phagocytose the outer segments that cannot be phagocytosed by
the RPE.

In RCS rats, GFAP expression in astrocytes of the inner retinal
layers did not change with time. However, and as observed
in P23H-1 retinas, GFAP expression increased importantly in
Miiller cells that became strongly immunoreactive with age,
although this increase was found later in RCS rats, at P45

(Figure 7). Therefore, gliosis in this strain occurs later than in
the P23H-1 rat (Figures 6, 7), maybe reflecting a less severe
disturbance of retinal homeostasis or perhaps because the loss of
photoreceptors starts later.

Microglial Cell Increase Is Due to Cellular
Division

To study whether the increase in microglial cell number is due
to cellular division and/or migration, in retinal cross sections
of P23H-1 and RCS rats immunodetection of PCNA, a marker
of cellular proliferation was combined either with GS-IB4, a
lectin that binds to microglia and blood vessels, Iba-1 or GFAP.
In control animals no PCNA immunoreactivity was found.
However, PCNA signal was consistently observed in the retinal
blood vessels and also in microglial cells, but not in Miiller
cells, in both animal models, at two postnatal ages: P21 for
P23H-1 rats and P45 for RCS rats (Figure 8). The numbers of
microglial cells double labeled with the anti-PCNA antibody
and with Iba-1 were very small in the P23H-1 rat (1-2 per
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FIGURE 4 | Numbers of microglial cells in the different retinal layers. Mean numbers (£SD) of microglial cells counted in each retinal layer at the different ages
analyzed in SD rats (gray solid), P23H-1 rats (gray interrupted), PVG rats (black solid), and RCS rats (black interrupted; see also insert). Control animals show
sustained numbers of microglial cells in the inner retinal layers, decreasing numbers in the INL and OPL and absence of microglial cells in the ONL and OS layer.
Dystrophic animals show decreasing numbers of microglial cells in the GCL and INL and increasing numbers in the OPL and OS layer. Dystrophic animals show a
striking difference in the ONL: the number of microglial cells increase in RCS rats but are almost absent in P23H-1 rats.

Post natal time

section) but high (8-9 per section) in the RCS rat. These
double labeled cells were situated in both models in the layers
external to the inner nuclear layer (Figures 8G,H), although in
the RCS rat many were in the photoreceptor outer segment layer
and sometimes were in close proximity (Figure 8H). Therefore,
our data suggest that the higher number of microglial cells
found in dystrophic retinas and particularly in the RCS rat

retina is due at least in part to cellular division of microglial
cells.

DISCUSSION

In this study, we have analyzed and compared the early events
taking place in the retina in two animal models of RP caused by
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TABLE 2 | Numbers of microglial cells in the different retinal layers (mean numbers + standard deviation).

A SD P10 SD P15 SD P21 SD P28 SDP45  P23H-1P10 P23H-1P15 P23H-1P21  P23H-1P28 P23H-1P45
GCL 73+£08 65+077 6254+06 63+07 65+£06 8.2 & 0.8* 524067 47xo06t 35+ 06T 3.8 £ 0.5*
IPL 61+07 615+08 56+07 55+06 513+07 5.8 & 0.6# 6.8 + 0.6 6.5 + 0.6 75+ 08" 8+ 0.8
INL 31+05 355+07 225+09" 227 +1 212+06  6.01+08" 22406 0.5+ 0.7+t 0.2 +0.5% 0.9 + 0.9+
OPL 24406 23+07 12+07t 14+08 14+09 2.7 +0.6* 43 +0.9° 68+06"7T  67+05 6.3 +0.7*
ONL 0 0 0 0 0 0 04 +06t 05405 0.2 + 0.4*T 0.3 +05*
0s 0 0 0 0 0 0 32+08%  66+05 6.5 + 0.5* 6.2 + 0.6*
Alllayers 457 +8 439 + 2 383+7"  378+32 37T +4 509 + 10 533 + 10t 616 £ 17T 586 + 13 607 + 7*

B PVGP10 PVGP21 PVGP33 PVGP45 PVG P60 RCS P10 RCS P21 RCS P33 RCS P45 RCS P60
GCL 76+07 76+05 65+060 61+077 62+07 6.7 +06% 67+07% 64+05T# 35+06T 3.5 + 0.6*
IPL 68+06 62+06 56+067 52+08"7 54+06 70+£08% 75+£07%#% 82+06% 65+07T# 72xo07t
INL 48+ 0.8 4+07t 27+07F 19+06 1441 4.9 + 0.7# 36+06T# 03+06 0.2 + 0.4%% 0.5 + 0.6*
OPL 33+08 21+07" 080+07" 14+06 05+067 43+07#% 53+07T# bB2+06% 42+07T#  03+o05"
ONL 0 0 0 0 0 0 o5+07t  32+o07T# 7e6+o08ts o080t
0s 0 0 0 0 0 0 O# 1.7+09T#  12+x12t4 176+ 1.3t
Alllayers 549 + 25# 479 + 12T# 376 £ 21 370+ 25 353 + 31 570 + 15 578 + 7* 608 + 8* 820 + 21*1 718 + 26*T#

*Statistically different when compared to its respective control p < 0.05.

TStatfstfca//y different when compared to the previous time point studied (in the same strain and retinal layer) p < 0.05.

#Statistically different when compared strain SD with PVG and strainP23H-1 with RCS at the same time point in the same layer p < 0.001.
n = 6 for all groups at all ages analyzed.
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FIGURE 5 | Numbers of microglial cells in control and dystrophic animals. Mean numbers (SD) of microglial cells per group of animals at different postnatal
ages and comparison between control SD and PVG rats (A), between pigmented animals: RCS vs. PVG (B), between albino animals: P23H-1 vs. SD (C), and
between dystrophic animals: P23H-1 vs. RCS (D). Differences statistically significant at the same postnatal age p < 0.01 and **p < 0.001. PVG rats have significantly
more microglial cells at P10 and P21 (A), RCS and P23H-1 rats have significantly more microglial cells than their control PVG and SD rats at all postnatal ages except
P10 (B,C) and RCS rats have more microglial cells than P23H-1 rats only at P45 (D).
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FIGURE 6 | Changes in microglial cells and GFAP expression with age in P23H-1 rats. Photomicrographs from the mid-dorsal retina of representative cross
sections of P23H-1 rats of different ages from P10 to P45, showing immunolabeled microglial cells (Iba1™, green, A-E), astrocytes and Muller cells (GFAPT, red), and
DAPI-labeled nuclei (blue, A-E’). At P15 there are some microglial cells in the INL (arrows, B). At P21 microglial cells migrate toward the ONL and OS layer, there is
increased GFAP expression and decreased thickness of the ONL (C,C’), and those events continue until P45 (D,E,D’,E’). Scale bar = 100 wm.
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FIGURE 7 | Changes in microglial cells and GFAP expression with age in RCS rats. Photomicrographs from the mid-dorsal retina of representative cross
sections of P23H-1 rats of different ages from P10 (upper row) to P60 (lower row) showing immunolabeled microglial cells (Ibal™, green, A-E), astrocytes and Muller
cells (GFAPT, red, A-E’) and DAPI-counterstaining (blue; A-E’). At P21 (B,B’) microglial cells migrate toward the outer retinal layers (red arrows), but the expression
of GFAP and the thickness of the ONL remain unchanged. At P45 there are more microglial cells in the retina and they enter the OS layer, there is overexpression of
GFAP and a decrease in thickness of the ONL (D,D’). At P45 the thickness of the ONL has decreased further, there is more microglia in the OS layer and more GFAP
expression in Mller cells (E,E’). Scale bar = 100 pm.
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FIGURE 8 | Microglial cell increase is due to cellular division. Photomicrographs from representative retinal cross sections of P21 P23H-1 rats (left column) and
P45 RCS rats (right column) immunoreacted with antibodies against PCNA (cellular division), isolectin GS-IB4 (microglia and blood vessels) lbal (microglia) and GFAP
(astrocytes and Muiller cells). Note that the retina is thinner in P23H-1 rats due to disappearance of the photoreceptor outer segments. There was no expression of
PCNA in control animals (not shown). In both dystrophic strains at these ages, PCNA was expressed in some blood vessels of the outer and inner retinal plexuses
(green, A=J) that were double labeled with the lectin (red, C,D) and also in some microglial cells (green, G,G’,H,H’) that were double labelled with anti-lba-1 (red,
G,H,G’,H’) specific for microglial cells. PCNA could not be detected in Muller cells labeled with anti-GFAP antibody (red, 1,J). (G’,H’) are insets from panels (G,H),
respectively. Scale bar = 100 wm.
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different etiologies, one affecting primarily rods, and the other
affecting the pigmented epithelium and therefore both rods and
cones. The similarities and differences between these two models
are summarized in Figure 9, and they are discussed below.

Control Animals

In control rats, the density, shape and length of the OS of rods and
cones was maintained at all ages, as previously reported (Ortin-
Martinez et al., 2010; Garcia-Ayuso et al., 2013). The thickness of
the ONL varied between 8 and 12 nuclei and did not decrease
with age, as reported in previous studies of this and other
laboratories (Garcia-Ayuso et al., 2010, 2011; Ortin-Martinez
etal., 2015).

GFAP immunoreactivity in control animals was observed only
in astrocytes of the innermost retinal layer as it has been reported
for the healthy rat retina (Eisenfeld et al., 1984; Roque and
Caldwell, 1990; Cuenca et al., 2014; Fernandez-Sanchez et al.,
2015; Vecino et al., 2016).

The microglial distribution in the different retinal layers in
SD and PVG animals varied depending on age. At P21 in both
strains microglial cells were located in five layers: NFL, GCL,
IPL, INL, and OPL (Figures 3, 4) as previously reported for
the adult rat retina (Terubayashi et al., 1984; Boya et al., 1987;
Ashwell et al., 1989; Sobrado-Calvo et al., 2007). There were
abundant microglial cells in the GCL and IPL, where their
number remained constant, and there were few and decreasing
with age in the INL and OPL. The dynamics of microglial cells
in the INL and OPL at early postnatal ages could be due to the
necessity of phagocytosis in these layers during the postnatal
period of naturally occurring cell death. In fact, it has been
documented that cell death is significant in the INL and ONL
up to P15 and extends although at very low levels up to P40
(Braekevelt and Hollenberg, 1970; Beazley et al., 1987; Horsburgh

and Sefton, 1987). Importantly, there were no microglial cells in
the ONL and OS layers (Figures 4, 6, 7; Terubayashi et al., 1984;
Boya et al.,, 1987; Ashwell et al., 1989; Sobrado-Calvo et al., 2007;
Santos et al., 2008).

Microglial number decreases in rats (Ashwell et al., 1989) and
mice (Santos et al., 2008) after the first post-natal week, and
remains more or less constant at later ages (Noailles et al., 2016).
In agreement with this, we found that microglial cells in control
SD and PVG decreased significantly between P15 and P21 in
SD rats and between P10 and P21 and between P21 and P33 in
PVG rats, and thereafter their number did not change. Besides
this different course, the other difference between both control
strains was that at P10 and P21, PVG rats had significantly higher
number of microglial cells than SD rats. The changes in the
number and distribution of microglial cells with age shown here
and in other studies indicate incomplete retinal development
and migration of microglial cells (Denham, 1967; Braekevelt and
Hollenberg, 1970; Beazley et al., 1987; Boya et al., 1987; Ashwell
et al., 1989; Santos et al., 2008). Thus, we have interpreted our
findings as evidence that the settlement of the adult microglial
cell distribution is slower in PVG rats than in SD rats and we
wonder whether there are differences in naturally occurring cell
death between these two strains.

Photoreceptor Cell Death during Retinal

Degeneration

Photoreceptor cell death started at a different age and occurred
at a very different pace in both models. In P23H-1 rats,
photoreceptor cell death started at P15, while in RCS rats it did
not commence until P33. Once started, the time course of cell
death was different: in P23H-1 rats, cell death occurred from P15
to P21 and then stabilized (2-5 nuclei rows) and in RCS rats it
was from P21 to P60 (<2 nuclei rows), the last age studied.

Microglial activation

Increased number of —_)
microglial cells

Reduction of nuclei rows =——)
in the ONL

Degeneration of cones >
outer segment

Royal College
of Surgeons

—> P45

Peak at P45 (820+21.2)

Migration of microglia from
5 ¢—— the inner to the outer
retinal layers

P21 ¢——GFAP overexpression in ——J)

astrocytes and Miiller cells

P21

P45

P45 (mean 4-5 nuclei rows)
P60 (mean 1-2 nuclei rows)

Starts at P45

Rhodopsin expression is
not affected up to P60

FIGURE 9 | Summary: comparison of the events taking place in the retina of P23H-1 and RCS rats.
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The decrease of nuclei rows in the ONL that we observed in
dystrophic rats was similar to that observed in previous studies
from our and other laboratories (Dowling and Sidman, 1962;
Eisenfeld et al., 1984; Tso et al., 1994; Garcia-Ayuso et al., 2010,
2011; Lu et al., 2013). However, in this study we show for the first
time that microglial cell activation occurred in both models at
around the same age at which photoreceptor death starts (P15
in P23H-1 animals and from P21 in RCS rats), and Miiller cells
gliosis (GFAP overexpression) occurs delayed after the initiation
of photoreceptor cell death (see below).

Affectation of the Outer Segments of
Photoreceptors during Retinal

Degeneration

The different etiology of both models of retinal degeneration
results in different morphologic changes of the outer segments
of photoreceptors. We have used antibodies against rhodopsin
and opsin to evaluate the outer segments of photoreceptors and,
although in the P23H-1 rat, the rod outer segments were affected
as soon as P10, in the RCS rat, the rod outer segments did not
look affected at the last age studied in this work (P60). This is
possibly due to the high density of rods and to the mechanism
of cell death in RCS rats, where photoreceptor debris accumulate
in the outer segment layer until they are removed long periods
after degeneration has started (LaVail, 1981; Roque et al., 1996;
Valter et al., 1998). Other reports using electron microscopy have
documented alterations of the outer segments in RCS rats as early
as P18 (Davidorf et al., 1991).

The difference in the degeneration observed in the outer rod
segments between P23H-1 rats and RCS rats could be explained
by the mechanisms of cell death and elimination of cell debris
in the experimental models. Retinal degeneration in the P23H-
1 rat is caused by a mutation in the rhodopsin gene (Steinberg
et al., 1996; Machida et al., 2000), but the RPE is functional and
therefore able to phagocytose the OS of dead photoreceptors. In
the RCS rat the degeneration is caused by a defect in the MERKT
gene that impedes retinal pigment epithelium phagocytosis and
this results in the accumulation of photoreceptor OS “debris”
(LaVail, 1981; Roque et al., 1996; Valter et al, 1998). The
phagocytosis of the remaining OS is in the RCS rat assigned to
microglial cells (Thanos, 1992; Thanos and Richter, 1993; Roque
et al.,, 1996). This explains why the numbers of microglial cells
are more abundant in the ONL and OS layers in RCS rats than in
P23H-1 rats.

Although our qualitative findings were similar both for L-
and S-opsin+ cones, cones were also differently affected in the
two experimental models. In the P23H-1 rat, we observed cone
morphologic changes at P21 but in RCS rats, similar changes
were not observed until P45. Therefore, cones, similarly to rods,
were also affected earlier in P23H-1 rats than in RCS rats. Cone
survival in P23H rats depends on the mutation (Machida et al.,
2000) and previous studies have documented cone degeneration
from P21 in P23H-1 rats (Machida et al., 2000; Cuenca et al.,
2004; Pinilla et al., 2005a; Garcia-Ayuso et al., 2013), but also
long term cone survival for P23H-3 rats (Chrysostomou et al.,
2009; Lu et al., 2013; Fernandez-Sanchez et al., 2015). In the RCS

strain, previous electrophysiological and morphological studies
have indicated that cone cell death may begin before P30 (Pinilla
et al., 2005b; Rubin and Kraft, 2007; Huang et al., 2011).

Microglial Cell Reaction in the

Degenerating Retina

To label microglial cells in this study, we have immunodetected
Iba-1, a protein present in microglial cells and macrophages (Ito
etal., 1998). Using this antibody we could be labeling not only the
retinal microglia, but also the macrophages that invade the retina
and differentiate to microglial cells (Guillemin and Brew, 2004).

In accordance with the course of photoreceptor death,
morphologic signs of microglial cell activation, increased
densities and migration to outer layers of these cells occurred
earlier in P23H-1 rats than in RCS rats. These data are in
agreement to previous studies that have documented signs of
microglial activation earlier in P23H-3 rats, a strain with a slower
retinal degeneration than our P23H-1 rats, than in RCS and
(Thanos and Richter, 1993; Roque et al., 1996; Liu et al., 2013;
Noailles et al., 2014, 2016).

Previous studies in rats have not investigated the presence of
microglial cell activation before the initiation of photoreceptor
death, and to our knowledge only one study carried in rd10
mice has documented microglial activation before photoreceptor
death (Roche et al., 2016). Therefore, this is the first study to
investigate the relation between the initiation of photoreceptor
death and microglial cell activation in rat models. Because we
document that microglial cell activation occurs at approximately
the same time as the initiation of photoreceptor cell death,
we conclude that microglial cells increase in numbers, become
activated and migrate to the outer layers as a response to
photoreceptor death and thus, that microglial cell activation is
a secondary event.

It has been postulated that the increased numbers of
microglial cells in degenerating retinas may be due to division
of resident microglial cells (Roque et al., 1996; Zeiss and Johnson,
2004; Liu et al., 2013) or invasion of macrophages from the blood
or the ciliary epithelium (Garcia-Valenzuela and Sharma, 1999;
Wohl et al.,, 2010). Cell division of resident microglial cells in
inherited retinal degeneration has been suggested to occur in
RCS rats (Roque et al., 1996), and documented in two models:
P23H-3 rats (Noailles et al., 2016) and the rd-1 mice (Zeiss
and Johnson, 2004). Because in this study we have observed
proliferating microglial cells, it is possible that the increased
numbers of microglial cells in both experimental models is due
to microglial cell division, although it might be also in part
due to macrophage migration from the blood or the subretinal
space. In fact, breakdown of the blood-retinal barrier has been
documented in these animal models (Zambarakji et al., 2006;
Pinilla et al., 2016).

Two interesting findings of this study are that we have
found microglial proliferation only at two ages: P21 for P23H-
1 rats and P45 for RCS rats and that there are many more
proliferating microglial cells in the RCS rat. It is possible that
microglial cells proliferate at these ages because the rapid period
of photoreceptor loss is almost finished and therefore more
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microglial cells are needed to phagozytose dead photoreceptors.
Indeed, the proliferating microglial cells were located in the
retinal layers external to the inner nuclear layer and in the
RCS rat many of these cells were found in the photoreceptor
outer segment layer. Other authors have also found proliferating
microglial cells in the outer nuclear layer (Zeiss and Johnson,
2004) and in more internal retinal layers (Noailles et al., 2016)
in mouse and rat retinal degenerative models, respectively.

Macroglial Response

In this study, we observed constant GFAP expression in
astrocytes and a similar increased expression of GFAP in Miiller
cells with age in both animal models. However, this increased
Miiller cell immunoreactivity did not occur immediately after
photoreceptor degeneration, but it was delayed for some time
in both experimental models. This is not surprising because,
in general, both in our study and in previous studies, it has
been shown that microglial cells seem to be more sensitive
than macroglial cells and react earlier to the pathologic events
that take place during photoreceptor degeneration (Ferndndez-
Sanchez et al., 2015; Roche et al., 2016). Miiller cell activation and
GFAP overexpression by these cells occurs practically in every
retinal disease (Bringmann and Reichenbach, 2001; Bringmann
et al., 2006), may reveal blood-retinal breakdown and pursue
the restoration of normal retinal homeostasis. In animal models
of inherited retinal degenerations, previous studies have shown
GFAP overexpression both preceding (DiLoreto et al., 1995;
Roche et al., 2016) or following (Eisenfeld et al., 1984; Ekstrom
et al., 1988; Fernandez-Sanchez et al.,, 2015) photoreceptor cell
death in various inherited retinal degenerations and it has been
postulated that it may be variable and depend on the etiology of
the disease (Hippert et al., 2015). Our data does not support this
because we observed similar increased expression in both models.

CONCLUSIONS

We conclude that the different etiologies of both models of
retinal degeneration result in different patterns of degeneration
of the outer segments of photoreceptors and of glial activation
and migration. Microglial cell activation occurs simultaneously
with photoreceptor cell death, but GFAP overexpression by
Miiller cells is a delayed event. Also, microglial cell activation
is accompanied by cell migration to the outer layers in
both models, but the most external layers are invaded to a
higher extent in RCS rats because the pigment epithelium is
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